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Abstract

Small size centrifugal fan is sometimes used not with the conventional scroll casing but
with the complicated casing. The section geometry of the casing varies complicatedly in
circumference location and sometimes has the very large outlet. In this research, it is cleared
the influence of the circumferential variation of the casing geometry to the performance and
flow characteristics of the fan. The performance of fan was examined with experiments. And
the performance and flow characteristics analyses are carried out with computational
simulations. At first, the fan performance and the flow characteristics with complex geometry
casing, rectangular casing, are examined with comparing to the conventional scroll casing.
The flow characteristics and energy loss are analyzed for the casings. The air flow in
centrifugal fan is highly complex with the interaction between the impeller and casing. But
the performance of fan with rectangular casing is improved over the design flow rate
compared to that of scroll casing fan. Even though, the complex geometry of rectangular
casing, the energy loss of the rectangular casing fan is smaller than the scroll casing fan. The
energy loss near the outlet of the casing (tongue region in duct) is large in scroll casing. In the
rectangular casing, the large outlet section of the casing improved the casing performance at
large flow rate. Next, it is analyzed the influence of the circumferential variation of casing
geometry to the simulation results. The steady and unsteady simulation are compared for
rectangular casing fan that the flow pattern is varied in circumference. It is clear that the flow
behavior in the passage of the impeller is quite different in the steady simulation to unsteady
one. When the flow separation occurs in the blade passage, the flow separation becomes larger
in steady simulation compared to that in unsteady simulation. And the variation of the flow
pattern in circumferences direction becomes large in steady simulation. But, when the flow
separation doesn’t occur in blade passage, the difference between the steady and unsteady
simulation is comparatively small. When the circumferential variation of the fan casing is
large, it is pointed out that the steady flow simulation is not suitable, but the unsteady flow

simulation is suitable.
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CHAPTER 1
INTRODUCTION

There are two general classifications of fans: the propeller or axial flow fan and the
centrifugal or radial flow fan. In the broadest sense, what sets them apart is how the air passes
through the impeller. The propeller or axial flow fan propels the air in an axial direction with
a swirling tangential motion created by the rotating impeller blades. In a centrifugal fan, the air
enters the impeller axially and is accelerated by the blades and discharged radially. Centrifugal
fans use a rotating impeller to increase the velocity of an airstream. As the air moves from the
impeller hub to the blade tips, it gains kinetic energy. This kinetic energy is then converted to
a static pressure increase as the air slows before entering the discharge. Centrifugal fans can
generate relatively high pressures. Centrifugal fans are classified into three basic types per
blade configuration: forward curve, backward and radial. For the forward curve, the blade
outlet angle (P24 >90°) is inclined in the direction of rotation. For the backward curve, the blade
outlet angle (P24 <90°) is inclined in the opposite direction of rotation. For the radial, the blade
outlet angle (P24 = 90°) is oriented radially. In this research, the centrifugal fan with backward
blade is used.

The target of centrifugal fan is used to the air cleaner, the air conditioner, the cooling
of the computer and room ventilation. In this study, the centrifugal fan is used in the air cleaner
which is shown in Fig. 1.1. The fan is to be use with uniform air flow that the additional
functions are closely arranged to the fan. The additional functions are casing geometries,
impeller geometries and the gap between the fan and Bellmouth. The casing geometries: i.e.,
the scroll casing (SC casing) and rectangular casing (RC casing), are important role in
performance characteristics of fan. Fan’s performance is examined in according to the pressure
coefficient, flow coefficient and fan efficiency. The air flow enters the fan from the impeller
inlet and then it is accelerated with centrifugal force and it comes out from impeller outlet
toward the circumference of fan. That flow is deviated when it goes to the circumference and
it can reduce the fan performance, pressure rise. The flow deviation is caused by the casing
geometry and thus my research was studied with respect to the following contents.

The turbofan design is usually made with the steady flow simulation. Then the flow out
of the impellers are connected to the casing region only at a fixed location in the steady
simulation, even though the impeller is rotating and the flow characteristics are varied with the
impeller location. When the flow separation is occurred in the impeller, the influence of the
separation is restricted in the casing located at the impeller. But in the actual flow, the influence
of separation of the impeller is spread wide to the circumferential location. In most cases, flow
separation is responsible for lower performances and higher energy loss. Generally, the
efficiency and loss calculations, however, revealed a significant discrepancy between the
steady and unsteady simulation. Flow pattern in centrifugal fans are uneven having flow
separation and recirculation zones in the flow passages. Hence, many researchers contributed
to increasing the efficiency of the fan by novel approaches both numerically and



experimentally. The discrepancy between the steady and unsteady simulation will be studied
with the following contents.

; t 7
Centrifugal fan
‘\ —
with Impeller

Fig. 1.1 Air cleaner

1.1 Research Background

The backward-curved centrifugal fan is obtained relatively high efficiency and low
noise. The small size of this type of fan is used in the air conditioner and air cleaner. In the
recent application, the fan is not used the scroll casing but the rectangular casing, because of
the compact size and flexible design. The backward-curved centrifugal fans have been studied
almost the case with the scroll casing [1], [4]. The flow characteristics are researched to
improve the fan performance [1], [2], [4] that is mainly concerned to the interaction between
the tongue and the impeller [3], [5]. The various geometries of the impeller and shroud are
examined in the performance with experiments [6]. For the case of the air conditioner, there
are studies in concerned to the interaction between the impeller and the heat exchanger [7], [9].
In the case, the air from the fan flows in all directions. The centrifugal fan uses the centrifugal
force generated from the rotation of impellers to increase the pressure [11]. The air near the
impeller is thrown-off from the impeller due to the centrifugal force and then moves into the
fan casing [11]. The flow characteristics of the turbofan with a rectangular casing; the length
of the rectangular casing does not influence the performance of the fan [8].

1.2 Objectives

The objectives of this research are intent as followings:



¢ to analyze flow characteristics of fan in relating to fan performance

e to improve performance of fan
The contents of this research are:

Aerodynamic and performances of fan with rectangular casing
Flow characteristics of fan with rectangular casing
Flow characteristics of fan with scroll casing

b=

Flow characteristics of fan with changing blade outlet angle

The first purpose of this research is to make clear the influence of casing shapes, i.e.,
rectangular (RC) and scroll casing (SC), on flow characteristics and the energy loss in the
impeller, the casings and fan. The flow characteristics and energy balance in the casing at each
circumferential location are discussed. From simulation, analysis and comparison, the goal
had been given that how the casing shapes was influences on the energy loss.

The second purpose is to understand the influence of unsteady behavior in the impeller,
the casing and the fan on performance, internal flow patterns. And thus, it is discussed the
responsibility for the above discrepancy, considering the physical aspects of the computations,
steady Reynolds-averaged Navier-Stokes (RANS) and unsteady Reynolds-averaged Navier-
Stokes (URANS). The third purpose is to compare the simulation results with respect to
experimental results.

1.3 Scope of Thesis

There are five chapters in this thesis. Chapter 1 is about introduction, which is introduce
about the centrifugal fan and its application, research background and objectives. Chapter 2
consists of theory background about Computational Fluid Dynamics (CFD). Chapter 3
describes about Experimental Apparatus and Measurements. Chapter 4 describes Investigation
on Aerodynamic Performance of Centrifugal Fan under the influenced of Casing Geometries
(Rectangular Casing and Scroll Casing). Chapter 5 describes Unsteady Flow Characteristics of
Backward Impeller with Rectangular Casing. Chapter 6 describes Conclusion.



CHAPTER 2
COMPUTATIONAL FLUID DYNAMICS(CFD)

In this numerical study, the computational fluid dynamics (CFD) analysis code ANSYS-
CFX 14.5 software was used to analysis the internal flow of centrifugal fan. Computational
Fluid Dynamics (CFD) is a computer-based tool for simulating the behavior of systems
involving fluid flow over a region of interest, with specified conditions on the boundary of the
region. CFD is now an established industrial design tool, helping to reduce design time scales
and improve processes throughout the engineering world. CFD provides a cost-effective and
accurate alternative to scale model testing, with variations on the simulation being performed
quickly, offering obvious advantages. CFD can be used to determine the performance of a
component at the design stage, or it can be used to analyze difficulties with an existing
component and lead to its improved design. This software can simulate a wide range of
phenomena: aerodynamics, combustion, hydrodynamics, mixtures of liquids/solids/gas,
particle dispersions, reacting flows, heat transfer, and much more. Steady-state and transient
flow phenomena are easily and quickly solved.

2.1 Analysis Theory

ANSYS CFX is a high-performance computational fluid dynamics (CFD) software tool
that delivers reliable and accurate solutions quickly and robustly across a wide range of CFD
and multi-physics applications. CFX is recognized for its outstanding accuracy, robustness and
speed with rotating machinery such as pumps, fans, compressors, gas and hydraulic turbines.
It can solve wide-ranging fluid flow problems of all levels of complexity within the Workbench
environment. It offers a comprehensive range of physical models that can be applied to a broad
range of industries and applications, with extensive capabilities for customization and
automation.

In this research, I had approach the centrifugal fan performance with the simulations by
using ANSYS CFX 14.5. The predetermined performance was obtained from the simulations.
The simulations were done both steady state and transient. The time dependence of the flow
characteristics can be specified as either steady state or transient.

Steady state simulations are assumed that the flow characteristics do not change with
time and have been reached after a relatively long-time interval. They therefore require no real-
time information to describe them.

Transient simulations require real time information to determine the time intervals at
which the CFX-Solver calculates the flow field. Transient behavior can be caused by the
initially changing boundary conditions of the flow, as in startup, or it can be inherently related
to the flow characteristics, so that a steady state condition is never reached, even when all other
aspects of the flow conditions are unchanging.

Sometimes simulations that are run in steady state mode will have difficulty converging,
and no matter what action taking mesh quality and time step size, the solution does not
converge. This could be an indication of transient behavior.



For the setting of the Navier-Stokes equations, if the flow of a real fluid is non-linear, it
is difficult to obtain an exact solution by solving analytically except a simple flow model. In
simulations, CFD is used for obtaining a numerical approximation solution by using computer.
There are a number of different solution methods that are used in CFD codes. The most
common, and the one on which CFX is based, is known as the finite volume technique. In this
technique, the region of interest is divided into small sub-regions, called control volumes. The
equations are discretized and solved iteratively for each control volume. Thus, an
approximation of the value of each variable at specific points throughout the domain can be
obtained. In this way, one derives a full geometry of the behavior of the flow.

This software assisted to get predetermined performance of the centrifugal fan and if it
is necessary, this step could do repeat. If this simulation step was over, the next steps could
continue for manufacturing and modification of the impeller design. Therefore, this software
assisted to complete the above steps during the short time.

2.2 Basic equation
2.2.1 Navier Stokes equation

The NavierStokes equations are the basic governing equations for a viscous fluid. It is a
vector equation obtained by applying Newton’s Law of Motion to a fluid element and is also
called the momentum equation. It is supplemented by the mass conservation equation, also
called continuity equation.

Governing equations of incompressible Navier-Stokes equations in conservation form
are as following.

Continuity equation, O_p + % =0 2.1
at ax]

Momentum equation,

6Ul-+ a(UU)— 6P+625 (2.2)
Poat " Pax, VY T T ax T o MU
Where, the strain-rate tensor Sj is given by,
2.3
S 1 an+6Uj 23)
u 2 ax] axi
The equation of motion of fluid is:
aU; 0 aopP 22U, (2.4)
—(U.U) = ——
P ot +pax,-( V) ax,  Haxox,

U is Velocity of fluid [m/s]
P is Fluid pressure [Pa]



p is Density of fluid [kg/m?].
u is Dynamic viscosity [Pa-s].

1, j is Direction of fluid flow.

2.2.2 Reynolds Averaged Navier—Stokes equations (RANS)

In general, turbulence models seek to modify the original unsteady Navier-Stokes
equations by the introduction of time averaged and fluctuating quantities to produce the
Reynolds Averaged Navier-Stokes (RANS) equations. These equations represent the mean
flow quantities only, while modeling turbulence effects without a need for the resolution of the
turbulent fluctuations. Turbulence models based on the RANS equations are known as
Statistical Turbulence Models due to the statistical averaging procedure employed to obtain the
equations.

The Reynolds averaged Navier—Stokes equations (or RANS equations) are time averaged
equations of motion for fluid flow. The equations are Reynolds decomposition, whereby an
instantaneous quantity is decomposed into its time averaged and fluctuating quantities. The
RANS equations are used to describe turbulent flows. This equation can be used with
approximations of the properties of flow turbulence to give approximate time averaged
solutions to the Navier—Stokes equations.

The basic tool required for the derivation of the RANS equations from the instantaneous
Navier—Stokes equations is the Reynolds decomposition. Reynolds decomposition refers to
separation of the flow variable (velocity, U) into the mean (time averaged) component (U ) and
the fluctuating component (z). The mean operator (—) is a Reynolds operator, it has a set of
properties. One of these properties is that the mean of the fluctuating quantity being equal to
zero( u=0) Thus, the equation is:

Ui, t) = U() + u(i, ©) (2:5)
Where, i is the position vector (i, j, k) .
u is Velocity fluctuating term.
U is Instantaneous velocity [m/s].
U is Mean velocity [m/s].

The properties of Reynolds operators are useful in the derivation of the RANS equations.
By using these properties, the Navier—Stokes equations of motion, expressed in equation (2.4)
with tensor notation, then next, each instantaneous quantity can be split into time averaged and
fluctuating components, and the resulting equation with time-average are as following.

Continuity equation (2.1) becomes,
aU;
—J_

_ (2.6)
ax]' 0

Momentum equation (2.4) becomes,



0U,, -0U,  _om _ 9 0T, 45 27
Par PUian, TP ax = "ax, T Haxax, TN '

oU; _ aU; aﬁi 02U, ouu, (2.8)
+ Sy -

P PG = Tax, “ax]ax] P ox,

Finally, the resulting equation (2.8) consists an integration in time term, and thus equation
(2.8) is URANS (Unsteady Reynolds Averaged Navier-Stokes equations).

At URANS, the variables are defined as: U = U (t) + U'(t)

Where, U (t) is the velocity in unsteady flow phenomena of large timescale.
U'(t) is the velocity in the turbulent.

The time derivative must be eliminated from equation (2.8) to get RANS equation. By
removing the time dependence of the resultant terms, the RANS equation is in equation (2.9).

_dU; oP; _
ax] = _6_ + [Z,uSU pulu]] + Sm (2.9)
s au; | 9U;
Where, S;; + —= | is the mean rate of strain tensor.
i~ 6x] 0x;

—pu,u; is Reynolds stresses tensor.

Su 1s the sum of body forces.

2.3 Turbulence Model in ANSYS-CFX

There are different methods for the treatment of turbulent flows. The need for a model
results from the inability of CFX-CFD simulations to fully resolve all time and length scales
of a turbulent motion. In classical CFX-CFD methods, the Navier-Stokes equations are usually
time or ensemble-averaged, reducing the resolution requirements by many orders of magnitude.
The resulting equations are the RANS equations.

Simulation of the RANS equations greatly reduces the computational effort compared to
a Direct Numerical Simulation and is generally adopted for practical engineering calculations.
However, the averaging procedure introduces additional unknown terms containing products
of the fluctuating quantities, which act like additional stresses in the fluid. These terms, called
‘turbulent’ or ‘Reynolds stresses’, are difficult to determine directly and so become further
unknowns.

The Reynolds (turbulent) stresses in right side of equation (2.8) or (2.9) need to be
modeled by additional equations of known quantities in order to achieve “closure.” Closure
implies that there is a sufficient number of equations for all the unknowns, including the



Reynolds-Stress tensor resulting from the averaging procedure. The equations used to close the
system define the type of turbulence model. In what follows, I describe several approaches
(Two equation turbulence models) for solving the RANS equations.

2.3.1 Two Equation Turbulence Models

Two-equation turbulence models are very widely used, as they offer a good compromise
between numerical effort and computational accuracy. Both the velocity and length scale of
turbulent are solved using separate transport equations (hence the term ‘two-equation’).

The k-& and k- w, two-equation models use the gradient diffusion hypothesis to relate
the Reynolds stresses to the mean velocity gradients and the turbulent viscosity. The turbulent
viscosity is modeled as the product of a turbulent velocity and turbulent length scale.

In two-equation models, the turbulence velocity scale is computed from the turbulent
kinetic energy, which is provided from the solution of its transport equation. The turbulent
length scale is estimated from two properties of the turbulence field, usually the turbulent
kinetic energy and its dissipation rate. The dissipation rate of the turbulent kinetic energy is
provided from the solution of its transport equation.

2.3.1.1 The k- Model in ANSYS CFX

k is the turbulence kinetic energy and is defined as the variance of the fluctuations in
velocity.e is the turbulence eddy dissipation (the rate at which the velocity fluctuations
dissipate).

The k-& model introduces two new variables into the system of equations. By using
equations (2.3), (2.4). the momentum equation becomes,

au, a(UU)_ L ou, ] (2.10)
Poat T Pax, VY T T x| o o J| T

Where,

Hefr = U+ U 1s the effective viscosity accounting for turbulence.

P'=P+-= pk +2 S He ff o X is the modified pressure. The last term involves the
dlvergence of Veloc1ty. It is neglected in ANSY'S CFX, although this assumption
is strictly correct only for incompressible fluids.

Sy 1s the sum of body forces.

The values of kand € come directly from the differential transport equations for the
turbulence kinetic energy and turbulence dissipation rate.

Turbulence kinetic energy, k model expression is in equation (2.11).

a(pk)

(Uk)‘—[ — _l+Pk pe + Pyy @.11)

Turbulence dissipation rate, € model expression is in equation (2.12).



6(/)6)
ot x
Where,

pUje) ——[ B) |+ - (CaaPi = Ceape + CerPy) @12)

The turbulence viscosity is linked to the turbulence kinetic energy and
S . . k?
dissipation with the relation p, = C, P

Cu» Ce1, Cep, and o is k-¢ turbulence model constant and gy is k turbulence

model constant in the equation (2.11) and (2.12). The values are usually in the
following.

C, = 0.09, Cg = 144, C,y = 1.92, 0, = 1.0 and o, = 1.3

Py, and Py, represent the influence of the buoyancy forces. P is the
turbulence production due to viscous forces.

(2.13)

oU; 0U;\aU; 20U, oUy
Py = pe -3 (

ox, " 9x,) 9%, 30 3 o k+pk)

. . U . . .
For incompressible flow, a_xk is small and the second term on the right side of
k

equation does not contribute significantly to the production.

2.3.1.2 The k-w Model in ANSYS-CFX

One of the advantages of the k-w formulation model is the near wall treatment for low-
Reynolds number computations. The model does not involve the complex nonlinear damping
functions required for the model and is therefore more accurate and more robust. A low-
Reynolds k- model would typically require a near wall resolution of y* < 0.2 , while a low-
Reynolds number k-w model would require at least y* < 2. In industrial flows, even y* <
2 cannot be guaranteed in most applications and for this reason, a new near wall treatment was
developed for the k-w models. It allows for smooth shift from a low-Reynolds number form to
a wall function formulation.

The k~w model developed by Wilcox solves two transport equations, one for the
turbulent kinetic energy, and one for the turbulent frequency. The stress tensor —pu,u; in
equation (2.9) is computed from the eddy-viscosity concept.

Turbulent kinetic energy, k-equation:

a(pk) ( Ujk) = l( %) g—;l + Py — B'pkw + Py (2.14)

k

Turbulent frequency, w-equation:

a(pw) 0 U\ 0w )
5 (pU a)) % I(u + a>a—x] +a— " P, — Bpw? + P, (2.15)




10

Where,
k. . .
He= p—is the turbulence viscosity.

B', a, B, oy and g, are model constant. The values are as following.
B'=0.09,a =5/9,B =0.075, 6, = 2,0,=2

The unknown Reynolds stress tensor, —pu,u;, is calculated in the following.

au; dy; 2 au
i - ( +—> 30 (o + ) 2.16)

axl 0 X 3

2.3.1.3 The Baseline (BSL) k- w Model

The main problem of the Wilcox model in equation (2.13) and (2.14) is its well known
strong sensitivity to freestream conditions. Depending on the value specified for w at the inlet,
a significant variation in the results of the model can be obtained. This is undesirable and in
order to solve the problem, a blending between the k-w model near the surface and the &- ¢
model in the outer region was developed.

It consists of a transformation of the k-& model to a k -w formulation and a subsequent
addition of the corresponding equations. The transform of k- model shown in equation (2.11)
and (2.12) is written as following.

Transformed k-& model:

O(pk) ue \ 9k ,
+_( Uk)— [(ﬂ‘l‘a—ktl)a—x]_ + P, — B'pkw (2.17)
906w) L 9 (W) =2 AR 1 Ok 0w 0n _ 2 (2.18)
ac T ox; (pUj0) = ox; [(” + le) axj] +2p 01w 00X + a3 Pe = Bipo

Now, the equations of the Wilcox model in equation (2.13) is multiplied by function F7,
the transformed k- € model in equation (2.16) by a function /-F; and the corresponding k- and
w- equations are added to give the BSL model in equation (2.17) and (2.18)

d(pk) 0 0 e \ Ok ) (2.19)
ot a_x](pU]k)_B_x]l(u-}_a_kz)a_x] +Pk—,8pka)+Pkb
a(pw) 1 0k dw
( U; w) —[ — —l + (1 - F1)2p O @ a—x]a—x]
+az 7 P = Bop@? + Pyp (2.20)

Where, ' = 0.09, F;=0, F; is equal to one near the surface and decreases to a value
of zero outside the boundary layer (that is, a function of the wall distance).
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a, = 0.44, B, = 0.0828
01 = 2,011 =1
0u=2, 0,y,=1/0.856

B2 =FB+(1—-F)p

The coefficients of the new model, oy, 0, [, azare a linear combination of the
corresponding coefficients of this model.

2.3.1.4. The Shear Stress Transport (SST)

The k-w based SST model is shown in equation (2.21). This model gives highly accurate
predictions of the onset and the amount of flow separation under adverse pressure gradients.

The shear stress transport (SST) model behavior can be obtained by substituting the
formulation of the eddy-viscosity (u;) in equation (2.19) and equation (2.20).

The eddy-viscosity is
(2.21)

alk

Vt = e s and vy = ue/p
Where,
F>1s blending function.
S'is an invariant measure of the strain rate.

Finally, the equation of the k-w based SST model is the following.
a(pk)

th) dk , (2 22)
U k)=— — | = P, — k P )
( ) l ora) % + P, — B'pkw + Py

PV 0w 1 0k Jdw

d d
— (pU.w) = — POV Tl s (1=F)2 -7
ot T 0x; (pUj0) 0x; l(ﬂ * awz) 0x; *( v pawlw 0x; 0x;

+a, = P = B2pw? + Py (2.23)

2.4 Discretization of the Governing Equations

ANSYS CFX uses an element-based finite volume method, which first involves
discretizing the spatial domain using a mesh. The mesh is used to construct finite volumes,
which are used to conserve relevant quantities such as mass, momentum, and energy. The mesh
is three dimensional, but for simplicity an illustrate this process is two dimensions.

Figure 2.1 shows a control volume with typical two-dimensional mesh. All solution
variables and fluid properties are stored at the nodes (mesh vertices). A control volume (the
shaded area) is constructed around each mesh node using the median dual (defined by lines
joining the centers of the edges and element centers surrounding the node).
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Element center

element
Control volume

node

Fig. 2.1 A typical two-dimensional mesh (Ref. ANSYS 14.5 help)

To illustrate the finite volume methodology, consider the conservation equations for
mass, and momentum expressed in equation (2.1), (2.2) and (2.3). These equations are integrated
over each control volume, and Gauss’ Divergence Theorem applied to convert volume integrals
involving divergence and gradient operators to surface integrals. If control volumes do not deform in
time, then the time derivatives can be moved outside of the volume integrals and the integrated
equations become:

d (2.24)
afpdV+]pUjdnj =0
14 S
d oU; U, (2.25)
Ef pUldV + f pUl U]dn] = —f Pdn] + f ﬂeff a—x] + a—xl dnj + f SUL- av
14 S S S 14

Where, V and S are volume and surface regions of integration, and dn; are the differential
cartesian components of the outward normal surface vector. The volume integrals represent
source or accumulation terms, and the surface integrals represent the summation of the fluxes.

The next step in the numerical algorithm is to discretize the volume and surface
integrals. To illustrate this step, consider a single element shown in Fig. 2.2.

nl n2

Integration Point

Sectors " Element center

n3

Fig. 2.2 Mesh Element (Ref. ANSYS 14.5 help)



13

Volume integrals are discretized within each element sector and accumulated to the
control volume to which the sector belongs. Surface integrals are discretized at the integration
points (ipn) located at the centre of each surface segment within an element and then distributed
to the adjacent control volumes. Because the surface integrals are equal and opposite for control
volumes adjacent to the integration points, the surface integrals are guaranteed to be locally
conservative.

After discretizing the volume and surface integrals, the integral equations (2.24) and
(2.25) become into equation (2.26) and (2.27). The following equations are discretization of
the governing equations. These equations are assumed for the First Order Backward Euler

scheme in solver control.
0
V(p p >+Zmip _ o (2.26)
ip

<p Ui~ ) me(U)m Z(PAnl)lp

5 o ()] 5 g
ip ip

Where, m;;, = (pUjAnj)ip, Vis the control volume, At is the time step, An; is the

discrete outward surface vector, the subscript ip denotes evaluation at an integration point,
summations are over all the integration points of the control volume, and the superscript ° refers
to the old-time level.

2.5 Transient Scheme in CFX-Pre

The transient scheme defines the discretization algorithm for the transient term which is
First Order Backward Euler and Second Order Backward Euler. In CFX-Pre, the transient term
was set for solver control. In this calculation, First Order Backward Euler was set for steady
state calculation and Second Order Backward Euler was set for unsteady state calculation in
implicit above method.

2.5.1 First Order Backward Euler

The First Order Backward Euler scheme is an implicit time-stepping scheme that is first-
order accurate. With the First Order, Backward Euler scheme, the start and end of time
step values are respectively approximated using the old and current time level solution
values. The general discrete approximation of the transient term for the n* timestep is
as following.

1 1
d (p(p)n+§ — (p(p)n_i (2.28)
—f ppdV =V
dt At

14
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Where values at the start and end of the timestep are assigned the superscripts n+%s
and n-%, respectively.

The volume integration term in the left side of the equation (2.24) becomes the
equation (2.29) by using the equation (2.28). The resulting discretization is in the
following equation (2.27). Here, the superscript ° indicates the previous iterates.

d pp — p°e° (2.29)
dt_[ podV = V( At
74

2.5.2 Second Order Backward Euler

The Second Order Backward Euler scheme is also an implicit time-stepping scheme, but
is second-order accurate, and is the default in ANSYS-CFX. It is applicable for constant and
variable timestep sizes. When running the Second Order Backward Euler scheme, the transient
scheme for turbulence equations will remain First Order, and the transient scheme for volume
fraction equations set to a bounded second-order scheme. This scheme is generally used for
most transient RANS.

With the Second Order Backward Euler scheme, the start and end of time step values are
respectively approximated as:

1

1
(pp)"72 = (p9)° + 5 ((p9)° = (pP)*) (2.30)

1
(po)™2 = (pp) + 7 ((09) = (p)°) 2.31)

When these values are substituted into the general discreet approximation,
equation (2.28), the resulting discretization is:

d 1 /3 1
Ef ppdV ~V (5 (pp) = 2(p9)° + 5 (pfp)oo) (2.32)
|4

2.6 Setup Procedure for Simulations

In this simulation, ANSYS-CFX 14.5 used an element based finite volume method,
which first involves discretizing the spatial domain using a mesh. The mesh is used to construct
finite volumes, which are used to conserve relevant quantities such as mass, momentum, and
energy.

In this research, the CFD-CFX simulation process performed in four components:
1. Creating the Geometry and Mesh

2. Defining the Physics of the Model

3. Solving the CFD Problem

4. Visualizing the Results in the Post-processor
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1. Creating the Geometry and Mesh in Workbench

This interactive process is the first pre-processing stage. The objective is to produce a
mesh for input to the physics pre-processor. Before a mesh can be produced, the geometry of
centrifugal fan was created in ANSYS-CFX 14.5 workbench. The mesh was created in the
Meshing application. The basic steps involve:

a. Defining the geometry of centrifugal fan.
b. Creating domains of fluid flow, solid domains and surface boundary names.
c. Setting properties for the mesh.

In case of meshing, it is a step of installation of the calculation lattice points and create a
mesh to create a computational grid points according to the shape of centrifugal fan created by
Geometry. The volume and surface was analyzed in detail for generating fine mesh. The mesh
calculation time was changed depending on the element size.

2. Defining the Physics of the Model in CFX-Pre

This interactive process is the second pre-processing stage and is used to create input
required by the Solver. The mesh files are loaded into the physics pre-processor. The physical
model in case of centrifugal fan that are to be included in the simulation are selected. Fluid
properties and boundary conditions are specified in the domain. Flow analysis types were
selected in this stage.

3. Solving the CFD Problem by CFX Solver Manger

The component that solves the CFD problem is called the Solver. It produces the required
results in a non-interactive/batch process. A CFD problem is solved as follows:

a. The partial differential equations are integrated over all the control volumes in the
region of interest. This is equivalent to applying a basic conservation law (for example, for
mass or momentum) to each control volume.

b. These integral equations are converted to a system of algebraic equations by generating
a set of approximations for the terms in the integral equations.

c. The algebraic equations are solved iteratively. An iterative approach is required
because of the nonlinear nature of the equations, and as the solution approaches the exact
solution, it is said to converge. For each iteration, the errors, or residuals, are reported as a
measure of the overall conservation of the flow properties.

How close the final solution is to the exact solution depends on a number of factors,
including the size and shape of the control volumes and the size of the final residuals. Complex
physical processes, such as combustion and turbulence, are often modeled using empirical
relationships. The solution process requires no user interaction and is, therefore, usually carried
out as a batch process. The solver produces a results file that is then passed to the post-
processor.
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4. Visualizing the Results in the Post-processor

The post-processor is the component used to analyze, visualize and present the results
interactively. Post-processing includes anything from obtaining point values to complex
animated sequences.

Examples of some important features of post-processors are:
a. Visualization of the geometry and control volumes
b. Vector plots showing the direction and magnitude of the flow

c. Visualization of the variation of scalar variables (variables that have only magnitude,
not direction, such as temperature, pressure and speed) through the domain

2.7 Calculations of Centrifugal Fans with difference Casings

2.7.1 Geometry of the backward Impeller and casings

The geometry of the computational models used in the numerical simulation
analysis show in Fig. 2.3 (a) and (b). The computational model with rectangular casing
(RC) shows in Fig. 2.3 (a). The computational model with scroll casing (SC) shows in
Fig. 2.3 (b). The computational model was created in CFX-Geometry. The casings were
set to be the same dimensions as that used in the experiments. In experiment, the flow
comes from the auxiliary fan and its perpendicularly enter the impeller inlet and then it
was discharged passing through the casing to the atmosphere. In the numerical
simulation, the computational domains were created to calculate the fluid flow analysis.
It is not possible to completely reproduce the actual same flow. Therefore, the inlet part
of the impeller geometry was assumed hemispherical shaped and the flow
perpendicularly entered the impeller. In casing geometry, the extended length of casing
outlet was assumed twice of casing length. It was possible that the fluid flow was to be
closer in the actual flow and to become stabilized flow by the extended region.

Rotating

) Rotating
domain

domain

(a) Rectangular casing model (RC)

(b) Scroll casing model (SC)

Fig. 2.3 Computational model
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There were three computational domains in this model. They were the inlet, rotating
domain and the outlet domains. The inlet domain was hemispherical shaped. The inlet domain
consisted an interface in which the fluid was passing through in inlet domain to the rotating
domain. The rotating domain consisted the impeller geometry and two interfaces in which one
was for entering the fluid from the inlet domain to the rotating domain. Another was for outflow
of fluid from the rotating domain to the casing. The outlet domain consisted the casing
geometry and an interface. The interface was for entering the fluid form the rotating domain to
the casing located in the outlet domain.

The impeller model geometry was separately created in CFX-Geometry. The backward
impeller showed in Fig. 2.3 (c¢). It was imported in the computational model by the cut
material. The rotating domain created by slice material which divided computational domain
into the inlet domain, rotating domain and outlet domain. The geometries of the reference
impeller are listed in Table 2.1.

& Table 2.1 Geometry of reference impeller

o° Lists Dimensions
Inlet diameter D; 142 mm
Outlet diameter D> 230 mm
Exit blade height H 60.5 mm
Number of blades B 7
Blade thickness t 1 mm
Inlet angle Bia 15°
Outlet angle P2a 35°

Fig. 2.3 (c) Impeller geometry Rotational speed 1100 rpm

The half side views of RC and SC casings are shown in Fig. 2.4. Each casing dimensions
show in Fig. 2.4 (a) and (b).

Flow In

Flow In

(b) SC casing dimensions

(a) RC casing dimensions

Fig. 2.4 Half side view of casings
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2.7.2 Mesh creations

The mesh in computational domain is shown in Fig. 2.5 (a) and (b). The mesh in
computational RC casing model show in Fig. 2.5 (a) and SC casing model shows in Fig. 2.5

(b).

nivo
Ac:

(a) RC casing model

(b) SC casing model

Fig. 2.5 Mesh in computational models

The elements and nodes of each computational domain list in Table 2.2. Elements and
node numbers in each domain is listed in this table.

Table 2.2 Elements and nodes of each computational domain

Mesh Names on casings
RC casing domains SC casing domains
Inlet Rotating | Outlet Inlet | Rotating | Outlet
Elements 48407 2258272 | 1588486 | 48441 | 3005545 | 845414
Nodes 9330 567415 | 281500 | 9344 | 717470 | 153707

In real fluid, in case of the air, the viscous force is very smaller in high Reynolds number
than the inertia force, since no slip condition on the blade surface and the velocity on the surface
region is zero. The viscous of airflow reduces the local velocities on a surface and is responsible
for wall friction. The layer of air over the blade surface named boundary layer that is slowed
down or stopped by viscosity at the leading edge of blade.

The thickness of the velocity boundary layer is normally defined as the distance from the
solid body at which the viscous flow velocity is 99% of the freestream velocity. The no-slip
condition requires the flow velocity at the surface of a solid object be zero and the fluid
temperature be equal to the temperature of the surface. The flow velocity will then increase
rapidly within the boundary layer.

In CFX, one of the most essential issues for the optimal performance of turbulence
models is the proper resolution of the boundary layer. In this section, two criteria for judging
the quality of a mesh are minimum spacing between nodes in the boundary layer and minimum
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number of nodes in the boundary layer. These are simple guidelines for the generation of
meshes which satisfy the minimal requirements for accurate boundary layer computations. The
goal is to determine the required near wall mesh spacing, Ay, in terms of Reynolds number,
running length (in case of blade chord length), and Ay™ target value.

The estimation of Reynolds number is:

re — PUL (2.33)
u

Reynold number (Re) is considered for the blade which is calculated by the equation
(2.31). The chord length of blade is 0.08643 m, the tangential velocity at the impeller exit is
15.38 m/s (calculated from the formula U = R X w), the air density (p) and dynamic viscosity
(u) at temperature 25.9°C is 1.177 kg/m® and 1.846 x 10~°kg/ms, the value of Re is
8.47x 1077 by equation (2.34).

For the determination of the near wall spacing (minimum grid width on the blade), the
approximation formulas of wall (skin) friction coefficient for turbulent boundary layer, Cr is
defined by Hermann Schlichting. For Re < 10°, Cr is calculated with equation (2.34).

C; = (2.0logp Re — 0.65)723 (2.34)

The value of Cr is 0.0061, then the wall shear stress acting on the blade surface, t,[Pa]
is calculated with equation (2.35).

pU?
t=62 (2.35)

Then, the value of t,,is 0.848m/s by using Cr=0.0061. Friction velocity, u, can calculate
with equation (2.36).

T (2.36)

The value of friction velocity, u; is 0.846 m/s. The initial thickness of boundary layer on
the blade (minimum grid width on the blade or wall mesh spacing), Ay[m] can calculate with
equation (2.37).

+y (2.37)

In which, kinematic viscosity, v = 1.568 x 107°[m?/s], Ay* is non-dimensional
quantity of Ay, set Ay*=5, finally the value Ay is 0.93 X 10~*[m]. Thus, in CFX, for the mesh
inflection, the minimum layer thickness set 0.1 mm and number of layers set 10 layers. The
mesh in the rotating domain shows in Fig. 2.6. The mesh of blades is inflection as shown in
Fig. 2.6 (a). The total number of mesh for all domains is about 5 million with tetra mesh. The
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minimum edge length of tetra mesh is 0.8 mm. The mesh in rotating impeller domain is shown
in Fig. 2.6 (b).

0025 0075

(a) Detail around blade mesh (Inflection) (b) Impeller domain

Fig 2.6 Mesh in rotating domain

2.7.3 Setup boundary conditions

The flow field of the centrifugal fan with casing was simulated with the commercial code
ANSYS CFX 14.5. In CFX-Pre, the boundary conditions set for steady state calculations of the
centrifugal fan with difference casings. The steady flow was simulated with RANS to analyse
the flow characteristics of fan. The computational models are shear stress transport (SST)
turbulence model with automatic wall function. The computational domains set up the inlet,
the rotating and the outlet. All the domains set the fluid domains and the working fluid was an
ideal gas (air at 25°C). The reference pressure set the same with the atmospheric pressure, 1
atm. The inlet and outlet domain set stationary. The rotor domain set the rotating domain which
was rotated with 1100 rpm clockwise direction. The static pressure set 0 Pa at the inlet domain
and the mass flow rate set in the outlet domain. The boundary plane between the impeller and
casing regions is imposed by Frozen-Rotor interface. The solid surfaces in the computational
domain are no-slip wall and smooth wall conditions.

In this study, the steady state calculations were done with the five mass flow rates. They
are the flow coefficients of ¢ = 0.014,¢ = 0.121,¢ = 0.187,¢ = 0.237, and ¢ = 0.26.
Where, ¢ = 0.187 was design flow coefficient. In the steady state calculation, the flow
characteristics do not change with time and thus timescale control set Auto Timescale. Auto
Timescale is the default timescale control setting. However, it is aware that the Auto Timescale
calculated by the solver is often conservative. This is usually robust, but faster convergence is
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often possible using a more aggressive setting. The maximum iterations set 600 to reach
convergent. The CFX-Solver terminated the run after this number of iterations.

2.8 Calculations of Centrifugal fans with difference Blade Outlet Angles
2.8.1 Geometry of Impellers with difference design blade outlet angles

The geometries of the impellers were created in CFX-Geometry. In this study, the casing
shape was RC geometry (non-uniform casing) which was attached with difference impellers.
The geometries of the impellers show in Fig. 2.7 (a), (b) and (¢). Two type impellers were used
that the outlet angle of blade is different and the other dimensions are same. The outlet angles
25° and 35°, are called impeller ‘A’ and impeller ‘B’ respectively. The comparison of blade
outlet angles is shown in Fig. 2.7 (a). The inlet and outlet diameters of the impellers are 142
and 230 mm. The exit blade height is 60.5 mm. Inlet angle is 15°. Its main dimensions are
shown in Table 2.3. The impeller is attached to rectangular shaped casing and its size is 350
mm * 350 mm X 158.3 mm.

\\\\ B2d8=25°

N\ \

\ \

\ \; }}2dA=350
T~

o (rad/s) \ /

/

(a) Comparison of blade (b) Impeller ‘A’ with (c) Impeller ‘B’ with
outlet angles B2da=35° PB2ap=25°

Fig. 2.7 Geometries of Impellers

Table 2.3 Main dimensions of impeller

Specifications Impeller ‘A’ Impeller ‘B’
Inlet diameter D; 142 mm

Outlet diameter D> 230 mm

Number of blades B 7

Exit blade height H 60.5 mm

Blade thickness t 1 mm

Inlet angle b1 15°

Outlet angle P2a 35° 25°
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There are three computational domains in this model. They are the inlet, rotating domain
and the outlet domains. In casing geometry with impeller ‘B’, the extended length of
casing outlet was assumed about twice of casing length and its extended width was
about 9 times of casing width as mentioned section 2.7.1.

2.8.2 Mesh creations

The creation of mesh in computational domain is shown in Fig. 2.8 (a) and (b). The mesh
in computational RC casing model with impeller ‘A’ shows in Fig. 2.8 (a) (same Fig. 2.5 (a)).
The other RC casing model with impeller ‘B’ shows in Fig. 2.8 (b). In this section, the blade
mesh inflection set in the rotating domain by equation (2.31) to (2.35). The creation of mesh
on the blade is inflection, the minimum layer thickness set 0.1 mm and number of layers set 10
layers. The elements and nodes of each computational domain list in Table 2.4.

(b) RC casing model with impeller ‘B’

(a) RC casing model with impeller ‘A’

Fig. 2.8 Mesh in computational domain

Table 2.4 Elements and nodes of each computational domain

Mesh Names on Impellers (Domains)
Impeller ‘A’ with RC casing Impeller ‘B’ with RC casing
Inlet Rotating | Outlet Inlet | Rotating | Outlet
Elements 48407 2258272 | 1588486 | 99324 | 2486547 | 1530874
Nodes 9330 567415 | 281500 | 19046 | 667850 | 276903

2.8.3 Setup boundary conditions for steady and unsteady calculations

The flow field of the centrifugal fan with impeller ‘A’ and ‘B’ was simulated with the
commercial code ANSYS CFX 14.5. In CFX-Pre, the boundary conditions set for steady state
calculations of the centrifugal fan with difference impellers. The steady simulation was
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calculated with RANS and unsteady simulation was calculated with URANS to analyse the
flow characteristics of fan. For both calculations, the models are the shear stress transport (SST)
turbulence model with automatic wall function. The computational domains set the inlet, the
rotating and the outlet. All the domains set the fluid domains and the working fluid was an ideal
gas (air at 25°C). The reference pressure set the same with the atmospheric pressure, 1 atm.
The inlet and outlet domain set stationary. The rotor domain set the rotating domain which was
rotated with 1100 rpm clockwise direction. The static pressure set 0 Pa at the inlet domain and
the mass flow rate set in the outlet domain. The solid surfaces in the computational domain are
no-slip wall and smooth wall conditions. The interaction plane between the impeller and casing
regions is imposed by Frozen-Rotor interface in the steady calculation and Transient Rotor-
Stator interface in the unsteady calculation, because the flow characteristics out of the impeller
are varied in circumferential location.

In this study, the steady state (RANS) and unsteady (URANS) calculations were done
with the four mass flow rates. They are the flow coefficients of ¢ = 0.014,¢ = 0.121,¢ =
0.187,¢ = 0.22. Where, ¢ = 0.187 was design flow coefficient.

In the steady state calculation, the flow characteristics do not change with time and thus
timescale control set Auto Timescale. Auto Timescale is the default timescale control setting.
However, be aware that the Auto Timescale calculated by the solver is often conservative. This
is usually robust, but faster convergence is often possible using a more aggressive setting. The
maximum iterations set 600 to reach convergent. The CFX-Solver terminated the run after this
number of iterations.

In the unsteady state calculation, time dependent behavior for transient simulations in
ANSYS CFX is specified through Time duration and Timestep. The Timesteps option provides
a way for ANSYS-CFX to track the progress of real time during the simulation, whereas Time
Duration is a user-specified limit on the length of real time the simulation is to run.

The CFX-Solver uses the Timestep and Time duration specifications to determine
whether to continue the simulation using the next timestep. For example, if the following are
set:

Timesteps is set to a single value of At .

Time Duration is set to Total Time option with a value of 7.

Then the CFX-Solver will continue to compute solutions at each timestep iteration until
NxAt > T, where N is the number of timesteps performed by the CFX-Solver. The Courant
number is of fundamental importance for transient flows and it tells whether the simulation
will converge or blowout. It was used in transient simulations for calculating timestep. The
timestep for a one-dimensional grid, was determine by the following equation (2.36).

u At (2.36)
C=——«<
Ax

Where, u is the fluid speed, At is the timestep and Ax is the mesh size, C is Courant
number (dimensionless number) which is less than 1. The Courant number calculated in
ANSYS CFX is a multidimensional generalization of this expression where the velocity and
length scale are based on the mass flow into the control volume and the dimension of the control
volume. As an implicit code, ANSYS CFX does not require the Courant number to be small
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for stability. However, in this simulation, one may need the Courant number to be small to
accurately resolve transient details.

In this calculation, the Initial Time for a transient simulation is the time before beginning
the first timestep of transient simulation, it automatically reads from an initial values file getting
by steady state simulation results. The determination of timestep was taken into considering by
performing a frequency analysis during the pressure fluctuation. 2" number of data is required
to perform frequency analysis. As a result, 512 timesteps were required for one rotation of the
impeller (360°). Thus, in CFX-Pre, the timestep was fixed to 1.06534x10* seconds, which is
equivalent to the progress of the rotor by 1° per time step. The maximum numbers of time steps
are 3072 for unsteady calculation which is corresponding to the impeller 6 revolutions. When
the final timestep reached 3072 steps, the Time duration (Total Time, T) was 0.327274s by the
equation T = NxAt. The time averaged values were estimated from iteration 1024 to stop
iteration 3072 data to catch the average values of flow characteristics.
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CHAPTER 3
EXPERIMENTAL APPRATUS AND MEASUREMENTS

In Chapter 3, there are two types of experimental apparatus and measurements.
One is wind tunnel apparatus and performances measurements with prototype
centrifugal fan. Another is wind duct (PVC) apparatus and performance measurements
with model centrifugal fan (3D Printer model fan). The detail expressions are in the
following articles.

3.1 Performance test of Centrifugal Fan (Prototype)

The flow characteristics, the static pressure and the flow rate were measured in the
experiments. The wind tunnel apparatus, test impeller, casings used in this experiment and
measuring system are expressed in the following.

3.1.1 Test impeller

The test impeller used in the experiment is shown in Fig. 3.1 and its main dimension is
shown in Table 3.1 (same with Table 2.1). The impeller has seven backward curved blades that
the thickness is 1 mm. The backward-curved centrifugal fan is obtained relatively high
efficiency and low noise. The type is characterized by the path of the airflow through the fan.
Centrifugal fans use a rotating impeller to increase the velocity of an airstream. As the air
moves from the impeller hub to the blade tips, it gains kinetic energy. This kinetic energy is
then converted to a static pressure increase as the air slows before entering the discharge.
Centrifugal fans can generate relatively high pressures. The small size of this type of fan is
used in the air conditioner and air cleaner. The rotating speed of the test impeller is fixed to
1100 rpm.

R Table 3.1 Main dimension of test impeller
o™

Lists for test impeller Dimensions
Inlet diameter D 142 mm
Outlet diameter D> 230 mm
Exit blade height H 60.5 mm
Number of blades B 7
Blade thickness t I mm
Inlet angle Bla 15°
Outlet angle P2a 35°
Rotational speed (Clockwise) 1100 rpm

Fig. 3.1 Test impeller
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3.1.2 Test casing

The test casing attached the test impeller shows in Fig. 3.2. The centrifugal fan with
rectangular casing (RC casing) shows in Fig. 3.2 (a) and this fan with scroll casing (SC casing)
shows in Fig. 3.2 (b). In the recent application, the fan is not used with the scroll casing but the
rectangular casing, because of the compact size and flexible design. The impeller is attached to
rectangular shaped casing (RC casing) and its size is 350 mm x 350 mm x 158.3 mm. The
scroll casing (SC casing) created with volute angle 6° and 10 mm gap between the impeller and
tongue. The height of the SC casing is the same with RC casing and its height is 158.3 mm.
The size of the SC casing exit is 131.32 mm x158.3 mm.

131.32

460

x

(a) Rectangular casing (RC casing) (b) Scroll casing (SC casing)

Fig. 3.2 Test casing

3.1.3 Wind tunnel experimental apparatus

In this study, the wind tunnel apparatus for performance test shows in Fig. 3.3. The wind
tunnel device of 1800 x 1800 x 3000 mm was set up in accordance with JIS B 8330. The gap
in the wind tunnel and ducts are filled with silicon so that there is no fluid leakage. Also, sound
absorbing materials are attached to the walls shown in the Fig. 3.3. In experiment, the test
impeller with corresponding casings was attached as shown in Fig. 3.3. The auxiliary fan
(diagonal flow fan) installed at the upper right part of the inlet duct. The air discharged from
the auxiliary fan through a honeycomb where the flow is rectifying in the cross section of the
flow passage. An orifice plate was installed on the duct for measuring the flow rate. In the wind
tunnel, the buffer board was installed to prevent directly flow discharged from the auxiliary fan
to the test impeller. A wire netting and a honeycomb was installed for rectifying the flow in the
flow passage cross section. In the wind tunnel, there are three holes on the upper wall, on side
wall and on floor of the tunnel. The diameter of these holes is 4 mm and they situate 600 mm
apart in front of the test fan. These holes provide to measure the static pressure in the wind
tunnel mentioned after. The rotational speed of the test impeller is fixed to1100 [rpm] by the
inverter. The flow rate is adjusted by the slidac which can change the rotation speed of the
auxiliary fan. The rotation speed of the auxiliary fan is adjusted by changing the voltage using
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the slider. However, when the flow rate is "Q = 0" [m?/s], the throttle valve is used so that fluid
does not flow from the duct.

Absorption wall

Auxiliary fan
600

Honey comb

1800

i 1730
“ e |21

Wire netting  Buffer board

Fig. 3.3 Wind tunnel experimental apparatus

3.1.4 Measurement apparatus and measurement method

3.1.4.1 Measurement apparatus

In this experiment, the flow rate was measured by installing an orifice created in the duct
according to JIS Z 8762. The orifice part is shown in Figure 3.4. Figure 3.4 (a) shows the shape
of the orifice plate. It is made of an aluminum plate of 235 [mm] x 405 [mm], it is provided
with a hole having a diameter d = 100 [mm]. The ratio of a hole diameter to the duct diameter
set to 0.5 with respect to the duct diameter D = 200 mm. The shape of the hole is circular and
it is concentric with respect to the duct axis.

A flange tap is used as a method of extracting pressure. Fig. 3.4 (b) shows the installation
position of the flange tap, and Fig. 3.4 (c) shows the actual attachment part. The pressure outlet
on the upstream side of orifice plate is installed in the position, L1 = 25.4 [mm]. The pressure
outlet on the downstream side of the orifice plate is installed in the position, L, = 25.4 [mm)].
Four ports each of the upstream side and the downstream side provide four pressures. The
upstream side pressures are averaged and this pressure is assigned P; [Pa] and the averaging
downstream pressure is assigned P> [Pa]. By using the measured differential pressure, the
volumetric flow rate Q can be obtained by the following equation.

C e-E /2(131 P,) (3.1

Where, C is the outflow coefﬁc1ent, ¢ 1s the expansion coefficient of the gas, F; is the
area of the throttle hole [m?], A is the throttle diameter ratio, P; is the pressure on the upstream
side [Pa], P: is the pressure on the downstream side [Pa], and p is the air density [kg/m?].
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(a) Orifice plate (b) Pressure hole position

(c) Actual orifice part

Fig.3.4 Orifice

The outflow coefficient C and the expansion coefficient € of the gas are obtained by the
following expressions.

106[?)0'7

C =0.5961 + 0.02618% — 0.2615% + 0.00052 <Re
D

106\
+ (0.0188 + 0.00634°8)335 <_>
Rep
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4
+(0.043+0.080¢71041-0.123¢711) X(l-O.llA)ﬂ— 0.031 (M'2-0.8M'21~1) B3 (3.2)

154

1

P\«
=1-(0.351+0.2564"+0.938°) | 1- (P—2> (3.3)
1

The Reynolds number Rep = 3.335 x 10* in the duct, L3 = 0.127 [mm] which is obtained
by dividing the distance from the upstream face of the orifice plate to the upstream pressure
outlet port center, and the specific heat ratio k= 1.4. M5 and 4, is expressed as the following.

) 3.4

"3 (3.4)
190008

A—( e ) (3.5)

From the above equations, the outflow coefficient C = 0.6096, the expansion coefficient
of the gas € = 0.9998, the area of the throttle hole F, = 0.007854 [m?], and the following
equation is obtained by substituting in equation (3.1).

2(P, — P
Q =4.937x 1073 “TZ) (3.6)

3.1.4.2 Measurement of Centrifugal fan performance

In this study, the static pressure rise of fan is measured by the differential pressure of the
wind tunnel and the atmospheric pressure. The pressure of this tunnel is measured with
averaging the three points 600 mm apart from test fan. The pressure in the outlet of the tunnel
is kept to the atmospheric pressure. Figure 3.5 shows the test fan attached to the wind tunnel.
The number of revolutions of the test impeller used in this experiment is controlled by the
inverter. This inverter is connected to a slidac having an input of 100 V and an output of 0 to
130 V to supply voltage. Normally, the inverter and slider are not used at the same time, but in
this experiment, the input voltage of the inverter used this time was 120 V, it was impossible
to operate the test impeller with the inverter alone in the laboratory environment. The inverter
is easy to control the rotating speed, but the loud noise generates. The slidac is not so easy to
control the rotating speed, but the low noise generates, thus the slidac is used to measure the
noise of fan.

The various measuring equipment used in this study are shown in Fig. 3.6. Figure 3.6 (a)
shows a differential pressure transducer (PDV-A manufactured by Kyowa Electric Co., Ltd.)
used for measuring the differential pressure of the orifice section (refer Fig. 3.4) and the
differential pressure between the wind tunnel and the atmosphere. The allowable capacity is 1
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k Pa, and the rated output is 5 V. Features include high response, high accuracy, high
sensitivity, noise immunity, + 5 V voltage output (PDV type), small size and light weight.
Measurement of each differential pressure is made by taking the average of differential pressure
at 4 points in the orifice part and the pressure difference of 3 points between the tunnel and the
atmosphere.

Figure 3.6 (b) shows a DC power supply (Kikusui Electronics Co., Ltd. 7315) used as a
power source for the differential pressure transducer. It is a compact and lightweight power
supply that can use the maximum output 1.0 A by continuously varying the voltage range of 1
to 15 V with a double type variable resistor with a series type direct current stabilized power
supply using transistors.

Fig.3.5 The state of the mounting of the test fan

Figure 3.5 (c) shows the data logger (NR-500 manufactured by KEYENCE) used to read
the voltage output value of the differential pressure transducer. The read voltage is AD
converted by the high-speed analog measuring unit (NR-HA 08 manufactured by KEYENCE),
and each differential pressure is output to the personal computer. The data logger has eight
input channels, with the highest sampling rate of 1 MHz, the highest resolution of 16 bits, the
input signal has a voltage of £ 1000 V and a current of = 20 mA. In this study, the warm-up
time is 15 minutes, the sampling period is 500 ms, the sampling number is 60 pieces, and the
differential pressure is collected. Then, the average value of the collected 60 pieces of data was
applied as a measurement value to subsequent analysis.

Figure 3.5 (d) shows the digital handy tachometer (HT-4200 made by ONO SOKKI)
used for measuring the rotation speed of the test impeller. It is possible to directly display the
rotational speed up to 30 to 50,000 revolution / min with high accuracy. In this research, one
reflection mark which is a mark of rotation is affixed to the test impeller, and the rotation speed
of the test impeller is measured.
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(c) Data logger (d) Digital tachometer
Fig. 3.5 Measuring device

3.2 Performance test of Centrifugal Fan (3D Printer Model fan)

The flow characteristics, the static pressure and the flow rate were measured from the
experiments. The wind duct (PVC duct) apparatus, test impeller (3D Printer model),
rectangular casing (non-uniform casing) used in this experiment and measuring system are
expressed in the following.

3.2.1 Test impeller (3D Printer model impeller)

The test impeller model geometry (3D printer model) used in this experiment is shown
in Fig. 3.6. The impeller has seven backward curved blades. The thickness and the blade outlet
angle is 3 mm and 25° respectively. The rotating speed of the test model impeller is fixed to
1100 rpm.

The impeller (named impeller ‘B’) geometry was shown in Fig. 2.7 (c¢) and its dimension
was in Table 2.3. The CFX calculation was done with this impeller ‘B’. The performance of
the fan with the impeller ‘B’ (refer to the impeller ‘B’ in Fig. 2.7 (c)) can approve with the
experimental result. Thus, for doing the performance test, the model impeller (refer to Fig. 3.6)
is created with ANSYS-Geometry. In Fig. 3.6, the thickness of the impeller: the blades, the
shroud, the hub thickness is created thrice in dimension with ANSYS-Geometry. But, the inlet
and the outlet diameter of the impeller does not change. Then, the geometry (~.*agdb) is
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changed to (~.stp) file by AUTO Desk software. The impeller is created with 3D Printer 2
generation (Cube). The maximum size of the working table of printer is 14 cm. Thus, for
producing the impeller by using the 3D printer, the dimension of the impeller model is reduced
to half scale. The model geometry is created the three parts: bell mouth, shroud part and other
is hub part including impellers which has supports to attach the shroud. These parts are shown
in Fig. 3.6 (a), (b) and (c) respectively. For mounting of bell-mouth in the inlet part of the fan,
the gap set Imm between the bell mouth and the shroud.

The product of 3D printer impeller model shows in Fig. 3.7. The set-up conditions for
printing of the model impeller is as following. Units are ‘mm’, print mode is solid, and print
material is PLA. The printing time for the bell mouth was 3 hours and 40 minutes, for the hub
part was 7 hour and 42 minutes, for the shroud part was 5 hours and 9 minutes.

(a) Bell-mouth (b) Shroud

(c) Hub

Fig. 3.6 The test impeller model geometry (3D printer model)

Fig. 3.7 3D printer impeller model



33

3.2.2 Test casing

The test casing attached the test model impeller shows in Fig. 3.8. The shape of the casing
is rectangular (non-uniform casing). The casing dimension is 175 mm x 175 mm x 79 mm. The
casing material is Acrylic sheet and its thickness is 4 mm.

Impeller with ﬂz ~25°

175

Fig. 3.8 Test casing

3.2.3 Wind duct experimental apparatus (PVC duct)

In this study, the wind duct (PVC duct) apparatus for performance test show in Fig. 3.9.
The inside diameter of wind duct is 90 mm and the thickness of duct is 5 mm. The total duct
length is 870 mm. The pitot tube is mounted 270 mm apart from the inlet section which is set
horizontally inside the duct, there is one hole which has 1mm diameter for measuring total
pressure and the hole is set opposite to the flow direction. A needle is vertically set 270 mm on
the duct from the inlet section. The static pressure inside the duct is detected from this needle.
The dimension of square box is 330 mm x 330 mm, which is connected to the test casing. A
needle is vertically set on this box then the static pressure of test fan was measured with it.

P detection point

P detection point Pitot tube 4
(P detection point) [ Test/fan
I:Il/ -
Inet o Emm) =)
= \
~ Honey comb

| 270  J100] 500 e 17

| -

Fig 3.9 Wind duct (PVC duct)
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A honeycomb as installed for rectifying the flow in the flow passage cross section. The
rotational speed of the test impeller is fixed to1100 [rpm] by the inverter. The flow rate is
adjusted by the manual which can change the inlet air velocity. However, when the flow rate
is "Q = 0" [m?/s], the inlet section is fully closed that fluid does not flow inside the duct.

3.2.4 Measurement apparatus and measurement method
3.2.4.1 Measurement apparatus for wind duct

In this experiment, the flow rate was measured by installing the pitot tube horizontally
inside the duct and a needle is vertically on the duct. The differential pressure of the air inside
the duct was obtained by difference between the total pressure measured with the pitot tube
and the static pressure measured with the needle. The static pressure (mm H>O) was measured
with digital micro manometer (DP-50A, OKANO Works. Ltd.,) and the total pressure (mm
H>0) was measured with digital micro manometer (DP-200A, OKANO Works. Ltd.,). The
model fan performance measurement apparatus shows in Fig. 3.10.

Ps detection point

oo B

‘ﬁ:%

S

Pitot tube
(P¢ detectlon)

Test fan |
l .

Digital micromanometer l Inverter

Fig. 3.10 The model fan performance measurement

3.2.4.2 Measurement method

The static and total pressure was measured 270 mm apart from the inlet section of wind
duct shown in Fig. 3.11. The static pressure is measured with the needle which has 1 mm
diameter and it is vertically located on the duct surface. The measuring method of differential
pressure in the wind duct is shown in Fig. 3.12. Figure 3.12 (a) shows the cross-sectional side
view of wind duct for the total pressure calibration and Fig. 3.12 (b) is front view of wind duct
for differential pressure calculation. The total pressure was calibrated with a hole on the pitot
tube. The diameter of a hole is 1 mm. For the total pressure calibrations, the pitot tube was
horizontally moved across the wind duct and a hole was set in opposed to the flow direction.
The calibration points are located 5 mm, 15 mm, 25 mm, 35 mm and 45 mm apart from the
center of wind duct. The hole positions for these calibrations are shown in Table 3.1. The static
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pressure of test fan was measured with the needle which has 1 mm diameter and it was
vertically located on the box surface.

The air entering in the inlet duct was controlled by manually. When the inlet section was
fully closed with the enclosure, there was no flow condition, flow rate ‘Q=0’, In this condition,
firstly, the hole position was set in the center of duct. Then, the pitot tube was moved to right
(refer to Fig. 3.12 (a)), and then, a hole also was moved 5 mm from the center position
according to the pitot tube and the total pressure inside the duct was measured with the help of
this hole. In the same way, the total pressure was calibrated by the hole position listed in Table
3.1 and also Fig. 3.12 8 (a).

Needle
(Ps detection)

Pitot tube
(Pt detection)

Fig. 3.11 Inlet section of wind duct

P .. .
P detection point i Digital Micro
. . manometer
X/ Pt detection Points Needle
Pitot tube Inflow
Moved [P
Pitot Tube
Hole in Centre | | Digital Micro
Inner diameter of duct manometer )\
|—> AP (mm H>O)
(a) Cross-sectional Side view (b) Front view

Fig. 3.12 Measuring method of differential pressure inside the wind duct
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Table 3.1 Hole positions for total pressure calibrations

Calibration points Dimensions (mm)
r 5
I 15
r 25
r, 35
r, 45

The differential pressure, AP (mm H>O) can be calculated from the equation 3.7, the
velocity of air at each calibration point can be calculated with the equation 3.8 and finally the
air flow rate, Q can be obtained by the equation 3.9.

AP = P, — P, (3.7)

20P p,, (3.8)
V= /#
Pair

Where, V' is velocity of air (m/s),
AP is the differential pressure or dynamic pressure (mm H>O),
Py is the density of water (p,, = 1000 kg/m3),
Pair is the density of air at T = 25.4°C, (pgir = 1.1829 kg/m3),

g is gravitational force ( g = 9.8 m/s?).

Q=Vorrg + Vin(r{ —1&) + Vo (1} — 1) + Varn(rZ — 1) + Vum(rZ — %) (3.9)

Where, Q is flow rate of air (m?/s),
V' is the velocity of air at each calibration point (m/s),
r is the hole position for calibrations shown in Table 3.1 (m).

The static pressure of the air Ps, at the outflow region of casing can calculate with the
equation (3.9).

Ps :pghs (310)

Where, 4y is static pressure head (mm H>O)
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CHAPTER 4

Investigation on Aerodynamic Performance of Centrifugal Fan
under the influenced of Casing Geometries
(Rectangular Casing and Scroll Casing)

The analysis of casing flow is performed by comparing the rectangular casing (RC
casing) to scroll casing (SC casing) based on the flow pattern, the performance characteristics
and energy loss. In this case, the impeller geometry does not change but the casing geometry
(rectangular shape or scroll shape) is changed. This chapter describes ‘how does the casing
shape influence on the flow pattern, the performance and the energy loss of the centrifugal
fan?’ This shows the casing shape is important for improving the fan performance and
generating high efficiency.

The objectives of this chapter are to make clear the influence of casing shapes, i.e.,
rectangular and scroll casing, on flow characteristics and the energy loss in the impeller, the
casings and the fan. The flow characteristics and energy loss in the casing at each
circumferential location will discuss in the following article.

4.1 Flow characteristics
4.1.1 Flow pattern

The flow pattern of the centrifugal fan basically analyzed in the locations: the mid span
of the fan, the circumferential plane of the impeller outflow to the casing flow. The flow pattern
of simulation fan is discussed for all flow coefficients, i.e., the low flow coefficient, ¢ = 0.014
to the high flow coefficient, ¢ = 0.26. The mid span of the centrifugal fan is 30.25 mm.

Figure 4.1 to Fig. 4.5 show the steady state simulation results of the relative velocity of
the centrifugal fan for each flow rate. The figures show the velocity for different casing shapes,
i.e., rectangular casing (RC casing) and scroll casing (SC casing). These figures are taken in
mid-span of the impeller. In ¢ = 0.014, the low flow rate, the flow pattern of the RC casing
fan and SC casing fan shows in Fig. 4.1 (a) and (b). In Fig.4.1 (a) and (b), the separation occurs
in the suction side of the all blades. The flow separation occurs in the internal flow of the
impeller of RC and SC casing that the very low relative velocities are emerged. The flow
deposits in the circumferential direction of the impeller outflow to the casing, thus the outflow
velocity is high in the circumference: it is clear in the blade section between Bs and Bg in the
RC casing fan and from B: to B4 in the SC casing fan. The flow circulates in the circumferential
of the casing shown in Fig 4.1 (a) and (b), it does not go to the fan exit. In Fig. 4.1 (a), the wake
occurs in the corner of the RC casing and fan exit. In Fig. 4.1 (b), the flow occurs in the narrow
scrolling region of the SC casing. the wake occurs in the wide scrolling region and the duct
region of SC casing.

Figure 4.2 (a) and (b) shows the flow pattern of the RC casing fan and SC casing fan for
the flow coefficient of ¢ = 0.121. In Fig. 4.2 (a), the separation occurs in the blade suctions,
and it is dominant between the blades B to B4. This may cause the large wake region. In the
weak region, the relative velocity is small, so that the absolute velocity of circumferential
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component become large. The flow with large velocity goes into the back corner of the RC
casing to be a jet flow. In Fig. 4.2 (b), the separation occurs in the blade suctions Bi, B2, Ba,
Bs, Bs and B7 and near the tongue region, thus there is no flow near the tongue region. The SC
casing flow velocity is high in the scrolling region but it is decrease in the duct.
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(a) RC casing fan (b) SC casing fan

Fig. 4.1 Flow pattern (¢ = 0.014)
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(a) RC casing fan (b) SC casing fan
Fig. 4.2 Flow pattern (¢ = 0.121)

Figure 4.3 (a) and (b) shows the flow pattern of the RC casing and SC casing fan for the
design flow coefficient of ¢ = 0.187. In Fig. 4.3 (a), the separation on the blade suction Bo,
B3, B4 causes the wake region in the circumferential of RC casing. The wake deposits as a jet
near back wall region and the upper corner. In Fig. 4.3 (b), the flow separation is on the blade
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suction of B1, B2, B3, B7 and it may cause the relatively large wake near the tongue region. The
casing flow pattern is uniform in circumferential of the SC casing but non-uniform in
circumferential of the RC casing.

Figure 4.4 (a) and (b) shows the flow pattern of the RC casing and SC casing for the flow
coefficient of ¢ = 0.237. In Fig. 4.4 (a), the flow separation on the blade B> and B3 causes the
wake region in the circumferential of the RC casing, it strikes the casing back wall. In Fig. 4.4
(b), the flow separation on the blade B7 causes the low flow region in the duct near the tongue.
The flow velocity is high in the blade suction Bs and Be, it causes the high flow velocity in the
duct.
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(a) RC casing fan (b) SC casing fan

Fig. 4.3 Flow pattern (¢ = 0.187)
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(a) RC casing fan (b) SC casing fan
Fig. 4.4 Flow pattern (¢ = 0.237)
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Figure 4.5 (a) and (b) shows the flow pattern of the RC casing and SC casing for the flow
coefficient of ¢ = 0.26. In Fig. 4.5 (a), the flow separation occurs only on blade suction B>
and the wake occurs in the rear corner of RC casing. In the SC casing fan shown in Fig. 4.5
(b), the flow separation appears in the leading edge of the blades B3, B4 and Bs, it is located on
the pressure side of these blades then the low velocity regions are generated. The high velocity
region occurs in the blade suctions of Bi, B> and Bs.
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(a) RC casing fan (b) SC casing fan

Fig. 4.5 Flow pattern (¢ = 0.26)

The contour of the relative velocity outflow of impeller of RC casing fan shown in Fig.
4.6 (a) to Fig. 4.10 (a) and SC casing fan shown in Fig. 4.6 (b) to Fig. 4.10 (b). These figures
show that the location to analysis the circumferential flow pattern of the impeller outflow. The
following figures 4.6 (c), (d) to 4.10 (c), (d) shows that analysis of the flow pattern in the
circumferential of the impeller outflow to the casing flow.

In Fig. 4.6 (c) and (d), the non-uniform flow pattern occurs in the circumferential of RC
casing fan and SC casing fan in the low flow coefficient. The detail of these figures with each
blade section of circumferential outflow is shown with Fig. 4.6 (c-1) to (c-4) for RC casing and
Fig. 4.6 (d-1) to (d-4) for SC casing. The high flow velocity occurs in the outflow section Bs
to B7 in RC casing fan and between B3 and B4 in SC casing fan. As the flow separation occurs
in all blade sections, the low velocity flow pattern is influence in circumference of the impeller
outflow to the casing.

Figure 4.7 (¢) and (d) shows that the non-uniform flow pattern occurs in the
circumferential of the impeller outflow for RC and SC casing fan. In RC casing fan shown in
Fig. 4.7 (¢), the circumferential distribution of flow velocity in the impeller outflow region;
between Bi, B2, B3 and By, is low and this flow causes to become the wake jet flow region
(large velocity region) in the circumferential of back of the RC casing. The non-uniform flow
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(a) Circumferential outflow location
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Fig. 4.6 Circumferential outflow pattern (¢ = 0.014)
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(a) Circumferential outflow location (b) Circumferential outflow location
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Fig. 4.7 Circumferential outflow pattern (¢ = 0.121)
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(a) Circumferential outflow location (b) Circumferential outflow location
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Fig. 4.8 Circumferential outflow pattern (¢ = 0.187)
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Fig. 4.9 Circumferential outflow pattern (¢ = 0.237)
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patterns are dominant in the blade sections: B1-B> shown in Fig. 4.7 (c-1), B4-Bs shown in Fig.
4.7 (c-3) and B>-B3 shown in Fig. 4.7 (c-4). In Fig. 4.7 (d), in SC casing, the flow pattern is
non-uniform in velocity contour in the circumferential of the impeller outflow region B4 to Bs
near the tongue. The dominant non-uniform sections are Bs-Bs shown in Fig. 4.7 (d-2) and Bs-
Bs shown in Fig. 4.7 (d-3).

In the design flow rate (¢ = 0.187), the flow pattern in the circumferential location of
the impeller occurs in non-uniform flow shown in Fig. 4.8 (c). The flow velocity in
circumferential of impeller outflow B> to B4 which has low flow region caused by separation
on blades. This flow leads to become the wake jet flow region in the back of the circumferential
location of RC casing and thus casing flow pattern is non-uniform. The flow velocity is high
in the circumferential outflow region Bs, B7 and B, and the flow in this region goes out to the
fan. The non-uniform flow pattern dominant in the circumferential of the impeller blade
sections: Bs-B7 shown in Fig. 4.8 (c-2) and B4-Bs shown in Fig. 4.8 (c-3). In the SC casing fan
shown in Fig. 4.8 (d), the circumferential flow pattern is uniform from the impeller outflow to
the casing. The detail of circumferential uniform flow pattern shows in each blade section
shown in Fig. 4.8 (d-1) to (d-4), it generates to the casing of SC casing fan.

In Fig. 4.9 (¢), the non-uniform flow pattern occurs in the circumferential location of the
impeller out flow to the casing. The flow in region Bi, B2 to B3 leads to become the wake in
the circumference of the casing’s back. The outflow region Bs, Bs, B7 and B is fully developed
to come out the flow to fan exit. The non-uniform flow pattern generates in each blade section
shown in Fig. 4.9 (c-1) to (c-4). In Fig. 4.9 (d), the non-uniform flow pattern occurs in the
circumferential of the impeller outlet to the casing of the SC casing fan. The high velocity
distributes in the circumferential of the impeller blade sections B3-B4 shown in Fig 4.9 (d-3)
and Bs-Bg shown in Fig. 4.9 (d-2).

In Fig. 4.10 (c), the non-uniform flow pattern generates in the circumference of the
impeller outflow to the casing of RC casing fan. In the flow region B1-B: and B>-Bs, the outflow
velocity is low. In the circumferential region B3-B4, B4-Bs, Bs - Bs and Be-B7, the outflow
velocity is well developed to the fan exit. The non-uniform flow generates in the
circumferential of the impeller in each blades section; shown in Fig. 4.10 (c-1) to (c-4), to the
casing of RC casing fan. In Fig. 4.10 (d), the non-uniform flow pattern distributes in the
circumferential of the impeller outflow to the casing of SC casing fan. The low flow velocity

generates near the shroud region. The circumferential non- uniform flow pattern shows in Fig.
4.10 (d-1) to (d-2).

4.1.2 Static pressure distribution

The static pressure distribution analyses in the mid span of the impeller and the
circumferential of the impeller outflow to the casing. Figure 4.11 to Fig. 4.15 shows the mid
span location of the impeller for analysing the static pressure distribution of the RC casing fan
with the SC casing fan in each flow rate.

Figure 4.11 shows the static pressure distribution of the RC and SC fan in the low flow
rate (¢ = 0.014). Figure 4.11 (a) shows the contour line of the static pressure of the RC casing
fan. High static pressure generates in the circumference of the RC casing fan. The highest static
pressure occurs in the corner of the casing back and the exit of the fan where there is no flow.
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Figure 4.11 (b) is the static pressure distribution of the SC casing fan. The high pressure
distributes in large scrolling region of SC casing, the tongue, and the outlet duct. With low flow
coefficient, high static pressure is generated around the circumference of the fan.

| Pressure
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-1.000e+001

T [Pa]

(a) RC casing fan (b) SC casing fan
Fig. 4.11 Static pressure distributions (¢ = 0.014)

Figure 4.12 shows the static pressure distribution of the RC and SC fan in the flow rate
(¢ =0.121). Figure 4.12 (a) shows the contour line of the static pressure of the RC casing
fan. The static pressure is high in the blade region B3, B4 and Bs of the impeller outlet. This
high static pressure generates in the circumference of the impeller outflow to the circumference
of the casing back for the RC casing fan. There is wake region in the casing back. Figure 4.12
(b) shows the contour line of the static pressure of the SC casing fan. The high static pressure
generates in the impeller outflow region to the casing scrolling region. The high static pressure
dominants to blade region, Bs, B¢ and B, then these pressures distribute to the tongue region
and finally to the duct.
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Fig. 4.12 Static pressure distributions (¢ = 0.121)
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Fig. 4.13 Static pressure distributions (¢ = 0.187)

Figure 4.13 shows the static pressure distribution of the RC and SC fan in the design flow
rate (¢ = 0.187). Figure 4.13 (a) shows the contour line of the static pressure of the RC casing
fan. The static pressure is high in impeller outflow of the blade region B3, B4 and Bs, then these
pressures generates to the circumferential direction of the casing. The highest static pressure
occurs in the upper corner of the casing back and these pressure is decreasing to the exit of the
fan. Figure 4.13 (b) shows the contour line of the static pressure of the SC casing fan. The low
static pressure generates in the impeller outflow of the blade region B4, Bs, and Bs. The high
static pressure generates in the scroll region of the SC casing near the wall and tongue region.
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Fig. 4.14 Static pressure distributions (¢ = 0.237)
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The static pressure distribution of the RC and SC fan for the flow rate (¢ = 0.237) is
shown in Fig. 4.14 (a) and (b). The high static pressure generates in blade region B3 and By,
then this distributes to the circumference of the casing back and finally to the upper corner of
the casing in which it is the highest. The high static pressure region becomes low flow velocity.
The low static pressure generates form the blade regions Bs, Bs, B7 and B to the fan exit. Thus,
the flow velocity generates to the fan exit. Figure 4.14 (b) shows the contour line of the static
pressure of the SC casing fan. The high static pressure occurs in the circumference of the casing
near the wall. The low static pressure occurs in the duct region.

Figure 4.15 (a) and (b) shows the static pressure distribution of the RC and SC casing
fan in the large flow rate (¢ = 0.26). Figure 4.15 (a), the high static pressure generates in the
impeller outlet of the blade regions B3, B4 and Bs. This pressure distributes to the casing back,
but the low static pressure distributes to the fan exit. Figure 4.15 (b) shows that the static
pressure distribution from the impeller outflow to the casing for the SC casing fan. The high
static pressure generates near the scrolling casing wall and the low static pressure occurs in the
duct region.
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(a) RC casing fan .
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Fig. 4.15 Static pressure distributions (¢ = 0.26)

Figure 4.16 shows the static pressure distributions in the circumference of the impeller
at the low flow coefficients (¢ = 0.014). Figure 4.16 (a) shows the static pressure distributions
of the impeller for the RC casing. Figure 4.16 (b) shows the static pressure distributions of the
impeller for the SC casing. In both cases, the non-uniform static pressure distributes in the
circumferential of the impeller. The detail of the static pressure distributions of the impeller
for RC casing fan show in Fig. 4.16 (a-1) to (a-4) and for SC casing fan shows in Fig. 4.16 (b-
1) to (b-4). For the RC casing fan, the static pressure is high in the blade circumferences, Bs-
Bs, B-B7 shown in Fig. 4.16 (a-2) and Bi-B7 shown in Fig. 4.16 (a-1), in which there is not
flow out to the fan exit. For the SC casing fan, the static pressure is high in circumferential of
impeller, B3-B4, B4-Bs shown in Fig. 4.16 (b-3) and B4-Bs shown in Fig.4.16 (b-2).
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Figure 4.17 shows the static pressure distributions in the circumference of the impeller
at the flow coefficients (¢ = 0.121). Fig. 4.17 (a), (a-1) to (a-4) shows the static pressure
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Fig. 4.16 Static pressure distributions (¢ = 0.014)
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distributions for the outflow of impeller for the RC casing fan. Fig. 4.17 (b), (b-1) to (b-4)
shows the static pressure distributions for the outflow of impeller for the SC casing fan. Non-
uniform pressure distribution occurs in both cases. For the RC casing fan, the high static
pressure distributes in the circumference of the impeller in B3-B4 and B4-Bs shown in Fig. 4.17
(a-3) to the casing backward. For the SC casing fan, the high static pressure distributes in the
circumference of the impeller, Bs-Bs and Bs-B7 shown in Fig. 4.17 (b-2), to the tongue region.

Figure 4.18 shows the static pressure distributions in the circumference of the impeller
at the flow coefficients (¢ = 0.187). Fig. 4.18 (a), (a-1) to (a-4) shows the static pressure
distributions for the outflow of impeller for the RC casing fan. Fig. 4.18 (b), (b-1) to (b-4)
shows the static pressure distributions for the outflow of impeller for the SC casing fan. Non-
uniform pressure distribution occurs in RC casing fan. For the RC casing fan, the high static
pressure distributes in the circumference of the impeller in B3-B4 and B4-Bs shown in Fig. 4.18
(a-3) to the casing backward. For the SC casing fan, the uniform static pressure distributes in
the circumference of the impeller to the casing except Bs-B7. The high static pressure
distributes in the circumference of the impeller, Bs-B7 shown in Fig. 4.18 (b-2), to the tongue
region.

Figure 4.19 shows the static pressure distributions in the circumference of the impeller
at the flow coefficients (¢ = 0.237). Fig. 4.19 (a), (a-1) to (a-4) shows the static pressure
distributions for the outflow of impeller for the RC casing fan. Fig. 4.19 (b), (b-1) to (b-4)
shows the static pressure distributions for the outflow of impeller for the SC casing fan. Non-
uniform pressure distribution occurs in the circumference of the impeller for both fans. For the
RC casing fan, the high static pressure distributes in the circumference of the impeller in Bs-
B4 and Bs4-Bs shown in Fig. 4.19 (a-3) to the casing backward. For the SC casing fan, the non-
uniform static pressure distributes in the circumference of the impeller to the casing. The lowest
static pressure distributes in the circumference of the impeller, Bs-Bs shown in Fig. 4.19 (b-2),
to the tongue region in the duct.

Figure 4.20 shows the static pressure distributions in the circumference of the impeller
at the flow coefficients (¢ = 0.26). Fig. 4.20 (a), (a-1) to (a-4) shows the static pressure
distributions for the outflow of impeller for the RC casing fan. Fig. 4.19 (b), (b-1) to (b-4)
shows the static pressure distributions for the outflow of impeller for the SC casing fan. Non-
uniform pressure distribution occurs in the circumference of the impeller for both fans. For the
RC casing fan, the high static pressure distributes in the circumference of the impeller in Bs-
B4 and Bs4-Bs shown in Fig. 4.20 (a-3) to the casing backward. For the SC casing fan, the non-
uniform static pressure distributes in the circumference of the impeller to the casing. The lowest
static pressure distributes in the circumference of the impeller; Bs-Bs, Bs-B7 shown in Fig. 4.20
(b-2) and B4-Bs shown in Fig. 4.20 (b-3), to the tongue region in the duct.

The comparison of RC casing fan and SC casing fan (refer to Fig. 4.11 and 4.15) analyses
with respect to static pressure rise from the impeller outflow to the fan exit. The value of static
pressure rise of SC casing fan is high in the low flow rate (¢ = 0.014) and (¢ = 0.121), but
it’s value is low in the design flow rate (¢ = 0.187) and the high flow rate (¢ = 0.237) and

(b = 0.26).
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Fig. 4.17 Static pressure distributions (¢ = 0.121)
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Fig. 4.18 Static pressure distributions (¢ = 0.187)
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4.2 Performance of the centrifugal fan

Fan performance is typically defined by the pressure and power requirement over a range
of fan-generated airflow. Understanding this relationship is essential to designing and operating
a fan system.

The centrifugal fan uses the centrifugal force generated from the rotation of impellers to
increase the pressure. The air near the impeller is thrown-off from the impeller due to the
centrifugal force and then moves into the casing. Then, the pressure increases at the impeller
outflow, with the casing and fan exit. The fan performance is graphically depicted the basic fan
characteristics data of flow coefficients (¢), the static pressure coefficients (Ws) and the

efficiency (n).

In this result, the performance curves show by comparing the performance
characteristics, i.e., the variation of the pressure rise and the flow rate, of both fan types having
difference casing (RC and SC casing). The CFX calculation result of fan performance is valid
with the experimental one.

4.2.1 Performance curves

The flow rate coefficient (¢), static pressure coefficient (1//5), total pressure
coefficient ('//t)’ the efficiency (1) and (1) in the figures are defined with the following
equations.

The flow rate coefficient (¢):
600

= 4.1
¢ m2D?HN #
The static pressure coefficient (1//5):
v = 2P 4.2)
s pm?D?(N/60)?
The efficiency (1):
_PQ (4.3)

T=Tw
Where, D is the outlet diameter of the impeller [m].

H is exit blade height [m].

N is the rotational speed [rpm].

P is the static or total pressure rise [Pa].

Q is the air flow rate [m?¥/s].

T is the impeller torque [N.m].

Pair is the density of air at T = 25.4°C, (pgir = 1.1829 kg/m3).

w is angular velocity of the impeller [rad/s].
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Figure 4.21 shows performance curves of both (RC and SC casing) fans. Figure 4.21 (a)
shows the comparison of performance curves of CFX calculation results with the experimental
result. The RC casing fan performance is compared to SC casing fan performance based on the
flow coefficients of ¢ = 0.014,¢ = 0.121,¢p = 0.187,¢ = 0.23 and ¢ = 0.26, in which

¢ = 0.187 is design flow coefficient. In Fig. 4.21, the static pressure coefficient, (y/s) of SC
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Fig. 4.21 Fan performance
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casing fan is higher than RC casing fan at the low flow coefficient, ¢ = 0.014 and it becomes
low with increasing flow rate. The static pressure coefficient, (l//s) of SC casing fan is higher
than that of RC casing fan at the low flow coefficients 0.014 < ¢ < 0.121 and then these are
gradually decreased before design flow coefficient. At design flow coefficient, ¢ = 0.187and
over it, pressure coefficients, (y/s) of RC casing fan are higher than that of SC casing fan. The
simulation results are relatively agreeing with the experimental one.

Figure 4.21 (b) shows the total pressure coefficient, (Wt) and efficiency. The total
pressure of SC casing fan is higher than that of RC casing fan at the low flow coefficients,
0.014 < ¢ <0.121 and then these are gradually decrease until the design flow coefficient.
At design flow coefficient, ¢ = 0.187 and over it, pressure coefficients, (Wt) of RC casing fan
are higher than that of SC casing fan.

The efficiency, (n;) of SC casing fan are higher than that of RC casing fan at the low
flow coefficients (0.014 <¢ < 0.121) and then these are slightly decrease of until the design
flow rate. At the design flow coefficient, ¢ = 0.187, the values of n; are about 0.7 in RC casing
fan and 0.61 at in SC casing fan. As mentioned in the chapter 1, the fan is necessary for the
compactness and portable size, the high efficiency and good performance. The SC casing fan
is not suitable for the large flow rate, this fan performance is decrease in large flow rate. On
the other hand, in RC casing fan, maximum efficiency is obtained at large flow rate. RC casing
fan can be operated in the wide range of flow rate.

Figure 4.22 shows the impeller performance. The pressure rise is averaged in
circumference of the impeller outflow. The low flow coefficient, between ¢ = 0.014 and ¢p =
0.121, the pressure coefficients, (y/s) and (Wt) of the impeller with SC casing is slightly higher
than that of the impeller with RC casing. At the design flow coefficient, $=0.187 and over
design point these pressure coefficients of the impeller with SC casing is significantly
decreasing. But the variations of the pressure coefficient are slightly decreased with large flow
coefficients.

The efficiencies (1) and (1;) of the impeller with SC casing is almost the same that with
RC casing in the low flow coefficient between (0.014 < ¢ < 0.121). They are significantly
decreased in the impeller with SC casing at design flow coefficient ¢ = 0.187 and over it. If
the impeller is used with the SC casing, the efficiency of the impeller is significantly varied at
the large flow coefficient. But, the variation does not occur in the impeller with RC casing.

Thus, the maximum efficiency of static pressure, (1)) of impeller with RC casing is about
0.55 at ¢ = 0.187. The maximum value, (1)5) of impeller with SC casing is about 0.54 at ¢ =
0.121. At design point, the higher efficiency (1) occurs in the impeller with RC casing. The
maximum value of (1) is about 0.85 in both casings. But, the maximum values of
(n: = 0.85) only occurs in the impeller with RC casing in the design flow rate. The efficiency
of total pressure(n;) is very large compared to the efficiency of static pressure (7).
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Fig. 4.22 Impeller performance

Figure 4.23 shows the performance of casings. The efficiency of casing (1) is defined
by the following equation (4.4). In equation (4.4), (APt_C) is the pressure loss in the casing
and (APt_im) is the pressure rise in the impeller.

AP; .
AP, t_im

ne=1+ (4.4)

The static pressure recovery ratio is the ratio of the static pressure rise to the dynamic
pressure on the upstream side. The static pressure recovery rate is determined by equation (4.5).
In equation (4.5), pressure recovery is the ratio of the differential pressure between the impeller
outflow and the fan exit to the dynamic pressure.

AP
=1 (4.5)
2P

Figure 4.23 (b) shows the pressure recovery performance of the casing (RC casing and
SC casing). High static pressure recovery occurs in the SC casing (scroll casing) with a low
flow coefficient. At the low flow coefficient, the pressure recovery value is 0.6 in the SC casing
(scroll casing) and 0.29 in the RC casing (rectangular casing). The pressure recovery in the SC
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casing is lower than that of a RC casing over the design flow coefficient. The pressure recovery
value is 0.13 in the RC casing and -0.06 the SC casing.
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4.3 Energy loss

To evaluate the energy loss inside the casing for the design flow rate, the casing is divided
into seven portions as shown in Fig. 4.24. In the SC casing, in Fig. 4.24 (a) the fan discharge
portion assumes to be portion I, from which the casing circumference is divided into seven
portions in the clock wise direction. In Fig. 4.24 (b), the SC casing is divided into seven areas
clockwise from the tongue. Figure 4.25 (a) and (b) shows the RC casing and the SC casing fan
of velocity streamline. In Fig. 4.25 (a) shows that the circulating flow dominants in parts II, 111
and V inside the RC casing. In Fig. 4.25 (b) shows that circulating flow occurs in parts 11, III,
IV, V, VI and VII of the SC casing.

v

(c) Rear view of Rectangular casing (d) Front view Scroll casing

Fig. 4.24 Velocity streamline of simulation

The energy loss (Energy loss) in each portion of the casing calculates with equation (4.6).
Where, E, is the sum of the fluid energy entering and leaving the boundary of the named
portion. Loss is calculated by summing of the energies (the positive energy entering to the
boundaries and negative energy discharging from the boundaries) at the boundary of each
portion.
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E, = Z Q.P, (46)

Figure 4.25 plots the energy loss in term of blade load, E}, /Tw. This figure shows the
energy loss in each portion of the casing. The loss is dominant in parts II to V within the RC
casing. The energy loss is very small in parts I and VI in the SC casing. Air is collected at the
top of the shroud (Shroud). There is a wall friction loss inside the scroll casing. Wall friction
losses occur in the scrolling region in parts II, III, IV and V and VII in the casing. The SC
casing losses in parts I, III, IV, VI and VII are higher than the loss of the RC casing.
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Energy loss, E_p/Tw

Fig. 4.25 Energy loss in casings

4.4 Summary

According to Fig. 4.1 (a) to 4.5 (a), for the RC casing fan, the flow separation occurs in
all blade suction side in the low flow coefficient (¢ = 0.014), but the separation occurs only
one blade, the blade B», in the large flow coefficient (¢ = 0.26). It means that increasing air
flow rate induces the decrement of the flow separation in the internal flow. At the low flow
rates, the air circulates in the casing circumference and it deposits backward of the casing, thus
the casing flow doesn’t fully continue to the fan exit. At the large flow rates (¢ = 0.26), the
flow separation occurs in only blade B> and the casing flow generates to be going to the fan
exit. In square casing (RC casing), the discharge flow from the impeller varies depending on
the position in the circumference, and it generates a non-uniform flow.

According to Fig. 4.1 (b) to 4.5 (b), for the SC casing fan, the flow separation dominants
on all blades suction side in the low flow (¢ = 0.014), that is why the casing (SC casing) flow
can’t continue to the fan exit. If the flow rate increases to the design flow rate (¢ = 0.187), the
flow separation only occurs on the blades; Bi, Bs, B7 and it may cause wake in the tongue
region and the flow velocity reduces in the duct near it. For the large flow rate (¢ = 0.26), the
flow separation occurs in leading edge of the blade pressure side. The uniform flow pattern
generates from the impeller outflow to the circumferential location of the casing (SC casing)
except the low flow rate, ¢ = 0.014 and the high flow rate, ¢ = 0.26.
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According to Fig. 4.6 to Fig 4.10, the circumferential flow pattern to the casing is
uniform for the SC casing in design flow rate (¢ = 0.187), but non-uniform for the RC casing.
In all flow rate, the non-uniform flow pattern generates in the casing of the RC casing fan. The
wake (jet flow or large circumferential flow) is generated in the circumferential of the casing
backward. In the SC casing, for the high flow rate (¢ = 0.121), (¢ = 0.237) and (¢ = 0.23),
although the uniform flow pattern occurs in the mid-span of the impeller, it occurs non-uniform
in the circumferential of the impeller blade section B4-Bs and Bs-Be. For the low flow rate (¢ =
0.014), the non-uniform flow pattern generates in the mid-span location and circumferential of
the impeller to the casing.

According to Fig. 4.11 (a) to Fig. 4.15 (a), the static pressure distribution is still high at
the upper corner of the casing for RC casing fan. Even through the flow rate changes from the
low flow to the high flow rate, the static pressure is still high in the corner of the casing of RC
casing fan. This means there is no flow velocity and most of the air collects in the upper corner.
The static pressure distributions (refer to Fig. 4.11 (a) to 4.15 (a)) from the impeller outflow to
the fan exit changes from high to low with respect to increasing the flow rate, i.e., the static
pressure distribution is high in the fan exit cause of no flow velocity in the low flow rate (¢ =
0.014) but this pressure becomes low in the large flow rate (¢ = 0.26).

According to Fig. 4.11 (b) to Fig. 4.15 (b), the static pressure distribution in the scroll
region near wall, tongue region and the duct is high at the low flow rate (¢ = 0.014). The static
pressure is decreasing when the flow rate is increasing in the regions that mention above, i.e.,
the static pressure is high in the low flow rate (¢ = 0.014), but it is low in the large flow rate

(b = 0.26).

For the RC casing fan, in the design flow rate and over it, the pressure is high at the back
of the fan (refer to Fig. 4.13 (a) ~ Fig. 4.15 (a)), and it has a low distribution at the outlet but
for the SC casing fan (refer to Fig. 4.13 (b) ~ Fig. 4.15 (b)), the impeller outlet pressure is
almost the same as the fan discharge pressure. Cause of the above reason, the static pressure
rises in RC casing is higher than these of SC casing at design flow rate and large flow rates.
The casing pressure distribution obtains more uniform condition in the SC casing than in the
case of a RC casing.

According to the figures: Fig. 4.16 to Fig. 4.20, although the flow rate change from low
flow to high flow rate, the high static pressure still distributes in the circumferential of the
impeller outflow to the casing backward for the RC casing. Although the high static pressure
distributes from the impeller circumference to casing of the SC casing fan in the low flow rate
(¢ = 0.014) and (¢ = 0.121), these pressure is significantly low down in the design flow and
over design flow rate. But the static pressure distribution is not rapidly down in the casing of
RC casing fan for design flow and overdesign flow rate. At the design flow rate, the static
pressure distribution from the impeller outflow to the casing is about 3.3 Pa (Pimp ou=48.8 Pa
and Prn_exie= 52.15 Pa) for RC casing fan, but the value is about 1.5 Pa (Pimp out =40.8 Pa and
Ptan_exit= 39.4 Pa) for the SC casing fan. At the high flow rate (¢ = 0.237) and (¢ = 0.26),
the negative static pressure distributes to the casing of the SC casing fan, but positive static
pressure distributes to the casing of the RC casing fan.

Due to the performance of the impeller, the casing and the fan, RC casing (rectangular
casing) fan gives more efficient flow characteristics at design flow rate. At the design flow rate,
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the type of casing has a little effect in impeller performance. The casing performance is a huge
impact on fan performance.

The energy loss value in part IT is 0.69 [W] in RC casing, 0.61 [W] in SC casing and RC
casing loss is higher 3% than the loss in SC casing. The sum of losses of all portions, Ej, /Tw

is 0.4044[-] inside the SC casing, 0.2918]-] inside the RC casing. Thus, in the SC casing, the
total loss is greater about 27.83% than RC casing.

According to the above discussions in Chapter 4, all the simulations were done with
steady state. In this study, the value of flow rate ‘Q’ sets the same in RC casing fan and in SC
casing fan. For example, for the steady simulation at the design flow rate, the value of flow rate
‘Q’ sets to 0.187. The flow rate set the same conditions in the simulation of RC casing and SC
casing fan, and the resulting that the value of static pressure distribution in the RC casing is
difference in the SC casing fan. The static pressure distribution from the impeller outlet to the
exit of the fan (SC casing fan) is very lower than that of fan (RC casing fan) at the design flow
rate and large flow rate (refers to Fig. 4.13 to 4.15 and Fig. 4.18 to 4.20). The efficiency (base
on static and total pressure) of the RC casing fan is higher than that of SC casing fan in the
design flow rate and large flow rate. The static pressure distribution of SC casing fan is
significantly less in the design flow rate and it goes to the negative pressure in the large flow
rate. This can cause to become low performance in the SC casing fan and the high the energy
loss.
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CHAPTER 5
Unsteady Flow Characteristics of Backward Impeller

with Rectangular Casing

In this chapter, the performance and the internal flow pattern are analyzed for centrifugal
fan with the steady and unsteady simulations. In this case, the only blade outlet angle of the
impeller is changed, but the other geometries of the impeller don’t change. For this study, the
impeller attaches with the rectangular casing (RC casing). The circumferential flow pattern of
this rectangular casing for each flow rate was discussed in Chapter 4 with steady simulation.

The flow characteristics of the centrifugal fans with different blade outlet angles are
basically discussed on steady and unsteady simulations for the rectangular casing fan. The
blade outlet angles of the impellers are 35° and 25° which are called impeller ‘A’ and impeller
‘B’ respectively. The turbofan design is usually made with the steady flow simulation. Then
the flow out of the impellers are connected to the casing region only at the location that the
impeller is in the simulation, even though the impeller is rotating and the flow characteristics
are varied with the impeller location. When the flow separation is occurred in the impeller, the
influence of the separation is restricted in the casing located at the impeller. But in the actual
flow, the influence of separation of the impeller is spread wide to the circumferential location.
In most cases, flow separation is responsible for lower performances and higher energy loss.
Generally, the efficiency and loss calculations, however, revealed a significant discrepancy
between the steady and unsteady simulation.

The objectives of this paper are to understand the influence of unsteady behavior in the
impeller, the casing and the fan on performance, internal flow patterns. And it is discussed the
responsibility for the above discrepancy, considering the physical aspects of the computations,
steady Reynolds-averaged Navier-Stokes (RANS) and unsteady Reynolds-averaged Navier-
Stokes (URANS).

5.1 Flow Characteristics
5.1.1 Flow pattern

The flow characteristics of simulation fans are discussed for each simulation conditions
from the low flow rate ¢ = 0.014 to the high flow rate ¢ = 0.22. The flow characteristics,
relative velocity and static pressure, are basically analyzed in the mid-span and circumferential
location of the impeller.

Figure 5.1 to Fig. 5.4 shows the relative velocity contours of steady and unsteady flow
patterns in the mid-span location. The steady and unsteady internal flow pattern of the impeller
at the low flow coefficient, is shown in Fig. 5.1 (a) to (d). Figure 5.1 (a) shows the steady flow
field of the fan with the impeller ‘A’ and Fig. 5.1 (b) shows the unsteady flow field of this fan.
The steady flow pattern in the impeller ‘A’ is quite different in the unsteady flow pattern. The
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separation occurs in the suction side of the blades in both cases. The separation can lead to a
distinct wake region. In Fig. 5.1 (b), the uniform flow pattern occurs in unsteady flow field in
the fan with impeller ‘A’. In study flow field, the relative velocity is high in the outflow of the
impeller ‘A’. The steady flow pattern in the circumference of casing is quite different in the
unsteady flow pattern. The secondary flow of steady simulation is dominant and the wake
occurs in the corner of the casing and fan exit.

Figure 5.1 (c¢) and (d) refer velocity contour of the impeller ‘B’ in the steady and unsteady
flow field. The separation occurs in suction sides of all blades of the impeller ‘B’ for both
steady and unsteady simulations. The internal flow pattern of the steady flow is almost the
same in the unsteady flow pattern. The circumferential flow pattern of casing in steady is almost
the same with it in the unsteady. The air deposits in the back ward of the casing circumference
and fan exit.
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(c) Steady simulation Impeller ‘B’ (d) Unsteady simulation Impeller ‘B’
Fig. 5.1 Relative velocity distribution (¢ = 0.014)

The flow pattern of the centrifugal fan for the steady and unsteady simulation at the low
flow rate (¢ = 0.121) is shown in Fig. 5.2 (a) to (d). The flow pattern of the impeller ‘A’ in
the steady is quite different from the unsteady. In the steady simulation, the flow separation is
dominant at suction sides of blades; B through B4 and then non-uniform flow pattern generates
to the circumference of the casing. But in the unsteady simulation, flow field, the flow
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separations are occurring in suction sides of all blades and they generate almost the same
pattern from inflow to the outflow of the impeller ‘A’. Then, the steady flow pattern in the
casing is different from the unsteady. In steady flow field, the large amount of air is collected
in fan exit.

In the flow rate (¢ = 0.121), the steady flow pattern of the centrifugal fan with the
impeller ‘B’ is the same with the unsteady flow pattern as shown in Fig. 5.2 (c¢) and (d). The
flow separation does not generate on the blade suction of the impeller ‘B’ for both steady and
unsteady flow field. The inflow and outlet flow pattern of the steady simulation in the impeller
‘B’ are almost the same in unsteady simulation. The steady flow pattern of impeller ‘B’ in the
casing is almost the same with the unsteady flow pattern.
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(c) Steady simulation Impeller ‘B’ (d) Unsteady simulation Impeller ‘B’

Fig. 5.2 Relative velocity distribution (¢ = 0.121)

Figure 5.3 shows the flow pattern in the design flow rate (¢ = 0.187). The flow patterns
in steady and unsteady simulations inside the impeller is quite different at impeller ‘A’, but as
the case of impeller ‘B’ is almost same. At the case of the impeller ‘A’ in Fig. 5.3 (a) and (b),
the flow separation on the suction surface near the trailing edge of the blade is occurred at the
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back region, B>, B3, and By, that causes the large area of low velocity regions near the lower
wall of the casing and the upper corner in steady simulation. The separation leads to a distinct
wake region and higher static pressure. But in unsteady simulation, the separation of it is very
small. The outflow from the casing near the upper wall is large in steady simulation. The
uniform flow pattern occurs in unsteady flow field inside the impeller ‘A’, but non-uniform
flow patterns occur in the steady flow field. The steady flow pattern in the circumferential
direction of casing is quite different in the unsteady flow pattern. The secondary flow is
dominant in the casing and the wake occurs in the corner of the casing and fan outlet in the
steady flow.

Figure 5.3 (c) and (d) refers velocity contour of the impeller ‘B’ in steady and unsteady
flow field. The separation occurs only at the leading edge of suction sides of blades inside the
impeller ‘B’. The steady flow pattern is little difference with the unsteady flow pattern inside
impeller ‘B’. In both steady and unsteady cases, the flow pattern is a little different in the
circumferential direction of the casing.
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Fig. 5.3 Relative velocity distribution (¢ = 0.187)
Figure 5.4 shows that the steady and unsteady of the flow pattern of centrifugal fan inside
the impeller ‘A’ and ‘B’ at the large flow rate (¢ = 0.22). Fig. 5.4 (a) shows that the non-

uniform flow pattern occurs in steady flow field inside impeller ‘A’, but the uniform flow
pattern occurs in the unsteady flow field. In steady flow, the separation on trailing edges of the
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suction side of blades; B2, B3, and B4 cause the wake near the lower wall of the casing and the
upper corner. In unsteady simulation, the separation is a little dominant on the suction of blades
B> and B7. The low velocity is a little dominant in the upper and the lower corner. In fan
outflow, the unsteady flow behavior is better than steady, i.e., the outflow is rather uniform.

The unsteady flow pattern is almost the same in steady flow pattern inside the impeller
‘B’ shown in Fig. 5.4 (c) and (d). The uniform flow pattern is in both impellers. The flow
separation doesn’t occur in both steady and unsteady flow fields of the impeller ‘B’ and so the
large flow velocity generates in the outflow of the impeller ‘B’ to the fan exit. The flow pattern
in the casing is almost the same.
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(c) Steady simulation Impeller ‘B’ (d) Unsteady simulation Impeller ‘B’

Fig. 5.4 Relative velocity distribution (¢ = 0.22)

Figure 5.5 through 5.8 shows the flow pattern at the outlet of the impeller with the
impeller ‘A’. The flow pattern in the steady simulation is compared with these of unsteady
simulation. The figure (b) and (c) refers to the steady and unsteady flow pattern. The figure (b-
1) through (b-4) and (c-1) through (c-4) show the relative velocity contour at each blade outlet
section. In Fig. 5.5 (b) and (c) shows the steady and unsteady flow pattern of the impeller ‘A’
in the low flow rate (¢ = 0.014). The non-uniform flow pattern occurs in the steady but
uniform flow pattern occurs in the unsteady. The non-uniform flow pattern dominants in high



70

velocity region and the low velocity region; section B4 to Bs in Fig. 5.5 (b-3) and section Bs-
Bs shown in Fig. 5.5 (b-2).

In Fig. 5.6 (b) and (c) shows the steady and unsteady flow pattern of the impeller ‘A’ in
the flow rate (¢ = 0.121). The non-uniform flow pattern occurs in the circumferential of the
impeller in the steady but uniform flow pattern occurs in the unsteady. The non-uniform flow
pattern dominants in the blade regions; Bi- B> in Fig. 5.6 (b-1) and B4-Bs shown in Fig. 5.6 (b-
3).

In Fig. 5.7 (b) and (c) shows the steady and unsteady flow pattern of the impeller ‘A’ in
the design flow rate (¢ = 0.187). The non-uniform flow pattern occurs in the steady but
uniform flow pattern occurs in the unsteady. The non-uniform flow pattern dominants in the
blade regions; Bi-B7 in Fig. 5.7 (b-1), Bs-Be in Fig. 5.7 (b-1) and B4-Bs shown in Fig. 5.7 (b-
3).

In Fig. 5.8 (b) and (c) shows the steady and unsteady flow pattern of the impeller ‘A’ in
the large flow rate (¢ = 0.22). The non-uniform flow pattern occurs in the steady but uniform
flow pattern occurs in the unsteady. The non-uniform flow pattern dominants in the blade
regions; Bs-Bg in Fig. 5.8 (b-1) and B4-Bs shown in Fig. 5.8 (b-3).

Figure 5.9 through 5.12 shows that the circumferential outflow pattern at the outlet of the
impeller ‘B’. The flow pattern in the steady simulation is compared with these of unsteady
simulation. The figure (b) and (c) refers to the steady and unsteady flow pattern. The figure (b-
1) through (b-4) and (c-1) through (c-4) show the relative velocity contour at the blade outlet
sections.

In Fig. 5.9 (b) and (c) shows the steady and unsteady flow pattern of the impeller ‘B’ in
the low flow rate (¢ = 0.014). The steady flow pattern is different from the unsteady in the
circumferential of the impeller. The non-uniform flow pattern dominants in blade
circumference; section B»-B1 and B1-B7 shown in Fig. 5.9 (b-1).

In Fig. 5.10 (b) and (c) shows the steady and unsteady flow pattern of the impeller ‘B’ in
the flow rate (¢ = 0.121). The uniform flow pattern occurs in the steady and the unsteady
simulations. The high velocity dominants in the blade regions; Bs- Bs in Fig. 5.10 (b-2) and
B4-Bs shown in Fig. 5.10 (b-3).

In Fig. 5.11 (b) and (c) shows the steady and unsteady flow pattern of the impeller ‘B’ in
the design flow rate (¢ = 0.187). The uniform flow pattern occurs in the circumferential of
the impeller in the unsteady simulation. The uniform flow pattern dominants in each blade
regions of the unsteady simulations. The separation occurs only at the leading edge of suction
sides of blades inside the impeller ‘B’. The steady flow pattern is little difference with the
unsteady flow pattern inside impeller ‘B’. In both steady and unsteady cases, the flow pattern
is a little different in the circumferential direction of the casing.

In Fig. 5.12 (b) and (c) shows the steady and unsteady flow pattern of the impeller ‘B’ in
the large flow rate (¢ = 0.22). The steady flow pattern is little difference with the unsteady
flow pattern inside impeller ‘B’. In both steady and unsteady cases, the flow pattern is a little
different in the circumferential direction of the casing.
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(a) Circumferential outflow locatlon (Impeller ‘A’)

Velocity
Contour 1

1.400e+001
1.260e+001
1.120e+001

. B7 B

. Bs
9.800e+000
8.400+000
7.000e+000
5.600e+000
4.200+000 2
2.800e+000 B5

B4 B;

1.400e+000

0.000e+000
[m s*-1]

(b) Steady simulation Impeller ‘A’ (c) Steady simulation Impeller ‘A’

(b-1)

Velocity
Contour 1

1.400e+001
1.260e+001
1.120e+001
9.800e+000
8.400e+000
7.000e+000
5.600e+000
4.200e+000
2.800e+000
1.400e+000

0.000e+000 -
[m s7-1] (C 3)

(b-2)

(b-3)

_
Bl B>

Fig. 5.5 Circumferential outflow pattern (¢ = 0.014)
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(a) Circumferential outflow location (Impeller ‘A”)
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(a) Circumferential outflow location (Impeller ‘A”)
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Fig. 5.7 Circumferential outflow pattern (¢ = 0.187)
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(a) Circumferential outflow location (Impeller ‘A”)
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Fig. 5.8 Circumferential outflow pattern (¢ = 0.22)
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(a) Circumferential outflow location (Impeller ‘B’)
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(a) Circumferential outflow location (Impeller ‘B”)
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Fig. 5.10 Circumferential outflow pattern (¢ = 0.121)
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(a) Circumferential outflow location (Impeller ‘B’)
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Fig. 5.11 Circumferential outflow pattern (¢ = 0.187)
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(a) Circumferential outflow location (Impeller ‘B’)
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Fig. 5.12 Circumferential outflow pattern (¢ = 0.22)
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Figure 5.13 through Fig. 5.15 show that the static pressure distribution in the mid-span
location of the centrifugal fan with the impeller ‘A’ and ‘B’.

In flow coefficient (¢ = 0.014), the static pressure contour of the steady and unsteady
behavior of impeller ‘A’ and ‘B’ are shown in Fig. 5.13 (a) to (d). Figure 5.13 (a) shows the
static pressure distributions of the steady flow field of the centrifugal fan with the impeller ‘A’.
In Fig. 5.13 (a), the high static pressure distributes on the pressure sides of the blades suction
B1, B3, Bs, Bg, from which to the circumference of the casing. Thus, the pressure distribution
is non-uniform. In Fig. 5.13 (b), the uniform static pressure distributes in all blade sections of
the unsteady flow field. The steady behavior for static pressure in the casing is quite a
difference from the unsteady.

In Fig. 5.13 (¢) and (d) show the static pressure distribution of the centrifugal fan with
the impeller ‘B’. In Fig. 5.13 (¢), the high static pressure distributes on the pressure side of the
blades, B>, B3, B4, and Bs. The static pressure distribution is a little difference in the
circumference of the impeller. The uniform static pressure distributes in all blades sections of
the impeller in the unsteady flow field. In the low flow coefficient (¢ = 0.014), the steady
static pressure distribution is difference in the static pressure of the unsteady. The steady static
pressure behavior in the casing circumferential directions is similar with the unsteady.
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Fig. 5.13 Static pressure distributions (¢ = 0.014)
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Figure 5.14 (a) to (d) shows the steady and unsteady static pressure distributions of the
centrifugal fan with the impeller ‘A’ and ‘B’ in the mid-span. In flow coefficient, (¢ = 0.121)
the static pressure contour of the steady and unsteady behavior of impeller ‘A’ shown in Fig.
5.14 (a) and (b). In Fig. 5.14 (a), the low static pressure distributes on the blades, Bi, B2, Be,
and B; where the non-uniform static pressure distributes in the blade sections and
circumference of the impeller from which to the casing. In Fig. 5.14 (b), the uniform unsteady
static pressure distributes in all blade section. The steady static pressure distribution in the
casing is a quite different from the unsteady.

In Fig. 5.14 (c) and (d) shows the steady and unsteady static pressure distribution of the
impeller ‘B’. In Fig. 5.14 (c), the steady static pressure on each blade section and impeller ‘B’
outflow to the casing circumference is a little difference. The unsteady static pressure
distribution generates as uniform in each blade section and circumference of the impeller ‘B’
outflow to the casing. The steady static pressure distributions in the circumference of the casing
is similar to those of the unsteady. In Fig. 5.14 (c), in the steady simulation, the high static
pressure occurs in the blade section B1, B2, B3 and B4 which distributes to the region of the rear
casing wall, but the low pressure distributes on the region of middle of the rear casing wall.
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Fig. 5.14 Static pressure distributions (¢ = 0.121)
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Figure 5. 15 shows the pressure distributions at the design flow coefficient, (¢ = 0.187).
Figure 5.15 (a) and (b) are the case of the impeller ‘A’. The results in steady simulation shows
that the flow in the impeller of Fig. 5.15 (a) is varied in circumferential location. The pressure
at the inlet of impeller is low in the region of the outlet, Bs to B7 and B to B>. But the pressure
is large in the back region of the fan, B; to Bs. This pressure distribution continues to the
impeller outlet. The static pressure is a little high in the impeller ‘A’ outflow region, between
B> and Bs. In the casing, the pressure is lower at the fan exit, Bs, B7, but larger at back region,
B3 to Bs. In the unsteady simulation, the pressure distribution in circumferential location is
little varied in the casing and is high only at the corner. The discrepancy of steady and unsteady
simulation is cause by the process of flow from the inlet to outlet of the impeller. Figure 5.15
(c) and (d) shows the case of the impeller ‘B’. The static pressure distribution in steady
simulation is little difference with unsteady within the blade sections. The low steady static
pressure distributes form the impeller outflow to the fan exit.
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(c) Steady simulation (Impeller ‘B”) (d) Unsteady simulation (Impeller ‘B’)

Fig. 5.15 Static pressure distributions (¢ = 0.187)

Figure 5.16 shows the pressure distributions of the at the large flow coefficient, (¢ =
0.22). Figure 5.16 (a) and (b) are the case of the impeller ‘A’. The results in steady simulation
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shows that the flow in the impeller of Fig. 5.16 (a) is varied in circumferential location. The
pressure at the inlet of impeller is low in the region of the outlet, B1, B7, Bs and Bs from which,
the pressure distributes to the fan exit. But the pressure is large in the back region of the fan,
B3 to B4. The static pressure is a little high in the impeller ‘A’ outflow region, between B, and
Bs. In the casing, the pressure is lower at the fan exit, B¢, B7, but larger at back region, B3 to
Bs. In the unsteady simulation, in Fig. 5.16 (b), the pressure distribution in circumferential
location is little varied in the casing and is high only at the corner. Figure 5.16 (c) and (d) shows
the case of the impeller ‘B’. The static pressure distribution in steady simulation is little
difference with unsteady within the blade sections.

(a) Steady simulation (Impeller ‘A”)
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(b) Unsteady simulation (Impeller ‘A’)
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Fig. 5.16 Static pressure distributions (¢ = 0.22)
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5.1.2 Static pressure distribution

Figure 5.17 to Fig. 5.20 shows the circumferential static pressure distribution of the
impeller (impeller ‘A’) which are compared base on the steady and unsteady simulation results.
In these figures, (a), (a-1) to (a-4) refer to the steady simulation results and (b), (b-1) to (b-4)

refers to the unsteady simulation results.
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Fig. 5.17 Static pressure distributions (¢ = 0.014)
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Fig. 5.18 Static pressure distributions (¢ = 0.121)
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Fig. 5.19 Static pressure distributions (¢ = 0.187)
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Fig. 5.20 Static pressure distributions (¢ = 0.22)
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Figure 5.17 show the static pressure distribution in the low flow rate (¢ = 0.014) that
the comparison of the static pressure distribution in the steady simulation to the unsteady. In
steady cases, the pressure distribution is non-uniform in each region. The high static pressure
generates in B¢-B7 in Fig. 5.17 (a-2), B7-B1 in Fig. 5.17 (a-1). This region is in the exit of the
fan. In Fig. 5.17 (b), the static pressure distribution in each blade region is a little difference,
and the dominant blade regions are Bi-B> in Fig. 5.17 (b-1) and B»-B3 in Fig. 5.17 (b-4).

Figure 5.18 shows the static pressure in the flow rate (¢=0.121) that the comparison of
the static pressure distribution in the steady to the unsteady. In steady cases, the pressure
distribution is non-uniform in each region. The high static pressure generates in B3-B4 and B4-
Bs in Fig. 5.18 (a-3). The pressure distributes from this region to the casing back of the fan. In
Fig. 5.18 (b), the static pressure distribution is a little difference.

Figure 5.19 shows the static pressure in the design flow rate (¢=0.187) that the
comparison of the static pressure distribution in the steady to the unsteady. In steady cases, the
high static pressure distributes in the circumference of the impeller in B3-B4 and B4-Bs shown
in Fig. 5.19 (a-3) to the casing backward. In Fig. 5.19 (b), the static pressure distribution is
uniform in each blade section.

Figure 5.20 shows the static pressure in the design flow rate ($=0.22) that the comparison
of the static pressure distribution in the steady to the unsteady. In steady cases, the high static
pressure distributes in the circumference of the impeller in B3-B4 and B4-Bs shown in Fig. 5.20
(a-3) to the casing backward. In Fig. 5.20 (b), the static pressure distribution is uniform in each
blade section.

Figure 5.21 to Fig. 5.24 shows the circumferential distribution of the static pressure for
the impeller (impeller ‘B’) which are compared base on the steady and unsteady simulation
results. In these figures, (a), (a-1) to (a-4) refer to the steady simulation results and (b), (b-1) to
(b-4) refers to the unsteady simulation results.

Figure 5.21 shows the static pressure distribution in the low flow rate (¢ = 0.014) that
the comparison of the static pressure distribution in the steady to the unsteady. In both steady
and unsteady simulations, non-uniform static pressure distributes in the circumference of the
impeller outlet. In steady cases, the pressure distribution is non-uniform in each region. The
high static pressure generates in B3-B4 and B4-Bs in Fig. 5.21 (a-3). This region is in the back
of the casing. The steady static pressure distribution is higher than in the unsteady.

Figure 5.22 shows the static pressure distribution in the flow rate (¢=0.121). In steady
cases, the pressure distribution is non-uniform in each region. The high static pressure
generates in B3-B4 and B4-Bs in Fig. 5.22 (a-3). The pressure distributes from this region to the
casing back of the fan. In the unsteady of Fig. 5.22 (b), the static pressure distribution is
uniform.

Figure 5.23 shows the static pressure distribution in the design flow rate (¢=0.187). In
steady cases, the high static pressure distributes in the circumference of the impeller in B3-Bs
and B4-Bs shown in Fig. 5.23 (a-3) to the casing backward. The pressure distribution is a little
difference in each blade regions. In the unsteady of Fig. 5.23 (b), the static pressure distribution
is uniform in each blade section.



88

Figure 5.24 shows the static pressure distribution in the high flow rate (¢$=0.22). In steady
cases, the low static pressure distributes in the circumference of the impeller in B>-B; and B;-
B7 shown in Fig. 5.24 (a-1) to the casing backward. In the unsteady of Fig. 5.24 (b), the static
pressure distribution is uniform in each blade section.
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Fig. 5.21 Static pressure distributions (¢ = 0.014)
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Fig. 5.22 Static pressure distributions (¢ = 0.121)
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Fig. 5.23 Static pressure distributions (¢ = 0.187)
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Fig. 5.24 Static pressure distributions (¢ = 0.22)
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5.2 Performance of the centrifugal fan base on Steady and Unsteady Simulation

Fan performance is typically defined by the pressure and power requirement over a range
of fan-generated airflow. Understanding this relationship is essential to designing and operating
a fan system.

In this study, the fan performance is graphically depicted the basic fan characteristics
data of flow coefficients (¢), the static pressure coefficients (y/s) and the efficiency (7). In
this result, the performance curves illustrate by comparing the performance characteristics, i.e.,
the rate of change between the flow and pressure, of both fan types having the impeller ‘A’ and
the impeller ‘B’ having the difference blade outlet angle. The CFX calculation result of fan
performance valid with the experimental one.

The flow rate coefficient, the static pressure coefficient, the total pressure coefficient,
the efficiency in Fig. 5.25 to Fig. 5.26 is defined with the following equations.

The flow rate coefficient (¢):

60Q
=< (5.1)
¢ n2D2HN
The static pressure coefficient (1//5):
v = 2P (5.2)
s pr?D?(N/60)2
The efficiency (n):
_PQ (53
= Tw

Where, D is the outlet diameter of the impeller [m].
H is exit blade height [m].
N is rotating speed [rpm].
P is the static or total pressure rise [Pa].
Q is the air flow rate [m?¥/s].
T is the impeller torque [N.m].
Pair is the density of air at T = 25.4°C, (pg;r = 1.1829 kg/m?).

w 1is an angular speed of the impeller [rad/s].

Figure 5.25 shows the comparison of the performance between the steady and unsteady
simulation. Figure 5.25 (a) is the static and the total pressure coefficients of fans of impeller
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‘A’ and ‘B’. For the impeller ‘A’, the static and total pressure coefficients in steady simulation
is quite a difference from the unsteady simulation. But for the impeller ‘B’, these coefficients
in steady simulation are almost the same in unsteady simulation. For the case of impeller ‘A’,
the static and total pressure coefficients are lower than in unsteady simulation. Figure 5.25 (b)
shows the efficiency of the fans of each impeller ‘A’ and ‘B’. For the impeller ‘B’, the efficiency
in steady simulation is well coincident to the unsteady simulation except large flow rate. But
for the case of impeller ‘A’ the efficiency in steady simulation is very low compared to the
unsteady simulation. The difference between two is about 0.2 in all flow rate.

1
72}
= {08 =
St
i 3=
& 1 0.6
S 12 S
e =
= o
208 | 0.4 4
a o
= ]
5 i 1 02 =
ﬁ 0.4 a
0 0
0 0.05 0.1 0.15 0.2 0.25
Flow coefficient (¢)
—_—— Wt_st_A -0 V/t_un_A —_—— V/t_st_B R Wt_un_B
—— l//s_st_A - 8- Wg_un_A —A—l//S_St_B -—A-- '//s_un_B
(a) Pressure
1
0.8 F

o
(@)
T

Efficiency (n;)
=
AN

02 F
0 L L L L
0 0.05 0.1 0.15 0.2 0.25
Flow coefficient (¢p)
(b) Efficiency

Fig. 5.25 Fan performance



94

The impeller performances of the impeller ‘A’ and ‘B’ are shown in Fig. 5.25. The steady
and unsteady flow characteristics of the impeller ‘A’ and ‘B’, the static and the total pressure
coefficients show in Fig. 5.26 (a) and the efficiencies show in Fig. 5.26 (b).
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The performance of static pressure and the total pressure coefficient of the impeller ‘B’
in steady simulation are almost the same in unsteady simulation. And for the case of the
impeller ‘A’, the coefficients in steady simulation are almost same to the case of unsteady
simulation. The total pressure coefficient of the impeller ‘A’ is higher than that of the impeller
‘B’ in all flow rate that is caused by the difference of the outlet angle of the impeller and the
variation with flow rate is similar to the impeller ‘B’. But the variation of the static pressure
coefficient of impeller ‘A’ with the flow rate is different from the case of the impeller ‘B’. The
static pressure of the impeller ‘A’ is almost constant at wide flow rate but that of impeller ‘B’
is gradually decreased with the flow rate. Figure 5.26 (b) is the efficiency of the impeller. The
efficiency of the impeller ‘A’ in steady simulation is lower about 0.1 than in unsteady
simulation at all flow rate. The total pressure is almost same in both simulations but the blade
load is different in steady and unsteady simulations. The efficiency of impeller ‘B’ is almost
same in steady and unsteady simulations. The efficiency of the impeller ‘B’ in both steady and
unsteady flow fields is higher than in the steady of the impeller ‘A’, but those values are lower
than in the unsteady of the impeller ‘A’. This shows the difficulty of the decision of the impeller
performance.

The casing performances, efficiency, are shown in Fig. 5.27. The casings have the
impeller ‘A’ and the impeller ‘B’ which appreciate the casing performances by the steady and
the unsteady. The casing efficiency in Fig. 5.27 is defined by the following equations, Eq. (5.4).

AP, . (5.4)
AP, t_im

n.=1+

Where the AP; . and AP; ;n 1s pressure rise in casing and the impeller, respectively. In the
casing, AP, . is always negative.
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Fig. 5.27 Casing efficiency
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The casing efficiency based on the total pressure is maximum at flow rate (¢ = 0.187)
in all cases. The variation of the impeller ‘B’ is almost same in both simulations, except at large
flow rate. At the impeller ‘A’ the difference between the steady and unsteady simulations are
large, especially at the low flow rate. The difference of the impeller ‘A’ at design flow rate,
(¢ = 0.187) is about 0.1. The difference of the fan efficiency is about 0.2 at impeller ‘A’ as
shown in Fig. 5.25 (b), and the difference is caused by both the impeller and the casing
efficiency difference.

5.3 Summary

According to Fig. 5.1 to Fig. 5.4, the non-uniform flow pattern dominants in the steady
simulation for impeller ‘A’. Even though, the flow rate is increasing from the low flow to the
high flow rate, the separation still occurs in the steady flow field. The separation doesn’t occur
in the unsteady flow field in large flow rate. The uniform flow pattern generates

According to Fig. 5.5 to Fig. 5.8, the non-uniform flow pattern in the circumference of
the impeller ‘A’ outflow generates in blade section B4-Bg from the steady simulation results.
This is caused by the flow separation in the blade passage and the separation lead to become
weak region in the casing back. From the unsteady simulation results, the internal flow pattern
and circumferential flow pattern of the impeller ‘A’ is uniform in each blade passage.

According to Fig. 5.9 to Fig. 5.12, when the air enters in the impeller with the low flow
rate (¢ = 0.014), the steady flow pattern is a big different from unsteady flow pattern. These
steady flow pattern is absolutely the same with the unsteady flow pattern and it becomes the
uniform flow pattern when the flow rate is large; i.e., the flow rate is between (¢ = 0.121) to
(¢ = 0.22). The uniform flow pattern generates form the circumference of the impeller
(impeller ‘B’) to the circumference of the casing.

According to the Fig. 5.13 to Fig. 5.16, the discrepancy of steady and unsteady simulation
is cause by the process of flow from the inlet to outlet of the impeller. At the steady simulation,
the impeller does not move in entire simulation time and the flow of the impeller passage is
restricted in the fixed impeller passage. The blade load of the impeller ‘B’ is lower than the
impeller ‘A’, and the separation of the boundary layer on the blade surface is hardly occurred.
This flow characteristics makes small the difference between the steady and unsteady
simulation. At the low flow rate, the fan exits pressure distribution in case of impeller ‘B’ is
higher than these of impeller ‘A’. If the flow rate become large (at design flow rate and over
this flow rate), the fan exit pressure in case of the impeller ‘B’ is lower than these of the impeller
‘A

According to Fig. 5.17 to Fig. 5.24, at the design flow rate, the steady and unsteady
pressure distribution in the impeller ‘B’ is a little difference but it is big difference in the
impeller ‘A’. In Fig. 5.21, static pressure distributions in the steady is large different at the low
flow coefficients (¢ = 0.014). The non-uniform pressure distribution occurs in the
circumference of the impeller. In the design flow and large flow rate, the pressure distribution
is a little difference in each blade section of impeller ‘B’. The static pressure distribution of
the impeller ‘B’ is lower than the impeller ‘A’.
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In the mention above, the discrepancy of steady and unsteady simulation is caused by the
process of flow from the inlet to outlet of the impeller. At the steady simulation, the impeller
does not move in entire simulation time and the flow of the impeller passage is restricted in the
fixed impeller passage. In the unsteady simulation, the impeller rotates during the flow passes
through the blade passage and the inlet condition and outlet condition of the impeller are varied
during the flow passing. This operates to average the flow in the impeller. The static pressure
distribution in steady simulation is little difference with unsteady within the blade sections.
This flow characteristics makes small the difference between the steady and unsteady
simulation. The blade load of the impeller ‘B’ is lower than the impeller ‘A’, and the separation
of the boundary layer on the blade surface is hardly occurred.
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CHAPTER 6
CONCLUSION

In this research, the investigations on the effect of casing types, rectangular casing and

scroll casing (RC casing and SC casing) on performance of centrifugal fan had been presented
by experiment and computational simulation.

(1

)

)

The performances: the efficiency and the pressure of the rectangular casing fan is higher
than that of scroll casing fan. The performance curve of the RC casing fan is slightly
reduced at the wide range of the flow rate. At low flow rates, the performances of the
impeller are not affected depend on the casing shape. Thus, the rectangular casing fan
can be used with the wide range flow rate.

The energy loss in the casing (RC casing) is smaller than that of casing (SC casing). The
total loss in the SC casing is greater than RC casing at large flow rate, the shape of casing
geometry is influence on fan loss and the efficiency of fan.

The circumferential flow characteristics of the impeller and the casing of the RC casing
is non-uniform in each flow rate and the variation with the flow rate is slightly varied.
The flow characteristics of the SC casing is uniform only at design flow rate but the
variation with the flow rate is large. Thus, the performance of the RC casing fan is not
varied with flow rate and is better at large flow rate.

Next, it is discussed to the impeller of the circumferential variation to the simulation

condition. The unsteady simulation is discussed compared to the steady simulation. The two
types blades, large blade load and small one is compared. The following results are obtained.

(1)

)

)

4

The results of the fan performances are different in steady and unsteady simulation at the
large blade load that the flow separation occurs in the blade passage.

The circumferential variation of the flow characteristics, flow separation from the blade
surface becomes large in steady simulation. That is, the effect of the local flow condition
is large in the steady simulation.

The flow pattern in steady simulation is strongly influenced to the local condition
compared to the unsteady simulation. In steady case, the impeller does not move in entire
simulation time, but in the unsteady simulation, the impeller rotates during the flow
passes through the blade passage. The velocity variation changes in each timestep. This
fact should be considered in case of the performance analysis for the turbomachinery.

The differences of the flow characteristics between steady and unsteady simulation is not
so large at the small blade load. When the flow separation doesn’t occur in the blade
passage, the influence of the circumferential variation of casing geometry is
comparatively small.
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