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ABSTRACT

The ultrathin centrifugal fan, widely utilised in compact electronic devices such as laptops, is char-
acterised by numerous forward-curved blades that generate high static pressure and flow rates.
Despite its widespread application, the flow dynamics of ultrathin centrifugal fans remain insuf-
ficiently explored. In large-scale centrifugal turbomachinery, boundary layer thickness is typically
negligible, with flow separation being the primary contributor to flow losses. However, the loss
mechanisms in ultrathin centrifugal fans are not yet well understood. This study addresses these gaps
by investigating entropy production associated with various flow processes, decomposing entropy
generation into components related to molecular viscosity and eddy viscosity. Large Eddy Simu-
lation (LES) is employed to analyze the turbulent characteristics of ultrathin centrifugal fans. The
findings indicate that the boundary layer thickness, constituting approximately 10% of the volute
height, is substantial. Viscous dissipation within the boundary layer generates 2.85 x 10~* W/K of
entropy, whereas flow separation contributes 1.16 x 10~> W/K, underscoring the significant impact
of the boundary layer on the fan’s operational efficiency. To further investigate the turbulence char-
acteristics, hot-wire anemometry measurements were conducted to obtain the turbulent energy
spectrum. Moreover, the turbulence scale and pressure fluctuations derived from simulation results
were analyzed in the frequency domain, revealing that low-frequency components are linked to
blade surfaces, while high-frequency components are associated with the volute shell. The insights
gained from this flow field analysis can inform the design of more efficient and quieter cooling fans.
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Nomenclature Ueff effective viscosity, Pa - s
ksgs subgrid turbulent kinetic energy, m? /s> A e.ddg VIS.CtOS}Cty’ Pa3' °
kres resolved turbulent kinetic energy, m?/s? P at e¥131 Y, kg/m
. Tjj subgrid stress, Pa
Linst integral length scale, m
Rypa spatial resolution
Siean mean flow induced entropy production, 1. Introduction
W/K
Stur turbulence induced entropy production,  The ultrathin centrifugal fan is widely employed for
W/K forced cooling in compact electronic devices. Due to
Syis viscosity induced entropy production, W/K installation constraints, the axial dimension of these
Seddy—vis eddy-viscosity induced entropy production, ~ fans is typically restricted to less than 1cm, limiting
W/K their capacity for mechanical work. To compensate for
T temperature, K this limitation, ultrathin centrifugal fans often utilise a
Tint integral time scale, s forward-curved, multi-blade design, which helps gener-
wv,w three velocity components, m/s ate a strong adverse pressure gradient and a high flow
u, v, w time-averaged velocity components, m/s rate. Additionally, these small-scale fans are designed to
u,v,w fluctuation components of velocity, m/s operate at high revolutions per minute (RPM) to max-
X2 three directions, m imise heat dissipation from the heat sink. These design
€ dissipation rate, m? /s> features distinguish ultrathin centrifugal fans from their
u dynamic viscosity, Pa - s industrial counterparts. Therefore, a comprehensive
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study of the flow characteristics of ultrathin centrifugal
fans is warranted.

Flow loss in turbomachinery can generally be classi-
fied into four main categories: profile loss, secondary loss,
shock loss and leakage loss (Denton, 1993). In large scale
turbomachinery, secondary loss is typically regarded as
the primary contributor to overall flow losses due to
the significant entropy generation caused by flow sep-
aration and mixing processes (Fan et al., 2022; Tang
et al,, 2022; Xu et al., 2023; Zheng et al., 2023). Addi-
tionally, leakage loss (Fristche et al., 2022) and shock
loss (Guan et al., 2020) are also recognised as important
factors. Flow separation is commonly observed on the
suction side of blades, particularly at low flow rates (Jiang
et al.,, 2022; Liu et al., 2022). In the case of ultrathin cen-
trifugal fans, forward-curved blades are known for their
ability to generate substantial static pressure increases.
However, the adverse pressure gradient that develops
within the blade passage often induces flow separation,
leading to increased flow losses and a decrease in effi-
ciency (Zhou et al., 2019). Despite the widespread use
of forward-curved blades, most existing research has
focussed on squirrel cage fans for ventilation, which typ-
ically feature a large hub ratio. For ultrathin centrifugal
fans, a novel design has been developed that incorpo-
rates bionic blades inserted between adjacent blades to
control flow separation. This innovative design has been
shown to produce higher static pressure and reduce noise
levels (Amer, 2023).

In addition to flow separation, boundary layer losses,
also known as profile losses, are caused by viscous dis-
sipation within the thin boundary layer. These losses
are often overlooked due to their relatively small con-
tribution to the total energy loss. However, in miniature
centrifugal fans, the blade chord length plays a criti-
cal role in determining the pressure rise and airflow
rate. Shorter blades can experience significant block-
age of the flow passage due to the development of the
boundary layer, leading to a more pronounced impact
on fan performance (Walsh et al,, 2010). In addition to
the boundary layer on the blade surface, the boundary
layer on the volute wall must also be considered. Since
the ratio of the boundary layer thickness over the total
axial height of the ultrathin centrifugal fan increases,
the airflow rate may be significantly influenced. More-
over, this could lead to greater friction losses compared
to those in large-scale turbomachinery. Modifications to
the volute wall have been shown to effectively reduce
noise and improve sound quality (Amer, 2024). In larger
systems, the boundary layer on the volute surface is
often overlooked due to the relatively large dimensions
of the volute shell, and it has been suggested that fric-
tion on the volute wall can be neglected in double-suction

centrifugal pumps (Deng et al., 2023). However, in ultra-
thin centrifugal fans, the impact of the volute wall bound-
ary layer warrants detailed investigation.

Hence, the flow loss induced by flow separation is
important but it remains a question whether the flow sep-
aration or boundary layer viscous dissipation is dominant
in case of ultrathin centrifugal fans.

Apart from the flow loss mechanism in centrifugal
fans, the turbulent characteristics are also worth inves-
tigating. The turbulent characteristics in a centrifugal
fan considering the impeller-eccentric effect are carefully
studied (Ren et al., 2022). The dipole source distributed
on the pressure side of the squirrel cage fan blade is
more intense than that on the suction side and this is
due to the leading-edge vortices interacting with the pres-
sure side of the blade. The vortex shedding due to flow
separation is also distinct (Zaheer & Disimile, 2021).
Tonal noise in a voluteless centrifugal fan is found to be
due to the interaction between the inlet gap turbulence
and rotating blades (Ottersten et al., 2021). The genera-
tion of low-frequency noise is experimentally verified to
be caused by the flow separation and the blade profile
should be designed with lower curvature to avoid flow
separation (Fehse & Neise, 1999). The turbulence spec-
trum of the outflow plane is measured using Constant
Temperature Anemometry and the results show that no
inertial range with Kolmogorov’s —5/3 power law can
be detected, which indicates the turbulence is not fully
developed and doesn’t reach an equilibrium state (Hofer
et al.,, 2021).

The noise generation mechanism is intrinsically tran-
sient and strongly related to its turbulent characteristics.
Hence, the noise source in an ultrathin centrifugal fan
needs deep investigation.

In this study, the Reynolds-Averaged Navier-Stokes
(RANS) equations and Large Eddy Simulation (LES)
are employed to investigate the flow characteristics and
entropy production rates of an ultrathin centrifugal fan
used in electronics cooling. The boundary layer is ana-
lyzed using both steady and transient simulations, with
a particular focus on flow separation. This is explored
through the application of the Q-criterion and wall
shear stress analysis. Furthermore, entropy production
is decomposed into terms related to molecular viscosity
and eddy viscosity, allowing for a direct comparison of
entropy production due to viscous dissipation within the
boundary layer and flow separation at the blade tip. Addi-
tionally, hot-wire anemometry is utilised to obtain the
turbulent energy spectrum, which is then compared with
simulation results. Turbulence scales are examined to fur-
ther characterise the turbulent flow field, while wall pres-
sure fluctuations are analyzed in the frequency domain
to identify potential noise sources. This study aims to
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Figure 1. Flowchart of flow characteristics analysis of an ultrathin centrifugal fan.

Table 1. Structural parameters of the centrifugal fan.

Parameters Magnitude
Vaneless diffuser outlet radius Ry (mm) 39
Impeller blade outlet radius R, (mm) 24
Impeller blade inlet radius R3 (mm) 12
Inlet diameter Dy (mm) 38
Impeller outlet width Wy (mm) 4
Impeller inlet width W, (mm) 3
Blade thickness Ty (mm) 0.6
Blade inlet angle &, (degree) 40.7
Blade outlet angle 6, (degree) 90
Volute width W3 (mm) 8
Volute shell thickness T, (mm) 1.2
Opening angle 63 (degree) 107
Blade number N 47

pinpoint the primary contributors to flow losses and elu-
cidate the turbulence characteristics specific to the ultra-
thin centrifugal fan. Consequently, the findings not only
offer valuable insights and specific recommendations for
enhancing efficiency but also provide guidance on noise
control strategies based on noise source localisation.

The research flowchart is presented in Figure 1 and
the remaining part of this paper is organised as follows.
Section 2 describes the structural parameters and operat-
ing parameters of the researched object. Section 3 details
the adopted simulation method and Section 4 describes
the numerical validation. Section 5 details the flow loss
analysis and turbulent characteristics. The conclusion is
drawn in Section 6.

2. Model description

The subject of this study, depicted in Figure 2, is an
ultrathin centrifugal fan designed for forced cooling in
laptops. The structural dimensions of the fan are pro-
vided in Table 1. Notably, the impeller lacks a ring at the
blade tip, distinguishing it slightly from commercial fans.
This modification was made to simplify the model, as the
presence of the ring would introduce additional vortex
shedding, which was not considered in this case.

’ \\;\ .7 Vanelexx diffuser outlet radius
83 % AN

\{)ngng angle ™

)
\ Volute ™

Impeller blade outlet radius

Impeller blade inlet radius
e I‘x\‘ Blade thickness
5’\ Inlél\tllamclu

Volute wall thickness *

Figure 2. The structural model of the ultrathin centrifugal fan.

The operation parameters are listed in Table 2. When
the revolutionary speed is 5124 rpm, the centrifugal fan
can generate an airflow of 3.7 g/s and a total pressure of
52.8 Pa. This is a simulation result and it has been val-
idated to match well with the experimental results. The
inlet and outlet are set to pressure outlet boundary con-
dition and the gauge pressure is 0 Pa. The temperature is
20°C and the air density is 1.205 kg/m>. The RF is 86.4 Hz
and the BPF can be calculated by multiplying RF with the
blade number.

3. Simulation and analysis method

RANS and LES are adopted to simulate the internal flow
field of the centrifugal fan and ANSYS Fluent is used
for simulation. The steady and transient features of the
ultrathin centrifugal fan are studied. The inlet and outlet
boundary conditions are set to ambient pressure condi-
tions. The blade and volute wall are set as non-slip condi-
tions. As the centrifugal fan is small the blade tip velocity
is far smaller than sound velocity, the air is treated as
incompressible.
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Table 2. Operation parameters of the centrifugal fan.

Operating Parameters Magnitude
Revolutionary speed (rpm) 5124
Flow rate (g/s) 37
Total pressure (Pa) 52.8
BPF (Hz) 4013.8
RF (Hz) 86.4

3.1. Simulation method

RANS eliminates the need to resolve most turbulence
time and length scales. A closure for Reynolds stresses
can fulfil the solution of the complete N-S equation based
on the Boussinesq approximation, which relates the tur-
bulent stress to the velocity gradient with turbulence
viscosity (Sandberg & Michelassi, 2022).

Continuity equation for incompressible flow:

ov

— =0 1

0x )
Momentum equation for incompressible and constant
dynamic viscosity:

du __oP 0%u
P dt OX; H axjaxj

+ pfi (2)

In the steady simulation for the ultrathin centrifugal
fan, the SST k-w turbulence model is chosen due to its
advantage for capturing flow separation, and the cou-
pled pressure-velocity discretization scheme is chosen.
The PRESTO! (PREssure STaggering Option) spatial dis-
cretization scheme is chosen for pressure as this dis-
cretization scheme is suitable for intense swirling flow.
The rest of the variables’ discretization scheme is chosen
as second-order upwind for accuracy. The rotor region
is set to frame motion to simulate the rotation effect of
the blade. LES, different from the RANS, uses a sub-
grid model to simulate the subgrid stress (Tucker, 2011;
Tucker, 2011). The filter, which normally is an implicit
filter such as a grid filter, separates the simulated scale
into the large scale that can be modelled directly and
the subgrid scale that uses a subgrid model to simu-
late the subgrid stress. The filtered control equation is
listed as follows: where 7;; represents the subgrid stress.
The bar on the variable represents the filtered value, the
subgrid stress can be represented using Equation (4).
There are many subgrid models to represent the sub-
grid stress, among which WALE (Wall-Adapting Local
Eddy-viscosity) model shows its advantage in near-wall
eddy-viscosity treatment (Kim et al., 2020). The mesh
motion is set to simulate the rotation effect of the blade.

o’u 0ty

v
ax]ﬁxj ﬁxj

€)

T,’j =uv—uv (4)

In terms of LES, the setup needs to take more factors into
consideration. Apart from the resolution, the discretiza-
tion scheme option is of equal importance. The SIMPLEC
(SIMPLE- Consistent) scheme is chosen and bounded
central differencing is chosen for momentum discretiza-
tion for less numerical dispersion and dissipation. The
second-order implicit time advancement scheme is cho-
sen for high accuracy. To make sure the flow is statistically
steady, the data sampling starts until the blades rotate
in 4 loops. In addition, to ensure the temporal and spa-
tial resolution is adequate, the resolved turbulent kinetic
energy should make up at least 80% of the total turbu-
lent kinetic energy, and the Courant number should not
be greater than 1 (Sorguven et al., 2022). This is a criti-
cal and rigorous simulation standard for LES, if not met,
the simulation accuracy can’t be guaranteed. Hence, the
time-step is set as 1.63 x 107> s, which is exactly how
long it takes for the impeller to rotate 0.5°.

3.2. Entropy production analysis method

The entropy production analysis method has been an
intensely used tool for flow analysis because of its abil-
ity to quantify and locate the entropy production source.
The entropy production theory is introduced and used to
identify and quantify the flow loss in compressors (Den-
ton & Pullan, 2012; Fan et al., 2022; Guan et al., 2020).
Apart from that, by pinpointing the region where differ-
ent kinds of flow loss occur and taking the integral of the
entropy production rate over volume, the contribution of
different kinds of flow loss such as shock loss, secondary
loss, and boundary layer loss, are compared (Zhang
et al,, 2022). The entropy production method can also
be used as an evaluation index for performance opti-
misation (Yadegari & Bak Khoshnevis, 2020; Zhang
etal., 2022). In light of this, the entropy production anal-
ysis method is suitable for the flow loss analysis in the
ultrathin centrifugal fan. However, in terms of separating
different kinds of flow losses, it’s quite an intractable chal-
lenge because different types of flow losses sometimes can
be hard to distinguish from each other. Hence, using the
inherent features of entropy production to differentiate
the flow loss is a wise method.

Entropy production is induced by irreversible pro-
cesses like secondary flow, flow separation, and viscosity-
induced turbulent dissipation. The entropy production
analysis method can help locate where the flow loss is the
most significant and better understand the loss mecha-
nism in the centrifugal fan. Their expressions are listed



as follows:

DS @O+ dr Y )
— = — (VT 5
Dt  t T2( ) (5)

ou

O =r1;— 6
Tij ox; (6)

ov ov
07 = —puv— = L7 2 7)

ax]' u 8xj

where @ represents the viscous dissipation induced
entropy production terms, @ represents the turbulent
entropy production terms.

Normally, the entropy production terms are divided
into time-averaged terms (Equation 8) and fluctuating
terms (Equation 9) (Xu et al., 2024; Zhou et al., 2022),
and the fluctuating terms is calculated by multiplying
the viscosity induced strain and the gradient of the fluc-
tuating velocity (Herwig & Kock, 2006; Kock & Her-
wig, 2004, 2005),

-\ 2 -\ 2 —\ 2
Heff ou ov ow
S =—12 — — -
e ) () ()]
(o 2+ on oW g
oy Ox 0z Ox
G 2 ®
0z 0Oy
2 /\ 2 /N 2
Leff ou’ ov ow
Star = — 12| — - -
e R (E) () (2
+ ou + ov'\? + o’ + ow'\?
dy  0x 0z 0x
+ ov + ow'\? ©)
0z oy
where x5 represents the effective viscosity of air and is
the sum of the viscosity and eddy viscosity as shown in

Equation (10), and u, v, w represents the three compo-
nents of velocity on three orthogonal directions,

Heff = 1+ pt (10)

In RANS simulation, the fluctuating terms can’t be calcu-
lated directly, so the turbulent dissipation rate € is intro-
duced to calculate the fluctuating terms of the entropy
production.

pE
T
LES and RANS method are conducted simultaneously
to investigate the entropy production on the turboma-
chines, the results indicating the fluctuating terms are

Stur = (11)

ENGINEERING APPLICATIONS OF COMPUTATIONAL FLUID MECHANICS e 5

nonnegligible and LES is advantageous to RANS in cap-
turing fluctuating terms (Borcherding et al., 2023; Mar-
concini et al., 2019; Zhao & Sandberg, 2020). Hence, it’s
necessary to adopt LES to accurately explore the flow loss
characteristics of the ultrathin centrifugal fan.

In this work, to separate the entropy production
induced by the boundary layer and flow separation, the
entropy production is divided into viscosity terms and
eddy viscosity terms. As the boundary layer is where vis-
cosity dominates, the entropy production in the bound-
ary layer can be calculated directly by taking the integral
of Equation (12) over the whole volume. In addition, the
flow separation normally occurs in flow passage between
adjacent blades and this is where eddy viscosity dom-
inates. Hence, the entropy production induced by flow
separation can be calculated by taking the integral of
Equation (13) over the whole volume. By utilising the
intrinsic features of viscosity, there’s no need to bother to
locate the different areas where different physical process
occurs. Moreover, this assumption has been validated
through the simulation that the entropy generated by
the mean flow effects concentrates in the blade bound-
ary layer, while the turbulence-induced entropy is dis-
tributed in the wake region with vortex shedding (Zhao
& Sandberg, 2020).

o ou' 2+ o 2+ ow 2
0x Oy 0z
+ 6u/+61/ 2+ 6u’+8w/ 2
dy  0x 0z 0x
A A
+ 8_Z+E (12)
T3 aa2+avz+aw2
eddy_vis = 7 ox oy 0z
N aa+aa 2+ aa+aw 2
oy Ox 0z Ox
N aa+aw 2
0z 0Oy

() () 4 ()]
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oy  Ox 0z ox
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0z oy
Hence, calculating the entropy production associated
with viscosity throughout the entire centrifugal fan
makes it possible to directly compare the entropy pro-
duction caused by flow separation or boundary layer
effects. This information can be used to pinpoint areas

for improving the operating efficiency of the ultra-thin
centrifugal fan.

3.3. Turbulence scale and transient analysis method

The turbulence timescale is determined by calculat-
ing the self-correlation of the velocity time series. It is
crucial to exclude the periodic fluctuation of the flow
field to accurately calculate the turbulence timescale.
Auto-corelation is a two-point correlation in time (He
et al,, 2002; Nguyen et al., 2021):

By (ta, 1) = w/ (ta)u/ (ta + 1) (14)
The normalised auto-correlation reads:

' (ta)u (ta + 1)

2
rms

BYY™ (1) = (15)

where v ;s represents the root mean square of the veloc-
ity.

Taking integral on the normalised auto-correlation
can get integral timescale:

o0
Tint = / BY™ (1) di (16)
0

As the temporal auto-correlation is much easier to mea-
sure than the two-point correlation, Taylor’s hypothesis
of frozen turbulence is introduced here to calculate the
length scale.

Lint = Ymean * Tint (17)

Apart from the turbulence scale analysis, the turbulent
energy spectrum is calculated to explore the characteris-
tics of turbulent kinetic energy transfer. In the hot-wire
anemometer measurement, the sampling time interval is
0.00005 s and the calculated maximum frequency reaches
10,000 Hz based on the Nyquist sampling principle. The
sampling duration time is 2.5 s so the frequency resolu-
tion is 0.4 Hz and there is a total amount of 50000 sam-
pling points. To get the turbulent energy spectrum, the
windows function is set to box window and the overlap-
ping ratio is 50%. The Welch’s method is used to compute

the Power Spectral Density (PSD). Along with explor-
ing the turbulent energy spectrum, it’s worthwhile to
examine the Rotation Frequency (RF) and Blade Passing
Frequency (BPF) as well as their higher harmonics com-
ponent of the static pressure fluctuation on the wall. This
fluctuation is also a sound source, and studying the fre-
quency components can aid in pinpointing the source of
the sound and comparing surface contributions between
the blade and volute wall.

4. Numerical validation
4.1. Spatial and temporal resolution evaluation

The spatial and temporal resolution is essential to get
accurate simulation results. First, the boundary layer res-
olution should be adequate for LES. The nondimensional
first grid height y* should be below 1. The y* contour
shown in Figure 3(a,b) shows that the height of the first
grid in the boundary layer is reasonable. To accurately
capture the velocity gradient of the boundary layer, there
are 10 layers of boundary layer gird and the inflation ratio
is set to 1.1 and the transition from the boundary layer
grid to the volumetric grid is smooth. All the solid walls
are covered with boundary layer grids to capture the flow
separation.

In LES, the turbulent kinetic energy consists of two
parts, most of which should be resolved by the grid,
the rest of the energy is referred to as subgrid turbu-
lent kinetic energy which can’t be directly calculated.
The spatial resolution of the grid is evaluated by the
ratio of resolved turbulent kinetic energy to the total tur-
bulent kinetic energy as shown in Equation (18). This
ratio should exceed 80%, indicating the grid can resolve
most of the turbulent kinetic energy and the simulation
accuracy can be guaranteed.

Kres
Rypa = ——— (18)
P kes + ksgs

To meet the resolution standard of the spatial resolu-
tion, the mesh we adopt consists of 21.2 million tetra-
hedral grids, among which there are 13.6 million grids
in the volute region and 7.6 million grids in the rotor
region. The local magnification diagram of the mesh
near the volute tongue is presented in Figure 3(e). From
Figure 3(c), the spatial resolution in the middle cutting
plane shows that the resolution is beyond 0.8 in all areas.
This demonstrates the spatial resolution of this mesh is
satisfying.

It is important to consider both spatial and tempo-
ral resolution, with the latter being evaluated by the
Courant number. This dimensionless parameter indi-
cates the ratio of the distance travelled by the working
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Figure 3. (a) y plus on the volute wall (b) y plus on the blade surface (c) Spatial resolution on the mid-cutting plane (d) Courant number
on the mid-cutting plane (e) Local magnification diagram of the grid near the volute tongue.

medium during a single time step to the size of the
grid. Ideally, the Courant number should be as close to
1 as possible. Based on Figure 3(d), the Courant num-
ber ranges from 3 to 5 in most areas, except for a large
Courant number area near the edge of the impeller.
Taking into account the balance between computational
resources and accuracy, the chosen time step is deemed
satisfactory.

4.2. Hot-wire measurement and simulation
comparison

Turbulence velocity spectra are usually used to validate
the numerical accuracy of the simulation (Grace, 2015;
Lewis et al., 2023). To validate that the spatial and tempo-
ral resolution is adequate, four points out of a sampling
line are picked up to compare the turbulent energy spec-
trum between the simulation and experimental results
(depicted in Figure 4). The probe is inserted into the flow
field and the direction is parallel with the flow direction.
The spacing between the four points is 12 mm.

Figure 5 illustrates the comparison, where the red
solid line represents the simulation results and the black
solid line represents the experimental results. The tur-
bulent energy spectrum of the simulation and experi-
mental results match well at points 2 and 3, which are
in the middle range of the outlet shown in Figure 4.
However, at point 1, located far from the volute tongue,
the simulation turbulent energy spectrum deviates from
the experimental turbulent energy spectrum in the high-
frequency range. Meanwhile, at point 4, near the volute
tongue, the simulation turbulent energy spectrum ampli-
tude is smaller than that of the experimental results over-
all. There are several reasons for the deviation. Firstly,

radius: 24mm

»

ampling line”——+#% - —% - 2% —. k- *%
. point4 point3point2 pointl )

Figure 4. Hot-wire anemometer measurement setup and four
sampling points for comparison between simulation and exper-
imental results.

due to limitations in computational resources, the simu-
lation sampling accuracy can’t match that of the hot-wire
measurement, resulting in some characteristic frequen-
cies disappearing in the simulation spectra. Secondly, the
aliasing of the data can be a source of error because the
hot-wire anemometer systems utilise low-pass filters with
corner frequencies equal to or larger than 10 kHz.

In conclusion, the simulation accuracy is validated
through experimental validation. In the following section,
the internal flow characteristics of the ultrathin centrifu-
gal fan are analysed.

5. Results and discussion
5.1. Flow characteristics analysis

5.1.1. Boundary layer effect
Ultrathin centrifugal fan, unlike large turbomachinery
for industrial ventilation, is designed for small and
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Figure 5. Turbulent energy spectrum comparison between the experiment and simulation results.

confined spaces. Hence, the axial dimension is very small
and the boundary layer thickness is inevitably nonneg-
ligible. It's bound to have some negative effect on the
overall mass flow rate. This blockage needs to be quan-
tified and its steady and transient characteristics are both
investigated. Figure 6 depicts the steady characteristics of
the velocity profile calculated by RANS. Six monitoring
lines have been established to analyse the characteristics
of the boundary layer. As depicted in Figure 6(a), two of
these lines which are perpendicular to the rotation axis
are located near the fan outlet. They are used to exam-
ine the relationship between non-dimensional velocity
and y+. The remaining four lines are parallel to the rota-
tion axis and are used to measure the total thickness of
the volute from its upper to lower wall. As shown in
Figure 6(b), the buffer layer, which typically ranges from
5 to 30 in flow over a flat plate, doesn’t have a distinct
boundary. This may be due to the high Reynolds num-
ber of the flow. Due to the significant inertial effect, the
shear flow is prone to detach rapidly from wall effects and
directly into the logarithmic layer. However, the logarith-
mic layer ranges from 5 to 20 in Line 1 and Line 2 and the
non-dimensional velocity curve remains turbulent until
y+ reaches 20. This further confirms that the flow in the
ultrathin centrifugal fan is highly turbulent.

The velocity profiles of Lines 3 through 6 are arranged
in aradial pattern around the impeller, with each line sep-
arated by 90°. Line 6 is positioned at the volute tongue.
From Figure 6(c), Lines 3 and 4 have the flattest velocity

profiles, while Line 5 displays strong asymmetry on both
ends due to the blade’s axial direction asymmetry. The
weirdest velocity profile occurs in Line 6, which reaches
its peak velocity near the hub plane. The boundary layer
thickness is approximately 0.4 mm on both the upper and
lower walls of the volute, with a total thickness account-
ing for around 10% of the volute’s height. This proportion
is significant compared to a large centrifugal fan, indi-
cating that the boundary layer effect cannot be ignored
in ultrathin centrifugal fans. Additionally, its transient
characteristics are also worth investigating.

Figure 7 depicts the transient characteristics of the
boundary layer. A total amount of 50 points is sampled
to monitor the velocity fluctuation of one line in one flow
period. The monitoring lines are depicted in Figure 7(a).
As shown in Figure 7(d), the irregular inlet consists of
3 strip-like inlets because of the installation of a motor.
They are at the plane of y = 8 mm and the regular inlet
is circular which is located at the plane of y = 0 mm. The
mean velocity profile with an error bar representing the
velocity fluctuation is depicted in Figure 7(b,c,e,f).

From Figure 7(b,e), it’s clear that the velocity near the
irregular inlet fluctuates more intensely than the regular
inlet in Lines 1,2,3, and Line 7, among which Line 7 set
in the outlet region fluctuates most intensely. This could
be due to the irregular configuration leading to more
turbulent inlet conditions. Moreover, the blade width is
growing from hub to tip so the flow can be fully developed
when it gets to the blade tip. In addition, the fluctuation
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gets more intense when the monitoring point is closer
to the core region. This is mainly due to the constrain-
ing effect of the wall. There is also an exception in that
the fluctuation in Line 4 shown in Figure 7(f) shows the
opposite pattern compared to the other lines.

As depicted in Figure 7(c), Line 5 and Line 6 are two
monitoring lines positioned near the volute tongue. Line
5 is placed outside the flow passage, whereas Line 6 is
located within it. The velocity profiles of the two lines
exhibit distinctive characteristics, with Line 6 presenting
asymmetry on both ends of the wall and Line 5 outside
the flow passage showing a peak velocity. The velocity
profile of Line 5 is heavily influenced by the flow in the
blade passage due to its proximity to the blade outlet,
indicating non-uniform flow in the blade passage on the
axial dimension. On the other hand, the backflow affects
the velocity profile of Line 6, causing a bump in the
midrange velocity profile while still displaying significant

blockage. Since the volute tongue is the critical area limit-
ing the flow rate of the fan, it is crucial to carefully design
the match between the impeller and the volute.

5.1.2. Flow separation
Flow separation in an ultrathin centrifugal fan will harm
the operation efficiency because the mixing of secondary
flow induces irreversible entropy production. The Q-
criterion method and wall shear stress analysis method
are introduced to analyse the flow separation effect.
Figure 8 illustrates the vortex distribution on four cut-
ting planes and their heights are 3 mm, 4 mm, 5 mm,
and 5.8 mm respectively. As shown in Figure 8, it’s dis-
tinct that the vortex distribution isn’t uniform in the
circumferential direction. The blade passages near the
outlet present a larger Q magnitude than the inner blade
passage, which should be attributed to the asymmetric
structure of the volute shell.
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Figure 8. Q criterion at cutting planes of different heights.

In terms of the difference in the axial dimension, the
Q contour at the four cutting planes should be carefully
observed. At the cutting plane of y = 3 mm which is near
the shroud of the blade so that the blade is cut partly, the
flow separation starts at the root of the blade. There are
two distinct regions featuring positive Q magnitude and
negative Q magnitude. Regions of positive Q are where
vorticity dominates while regions of negative Q are where
viscous stress dominates. The positive Q magnitude is
mainly in the flow passage and negative Q magnitude is
mainly near the blade surface.

Contra-rotating vortex exists in one flow path. At the
cutting plane of y = 4 mm, the vortex distribution is dif-
ferent, the positive Q magnitude region is filled in the
flow passage near the outlet and undoubtedly vortex is
blocking the natural flow, inducing flow loss. When the
cutting plane moves further to the hub of the impeller,
the Q magnitude suddenly decreases at the cutting plane
of y = 5mm indicating the vorticity is not strong at this
plane. It can be deduced that the vortex core region isn’t
larger than 1 mm. At the lowest cutting plane near the
hub, the vortex magnitude goes up and the distribution
pattern becomes similar to that at the cutting plane of y =
4 mm. In conclusion, the vortex distribution is not homo-
geneous in the axial direction and there exist two vortex

core regions, and the vortex is limited to two adjacent
blades and formed into a strip. Two cores are distributed
in one flow passage. According to the contour of the Q
criterion, the vortex is blocked in the flow passage of two
adjacent blades and the vortex is extended with the blade
wake all along to the volute region, mixing with the less
turbulent flow. And between two positive regions marked
in red lies a negative region core marked in blue, indicat-
ing that a strong turbulent mixing process happens in the
outlet of two adjacent blades. Through further observa-
tion, the suction side of the blade is where flow separation
happens. The vortex strip stems from the root of the blade
and extends to the middle region between the two blades.

Figure 9 depicts the distribution of wall shear stress
on the blade and volute surface. Figure 9(a) shows two
small areas of low magnitude distributed on the hub and
shroud of the blade on the suction side. The distribution
pattern is different on the pressure side, indicating flow
separation in the middle region of the pressure side and
at both ends on the suction side. Comparing Figures 9(a)
and 8, it is evident that the flow separation is nonuniform
in the axial dimension. Flow separation mainly occurs
in the middle range of the pressure side, caused by the
mismatch between the airflow inlet angle and the blade
inlet mounting angle. Additionally, flow separation also
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Figure 9. (a) Wall shear stress contour on blade surface (b) Wall shear stress contour on volute wall surface.
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Figure 10. Subgrid eddy viscosity distribution.

occurs at the hub and shroud of the suction side due to a
large adverse pressure gradient. In addition, Figure 9(b)
shows the wall shear stress on the volute wall. The high-
est wall shear stress is concentrated on the volute tongue
area, surpassing that on the blade surface. This is likely
due to the periodic flush out of the rotating blades. It indi-
cates that the volute tongue region experiences viscous
dissipation, and entropy production related to viscosity
dominates in this area. The following section will provide
further analysis to confirm this point.

5.1.3. Entropy production rate comparison

Flow separation and viscous dissipation are always
accompanied by entropy production, from which resear-
chers can easily characterise the flow loss location and
magnitude. As mentioned before, the viscosity dissipa-
tion mainly occurs in the boundary layer, and eddy vis-
cosity is associated with turbulent flow, such as flow
separation. In addition, the eddy-viscosity should van-
ish in the boundary layer so that the assumption would
make sense. The eddy viscosity distribution is shown
in Figure 10. It can be seen that the eddy-viscosity is
mainly distributed in the blade passage and it vanishes
near the wall boundary. The interlink between the viscos-
ity, eddy viscosity, and their related entropy production
needs further validation.

The entropy production can be divided into four
terms, viscosity-induced time-averaged terms, viscosity-
induced fluctuating terms, eddy viscosity-induced time-
averaged terms, and eddy viscosity-induced fluctuat-
ing terms. The different terms of entropy production
are illustrated in Figures 11(a—c), and 11(d) in turn.
These figures are obtained by volume rendering and
the transparency is set to 20% so the distribution of
entropy production rate can be seen. From Figure 11(a,b),
the viscosity-induced entropy production is mainly dis-
tributed in the boundary layer. The fluctuating terms
mainly concentrate on the outlet region in the hub
plane due to the intense turbulence here, which is con-
firmed in the boundary layer transient analysis. From
Figure 11(c,d), there is a distinct difference in that
the eddy viscosity-induced time-averaged terms are dis-
tributed more widely than the eddy viscosity-induced
fluctuating terms. They mainly concentrate on the rotor
region and the maximum area coincides well with the
region where flow separation occurs.

By superimposing Figures 11(a,b,e) is obtained, fea-
turing the distribution of entropy production induced
by viscosity. Similarly, Figure 11(f) is obtained from the
same process and displays the distribution of entropy
production induced by eddy viscosity. A clear difference
emerges when comparing these two types of viscosity-
induced entropy productions. Viscosity terms tend to
concentrate on the boundary layer, while eddy viscos-
ity terms concentrate on the rotor region and its outer
extended region. Furthermore, the maximum viscosity-
induced entropy production reaches 10 W/K and is dis-
tributed more widely than the eddy viscosity-induced
entropy production. From this, we can conclude that
viscosity-induced entropy production dominates in the
ultrathin centrifugal fan. To get further quantified com-
parison, it is necessary to perform a volume integral over
different terms.

The integral results are shown in Table 3. Undoubt-
edly, the viscosity-induced time-averaged terms’ vol-
ume integral over the volute region produces the largest
entropy production, reaching 1.52 x 10~ W/K. In addi-
tion, the eddy viscosity-induced entropy production
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Table 3. Entropy production rate integral on rotor region and
volute region.

Rotor (W/K) Volute (W/K) Sum (W/K)
Viscosity-induced time- ~ 5.35 x 107> 152 x 1074
averaged terms 2.75 x 1074
Viscosity-induced fluc-  4.87 x 107> 2.09 x 107>
tuating terms
Eddy viscosity induced 473 x107%  372x 107
time-averaged terms 1.16 x 10>
Eddy viscosity induced 305x 107 501 x 1077
fluctuating terms
Sum (W/K) 1.1 x 1074 177 x 107 2.87 x 1074

has an order of magnitude difference compared with
the viscosity-induced entropy production, which is also
reflected evidently in Figure 10. The sum of the viscosity-
induced entropy production reaches 2.75 x 10™* W/K,
while the eddy viscosity-induced entropy production is
only 1.16 x 107> W/K, making up 4.1% of the total
entropy production. This fact demonstrates that the
entropy production in the boundary layer is the main
contributor to the flow loss. The flow separation-induced
flow loss, although apparent in the ultrathin centrifugal
fan, can be neglected when compared with the boundary
layer loss.

In terms of the entropy production rate in rotor and
volute region, the difference isn’t so distinct. The entropy

production rate in volute region is 1.77 x 10~*W/K
while the entropy production rate in rotor regionis 1.1 x
10~* W/K. It’s evident that the volute region experiences
the majority of flow loss. This is due to the dominant vis-
cous dissipation in the boundary layer of the upper and
lower volute face. In the case of the ultrathin centrifugal
fan, the boundary layer effect is intensified by the reduced
axial dimension. As a result, the flow loss in the boundary
layer becomes the primary concern for designers aiming
to enhance the efficiency of the ultrathin centrifugal fan.

5.2. Turbulent characteristics analysis

5.2.1. Turbulence scale

In Figure 12, turbulent characteristics of the ultrathin
centrifugal fan are presented. The distribution of the
RMSE velocity is depicted in Figure 12(a). The flow
passage exhibits the highest turbulent intensity, and the
outlet region also shows a distinct area of high RMSE
velocity. In this zone, there are 25 monitoring points
spaced 2 mm apart, utilised to assess the turbulent char-
acteristics using a hot-wire anemometer. The measure-
ment results, including timescale and RMSE velocity,
are plotted against the monitoring point position in
Figure 12(b). The simulation results display a slightly
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Figure 12. (a) RMSE velocity contour at y = 4 mm and a general view of motoring line for hot-wire anemometer measurement (b) The
experimental and simulation result of hot-wire anemometer test at monitoring line

smaller amplitude than the experimental results, demon-
strating a similar trend. The deviation between the exper-
iment and simulation results increases as the monitoring
point nears the volute tongue. This disparity can be
attributed to the longer sampling time of the experiment,
enabling the capture of more turbulent information.

From the comparison of the trend of timescale and
RMSE velocity, we can find they demonstrate differ-
ent tendencies. RMSE velocity reaches its maximum in
the middle range of the monitoring line. It’s consis-
tent with the trend shown in Figure 12(a), which cor-
responds to the blade wake area. However, the trend
of the timescale reaches its maximum near the volute
tongue at position = 42 mm. This indicates that the tur-
bulence time scale is large here and it takes a rela-
tively long time for a coherent structure to cross inertial
range to dissipation range. Considering Taylor’s frozen
hypothesis, the length scale of the coherent structure is
relatively large here. It can be deduced that the volute
tongue area is where the low-frequency noise source is
located.

Figure 13 presents a comparison between experimen-
tal and simulation results for the turbulent energy spec-
trum, demonstrating a good overall agreement. However,
the simulation spectrum exhibits a lower frequency res-
olution, which limits its ability to capture the rotational
frequency (RF) and its higher harmonic components as
observed in the experimental spectrum. The turbulent
energy spectrum adheres to the Kolmogorov —5/3 power
law within the 1000 Hz to 5000 Hz frequency range, indi-
cating that the turbulence is fully developed and has
reached an equilibrium state. In the higher frequency
range of 5000 Hz to 10,000 Hz, the spectrum follows a —5
power law, suggesting a more intense turbulent cascade,
where smaller eddies exhibit a greater rate of turbulent
energy transfer.
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Figure 13. Turbulent kinetic energy spectrum comparison
between the experimental and simulation results.

5.2.2. Pressure fluctuation on surface

Figure 14 illustrates the RMS pressure fluctuation on the
surface of the volute and blade. The legend bar shows that
the maximal pressure fluctuation reaches 55Pa on the
blade surface, which is located on the blade tip area of the
pressure side. The blade tip of the suction side is where
the flow separation occurs and this point can be validated
from the wall shear stress distribution. On the volute wall,
the maximal pressure fluctuation is 45 Pa, distributed on
the area where the volute tongue is central. The distri-
bution of the RMS pressure fluctuation reflects that the
turbulence intensity is high there and the area is where
the dipole source is located. However, the RMS pressure
fluctuation distribution is demonstrated as a whole so the
frequency components can’t be distinguished from the
contour. Hence, the pressure fluctuation related to some
focussed frequency components such as BPF and RF and
its higher harmonics should be emphatically studied.
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Figure 15 shows the pressure fluctuation of BPF and
2*BPE The distribution indicates that the highest RMS
pressure fluctuation occurs on the volute wall (as shown
in Figure 15(b,d)), while the pressure fluctuation on the
blade surface is minimal (as shown in Figure 15(a,c)),
with amplitudes of only 3Pa and 0.7Pa at BPF and
2*BPF, respectively. Furthermore, the pressure fluctua-
tion amplitude at BPF is much greater than at 2*BPE,
suggesting that BPF is the primary frequency component.
The highest pressure fluctuation at BPF is concentrated
on the volute tongue area, reaching 19 Pa, while at 2*BPE,
it is only 1.5Pa, and the distribution pattern is more

scattered compared to BPE. Specifically, the pressure fluc-
tuation at 2*BPF is not only concentrated on the volute
tongue but also scattered in the outlet region where flow
turbulence is high.

In addition to the BPF and its harmonics, the RF and
its harmonic components also exhibit prominent peaks
in the turbulent energy spectrum. Figure 16 presents the
corresponding distribution contours on the blade and
volute wall. The RF and its higher harmonic distributions
exhibit similar patterns, with maximum values concen-
trated around the blade tip and the outlet region of the
volute wall. Furthermore, the hub plane of the volute wall
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demonstrates a broader distribution of pressure fluctu-
ations compared to the shroud plane. This observation
is consistent with the transient analysis of the boundary
layer behaviour.

At RF and 2*RF shown in Figures 16(a,b), the pres-
sure fluctuation amplitude on the blade surface is greater
than that on the volute wall. Especially at RE, the max-
imal pressure fluctuation in the blade surface reaches
75 Pa, which is almost three times larger than that on
the volute wall. Until the frequency goes up to 3*RF in
Figure 16(c), the maximal pressure fluctuation on the
blade surface is equal to that on the volute wall, which
are both approximately 20 Pa. At the higher harmonic
components in Figure 16(d-e), the pressure fluctuation
amplitude on the volute wall exceeds that on the blade
surface, especially on BPF in Figure 16(f), the maximal
pressure fluctuation on the volute wall is six times larger
than that on the blade surface. At 60*RE, pressure fluctu-
ation on the blade surface is weak while pressure fluctu-
ation on the volute wall is still strong, from which we can
deduce the high-frequency components of dipole sound
mainly come from the pressure fluctuation on the volute
wall.

6. Conclusion

The internal flow field of an ultrathin centrifugal fan
used for forced cooling in laptops is thoroughly analyzed.

Particular emphasis is placed on the study of flow sep-
aration and boundary layer effects, with their contri-
butions to flow losses evaluated through entropy pro-
duction analysis. The entropy production is decom-
posed into terms associated with molecular viscosity and
eddy viscosity, facilitating the differentiation between
regions where distinct flow processes occur. Further-
more, the turbulent characteristics are investigated using
hot-wire anemometry, while surface pressure fluctua-
tions are examined in the frequency domain. Based on
these analyses, several conclusions are drawn:

(1) The boundary layer thickness reaches 0.8 mm in
both ends which makes up 10% of the total height
of the volute, which is nonnegligible; Through the Q
criterion and wall shear stress analysis, flow separa-
tion presents non-uniformity in the circumferential
direction and axial direction in the blade passage;
Through entropy production analysis, the boundary
layer is the main source of entropy production and
makes up 96% of the total entropy production;

The pressure fluctuation on volute wall mainly con-
centrated on volute tongue area and the wall near
outlet, while the pressure fluctuation on blade sur-
face is mainly distributed on the suction surface
where flow separation occurs. The BPF and RF and
its higher frequency harmonics of the pressure fluc-
tuation are mainly distributed on the blade tip area

(2)
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and hub plane of the volute wall. With the frequency
increasing, the contribution of pressure fluctuation
on the volute wall is growing.

Through simulation and experimental measurement,
the internal flow field is validated to be quite complex.
The investigation into the flow characteristics of the
ultrathin centrifugal fan is crucial for the development of
a quiet and highly efficient cooling fan.
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