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Abstract

Rotor-only low-pressure axial fans with small hub-to-tip diameter ratio (HTR in
short) are widely used in many branches of industry, especially for cooling and
ventilation purposes. As energy-related products that account for a significant
proportion of the consumption of natural resources and energy, optimization of
their aerodynamic performance for high efficiency is important to reduce envi-
ronmental impact. Differently from low-pressure axial fans with medium to high
HTR, extensive regions of backflow near the hub are often present downstream
of fans with small HTR.

In studies of low-pressure axial fans, Computational Fluid Dynamics (CFD)
simulations have been frequently employed to analyze in detail the aerodynamic
performance and the flow fields inside these machines. For optimization, accord-
ing to investigations on axial fans with medium to high HTR, sweep, dihedral
and skew of the blades’ stacking line as well as different vortex distribution de-
signs form important methods. However, for fans with small HTR, only few stud-
ies have been reported in the scientific literature on appropriate CFD simulation
strategy, three-dimensional stacking and vortex distribution design method.

The objective of this thesis is to investigate the effects of sweep, dihedral and
skew on the aerodynamic performance of low-pressure axial fans with small HTR
and develop an optimal vortex distribution design method for high efficiency of
such fans. CFD simulations are extensively used in these investigations.

Computational Fluid Dynamics Simulation Strategy

Firstly, in order to develop guidelines for obtaining accurate CFD predictions
for such fans, validation simulations of a baseline axial fan with small HTR have
been performed. The experimental and computed aerodynamic performance
characteristics have been compared.

These CFD guidelines pay special attention to the trailing edge shape, pres-
ence of non-aerodynamically shaped blade sections, tip gap, and employed tur-
bulence model. The results for the fan studied here show that the actual (rounded)
trailing edge is necessary; the main blade (without non-aerodynamically shaped
blade sections) well represents the aerodynamic performance of the whole fan



blade; it is recommended not to take the tip gap into consideration (in an in-
dustrial context) due to the inadequate predictions of its influence on the aerody-
namic performance. The use of the Spalart–Allmaras turbulence model is advised
for giving better agreement with measurements.

Effects of Sweep, Dihedral and Skew on Aerodynamic Performance

Secondly, investigations on axial fans with medium to high HTR have shown
that forward sweep of blades can give improved aerodynamic performance, es-
pecially for the total-to-total efficiency. Effects of sweep, dihedral and skew in
axial and circumferential directions (in forward and backward direction) on the
aerodynamic performance of small HTR fans are investigated, with a linear stack-
ing line.

The CFD results show that forward sweep and circumferential skew are ben-
eficial for higher total-to-total efficiency and that higher total-to-static efficiency
can be obtained by forward dihedral and axial skew. The backward shape variety
generally gives negative aerodynamic effects. Forward sweep and circumferen-
tial skew shorten the radial migration path, but more flow separation is present
near the hub. With forward dihedral and axial skew, the backflow region is re-
duced in radial size and axial extent, but a more significant hub corner stall region
is found. The pressure reduction due to sweep and dihedral is more limited than
what could be expected from wing aerodynamics.

Optimal Vortex Distribution Design Method

Finally, the vortex distribution (polynomial in spanwise coordinate) and the
HTR have been determined by maximizing the total-to-static efficiency of a base-
line axial fan with small HTR. For free vortex designs, analytical expressions for
the maximum total-to-static efficiency and the optimal HTR have been formu-
lated. By combining the vortex distribution with a suitable choice for the span-
wise lift coefficient distribution, fan blade designs have been established.

The CFD results for these designs show that the free and the polynomial
vortex distribution designs satisfy the desired pressure rise, with significantly
improved total-to-static and total-to-total efficiency (maximum improvement by
3.9% and 4.6%, respectively).

Flow field analyses show that no flow separation is present in the blade-to-
blade plane, except near the hub region. For designs with small HTR, some back-
flow is present downstream of the rotor which affects the flow separation near
the hub blade section.



Overall, the investigations in this thesis contribute to better understanding of
small HTR axial fan aerodynamics. The results can be applied to the design of
low-pressure axial fans with high efficiency.
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Samenvatting

Lagedruk axiaalventilatoren met uitsluitend een rotor en met een kleine naaf-
tip diameterverhouding (in het Engels afgekort als HTR) worden veel gebruikt
in diverse industriële sectoren, vooral voor koeling en ventilatie. Als energie-
gerelateerde producten die veel natuurlijke hulpbronnen en energie vereisen, is
optimalisatie van hun aërodynamische prestaties (voor een hoog rendement) be-
langrijk om de impact op het milieu te verminderen. In tegenstelling tot lagedruk
axiaalventilatoren met middelhoge tot hoge HTR, zijn bij ventilatoren met kleine
HTR stroomafwaarts van de ventilator uitgebreide gebieden met terugstroming
vaak aanwezig nabij de naaf.

In studies van lagedruk axiale ventilatoren worden“Computational Fluid Dy-
namics" (CFD) simulaties vaak gebruikt om de aërodynamische prestaties en de
stromingsvelden in zulke machines in detail te analyseren. Voor optimalisatie
zijn, volgens onderzoeken naar axiaalventilatoren met gemiddelde tot hoge HTR,
“sweep", “dihedral" en “skew" van de “stacking line" van de bladen en verschil-
lende vortexverdelingen belangrijke methoden. Voor ventilatoren met een kleine
HTR zijn er echter slechts enkele studies gerapporteerd in de wetenschappeli-
jke literatuur over geschikte CFD-simulatiestrategie, driedimensionale “stack-
ing" van de ventilator bladsecties en de ontwerpmethode gebaseerd op de vor-
texverdeling.

Het doel van dit proefschrift is om de effecten van “sweep", “dihedral" en
“skew" op de aërodynamische prestaties van lagedruk axiaalventilatoren met
kleine HTR te onderzoeken en om een optimale vortexverdeling ontwerpmeth-
ode te ontwikkelen voor een hoog rendement van dergelijke ventilatoren. Bij
deze onderzoeken worden CFD-simulaties veelvuldig gebruikt.

Computational Fluid Dynamics-simulatiestrategie

Ten eerste, om richtlijnen te ontwikkelen voor het verkrijgen van nauwkeurige
CFD-voorspellingen voor zulke ventilatoren, zijn er validatiesimulaties van een
ventilator met kleine HTR uitgevoerd. Hierbij zijn de experimentele en met CFD
berekende aërodynamische prestaties vergeleken.

Deze richtlijnen besteden speciale aandacht aan de vorm van de achterrand



van het ventilatorblad, de aanwezigheid van niet-aerodynamisch gevormde blad-
secties, tipspleet en gebruikt turbulentiemodel. De resultaten voor de hier bestudeerde
waaier laten zien dat de daadwerkelijke (afgeronde) achterrand noodzakelijk is;
het hoofdblad (zonder niet-aërodynamisch gevormde bladsecties) geeft de aero-
dynamische prestaties van het gehele ventilatorblad goed weer; het wordt (in een
industriële context) aanbevolen om geen rekening te houden met de tipspleet
aangezien de invloed daarvan op de aërodynamisch nog niet adequaat wordt
voorspeld. Het gebruik van het Spalart-Allmaras-turbulentiemodel wordt aan-
bevolen om een betere overeenstemming met metingen te krijgen.

Effecten van “sweep", “dihedral" en “skew" op prestaties

Ten tweede hebben onderzoeken aan axiale ventilatoren met gemiddelde tot
hoge HTR aangetoond dat voorwaartse “sweep" van bladen kan zorgen voor ver-
beterde aërodynamische prestaties, met name het totaal-naar-totaal rendement.
Effecten van “sweep", “dihedral" en “skew" in axiale en omtreksrichtingen (in
voorwaartse alswel in achterwaartse richting) op de aërodynamische prestaties
van ventilatoren met kleine HTR zijn onderzocht, met een lineaire “stacking" lijn
voor de bladsecties.

De CFD resultaten laten zien dat voorwaartse “sweep" en “skew" in omtrek-
srichting gunstig zijn voor een hoger totaal-naar-totaal rendement en dat een
hoger totaal-naar-statisch rendement kan worden verkregen met voorwaartse
“dihedral" en “skew" in axiale richting. De achterwaartse “skew" variaties geven
over het algemeen negatieve aërodynamische effecten. Voorwaartse “sweep" en
“skew" in omtreksrichting verkorten het radiale migratiepad van de stroming,
maar er is meer stromingsloslating nabij de naaf. Met voorwaartse “dihedral" en
axiale “skew" wordt het terugstroomgebied kleiner qua radiale en axiale afmet-
ing, maar er wordt een significanter loslatingsgebied gevonden bij de naaf. De
drukvermindering als gevolg van “sweep" en “dihedral" is kleiner dan wat wordt
verwacht op basis van vleugelaërodynamica.

Optimale Vortexverdeling Ontwerpmethode

Ten slotte zijn de vortexverdeling (als polynoom in de coordinaat in de span-
richting) en de HTR bepaald door het totaal-naar-statisch rendement van een ref-
erentie axiaalventilator met kleine HTR te maximaliseren. Voor vrije-vortex on-
twerpen zijn analytische uitdrukkingen geformuleerd voor het maximale totaal-
naar-statisch rendement en de optimale HTR. Door de vortexverdeling te com-
bineren met een geschikte keuze voor de verdeling (in spanrichting) van de lift-
coëfficiënt zijn ventilatorblad ontwerpen verkregen.



De CFD-resultaten voor deze ontwerpen laten zien dat de ontwerpen gebaseerd
op vrije en polynoom vortexverdelingen voldoen aan de gewenste drukstijging,
met aanzienlijk verbeterde totaal-naar-statisch en totaal-naar-totaal rendementen
(maximale verbetering met respectievelijk 3.9% en 4.6%).

Analyses van de stromingsvelden laten zien dat er geen stromingsloslating
aanwezig is in het blad-naar-blad vlak, behalve in de buurt van de naaf. Voor
ontwerpen met een kleine HTR is er enige terugstroming stroomafwaarts van de
rotor die de stromingsloslating nabij de naaf beïnvloedt.

In het algemeen draagt het onderzoek in dit proefschrift bij aan een beter be-
grip van de aërodynamica van axiaalventilatoren met kleine HTR. De resultaten
kunnen worden toegepast voor het ontwerpen van lagedruk axiaalventilatoren
met een hoog rendement.
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Chapter 1

Introduction

In this chapter, the research background of the current study is introduced in
Sec. 1.1. Parameters for evaluating the aerodynamic performance of axial fans
are described in Sec. 1.2. The research objectives and outline of this thesis are
introduced in Sec. 1.3 and 1.4.

1.1 Research Background

All investigations in this research focus on low pressure axial fans, a type of tur-
bomachine that is widely used in many industrial and domestic application. Tur-
bomachines are devices in which energy is transferred either to, or from, a con-
tinuously flowing fluid by the dynamic action of moving blade rows. Examples
are (water or wind) turbines for power generation, and pumps and compressors
for increasing pressure of water or gases for different purposes.

Among the turbomachine family, fans are probably most familiar, since they
are widely applied in many parts of modern life. For example, table or floor fans
for personal thermal comfort, ducted fans for HVAC (Heating, Ventilation, and
Air Conditioning) systems and cooling fans in various industrial applications.

Fans are used to generate fluid (air in general) flow with pressure rise. The
main types are centrifugal and axial fans. Two single-stage fans are shown in
Fig. 1.1(a) and (b). Centrifugal fans force fluid to flow in the axial direction (par-
allel to rotating shaft) at inlet and flow out in radial direction, while in axial fans,
fluid moves in and out parallel to the rotating shaft. Compared with axial fans,
centrifugal fans in general have a smaller inlet area and a higher rotational speed
and are able to generate a high pressure rise at a low flow rate. As for axial fans,
the inlet and outlet area are generally the same, so axial fans are usually used for
low pressure rise at large flow rates.

Axial fans that rotate in an unrestricted air space are called free fans (Fig. 1.2(a)).
In domestic uses or industrial applications, an enclosing duct constrains the fluid
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Rotation Axis 

(a)

Rotation 

Axis 

(b)

Figure 1.1: Examples of (a) Centrifugal fan [1] and (b) Axial fan
[2]

to enter and leave the fan unit in axial direction. Such fans are called ducted fans
(Fig. 1.2(b)).

(a) (b)

Figure 1.2: Examples of (a) Free Fan [3] and (b) Ducted Fan [4]

In view of the pressure rise, a single stage axial fan can be classified into low-
pressure and high-pressure group. It should be noted that the boundary between
the low and the high pressure axial fans is rather vague. In general, the pressure
rise from a low-pressure axial fan is smaller than 490Pa and for a high-pressure
axial fan the upper limit is 4900Pa. Compressors or multistage axial fans are ap-
plied to obtain higher pressure rises. For low-pressure axial fans, the pressure
rise is generated with large flow rates, therefore it is often applied in domestic
ventilation and air cooling systems.
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Regarded as energy-related products, turbomachines account for a large pro-
portion of the consumption of natural resources and energy. Improving efficiency
and saving energy are always important research topics. In 2009 [5], the European
Commission has published directives to establish a framework for the setting of
eco-design requirements for energy-related products. These form a strong in-
centive for innovation in the design of turbomachines to meet the challenge of
obtaining machines with high efficiency. In 2011 [6], the requirements for eco-
design were converted into specific requirements for fans.

The company Howden is an internationally leading manufacturer of many
types of industrial systems. Howden Netherlands (located in Hengelo, The Nether-
lands) is worldwide supplier of industrial cooling fans for cooling towers, air-
cooled steam condensers, and air-cooled heat exchangers used in a wide range of
industrial applications. Produced by Howden, the low-pressure axial fan (shown
in Fig. 1.3 (a)) is typically used in air cooling systems (shown in Fig. 1.3 (b)) and
has been chosen as a baseline fan in the investigations for higher efficiency in this
study.

(a) (b)

Figure 1.3: Examples: (a) Howden Fan and (b) Fan in Cooling
System [7]

1.2 Aerodynamic Performance of Axial Fan

During the working process of axial fans, the fluid medium is usually air with
density ρ (in kg /m3) and volumetric flowrate Q (in m3/s) being constant for effec-
tively incompressible flow through the fan. In the required working state, blades
rotate at rotational speed Ω (in rad/s). The torque T (in N ·m) is transferred from
the shaft to the fan blades, with input shaft power Pshaft = Ω ·T . With energy
being transferred to the flow, the velocity, the static and the total pressure will
change from inlet to outlet. The total-to-static pressure rise (also called Fan Static
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Pressure) pfs and the total-to-total pressure rise (also called Fan Pressure) pf are
defined by:

pfs = p2 −p01 pf = p02 −p01 (1.1)

where p02 and p2 are the average total and static pressure at the outlet of the
fan respectively, and p01 is the average total pressure at the inlet of the fan. The
total pressure can be calculated by p0 = p + 1

2ρv2, where v is the magnitude of the
absolute velocity vector.

The shaft transfers torque from the motor to the rotor blades and energy is
transferred to the fluid by the interaction between the blade surface and the fluid.
The efficiency is evaluated by the ratio between power transferred to the fluid
and the input power. The total-to-static and the total-to-total efficiency ηts and ηtt

are defined by:

ηts = Q ·pfs

Pshaft
ηtt = Q ·pf

Pshaft
(1.2)

Similitude considerations of flow in turbomachine make it possible to apply
independent dimensionless coefficients for design, comparison and assessment
of axial fans [8]. The dimensionless performance parameters are

ϕ= Q
π
8ΩD3

fan

ψ= pfs
1
8ρΩ

2D2
fan

ψtt = pf
1
8ρΩ

2D2
fan

λ= Pshaft
1

32ρΩ
3D5

fan
(1.3)

Here ϕ is the flow coefficient, ψ is the pressure coefficient, ψtt is the total pressure
coefficient and λ is the power coefficient. Dfan is the fan outer diameter (i.e. the
tip diameter of the fan blades).

The Reynolds number Re and Mach number Ma based on tip velocity are
given by:

Re = ΩD2
fan

4ν
Ma = ΩDfan

2a
(1.4)

where ν and a are the kinematic viscosity and the speed of sound of the gas,
respectively. The Reynolds number physically represents the ratio between the
inertial forces and viscous forces within fluid flows. It has been found that when
Re > 2 × 105, the influence of Re on the performance of turbomachine is small
[9]. When the Mach number Ma < 0.3, fluid flow can be treated as effectively
incompressible flow with constant density. In the current study, Re is larger than
2×105 and Ma is smaller than 0.3, thus the influences of Re and Ma are considered
to be secondary.

The hub-to-tip diameter ratio κ is defined by

κ= Dhub

Dfan
(1.5)
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where Dhub is the hub diameter.
The fan aerodynamic performance is typically presented as performance curves:

Q−pfs, Q−ηts and Q−ηtt in dimensional form; or ϕ−ψ, ϕ−ηts and ϕ−ηtt in dimen-
sionless form, so that these can be used to predict fan performance at different
scales and operating conditions. In the current study, the dimensionless form is
mostly used. Examples of fan performance curves are shown in Fig. 1.4(a), (b)
and (c).
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Figure 1.4: Example of Fan Performance Curve: (a) ϕ - ψ (Stall
area is indicated between red dash lines), (b) ϕ - ηts and (c) ϕ -

ηtt.

In Fig. 1.4(a), the stall area is indicated between the red dash lines, during
which the fan static pressure firstly drops, and then increases due to the flow
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separations on the suction side of blade surface at low flow rates.
Comparing Fig. 1.4(b) and (c), the total-to-static efficiency ηts drops earlier

than the total-to-total efficiency ηtt and ηtt has a higher peak value and wider
steady range. The differences between ηts and ηtt originate from the kinetic en-
ergy of the absolute velocity downstream of fan blades. According to specific
configurations, when outlet guide vanes are present or the fan unit is connected
with a long outlet duct, ηtt is often considered; when there are no outlet guide
vanes (rotor-only case) and the fan exhausts air to the open atmosphere, the ki-
netic energy of the absolute velocity is considered as losses, and ηts is used.

1.3 Research Objectives

The design of an axial fan should generate the required pressure rise at a certain
flow rate. Its working process naturally involves the interaction between the ro-
tating solid machine and the fluid flow with complicated three-dimensional flow
phenomena and forces acting on blade rows, which makes the research area of
axial fans very extensive. Among all research besides mechanical aspects, the
aerodynamic design is very important.

In the design stage, flows are often treated based on two-dimensional cascade
theory. However, in reality the flows are three-dimensional and separation re-
lated with stall, re-circulation and vortices occur, which are causes of possible
noise and losses, also causing deviations between the realized performance and
design expectation.

With respect to the fan blades, high-speed rotation and pressure change or
fluctuation on the blade surface may cause vibrations despite the manufacturing
process, which definitely affect the stability of the rotor blades and other related
equipment. Therefore, with good manufacturing quality, avoiding high magni-
tude pressure changes and fluctuations on the blade surface is important.

An aerodynamic design can be evaluated by the total-to-total or total-to-static
pressure rise and efficiency. Once the required pressure rise is satisfied, a higher
efficiency becomes the objective. The improvement of efficiency for a given axial
fan can be obtained by variation of the configuration or by an optimized vortex
distribution (also called “blade loading") design.

For the configuration, using a rotor-only fan as example, inlet and outlet guide
vanes are usually considered when there is no constraint in cost and spatial re-
quirements; when the budget or space is limited, local blade variations, for ex-
ample sweep, dihedral or skew, can be considered in baseline blades for possible
advantages.

For an optimized design, modifying the vortex distributions along the span-
wise locations with fixed configurations to obtain improved aerodynamic design
can contribute to higher efficiency.
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In order to contribute to the further advancement of engineering science, the
current research project studies methods for designing low-pressure axial fan for
high efficiency. The project is as cooperation between the Engineering Fluid Dy-
namic Group at the University of Twente and Howden Netherlands. According
to recent developments in axial fan design, swept blade and spanwise vortex
distribution are studied parametrically to investigate methods to obtain high ef-
ficiency of a low-pressure axial fan.

In order to avoid unnecessary costs of measurements during the trial-and-
error design phase, Computational Fluid Dynamics (CFD in short) simulations
are carried out to predict the performance of axial fans with new blade shapes and
vortex distributions. FineTurbo from NUMECA International is used as (com-
mercial) software for CFD simulations.

It should be noted that the hub-to-tip diameter ratio of the investigated base-
line fan is much smaller than for other axial fans reported in scientific literature
and the literature studying the axial fans with such small hub-to-tip diameter
ratio is quite limited. Hence, the current study can contribute to a better un-
derstanding of the aerodynamic performance of axial fans with small hub-to-tip
diameter ratio.

Specifically, the objectives of this thesis on the aerodynamics of the low-pressure
axial fans with small hub-to-tip diameter ratio are:

• Study on validation of a CFD simulation strategy.

• Study the effects of sweep, dihedral and skew on the aerodynamic perfor-
mance.

• Study of the optimal vortex distribution design method for high efficiency.

1.4 Outline

The ultimate objective of this dissertation is to present research processes and re-
sults for improving the efficiency of low pressure axial fans with small hub-to-tip
diameter ratio. The fundamental theory of axial fan design and methodology are
given in Chapter 2. The literature review about design of axial fans is given in
Chapter 3. Detailed geometrical information and measurements of the investi-
gated baseline fan are described in Chapter 4. The background for CFD simu-
lations is introduced in Chapter 5. The main results of the validation research,
sweep research and vortex distribution research are given in Chapters 6, 7 and 8
respectively. Finally, conclusions and recommendations are described in Chap-
ter 9.
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Chapter 2

Axial Fan Design Theory

In this chapter, the design theory of axial fans is introduced. The design theory of
axial fans has experienced a long history of development, since they are widely
used for many purposes. During the development, good designs have been col-
lected and reported in the so-called Cordier diagram [10] as introduced in Sec. 2.1,
which is still an important reference for a pump and fan designer in the prelim-
inary design phase. The explicit design theory of axial fans is usually following
from aerodynamic theory. A historical overview of aerodynamic design of axial
fans is reported in Ref. [11]. In chronological order, Euler’s pump and turbine
equation, actuator-disk (or axial momentum) theory, blade element theory and
vortex distribution design theory form milestones in the design theory develop-
ment. These are introduced in Sec. 2.2 to 2.7. It should be noted that the design
theories of axial fans are based on two-dimensional consideration, the radial ve-
locity is assumed to be neglected. The development of aircraft has introduced
the concept of “sweep" into the design of axial fans. Details of sweep design are
described in Sec. 2.8.

It should be noted that the introduced design theories in this chapter are based
on ideal case. In the design phase, the hydraulic efficiency ηh should be consid-
ered and the details are reported in Chapter 7 and 8.

2.1 Diagram for Optimum Design

In 1953, Cordier [10] presented a diagram showing the performance of “opti-
mum" designed fans, pumps and turbines in terms of specific speed σ and spe-
cific diameter δ defined by:

σ= n

(2π2)−1/4
(

pf
ρ

)
Q−1/2

δ= Dfan(
8
π2

)1/4 (
pf
ρ

)−1/4
Q1/2

. (2.1)
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Where n is the fan rotation speed (in rps), Q and pf are the volumetric flow rate
and the total-to-total pressure rise at the duty point (normally the best efficiency
point).

In terms of the flow coefficient ϕ and the total pressure coefficient ψtt (given
in Eq. (1.3)), σ and δ can be expressed by

σ=ϕ1/2ψ−3/4
tt δ=ϕ−1/2ψ1/4

tt (2.2)

For σ defined at the duty point of a turbomachine, it is of great importance to
the selection of the machine type suitable for a specific duty point (expressed in
term of σ), as shown in Fig. 2.1.

Given that specific speed is defined at the point of maximum efficiency of a turbomachine, it

becomes a parameter of great importance in selecting the type of machine required for a given

duty. The maximum efficiency condition replaces the condition of geometric similarity, so that any

alteration in specific speed implies that the machine design changes. Broadly speaking, each differ-

ent class of machine has its optimum efficiency within its own fairly narrow range of specific

speed. Figure 2.8 shows the ranges of specific speed appropriate to different types of turbomachine.

Once the specific speed at the design condition is found, a well-designed machine selected using

Figure 2.8 should give the maximum possible design efficiency.

EXAMPLE 2.3

a. A hydraulic turbine with a runner outside diameter of 4.31 m operates with an effective head,

H, of 543 m at a volume flow rate of 71.5 m3/s and produces 350 MW of shaft power at a

rotational speed of 333 rpm. Determine the specific speed, the specific diameter, and effi-

ciency of this turbine.
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and fans
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FIGURE 2.8

Range of specific speeds for various types of turbomachine.

(From Csanady, 1964)

552.6 Specific speed and specific diameter

Figure 2.1: Range of Specific Speeds for Various Types of Turbo-
machine [12]

The original Cordier Diagram is shown in Fig. 2.2, where fans are located at
high σ and low δ. As a milestone in turbomachine design, this diagram was
primarily used for identifying the optimum operation range and the type of ma-
chine. With design requirements like flow-rate and pressure rise and other ge-
ometry information, ϕ and ψtt can be calculated to give the values of σ and δ.
The latter two can be located in the Cordier Diagram to determine a preliminary
design plan for high efficiency.

Nowdays, a practical use of this diagram is based on a curve that interpolates
the data in the diagram, the so-called Cordier Curve, as shown in Fig. 2.3. The
Cordier Curve means that for given design requirements (flow-rate and pressure
rise), there is an optimum relation between diameter and rotation speed to satisfy
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Figure 2.2: Original Cordier Diagram (adapted from Ref. [10])

the required design duty with high efficiency with respect to all other possible
designs [11]. Therefore, it should be noted that the curve represents a mean curve
of scattered data shown in the Cordier Diagram. It represents a fairly broad range
on either side of the line [9].

As Bamberger and Carolus [13] reported, Pelz and Metzler [14] in 2012 de-
rived an approximation to the Cordier Curve:

σopt = 1

2ϕ̄δ3
opt

+
√√√√(

1

2ϕ̄δ3
opt

)2

+ 1

2ψttδ
2
opt

(2.3)

Pelz recommended ϕ̄= 0.25 and ψtt = 1 as adequate choices [13, 14].
For fans with small hub-to-tip diameter ratio, backflow behind the fan may

occur near the hub. The Strscheletzky criteria [8] (shown in Fig. 2.4) give relations
between the hub-to-tip diameter ratio κ and the ideal design point ϕ/ψtt.th such
that regions with backflow (or “dead flow regions") may occur.

By investigating the Strscheletzky conditions, Marcinowski related the opti-
mum hub-to-tip ratio κ and the ideal design point by [11, 15]:

ϕ

ψtt.th
= 1−κ2

2κ
(2.4)
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Following Lewis, an interesting and useful alternative presentation of the Cordier diagram can

be made with ordinates Φ and ψ from the relationships already given. From Eqs (2.14) and (2.17),

we can derive the flow coefficient, Φ, and stage loading coefficient, ψ, as

Φ5 1=ðΩsD
3
s Þ (2.18)

ψ5 1=ðΩ2
sD

2
s Þ (2.19)

By introducing the Cordier line data into these last two equations and replotting this informa-

tion, a new and more definite shape of the optimum machine curves results, shown in Figure 2.10.

The new curve is clearly divided into two main parts with centrifugal pumps operating at a fairly

constant head coefficient at roughly ψ5 0.1 over a flow coefficient range of 0.001#Φ# 0.04 and

axial machines operating with a wide range of stage loading coefficients, 0.005#ψ# 0.05 and also

a wide range of Φ. Casey, Zwyssig, and Robinson (2010) show that the shape of the Cordier line

and the two distinct parts of the curve in Figure 2.10 are caused by the variation in centrifugal

effects in the different compressor types: In radial machines, almost all the pressure change is due

to the centrifugal effects generated by a change in flow radius, whereas these effects are absent in

axial machines (see Chapter 7).
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FIGURE 2.9

Cordier diagram for machine selection.
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Figure 2.3: Cordier Curve (adapted from Ref. [9])
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Figure 2.4: Strscheletzky Boundary Layer Conditions Criteria for
the Hub Dead Space (adapted from Ref. [8])
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ϕ

ψtt.th
= 1

2

√
1

2κ2 (1−κ2)2 − (1−κ2) ln(κ−1) (2.5)

Eq. (2.4) is for axially restricted cases (like an axial fan with outlet guide vanes)
and Eq. (2.5) is for axially unrestricted cases (for example the rotor-only axial fan).
These two equations are of importance; Castegnaro states in Ref. [11]: “According
to the author’s best knowledge, Marcinowski’s approach is still the only analytic method
that allows a computation of the hub-to-tip ratio".

For the baseline Howden fan in the current research, the hub-to-tip diameter
ratio κ= 0.14 and the operation point is ϕ/ψtt = 1.11. Based on Eq. (2.5), the ideal
design point ϕ/ψtt = 2.38, according to the Strscheletzky condition for axially un-
restricted cases, backflow is expected for baseline fan.

2.2 Velocity Triangle

In axial fans, the blades rotate around the axis of rotation with angular speed
~Ω. This is a rotating system with axially-symmetric hub and casing. Hence, a
cylindrical coordinate system is convenient to use with components in radial,
circumferential and axial direction, represented by r , θ and z.

The meridional plane is the r − z view, an example of meridional plane is
shown in Fig. 2.5, where spanwise blade sections are indicated by red dotted
lines. A three-dimensional axial fan blade can be regarded as “stacking" of blade
sections at different radial (spanwise) locations. Each of such sections is a blade
element and has a shape of an airfoil.

𝑟

𝑧

BladeCasing

HubAxis of Rotation

Inflow Outflow

Spanwise Sections

Figure 2.5: Example of the Meridional Plane: Red dotted lines
indicate the blade sections in spanwise direction.

The blade-to-blade plane is the cylindrical surface in the r ·θ− z view and in
this view, the velocities considered are the absolute flow velocity ~v , the blade
velocity ~u = ~Ω×~r and the relative flow velocity ~w . The relationship between the
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absolute and the relative velocity is obtained geometrically from the so-called
“velocity triangle", this is a fundamental concept in turbomachine.

An example of the inlet velocity triangle in the blade to blade view and one
corresponding blade element of a rotor-only axial fan blade is shown in Fig. 2.6.

𝛽1

𝑢 = Ω × Ԧ𝑟

𝑧

𝑟 ∙ 𝜃

𝑢1

𝑤1
𝑣1

𝛼2 𝛽2
𝑣𝜃2 𝑤𝜃2

𝑣2 𝑤2

𝑢2

Figure 2.6: Velocity Triangle for a Rotating Airfoil; ~v ,~u,~w denote
the absolute, blade and relative velocities, β and α denote the rel-
ative and absolute flow angles (relative to the axial, z-direction),
vθ and wθ denote the circumferential component of absolute and

relative velocities, “1" and “2" denote the inlet and outlet.

2.3 Euler’s Pump and Turbine Equation

As the most fundamental equation in the turbomachine field, the Euler pump
and turbine equation has been formulated in the middle of 18th century. It gives
a relationship between the torque T of the rotating shaft transmitted to (or from)
the rotor and the angular momentum change of the fluid passing through the
rotor [9]:

For pumps/fans:
T = ρ ·Q(r2vθ2 − r1vθ1) (2.6)

For turbines:
T = ρ ·Q(r1vθ1 − r2vθ2) (2.7)

Here ρ is the density of fluid, Q is the volumetric flow-rate, r is the radius, vθ is
the circumferential component of the absolute velocity; “1" and “2" indicate the
inlet and outlet of the rotor, respectively.

Axial fans transfer energy to fluid flows, and hence Euler’s pump equation is
employed. The power transferred by the rotor is:



2

2.4. Actuator-disk Theory 15

Pshaft =ΩT =Ωρ ·Q(r2vθ2 − r1vθ1) (2.8)

with Ωr = u, the specific work W , defined by Pshaft = ṁW (ṁ is the mass-flow
rate), is given by

W = u2vθ2 −u1vθ1 (2.9)

In the ideal case, a frictionless flow is considered, and the ideal total pressure rise
pf.th of a fan is given as

pf.th = ΩT

Q
= ρ(u2vθ2 −u1vθ1) (2.10)

When additionally there is no pre-swirl at the inlet (vθ1 = 0), the total pressure
rise can be expressed by:

pf.th = ρu2vθ2 (2.11)

Eq. (2.11) is fundamental equation for the design of (single-stage) axial fans.
With u2 = Ωr2, pf.th = ρΩ(r2vθ2), here r2vθ2 is called the “vortex distribution"

(or “swirl distribution", “blade loading") and is important in design methods.

2.4 Actuator-disk Theory

The actuator-disk theory is also called axial momentum theory and possibly forms
the first aerodynamic theory that can guide the design of axial fans [11]. This one-
dimensional model has originally been applied to propeller design. As shown in
Fig. 2.7, the propeller is modelled as an actuator disk that accelerates the flow
with velocity increment ∆v at the outlet of the disk and 2∆v downstream in axial
direction; a pressure rise ∆p is also created.

𝑣1 + 2∆𝑣
𝑣1

𝑣1

𝑣1

𝑣1 + ∆𝑣

𝑝𝑎𝑡𝑚

𝑝𝑎𝑡𝑚

𝑝1 + ∆𝑝𝑝1

Figure 2.7: Actuator Disk Theory
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According to the continuity equation, the flow rate is the same at inlet and
outlet, and equals ρπR2(v1 +∆v) with R the radius of the actuator disk. The ax-
ial thrust Fa is the change in momentum per unit time and the torque T can be
calculated with the known rotational speed [16]:

Fa = ρπR2(v1 +∆v) ·2∆v

ΩT = Fa(v1 +∆v)
(2.12)

This theory provides a way to estimate the overall performance of a propeller for
given working conditions, but it is too crude for rotor geometry design, since no
information about the blades is provided [11, 17]. Therefore, in order to obtain
the blade geometry, blade element theory is quite important for axial fan design.

2.5 Blade Element Theory

The blade element theory was firstly introduced by Drzewiecki in 1892 to con-
sider the blade as a combination of many small adjacent elements [11, 18]. On
the cylindrical surface inside an axial fan rotor, the basic element of a rotor blade
at different spanwise location is present as an airfoil. An example of an airfoil is
shown in Fig. 2.8.

Leading 

Edge

Trailing 

EdgeChord Line

Camber Line Thickness

Camber

Figure 2.8: Airfoil Example and Basic Parameters

Basic parameters of an airfoil are:

1. Leading edge: The front of airfoil.

2. Trailing edge: The back of airfoil.

3. Chord line: The straight line connecting leading and trailing edge (Red
dashed line in Fig. 2.8).

4. Chord length: The length of chord line.

5. Thickness: The distance between upper and lower surfaces.

6. Camber line: The curve connecting the points that lie halfway between the
upper and lower surfaces. (Blue dashed line in Fig. 2.8)
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7. Camber: The distance between camber line and chord line.

When a fluid flow passes the airfoil, a force is exerted on the surface. With
known relative inflow direction, lift and drag are the resultant forces which are
of high importance. The lift force is the component of the force that is perpendic-
ular to the incoming flow direction, the drag force is the component of the force
parallel to the flow direction.

An example of an isolated airfoil in a flow is shown in Fig. 2.9. The angle
of attack α is the angle between the chord line and the vector representing the
relative inflow. In airfoil theory, the lift L and drag D force per unit span length

Inflow

𝛼
Chord Line

Lift of Airfoil

Drag of Airfoil

𝑣∞

Figure 2.9: Airfoil in Flow Stream: Lift and drag direction and
angle of attack α; v∞ is velocity far upstream.

are expressed by:
L =Cl

ρ

2
v2
∞l D =Cd

ρ

2
v2
∞l (2.13)

Here Cl and Cd are the lift and drag coefficients obtained, mainly from experi-
ments or numerical calculation (like XFoil [19]). These are functions of the attack
angle α (and of the Reynolds number, to a lesser extent). v∞ is the inflow velocity
far upstream, l is the chord length.

2.6 Cascade Analysis Theory

The axial fan blades at each spanwise location are generally not isolated airfoils,
but work together. Based on such a consideration, the cascade analysis has been
developed.

On a two-dimensional stream surface of axial fans, an isolated airfoil is a part
of cascade [9] with identical blade sections nearby, the analysis and design are
based on the cascade theory with assumption that the flow fields in adjacent
channel are identical. An example of a cascade is shown in Fig. 2.10.

X and Y are forces in axial and circumferential direction exerted (per unit
length) by the blade on the fluid; equal but opposite to the force exerted by the
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Control Surface

𝑣1
𝑤1𝛽1

𝑢1

𝑢 = Ω𝑟

𝑣2

𝑢2

𝛼2 𝑤2
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𝑠
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Inlet

Outlet

𝑤2𝑣𝑧 𝑤1

𝛽𝑚

𝑤𝑚
𝑢

Figure 2.10: Example of Velocity Trangles and Forces in a Blade
Cascade

fluid on the blade. The velocity and force calculation are done for the control
surface surrounded by the short dashed line, including the blade section and its
upstream and downstream boundaries. The static pressure at inlet and outlet of
the control surface are denoted by p1 and p2. The pitch of the control surface
is s = 2πr /Z , with Z as blade number. It should be noted that no pre-swirl is
assumed at the inlet and that the fluid flow in a rotor-only axial fan is assumed to
be steady and uniform at the inlet and outlet. Due to the low Mach number, the
flow is considered to be incompressible.

The continuity equation gives:

v1 = vz1 = vz2 = v2 cosα2 (2.14)

Here vz is the constant axial velocity, α2 is the angle between the absolute velocity
and the axial velocity at the outlet. The momentum equation applied in the axial
and circumferential directions give:

X = (p2 −p1)s Y = ρvz svθ2 (2.15)

The relative mean flow angle βm is defined by

tanβm = 1

2
(tanβ1 + tanβ2) (2.16)

The angle βm indicates the direction that the drag force D acts in and that the lift
force L acts perpendicular to, so that:

Y = D sinβm +L cosβm (2.17)
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Together with Eq. (2.13), the relationship between lift, drag coefficients and flow
angles is established [9]:

Cl = 2
s

l
cosβm(tanβ1 − tanβ2)−Cd tanβm (2.18)

It should be noted that, Turner [20] suggested in 1966 to use cascade data
rather than the isolated airfoil data in cascade analysis, with the consideration of
multiblade interference, although most axial fans are designed based on isolated
airfoil data.

When airfoils are set quite close to each other in the cascade plane, there is
mutual interaction of the flow fields around them. This may result in a different
slope of the lift curve than in a single airfoil and decrease the maximum lift coef-
ficient [21]. Therefore, use of isolated blade element theory only is not sufficient
for axial fans’ design.

Blade solidity, considered to determine the choice of the appropriate design
method, is defined by the ratio of blade chord to the pitch between adjacent blade
sections at the same spanwise location: l /s. When the solidity is larger than 1,
aerodynamic interference within the cascade section occurs and usually results
in a marked reduction in lift for a given blade angle of attack [21],.

Attempts have been made to extend the applicability of isolated blade ele-
ment theory by including an interference factor to the lift curve, however, these
methods fail to produce consistent results [21]. The cascade data can be obtained
experimentally from two-dimensional cascade wind tunnels or CFD simulations
like MISES [22, 23]. However, compared with isolated airfoil data, the amount of
cascade database data is limited.

With respect to the choice of the appropriate design method, some sugges-
tions are given by Wallis [21]. i. For the application of isolated blade element
method, the maximum solidity is recommended as 0.8; ii. When the solidity is
larger than 1, the cascade method rather than the isolated blade element method
should be considered; iii. The cascade method can not be used for a solidity
smaller than 0.6. Besides these recommendations, the product of the lift coeffi-
cient and solidity can also be employed for choosing the design method. Some
favorable solidity values related with explicit flow angles have been discussed
by Zweifel as reference for axial fan designs [8]. More detailed introductions of
cascade test facility, cascade performances of turbine and compressor and their
correlations have also been reported in book by Dixon [9].

For the baseline rotor-only axial fan in the current study, the maximum so-
lidity is 0.88 at the hub, therefore, the blade element method is sufficient and
the cascade data are not employed. However, for optimal designs in the current
study, due to small hub-to-tip diameter ratio κ, the solidity near the hub may
exceed unit, the interference effects are discussed in detail in Chapter 8.
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2.7 Radial Equilibrium Theory and Vortex Distribu-
tion

With no radial velocity being considered, both blade element theory and cascade
theory are based on two-dimensional assumption. Such an assumption is reason-
able for axial fans with large hub-to-tip ratio (κ≥ 0.8), while for smaller hub-to-tip
ratios, radial flow may be appreciable and result in redistribution of the velocity
profile (and the flow angle). The imbalance between centrifugal forces exerted
on the fluid and radial pressure distribution is responsible for the radial flow [9].
However, after sufficient fluid is transported radially, a restored balance results
in equilibrium without radial flow; axisymmetric streamlines lie in cylindrical
annular surfaces again, such a flow is called a radial equilibrium flow.

The radial equilibrium theory assumes that all possible radial flow is com-
pleted within the blade rows, and that the flow outside the row is in radial equi-
librium, this means that the flows upstream and downstream of the axial fan
rotor can still be described by two-dimensional methods when satisfying radial
equilibrium theory.

With the idea that pressure forces balance centrifugal forces, the equation of
radial equilibrium theory is expressed by [9]:

1

ρ

d p

dr
= v2

θ

r
(2.19)

Once the circumferential velocity vθ and density ρ are known as function of
the radius, the static pressure distribution in spanwise direction can be obtained.

In rotor-only axial fans, the flow downstream of the blade conforms to radial
equilibrium and is incompressible.

Differentiation of p02 = p2 + 1
2ρ(v2

z2 + v2
θ2) with respect to radial position r in

combination with Eq. (2.19) gives:
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d

dr
(r vθ2) (2.20)

Combining Eq. (2.11) and (2.20), following the assumption that the flow is
frictionless and the inflow is uniform and without pre-swirl (p01 is constant), a
relationship between vz2(r ) and vθ2(r ) can be established by:

vz2
d vz2

dr
=

(
Ω− vθ2

r

) d

dr
(r vθ2) (2.21)

Once the distribution of vθ2(r ) has been specified, information on vz2(r ) can
be obtained. Together with known vz1(r ) (uniform and no pre-swirl assumption),
the velocity triangles upstream and downstream can be solved numerically. With
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known flow angles, the required lift coefficient Cl (r ) (Eq. (2.18)) can be obtained
for the design of the blade elements at each spanwise location.

The method starting from the distribution of r vθ2(r ), following the above pro-
cess towards the final blade geometry, is named vortex distribution design method.

Three types of vortex distribution are mainly discussed [9]:

1. Free-vortex: r vθ2 is constant along the blade span.

2. Forced-vortex (also called “solid-body"): vθ2 increases along the blade span,
for example r vθ2 = ar 2.

3. Power law-vortex: r vθ2 = ar n +b.

Except the three types above, it is more general to define the vortex distribu-
tion by a polynomial function (used in the current study in Chapter 8), or by a
spline function:

r vθ2(r ) =
M∑

i=0
ai r i (2.22)

where ai are constants (i = 1. . . M).

2.8 Non-radial Stacking Design

The aerodynamic development of aircraft has inspired the design of axial fans.
For example, the use of a winglet at the fan blade tip for tip leakage control [24],
serrated leading or trailing edges on fan blades for noise reduction [25, 26], etc.
Among all these inspirations, the non-radial stacking design is the most acknowl-
edged one. Such designs usually result in sweep, dihedral and skew.

In classical design methods for axial fans [8, 9, 11, 21, 27], the three-dimensional
blade geometry is obtained by stacking the two-dimensional airfoil sections along
a specific line, the so-called stacking line.

In preliminary design of axial fans, the stacking line is usually in the radial
direction (two-dimensional), as shown in the sketch of a fan blade in Fig. 2.11
(together with leading and trailing edge). By applying a three-dimensional stack-
ing line, the non-radial stacking (N RS in short) design can be achieved. Sweep,
dihedral and skew are typical examples of N RS.

The sweep concept was initially introduced by Busemann [28] in 1935 to en-
hance drag reduction of wings at transonic speed [29]. It means that the airfoil
sections are shifted in the chord direction as shown in Fig. 2.12. Here v∞ is veloc-
ity far upstream and also the velocity “seen" by the airfoil sections of an unswept
wing; under the same far upstream velocity with sweep, vn is the velocity “seen"
by the airfoil sections of a swept wing; the relationship is vn = v∞ cosγ, which
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Figure 2.11: Sketch of a Fan Blade, with Blade Sections, Stacking
Line and Chord Line (in Red), Leading and Trailing Edges (in

Blue and Green, respectively); r denotes the radial direction.

means the velocity seen by the airfoil sections can be decreased by the use of
swept wing, hence the attainment of the critical Mach number is delayed. Dihe-
dral means the airfoil sections are shifted in the direction perpendicular to the
chord direction and skew is a more general term, encompassing sweep as well as
dihedral.

𝑣∞

𝑣𝑛

𝑣∞

𝜆𝑣𝑛

Unswept Wing

Swept Wing

𝜆

Tailplane

Figure 2.12: Example of Wing Sweep with the Velocity Relation-
ship: the unswept wing is indicated by the dashed line; the swept
wing by the solid line [30]; v∞ and vn are velocities seen by the

unswept and swept wing, γ is sweep angle.

In axial fans, the chord direction dictates sweep and dihedral, while the abso-
lute inflow and blade rotation directions dictate axial and circumferential skew,
respectively [31–33]. Forward and backward sweep mean that the blade section
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is shifted upstream and downstream, respectively, in the relative flow field. For-
ward and backward dihedral and axial skew mean that the blade section is shifted
upstream or downstream, respectively, of the baseline blade section in the abso-
lute flow field. Forward or backward circumferential skew mean that the blade
section is shifted in the direction of rotation or opposite, respectively.

The blade section shifts of sweep, dihedral and skew in the Blade-to-blade
view are shown in Fig. 2.13.

𝑧

𝑟 ∙ 𝜃𝑂 𝑂4

𝑂3

𝑂2

𝑂1

𝜒

Figure 2.13: Geometrical Description of Blade Section Shift:
O,O1,O2,O3 and O4 represent stacking points of original blade,
and blades with (forward) sweep and dihedral, axial and circum-
ferential skew, respectively. Inflow is in the positive z-direction

Examples of straight, forward sweep and backward sweep blades are shown
in Fig. 2.14(a), (b) and (c) [34].

Ω

(a)

Ω

(b)

Ω

(c)

Figure 2.14: Examples of (a) Straight Fan Blades, (b) Fan Blades
with Forward Sweep and (c) Fan Blades with Backward Sweep;

in front view; adapted from Ref. [34].

The application of sweep, dihedral and skew in the design of axial fans has
been found to be beneficial for better aerodynamic performance. However, there
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is no universal conclusion on how these blade shapes can influence the aerody-
namic performance for all axial fan blades, for example, forward sweep gave an
increased ηtt in Ref. [35], unchanged ηts in Ref. [33] and decreased ηtt in Ref. [36]
and backward sweep also gave increased ηtt in Ref. [37] as well as decreased ηtt

in Ref. [36]. Therefore, it seems that the application of N RS should depend on
both the blade design and the operation duty point of the baseline unswept fan.
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Literature Review

For the design of axial fans, the current approach for preliminary design relies on
the design theory introduced in Chapter 2 and related empirical design method-
ologies as introduced in Refs. [8, 9, 21, 27, 38].

The development of Computational Fluid Dynamics (CFD) simulations can
make the cost of design evaluation much lower compared with standardized
measurements [39] during the trial-and-error design phase.

During the optimization of preliminary designs, CFD also provides powerful
tools. The evaluation of optimized blade shapes with sweep, dihedral and skew
can be achieved by CFD simulations; CFD has also been coupled with optimiza-
tion algorithms like artificial neural networks [40], to help searching for better
designs of axial fans.

Inverse-design methods provide designs starting from the desired duty point,
thus shortening the trial-and-error design phase.

The method employed in the current study is using CFD simulations to eval-
uate the aerodynamic performance of optimized axial fan blades designed by
applying sweep, dihedral and skew, or the vortex distribution design method (a
specific inverse-design method). As the foundation of further research, the ap-
propriate CFD simulation strategy should firstly be formulated and validated,
therefore the literature review of CFD simulations applied to low-pressure ax-
ial fans is reviewed in Sec. 3.1. Using sweep, dihedral and skew is the main
optimization method for the blade shape variation. Meanwhile optimization al-
gorithms coupled with CFD simulations or in design methods also contribute to
improved aerodynamic performance of fan blades. The literature review of op-
timization methods which are applied specifically in blade shape variation and
design method, is described in Sec. 3.2. The vortex distribution design method of
axial fans is a specific inverse design method which has widely been used in tur-
bomachinery design. A general review of inverse design methods for turboma-
chinery design and a focused review of the application of the vortex distribution
design method for axial fan designs are reported in Sec. 3.3.
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3.1 CFD Methods

Since the last part of 20th century, Computational Fluid Dynamics (CFD) has been
applied in turbomachine (fans included) design. Details of CFD employed in the
current study are introduced in Chapter 5. Commerical CFD codes, like AN-
SYS CFX, Fluent, NUMECA and STAR-CCM are popular, while for open-source
codes, OpenFOAM is mainly used.

To compute turbulent flows with CFD simulations, different approaches can
be followed, in order of increasing computational costs: Reynolds Averaged Navier-
Stokes simulation (RANS), Large Eddy Simulation (LES) [41, 42] (for fans), Direct
Numerical Simulation (DNS) [43]. RANS simulations require a turbulence model
(such as k − ε, k −ω, Shear Stress Transport and Spalart-Allmaras models; SST
and SA for short, respectively; see Ref. [43] for details) to describe the turbulent
Reynolds stresses. An overview of turbulence models for turbomachinery appli-
cations is given in Refs. [44, 45], a review of computational methods applied in
industrial fan design is given in Ref. [46].

As pointed out by the EU Commission Regulation and the US Department of
Energy [6, 47], research and design for better aerodynamic performance of axial
fans have been strongly motivated. During the trial-and-error design phase, the
application of CFD simulations provides tools for designers and researchers to
account for three-dimensional effects in the flow. Results of these simulations
help to obtain details of flow fields that are difficult to obtain experimentally.

For the approaches of turbulence simulations, Direct Numerical Simulations
of the Navier-Stokes equations requires very fine grids and the cost increases as
Re3 [43]. In turbomachine applications, the Reynolds number Re is usually of
the order of magnitude of 105, which makes the computation cost of DNS be-
yond the available capacity of common fan designers and researchers. Similar re-
quirements of computational cost apply for LES, since it solves the Navier-Stokes
equations for large turbulent length scales. Consequently, RANS simulations are
applied mostly considering their low computational costs [46].

The reliability of RANS predictions depends on the appropriate choice of tur-
bulence model, the calculation domain, the mesh refinement and the applied
boundary conditions, etc. Appropriate choices form the simulation strategy for
each investigation and is closely related to specific and explicit axial fan cases.
Therefore, there is no universal standard for RANS simulations of axial fans. Yet,
one can refer to others’ experience and achievements.

3.1.1 Turbulence Model

For the turbulence model applied in RANS simulations, the Spalart-Allmaras’
(SA) one equation model [48] is included in many commercial CFD codes [46] and
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has been successfully employed in studies of axial fans [49, 50]. The SA model
employed in the study of linear cascade flows [51] proves that it is capable of
predicting on cascade blades’ pressure distribution, the lift and drag coefficients,
which confirms the reliable application in simulations of axial fans. Two-equation
models can be represented by the k−εmodel [52] and the k−ωmodel [53, 54]. The
k − ε model predicts better within the main flow while the k −ω model performs
better near the wall [55]. The model that combines advantages of the k−ε and the
k −ω turbulence models is the Shear Stress Transport (SST) model [56].

Although two-equation models naturally increase computational cost, they
have been successfully applied in axial fan research.

For instance, the k−εmodel has been employed by Vad et al. [57, 58] to investi-
gate the aerodynamic performance of skewed blades. Fairly good agreement has
been found between measured and predicted aerodynamic performance. Beiler
and Carolus [33] has applied the k − ε model to verify a design methodology for
skewed blades. Although the aerodynamic performance has not been compared
directly, the velocity distribution downstream of fan rotor has been well predicted
by CFD simulations. In Wilkinson’s research [59], the CFD predictions based on
k −ε model correlate well with measurements for ψ and ηts.

Similarly, the k −ω model employed by Masi et al. [60] and the SST model
applied in Refs. [61, 62] have proven their reliability in CFD simulations of axial
fans.

The SA, k − ε, k −ω and SST turbulence models are all linear eddy viscosity
turbulence models where the turbulent Reynolds stress tensor is related to the
mean strain tensor in a linear way. For complex fluid flows, the accuracy of linear
eddy viscosity turbulence models in predicting of some turbulence features like
the anisotropy in the normal stresses is limited. The accuracy of modeling the
turbulence features can be improved by applying nonlinear eddy viscosity tur-
bulence models (NLEVM) [46, 63], like the cubic k −ε model [64] and the Explicit
Algebraic Reynolds stress models (EARSM) [65].

Nonlinear eddy viscosity turbulence models have been applied successfully
in both the simulations of a compressor cascade with high load [66] and an ax-
ial fan with high-pressure [67], and the fan’s performance has been accurately
predicted within the uncertainty measured during experiments. The advantage
of NLEVM is the increased accuracy of modeling complex flow fields in turbo-
machinery like cascade flows [68] and tip leakage flows [69], but the increased
number of transport equations results in additional computational cost and nu-
merical uncertainty that may lead to solver’s nonconvergence. Such drawbacks
make the choice of NLEVM in the study of axial fans quite limited. In the current
study, the linear eddy viscosity turbulence models are selected.



3

28 Chapter 3. Literature Review

3.1.2 Calculation Domain

In the determination of the calculation domain, both axial and radial extent should
be considered. With a different test rig, the shape of domain may be different. For
example, according to the international standard IS0 5801 [39, 70], open-flow or
ducted-flow test facility are both possible [71]. The tested fan may exhaust air
into open atmosphere or pipeline. Therefore outlet calculation domains with a
larger radial range (in shape of cylinder or sphere) or duct with the same diam-
eter of fan casing are both possible. For instance, a radially extended calculation
domain has been employed in Refs. [24, 34, 72] and an extended duct domain has
been employed in Refs. [33, 49, 57, 73].

The details of inflow characteristics may influence the choices. In the inves-
tigation of Corsini and Rispoli [74] for a high-pressure ventilation axial fan, the
inflow details are well-conditioned, and the calculation domain extends only one
chord length upstream and downstream of the leading and trailing edge. In the
research of an axial fan for air cooled condensers [75], the calculation domain
extends 1.0 and 1.5 chord of blade leading and trailing edge in upstream and
downstream direction, respectively.

In most cases of axial fan designs and simulations, the no pre-swirl assump-
tion and uniform inlet conditions have been applied. Under such considerations,
only one chord length may not be sufficient. For example, Masi and Lazzaretto
[76] have investigated four different calculation domains for the same rotor-only
axial fan. The differences include tip gap, shape of the electric motor and bell-
mouth entry and other elements in the system of the test rig which gives different
extents in radial direction. In this investigation, the inlet is set four chord length
upstream and the outlet is set to six chord length downstream of the rotor, which
is much larger than the values in Refs. [74, 75]. The results show that the calcula-
tion domain with tip gap and without radial extension gives precise predictions
of the fan performance. However, for rotor-only axial fans with small hub-to-
tip diameter ratio, the tip gap is not recommended to be considered within the
calculation domain [50] to obtain good agreement between CFD predictions and
experiments.

3.1.3 Boundary Conditions and Grid Refinement

With respect to the boundary conditions at the inlet and outlet in the CFD sim-
ulations of axial fans, two main types are employed as listed in Table 3.1. For
instance, type 1 boundary condition is prescribed in Refs. [34, 57, 76, 77] and type
2 is prescribed in Refs. [49, 50, 72, 73, 76].

Both type 1 and 2 provide fairly accurate predictions in their corresponding
studies. Therefore, when setting the boundary conditions, they should be based
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Table 3.1: Main Types of Inlet and Outlet Boundary Conditions

Inlet Outlet
1 Mass Flow Rate [kg/s] Averaged Static Pressure [Pa]
2 Total Pressure [Pa] and Temperature [K] Mass Flow Rate [kg/s]

on the explicit data obtained by researchers during the measurements and as
close to physical reality as possible.

The grid refinement plays an important role to ensure the accuracy of RANS
simulations. One of the objectives is to make the first grid node away from walls
lie in the viscous sublayer (1 < y+ < 5), therefore the grid near solid boundaries is
required to be very fine. Except for the wall distance of the first grid node, the
expansion ratio and the aspect ratio of the cells should also be as small as possi-
ble to avoid undesired distorted cells [78]. For structured meshes, the skewness
angle is expected to be as close to 90 degree as possible for good mesh quality.
A larger number of grids can give better mesh quality, but it is impossible to in-
finitely increase the number of grids, which would increase the computational
cost simultaneously. Therefore, a grid convergence study is necessary to formu-
late a standard for mesh generation with good quality for reliable prediction and
acceptable computation cost. Guidelines for assessing the accuracy of CFD so-
lutions are reported in Ref. [79]. In the current study, grid convergence study is
done by following these guidelines.

3.1.4 Validation

The simulation strategy can be formulated based on considerations of the factors
discussed above, the validation of the strategy mostly depends on the comparison
with experimental data. It is important to determine what is to be compared.

During measurement, although only the stable data will be collected with
uncertainty analysis, the obtained data are still instantaneous parameters. The
RANS simulation predicts the time-averaging value of each physical parameter,
which means that the RANS model does not adequately predict the momentary
flow physics [46] in all aspects. Therefore, overall performance or local turbulent
flows can be selected as reference parameters to compare measured and predicted
results. The choice should also depend on the focus in research and the kind of
data obtained during the measurements. For example, both local velocity distri-
butions and overall aerodynamic performance at the design point are compared
in the study of an axial fan with skewed blades [57, 58]. In the study of an axial fan
with medium hub-to-tip diameter ratio [80], only the overall aerodynamic perfor-
mance is compared for results of RANS CFD simulations and experiments; while
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in the study of another axial fan with skewed blades with medium hub-to-tip di-
ameter ratio [33], only local velocity distributions at some distance downstream
of rotor are compared. The RANS CFD simulation results are all reported to be
successfully validated in these studies.

Represented by the examples described above, in different studies, the se-
lected reference parameters for the validations of RANS CFD simulations may
be different. The selection of reference parameters relies highly on the measured
variables. It can be concluded that the measured variables determine the param-
eters that can be compared for validation of RANS CFD simulation strategy.

Based on the reviews above, the choice and validation of a simulation strategy
should consider many aspects like the applied turbulence model, the calculation
domain, the refinement of grids and the measured data. For the current research,
it is necessary to formulate a validated simulation strategy that is appropriate for
the study of low-pressure axial fans with small hub-to-tip diameter ratio.

3.2 Optimization

Optimization always aims for better performance (in some aspects) compared to
the baseline reference case. With respect to the design of turbomachines (axial
fans included), optimization can be employed directly in explicit blade shape
design (based on existing blades) or in the design methodology without referring
to the baseline blade shape.

For the optimized blade shape design, sweep, dihedral and skew have con-
tributed to the improvement in overall performance. As for the optimization
during the design, methodologies such as stochastic methods (like an evolution-
ary algorithms), gradient-based methods (like adjoint method) and data mining
can be applied. Under these three broad categories, many specific methods can
be found and utilized. Since the focus of the current study is not on optimization
methods, the methods and algorithms employed in the design and research of
axial fans are mainly discussed. More information about optimization methods
for turbomachinery aerodynamics is given in Ref. [81].

3.2.1 Sweep, Dihedral and Skew

The concepts of sweep, dihedral and skew are described in Sec. 2.8. After be-
ing introduced from aircraft research, starting from Godwin’s [82] research on
compressor blades and Mohammed and Raj’s [83] study on axial fans, the sweep,
dihedral and skew effects have been studied for more than 50 years. Two remark-
able overviews are given by Vad [84, 85] in 2008 and 2012, where global and local
effects of forward sweep and skew have been discussed in detail. Up till now,
it has been well acknowledged that forward types of sweep, dihedral and skew
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are able to contribute to better performance of axial fans like higher total-to-total
efficiency ηtt [31, 35, 86] and lower sound power level [33]. The improvement of
the global overall performance originates from local effects.

With respect to the effects of forward skew variation on the velocity distri-
bution, a general explanation is as follows. Forward blades at higher spanwise
location protrude into the upstream flow and are able to perform work on the
fluid in advance. Considerations of radial equilibrium theory show that local ax-
ial velocities are increased at higher span and decreased at the lower span. The
increased axial velocities result in a larger flow incidence angle (or angle of at-
tack), resulting in a higher lift coefficient. This idea is in agreement with Ref. [33]
and it has also been pointed out that such effects are revealed in the vicinity of
the hub and shroud rather than near the mid spanwise location where the two-
dimensional airfoil theory is the most appropriate.

The change of axial velocity upstream and downstream also affects the dis-
tribution of other velocity components, especially the circumferential velocity
downstream of the fan blades vθ2. Based on mass and energy conservation con-
siderations, vθ2 is decreased with increased axial velocity and the blade load
represented by the vortex distribution r vθ2 is decreased. Therefore, the forward
blade variation near the wall results in blade unloading. Such effects have been
confirmed in Refs. [31, 57, 87, 88]. Another effect on the flow fields downstream
of the rotor blades is that the secondary flow is found to be reduced (increased)
by forward (backward) blade sweep, respectively [34].

The reduction of the radial outward flow path is an important effect of for-
ward skew variation. Such shortened flow paths contribute to decreased accumu-
lation of low-momentum fluid in boundary layers at the blade suction side [35,
89–91] and surface friction losses. In Refs. [57, 85, 92], the shortened flow path
has been illustrated. The measured pressure distribution in Refs. [83, 90] and the
streamlines from CFD simulations in Refs. [89, 91, 93] near the blade suction side
surface also confirmed this. Therefore, the accumulation of low-momentum fluid
near the tip is reduced. The associated reduction of end-wall and the tip losses
both contribute to the improvement of efficiency [35].

An analogous reasoning that explains the benefits of forward skew variation
shows that backward type are less favourable for improvement of aerodynamic
performance [89].

Besides the benefits discussed above that can be observed in forward skew
variation, the suppressed secondary flow and delayed corner stall have been re-
ported in blades with forward dihedral [94] and the opposite effects from back-
ward dihedral have also been reported [95]. An extreme case with 45◦ forward
dihedral is able to eliminate stall in an axial fan with medium hub-to-tip diame-
ter ratio [96]. Although beneficial stall elimination can be obtained, dihedral with
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such a large angle may not be recommended due to the consideration of stabil-
ity of the rotor structure. The suppressed secondary flow means loss reduction,
but it is also suggested by Refs. [31, 32, 84, 97] that the loss reduction obtained
from forward dihedral near the hub or shroud may increase the loss near mid
spanwise locations.

The sweep, dihedral and skew applied to the baseline rotor blades represent
the shift of blade sections at corresponding spanwise location. This shift can be
decomposed into two mutually perpendicular directions, which makes the ben-
efits have common origins. This explains why sweep and circumferential skew
are often investigated together as shown in Refs. [33, 84]. However, the associ-
ated discussion of dihedral and axial skew is not that common. The investigation
of forward axial skew is only found in Ref. [91] and discussion about backward
axial skew can hardly be found.

It should be noted that the benefits of sweep, dihedral and skew are not uni-
versal. All the advantages discussed above are reported with different blades
under different flow coefficients ϕ. For example, forward sweep is able to give
increased and decreased ηtt in Ref. [35] and [36], the same ηts in Ref. [33], while
backward sweep is also able to increase ηtt in Ref. [37].

Therefore, just like the CFD simulation strategy, it is necessary to investigate
the effects of sweep, dihedral and skew on the aerodynamic performance for a
specific baseline rotor and it is recommended that not only the overall perfor-
mance, but also the local effects of sweep, dihedral and skew should be investi-
gated.

3.2.2 Optimization in Design Method

The aerodynamic optimization of axial fans is still under development [98]. Many
methods can lead to some optimized results validated by CFD simulations. Thévenin
and Janiga [40] reported some CFD-based optimization algorithms, ranging from
the simplex method [99] to gradient-based and evolutionary algorithms.

The evolutionary algorithms like artificial-neural networks, differential evo-
lution methods and others for finding a target value of a constrained nonlinear
multivariable function have been applied in direct optimization of turbomachin-
ery.

CFD simulations (mainly RANS methods) can be utilized to evaluate the opti-
mization results of turbomachinery. More applications provide the possibility to
obtain large databases to “train" meta-models in artificial neural network (ANN)
methods for improved designs.

The optimization process is similar with trial-and-error design, the perfor-
mance of most blade designs from optimization methods is mostly validated by
CFD simulations. Li et al. [100] have applied a single objective genetic algorithm
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and a gradient algorithm to search for optimized curvature of a blade section
camber line for better performance of a high-loaded axial fan. Within the opti-
mization system, NUMECA Fine/Turbo is coupled as CFD solver for analysis of
performance and flow fields from optimized fan blades in each iteration step. A
multi-objective optimization technique has been developed and utilized by Kim
et al. [101] to enhance performance of an axial fan in total-to-total efficiency ηtt

and input power Pshaft. Six design variables relating to blade angles and pro-
file were selected within the design space. The response surface approximation
model that had been employed in Refs. [102, 103], was constructed for each objec-
tive function based on the CFD simulation results at design points. The genetic
algorithm was used for multi-objective optimization search. The results showed
that higher ηtt and lower Pshaft can be obtained.

Key parameters in the design of axial fans are the choices of airfoil and the
angle of attack of blade sections. Carolus and Starzmann [104] has coupled XFOIL
which has been developed for design and analysis of isolated airfoils [19], with a
design method to assist in the determination of airfoil performance and the choice
of optimal angle of attack for optimized blade section design.

Lin et al. [105] in 2002 coupled CFD simulation and artificial neural network
to improve the blade design of a rotor-only axial fan with large hub-to-tip di-
ameter ratio. As reported recently in Refs. [106, 107], RANS simulations of axial
fans with different geometry parameters have been performed with the SST tur-
bulence model. Around 13,000 fan performance curves have been obtained for
further artificial neural network training. The meta-models from these ANNs
are able to derive rules for the choices of optimal geometrical parameters at cer-
tain duty points, so that the CFD simulations for new duty points are no longer
needed. By comparing the results from the meta-models and CFD predictions,
good agreement has been found in the sense that the desired duty points are
achieved. However, it should be noted that, there are certain ranges of selected
geometry parameters that researchers should pay attention to. These optimiza-
tion methods also result in the study on ideally achievable ηts of axial fans with
duty point located within the Cordier band as reported in Ref. [13].

The meta-model method is faced with the problems regarding the selected
geometrical parameters. More parameters requiring more CFD simulations, the
computation cost would be expensive. The adjoint method is able to overcome
such restrictions by determining the gradient of the objective function from a sin-
gle additional computation [98]. The details of the adjoint method can be found
in Ref. [81] and are not discussed here. Following the successful application of
the adjoint method on fan rotor blade optimization [108], this method had been
applied in both RANS equations and boundary conditions for optimization of a
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baseline fan by using the existing OpenFOAM solver “adjointShapeOptimiza-
tionFoam" and the results showed increased maximum pressure and total-to-
static efficiency by 3.6% and 0.1%, respectively [98].

It should be noted that the discussed optimization methods may only occupy
a small portion of available and developing methods for optimization design in
axial fans. However, it can be shown that CFD simulations are of great impor-
tance for designers and researchers during the design. By coupling with other
optimization algorithms, more advanced designs may be found. The appropriate
choice should refer to both algorithm development and corresponding applica-
tion.

3.3 Inverse Design Method

Inverse design is a concept different from direct design. In the design of tur-
bomachinery, the direct design is classically based on empirical approaches to
determine the parameters of the blade geometry, while inverse design methods
prescribe the pressure distributions along spanwise locations as boundary con-
ditions for the blade section profile calculation or selection [109], so the internal
flow fields of turbomachinery are controlled by geometrical parameters in direct
design and aerodynamic or hydraulic parameters in inverse design [110]. Such a
difference determines the advantages of inverse design: the design results have
the desired performance characteristics.

The development of inverse design has progressed from two-dimensional to
quasi three-dimensional and finally to fully three-dimensional. A good classi-
fication with corresponding references can be found in Ref. [109]. The applica-
tion of quasi three-dimensional method has been reported in Refs. [111, 112]. As
mentioned by Westra [113], the first applications of three-dimensional method in
turbomachinery design were reported in Refs. [114, 115] and extended by Zan-
geneh [116] in the design method for radial and mixed flow turbomachinery.
This method had also been successfully applied in design of compressor diffusers
[117], a mixed-flow pump impeller [118] and a centrifugal compressor [119].

In the meantime, the development of inverse design methods contribute to
the inverse airfoil design tool like XFOIL [19].

Apart from the applied inverse design methods in radial and mixed flow tur-
bomachinery, the mature and well-acknowledged design method of axial flow
turbomachinery, which is based on vortex distribution, is naturally an inverse
design method. As has been reported from Patterson’s original work [120] in
Wallis’s book [21], the early design method of axial fans is based on the spanwise
load distribution represented by the swirl coefficient (ratio between circumfer-
ential velocity and axial velocity component). With a specified configuration of
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fan structure, the known swirl coefficient provides the velocity components up-
stream and downstream of rotor, and subsequently the shape of blade section can
be determined based on the blade element theory introduced in Sec. 2.5.

A practical inverse-design approach of axial fans was reported in detail in
1993 by Downie et al. [121] for design with an arbitrary vortex distribution,
where the design philosophy and method were described step by step. The exper-
imental set-up and procedures were also described. Following the inverse-design
method idea, forward blade sweep is incorporated in the preliminary design to
utilize the benefits of sweep in reducing the losses on the suction side away from
endwalls [122]. With application of CFD simulations. Fairly good agreement was
found between predictions and design expectations. Masi and Lazzaretto [123] in
2019 described design approach, integrating design ideas reported by Wallis et al.
[21, 121] and Vad [122] for design of axial fans with high total-to-total efficiency
ηtt, where a mean-line model, described in Ref. [124], was applied to estimate the
ηtt of axial fans having constant swirl blade loading. The results showed that the
design method permits to obtain increased performance with respect to ηtt, but
the low Reynolds number due to the fan’s small size limited the improvement.

With the known design ideas, the key point during the utilization of the in-
verse design method is the determination of the type and value of the blade load-
ing distribution, explicitly the pressure distribution or vortex distribution. For ex-
ample, in a low-speed radial-inflow turbine, a suitable mean-swirl distribution is
recommended [117] and in a low-pressure rotor-only axial fan, a free-vortex (con-
stant vortex distribution) is recommended for the highest total-to-total efficiency
ηtt [125]. However, the value of each distribution is mostly from experience of the
researcher or designer before the application of the optimization method.

Combination of inverse design methods and an optimization method usually
results in efficient design process [126, 127]. Most of the optimization methods
discussed in Sec. 3.2.2 can be combined with an inverse design method. For ex-
ample, the differential evolution method has been applied in the inverse design
method of centrifugal pump [113] and axial fan [128]. The ideas of achievable
total-to-static efficiency ηts analysis [13] also provide a good method to obtain
optimized vortex distribution in the rotor-only axial fan design.

It should be noted that, the inverse design methods discussed above are based
on inviscid flow. In the recent research of Liu et al. [110], the loading distribution
is obtained based on boundary vorticity flux diagnosis to improve the accuracy
of the inverse design method.

In summary, the inverse design method of turbomanchinery has experienced
a long term development, the application of optimization method and further
consideration of viscous effects can result in more efficient design method.
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Chapter 4

Baseline Fans

In this chapter, the geometrical information of baseline fan blades is described
in Sec. 4.1, the test facility in Howden Netherlands is introduced in Sec. 4.2, the
measurement procedures and results for the Howden baseline fan are given in
Sec. 4.3. The US17 fan, which is employed to verify the validated CFD simulation
strategy reported in Chapter 6, is introduced in Sec. 4.4.

It should be noted that all the measurements reported in this thesis have not
been performed by the author. For the baseline Howden fan, all measured data is
obtained by personal communication. For the US17 fan, details of measurements
have been described in Ref. [80] and the author, Prof. Thomas Carolus, is thanked
for sharing the measured data.

4.1 Configuration of Baseline Howden Fan

The structure of axial fans mainly consist of motor, shaft, rotor and other sup-
porting mechanical parts. According to explicit design requirements, based on
comprehensive considerations like low cost and space limitations, inlet and out-
let guide vanes can be applied to obtain desired pre-swirl upstream and higher
static pressure downstream, respectively. When the guide vanes are absent, the
fan is called a rotor-only axial fan.

The baseline Howden fan is a rotor-only axial fan and its structure is shown
in Fig. 4.1. The casing, hub and fan diameters are indicated by Dcasing, Dhub and
Dfan respectively.

The ratio between Dhub and Dfan is called the hub-to-tip ratio κ (Eq. (1.5)).
Due to the presence of a small gap between the tip of the rotating blades and

the stationary casing, Dfan is smaller than Dcasing. The gap between blade tip and
outer casing is called tip-gap and the tip-gap ratio ε is defined by:

ε= Dcasing −Dfan

2Dfan
(4.1)
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Shaft
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DfanDhub Dcasing
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Figure 4.1: Example of the Structure of a Rotor-only Axial Fan:
showing casing, blade, rotating shaft and hub.

The details of the fan blades used in the current study are shown in Fig. 4.2.
Each of the six identical blades is divided into two parts (for the geometrical
description), the “main blade" and the “non-airfoil part", as indicated in Fig. 4.2
(a); the starting location of the main blade is at 0.18Rfan.

For the main blade, the airfoil sections correspond to the Wortmann profile
[129], with chord length of 0.15m, see also Fig. 4.2 (b) and (c). The sections are
slightly twisted by an angle of 4◦ between the sections at positions A and B , in-
dicated in Fig. 4.2 (a), in anticlockwise direction. The centre of rotation for the
sections (to account for the twist) is located at the point of maximum thickness,
represented by position O in Fig. 4.2 (b). The blade is straight from the section at
position B to the blade tip. The stagger angles (as defined in Fig. 4.2 (c)) for this
fan are measured at the tip of blade and can be adjusted from 5◦ to 30◦; here the
considered stagger angle equals 15◦. The line that determines the stagger angle
as shown in Fig. 4.2 (c) is called the stagger line.

The main geometrical and design parameters of the baseline fan are sum-
marised in Table 4.1.

4.2 Test Facility

Accurate data of aerodynamic performance of axial fan have been experimentally
determined in a test facility built according to an international standard [39]. The
measured values are vital to evaluate the accuracy of numerical simulations.

The measurements of the baseline Howden fan have been performed in the
Howden test facility built according to the international standards AMCA 210
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Figure 4.2: Geometrical Description of the Howden Fan with
Small Hub-to-tip Ratio: (a) Fan Blade: main blade and non-airfoil
part, (b) Wortmann Profile (filled with section line) and Blade
Twist: view from position A, (c) Stagger Angle χ and Stagger

Line (in Red)
.
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Table 4.1: Geometrical and Design Parameters of the Baseline
Howden Fan.

Rotational Speed [rpm] 497
Dcasing [m] 1.845
Dfan [m] 1.829
κ [-] 0.14
ε 0.43%
Number of Blades 6
Stagger Angle [deg] 15
Chord Length of Main Blade [m] 0.15
Solidity at Tip [-] 0.157
Solidity at Blade Section A [-] 0.844

and ISO5801 [39], which ensures the high-quality of the measured aerodynamic
performance characteristics. The test facility is shown schematically in Fig. 4.3.

1. Tuneable Inlet Valve 2. Booster Fan 3. Outlet Guide Vanes
of Booster Fan 4. Settling Screens 5. Nozzle 6. Electric Motor 7.

Settling Screen 8. Test Fan.

Figure 4.3: Schematic Overview of the Howden Cooling Fan Test
Facility [39].

The tested fan part is indicated in the blue dotted rectangle on the right of
Fig. 4.3 (item 8). The inner diameter of the casing, Dcasing, of the test part is
1.845m. The variable inlet valve and the booster fan help to adjust and over-
come the system resistance, so the whole aerodynamic performance curve of the
fan is obtained, from free delivery (zero pressure rise) to shut-off (zero flow rate).

The volumetric flow rate Q through the fan is determined from the static pres-
sure drop over the nozzle measured by a digital differential pressure transducer.
An array of three Pitot tubes assembled at the inlet of the tested fan is used
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to measure the total pressure (relative to the atmospheric pressure p2), which
gives the Fan Static Pressure pfs in Eq. (1.1). The fan shaft power Pshaft is deter-
mined from the shaft torque and the fan rotational speed, which are measured
by a torque meter and an induction sensor, respectively. The gas (air) density
is determined by measuring the ambient temperature, relative humidity and at-
mospheric pressure. The measured variables, corresponding sensors and their
accuracy are given in Table 4.2.

Table 4.2: Measured Variables, Corresponding Sensors and their
Accuracy [39].

Measured Variable Sensor Sensor Accuracy
Pressure Difference Over Nozzle Differential Pressure Transducer ±1%

Total Pressure Inlet Chamber Differential Pressure Transducer ±1%
Fan Speed Induction Sensor ±0.5%

Fan Shaft Torque Torquemeter ±2%
Ambient Temperature Temperature Sensor ±0.5◦C

Relative Humidity Humidity Sensor ±2%
Atmospheric Pressure Barometric pressure sensor ±170Pa

4.3 Measurement Results

The measurements start near free-delivery conditions. Subsequently, the sys-
tem resistance is increased in small steps until the fan reaches stall condition.
One or two measurements above the stall condition are made in order to con-
struct the fan curve. The system resistance is then lowered in small steps until
the fan reaches free-delivery again. Hence, each performance condition is mea-
sured twice. These measurement procedures guarantee the high quality of the
measured aerodynamic performance, so meaningful comparisons between mea-
surements and numerical prediction are possible. Based on all measured and
derived variables, the fan performance curves represented by the dimensionless
coefficients ϕ, ψ, λ and ηts (defined in Eqs. (1.1) and (1.3)) are obtained.

The measured fan performance curves for the baseline fan with χ = 15◦ are
shown in Fig. 4.4.

Based on the experimental data at the peak of the ϕ−ηts curve, the Reynolds
number Re = 4.6×105 and the Mach number Ma = 0.14, therefore the flow in cur-
rent research is treated as incompressible turbulent flow.



4

42 Chapter 4. Baseline Fans

0.05 0.1 0.15 0.2 0.25
0

0.05

0.1

0.15

 [-
]

Pressure Coefficient

(a)

0.05 0.1 0.15 0.2 0.25
0

10

20

30

40

50

60

70

ts
 [%

]

Total-to-Static Efficiency

(b)

Figure 4.4: Measured Baseline Fan Performance Curve (a) ϕ - ψ;
(b) ϕ - ηts

4.4 US17 Fan

The US17 fan is a medium hub-to-tip ratio fan, its configurations and measure-
ments have been fully described in Ref. [80]. In order to verify that the investi-
gated CFD simulation strategy is also adequate for medium hub-to-tip ratio fans,
CFD simulations of the US17 fan have been performed and reported in Chapter 6.

The 3D model of the US17 fan adapted from Ref. [80] is shown in Fig. 4.5 and
its detailed configuration is given in Table 4.3.

FAN 2015   2 
Lyon (France), 15 – 17 April 2015 

paper is to describe a low pressure fan which was used as a generic test fan in several projects dur-
ing the last years at the University of Siegen [1 - 6] and elsewhere and to present our own experi-
mental results such as performance and sound characteristics, turbulent inflow statistics and far field 
sound spectra. A further objective is to present the test rigs which were used to obtain those data. 

 

DESIGN PHILOSOPHY AND FAN GEOMETRY 

The University of Siegen axial fan "USI7" is a low pressure rotor-only fan with a low solidity blade 
cascade, Fig. 1. Its operational range in terms of volume flow rate and pressure rise is more or less 
typical for a large class of assembly-line produced fans. The lack of outlet guide vanes stems from 
the fact that the potential pressure recovery due to guide vanes is comparably small. A design with-
out guide vanes, however, implies that the dynamic pressure at the fan's outlet not only contains ki-
netic energy associated with the axial but the circumferential flow velocity as well.  

The blade design is based on blade element theory combined with XFOIL-predicted airfoil lift and 
drag data. For that the public domain code XFOIL for analysis of subsonic isolated airfoils by Drela 
[7] has been integrated in the existing in-house fan design code "dAX" [8]. The blades are loaded 
only moderately. The objective was to reduce secondary flow phenomena in the blade passages and 
local flow separation as much as possible. Each fan blade is set up by 15 classical 4-digit NACA 
airfoil sections with a relative thickness varying from 8 % at the hub to 7 % at the tip. Blade skew is 
introduced mainly because of noise reasons and taken into account by a spanwise chord length cor-
rection. The nominal diameter of the rotor is 300 mm. The chord length of each blade varies from 
some 86 mm at the hub to 68 mm at the tip. The thickness of the blade trailing edge is 0.6 mm. The 
design rotational speed is 3000 rpm. Note that the chosen diameter and rotational speed lead to rela-
tively low values of Reynolds and circumferential Mach number, which, nevertheless, are typical 
for similar assembly-line produced fans. Tab. 1 summarizes the important design parameters. 

Table 1: Design parameters of the fan USI7 
Nominal rotor diameter d2 300 mm 
Hub diameter d1 135 mm 
Rotational speed n 3000 rpm 

Design flow rate  designV&  0.65 m³/s 

Number of blades z 5 
Circumferential Mach number at d2 2Ma d n / aπ=  0.139 

Reynolds number at d2 Re Cw /ν∞=  2.1·105 
 

 

   
Figure 1: Rotor USI7; left: Design with blade element momentum theory - 15 blade elements along span; middle: 3D-

CAD model; right: Manufactured from aluminium by 3D CNC-milling (blades mounted on cylindrical hub) Figure 4.5: 3D Model of US17 Fan

The measurements on the US17 Fan have been done in the test rigs at the
University of Siegen built according to the German standard DIN 24163 [80], as
shown in Fig. 4.6.
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Table 4.3: Geometrical and Design Parameters of the US17 Fan.

Rotational Speed [rpm] 3000
Dcasing [m] 0.3
κ [-] 0.45
ε 0.1% or 1%
Number of Blades 5
Chord Length at Hub [m] 0.086
Chord Length at Tip [m] 0.068

FAN 2015   4 
Lyon (France), 15 – 17 April 2015 

rotor is determined with the fan rotor being removed. Being M the true rotor torque the total-to-
static efficiency it obtained as 
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Figure 3: Chamber test rig; (a) fan assembly; (b) electric motor with integrated torque meter, (c) settling chamber 
with internal screens, (d) adjustable throttle, (e) auxiliary fan, (f) flow straightener, (g) volume flow rate metering 

nozzle 

Acoustic measurements are conducted on a duct test rig for fans according to DIN ISO 5136 [13], 
Fig. 4. The impeller takes the air from a large plenum, designed as a semi-anechoic chamber (i.e. 
absorbing walls and reflecting ground) and exhausts into a duct with an anechoic termination. The 
downstream sound power level Lw4 in the exhausting duct is  

 ( ) ( ) ( ) ( )0
4 4
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ρ
ρ

= + + + . (2) 

Lp4 is measured in the duct by a single microphone mounted four meter downstream of the impeller 
with a slit tube and a nose cone to cancel out pseudo sound and avoid duct mode effects. AK is the 
cross-sectional area of the duct and CΣ the corrections according to [13]. 

The upstream inlet side sound pressure level Lp5 is measured in the free field of the semi-anechoic 
chamber. In a pre-study 16 microphones were placed on a parallelepiped enclosing the bellmouth 
fan inlet nozzle and the reflecting ground according to ISO 13347-3 [14]. This costly method even-
tually was replaced by a set of three microphones, placed on a hemispherical arc around the inlet in 
a distance of r = 1.3 m from the fan's spinner and 1350 mm above ground. Then the measurement 
surface area was taken as AM = 2πr2 and the sound power obtained by  
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with the reference area A0 = 1 m2 and the characteristic acoustic impedance (ρa)0 = 400 kg/m2s. It 
was proven that the overall and spectral sound power levels obtained from the 16 and three micro-
phones agreed well within the ensured uncertainty [15]. 

The fan's volume flow rate is controlled by an adjustable throttle downstream of the termination and 
is determined by a calibrated hot film probe in the duct. No auxiliary fan is incorporated in order to 
avoid any acoustic contamination.  

a. Fan Assembly; b. Electric Motor with Integrated Torque Meter;
c. Settling Chamber with Internal Screens; d. Adjustable Throt-
tle; e. Auxiliary Fan; f. Flow Straightener; g. Volume Flow Rate

Metering Nozzle.

Figure 4.6: Schematic Overview of the Test Rig for the US17 Fan
(adapted from Ref. [80])
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The measured pressure rise ψ and total-to-static efficiency ηts are shown in
Fig. 4.7 (a) and (b) and will be compared with prediction results to verify the
CFD simulation strategy developed in the current study.
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Figure 4.7: Measured US17 Fan Performance Curve (a) ϕ - ψ; (b)
ϕ - ηts
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Chapter 5

Numerical Method

In the current study, Computational Fluid Dynamics (CFD) is mainly used to per-
form simulations of low-pressure axial fans, so it is necessary to obtain reliable
CFD methods. The main types of CFD methods are Direct Numerical Simula-
tion (DNS), Large-Eddy Simulation (LES) and Reynolds-averaged Navier Stokes
Simulation (RANS) [43]. DNS and LES are computationally expensive, RANS is
usually applied, with the benefit of limited computational costs.

In this chapter, the fundamental mathematical models (mass and momen-
tum conservation) of fluid motion are introduced first in Sec. 5.1. The Reynolds-
averaged Navier-Stokes equations and employed turbulence models are described
in Sec. 5.2. The calculation domain for the simulations, the mesh generation and
the grid convergence study are mentioned in Sec. 5.3 and 5.4. The validation of
the developed CFD simulation strategy is described in Chapter 6.

5.1 Flow Equations

When establishing mathematical models, it is common to assume that the fluid
is a continuous medium, the so-called continuum. Based on this assumption, the
fluid flow has to satisfy the conservation laws of mass, momentum and energy
[130].

The continuity equation, describing mass conversation, is

∂ρ

∂t
+ ∂

∂xi
(ρvi ) = 0 (5.1)

where vi is i th component of absolute velocity vector, xi denotes the i th spatial
coordinate, ρ is the fluid density. The Einstein summation convention has been
employed, implying a summation over repeated subscripts.
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For incompressible flow this becomes

∂vi

∂xi
= 0 or ∇·v= 0 (5.2)

Based on Newton’s second law, the momentum equation relates the fluid par-
ticle acceleration (material derivative of velocity) to the surface forces and body
forces experienced by the fluid [43]. The surface forces are described by the stress
tensor and body forces are from gravity or centrifugal force.

The Navier-Stokes equations for incompressible flow of a Newtonian fluid are

ρ

(
∂vi

∂t
+ v j

∂vi

∂x j

)
=− ∂p

∂xi
+µ ∂2vi

∂x j∂x j
+ρgi (5.3)

Here p is pressure, µ is dynamic viscosity, ρgi denotes body force.

5.2 RANS Equations and Turbulence Model

The essential characteristic of turbulent flows is that the fluid velocity varies sig-
nificantly and irregularly in both position and time [43], therefore the velocity can
be denoted by v(x, t ), where x is the position and t is the time.

In DNS, the Navier-Stokes equations are solved to determine the v(x, t ). The
computational costs are very high and increase as Re3 since all lengthscales and
timescales need to be solved, so it is generally limited to relative low Reynolds
numbers. LES solves the Navier-Stokes equations for large turbulent length scales
and the smaller scales are modeled by a turbulence model, very fine meshes and
small steps are required. As for RANS, the mean velocity field v(x) is determined
by the Reynolds-averaged equations, the Reynolds stresses are described by a
turbulence model [43]. The computational costs are much lower than for DNS
and LES. Considering Re = 4.6× 105 and that the need to carry out many CFD
simulations in the current study, RANS simulations are chosen.

NUMECA FineTurbo is the software used in the current study, as a compress-
ible solver for compressible flows, Favre averaging (density weighted averaging)
is applied in the derivation of the RANS equations [63]. However, the flows in
the current research are effectively incompressible with low Mach number, and
hence the density is nearly constant, so the process of Favre averaging is for sim-
plicity not shown. Details can be found in Ref. [131]. Here, the main ideas of the
time averaging in the derivation of the RANS equations are explained.
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The decomposition of the instantaneous velocity v(x, t ) into its time-mean v(x)
and fluctuation v’(x, t ) is referred to as Reynolds decomposition [43]:

v(x, t ) = v(x)+v’(x, t ) (5.4)

Considering the absence of a stator in rotor-only axial fans, the flow field can
be treated as a statistically steady flow, the time-mean v(x) can be expressed by

v(x) = 1

T

∫ T

0
v(x, t )d t (5.5)

and therefore
1

T

∫ T

0
v’(x, t )d t = 0 (5.6)

Here T is the time interval used for averaging, which is required to be larger than
the typical time scales of the fluctuations [132].

Substituting the Reynolds decomposition (Eq. (5.4)) into Eqs. (5.2) and (5.3),
the RANS mass and momentum equations become

∂v i

∂xi
= 0 ρ

(
∂v i

∂t
+ v j

∂v i

∂x j

)
=− ∂p

∂xi
+µ ∂2v i

∂x j∂x j
−ρ

∂(v ′
i v ′

j )

∂x j
+ρgi (5.7)

with −ρv ′
i v ′

j named as the Reynolds stress tensor.

For general statistically three-dimensional flow, the mean continuity equation
and RANS equations in three components govern the mean velocity field. How-
ever, in addition to v i and p, there is also the unknown Reynolds stress −ρv ′

i v ′
j .

Therefore, the number of equations is smaller than the number of unknown vari-
ables. This so-called closure problem is addressed by modeling the Reynolds
stress tensor according to the Boussinesq eddy viscosity hypothesis:

− v ′
i v ′

j = νt

∂v ′
i

∂x j
+
∂v ′

j

∂xi

− 2

3
kδi j with k = 1

2
v ′

i v ′
i (5.8)

where νt is the so-called turbulent kinematic viscosity, δi j is the Kronecker delta
symbol and k is the turbulent kinetic energy.

Many models for the turbulent viscosity νt and the turbulent kinetic energy
k have been proposed [43], such as k − ε, k −ω, Shear Stress Transport (SST) and
Spalart-Allmaras (SA) models; SST and SA for short, respectively. With respect to
turbomachinery application, overviews of applied turbulence models are given
in Refs. [44, 45]
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Here the Shear Stress Transport turbulence model [56] and the one-equation
Spalart-Allmaras turbulence model [48] are considered.

The Shear Stress Transport (SST) turbulence model is based on the k−ε and k−
ωmodels [43]. A “blending function" F1 is introduced to multiply the final term in
the ω− equation to blend the model coefficients in boundary layer zones with the
transformed k−ε model in free-shear layer and free-stream zones [63]. Therefore,
the SST model combines advantages of the k −ε and the k −ω turbulence models.
The SST model has also been applied successfully in axial fan investigations [61].

The details of this model are given in Ref. [56]. The key transport equations
for the turbulent kinetic energy k and the dissipation rate ω are:

Dk

Dt
= P −β∗ωk +∇((ν+σkνt )∇k)

Dω

Dt
= γ

νt
P −βω2 +∇((ν+σωνt )∇ω)+2(1−F1)

σω2

ω
∇k∇ω

(5.9)

Here P is the production rate of turbulence, β∗, β, σω, σk and σω2 are model
constants.

The Spalart-Allmaras (SA) turbulence model is a typical one-equation model
originally formulated for aerodynamic applications involving wall-bounded flows.
Its principle is based on the resolution of an additional transport equation for the
turbulent viscosity. However, it is incapable to predict the decay of turbulence
in isotropic turbulence. In low-pressure axial fan research, the SA model has
been successfully applied [49]. Its advantages are robustness and lower CPU and
memory usage, in comparison to two equation models.

The details of this model are given in Ref. [48]. The key transport equation for
the turbulent viscosity is [43]:

Dνt

Dt
=∇·

(
νt

σν
∇νt

)
+Sν (5.10)

Here σν is a constant, the source term Sν depends on ν and νt , the mean rate of
rotation, the gradient of νt and the distance to the nearest wall.

The current study focuses on the CFD simulation strategy, the details of tur-
bulence model are not discussed here and can be found in Ref. [43].

5.3 Computational Domain, Boundary Conditions and
Mesh Generation

The investigated fan is a rotor-only fan (i.e. no diffuser blades are present) with
six identical blades. Considering the circumferential symmetry of the casing and
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the symmetry of the blades, it is sufficient to consider only a single blade passage
as computational domain when the steady operating range is considered.

In the validation study of the CFD simulation strategy, the shape of the test
facility is referred to. As a category A inlet chamber test set up, there is no signif-
icant ducting at either the inlet or the outlet of the fan in the test facility. In order
to reduce the influence of the imposed boundary conditions at inlet and outlet
on the CFD results, the computational domain is extended here by one and two
casing diameters upstream and downstream from the blades, respectively.

For ease in grid generation (with good quality), the hub is extended to the
outlet. This gives a small blockage in the meridional plane, of 1.84% and 3.38%
blockage for the blade with and without non-airfoil part, respectively. The com-
putational domain is shown in Fig. 5.1.

Due to the absence of diffuser blades and the circumferentially uniform inflow
conditions, the flow is considered to be steady in the frame of reference that is
rotating with the (identical) fan blades.

AutoGrid (part of the NUMECA Fine/Turbo CFD environment) is employed
for mesh generation. A cell-centred second-order finite volume approach is ap-
plied for the spatial discretization of the governing equations in conservative
form. In the present study, the steady RANS flow equations are solved with
implicit residual smoothing. Local time-stepping and three-level multigrid tech-
niques are used to accelerate convergence of the solution of the discretised equa-
tions. Merkle preconditioning is applied in the compressible-flow code to provide
fast convergence for low Mach number flows [63, 133].

In order to make the CFD simulation results comparable to measurements, the
boundary conditions should represent actual flow conditions in the experiments
as closely as possible. Since a settling screen is present upstream from the fan in-
let in the experiments (see Fig. 4.3) and with a well-designed “bell mouth", vari-
ations in inlet velocity are expected to be small (see for instance the experimental
results in Ref. [61]), the inlet flow can be assumed as being uniform and without
pre-swirl and with low turbulence level. Therefore, turbulence quantities such as
the turbulent viscosity νt in the Spalart-Allmaras turbulence model and the tur-
bulent kinetic energy k and the dissipation rate ε in the SST turbulence model are
estimated with low-turbulence level relations. For the Spalart-Allmaras turbu-
lence model for internal flows (e.g turbomachinery), it is recommended that νt /ν
is in the range 1−5, from low to high turbulence level [78]. For the SST turbulence
model, the turbulence intensity Tu for internal flows is recommended to be about
5% and estimates for k and ε at the inlet can be obtained from

k = 3

2
(Tu ·Uref)

2 ε=Cµρ
µ

µt

k2

µ
. (5.11)
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Figure 5.1: Computational Domain: (a) Meridional View, (b)
Three-dimensional View.

Here Cµ = 0.09 is a model constant. A typical value for µt /µ = 50 (for internal
flows) and the characteristic velocity Uref here corresponds to the streamwise ve-
locity [78].

As measured directly, the total pressure and the volumetric flow rate are pre-
scribed at the inlet and outlet, respectively. Note that the latter boundary condi-
tion does not imply that the velocity is uniformly distributed. At the outlet, the
pressure distribution conforms to the radial equilibrium condition (see for exam-

ple in Ref. [9]), ∂p
∂r = ρ

v2
θ

r where the value of the static pressure p is fixed at some
radius r .

At the blade and hub surfaces, the relative flow velocity vector equals zero
due to the no-slip condition. The hub surfaces have the same rotational speed
as the blades. At the outer casing, the absolute flow velocity vector equals zero.
Due to the assumed symmetry in the circumferential direction, periodic bound-
ary conditions are applied in circumferential direction at the corresponding sur-
faces (see also Fig. 5.1(b)).
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5.4 Grid Convergence Study

A grid convergence study has been performed for the baseline Howden fan, in
order to assess the numerical accuracy of the CFD simulations and to formulate a
guideline for mesh generation with good quality and fairly low computation cost
for the considered low-pressure axial fans. According to the guidelines for assess-
ing the accuracy of CFD solutions [79], a set of three grids needs to be considered,
with characteristic grid size h (for each of the three grids) defined by

h =
[

1

N

N∑
i=1
∆Vi

]1/3

. (5.12)

Here ∆Vi is the volume of cell i and N is the total number of cells present in the
grid.

Three different multi-block structured grids (“coarse", “medium and “fine";
“c", “m", “f" in short) have been generated for the grid convergence study. The
grid quality is based on considerations of skewness angle, aspect ratio and expan-
sion ratio of the cells. The skewness angle should be as close to 90◦ as possible,
while the aspect ratio (possible range: 1−50000) and the expansion ratio (possible
range: 1−100) should be as small as possible. For the “coarse" grid, the minimum
skewness angle is 35.9◦, the aspect ratio of more than 98% cells is smaller than
1000 and the maximum expansion ratio is 2.24. Hence, the grid satisfies the qual-
ity criteria described in Ref. [134]. All employed grids satisfy the quality criteria
described above.

In the guidelines [79], the grid refinement factors hm/hf and hc/hm are de-
sired to be larger than 1.3 (these factors are hm/hf = 1.30 and hc/hm = 1.36). Since
the sum of the volumes of the cells in the calculation domain is the same for all
grids, the refinement factor for the cell number ratios Nf/Nm and Nm/Nc should
be larger than 2.19. These conditions are met by the employed grids, see Table 5.1.

The discretised nonlinear equations have been solved iteratively. A typical
convergence history curve of the global residual (i.e. the root mean average
squared of the imbalance of the discretised equations for the cells) is shown in
Fig. 5.2. A reduction of the global residual by three orders of magnitude is con-
sidered to indicate good convergence [78]. Here a much stricter convergence cri-
terion, a reduction by six orders of magnitudes, is employed.

Based on the computed solutions, it has been checked that the near-wall grid
resolution is sufficiently fine by determining the dimensionless wall distance y+ =
Uτy/ν (where y is the distance of the first grid point away from the wall and Uτ is
the friction velocity). For all simulations, the maximum value y+

max < 3.3 and the
averaged value y+

avg < 0.3. Hence, the first grid point from the wall is located in
the viscous sublayer.
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Table 5.1: Information on Three Grids.

Grid Level Coarse Medium Fine
Number of Points in Spanwise Direction 41 57 89

Number of Points on Blade to Blade Surface 14223 25479 36063
Total Number of Grid Points 5.8×105 1.5×106 3.2×106
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Figure 5.2: Convergence History of the Reduction of the Global
Residual (with Respect to the Initial Global Residual) with Itera-

tion Step.
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For the grid independence study, the pressure coefficient ψ, the total-to-static
efficiency ηts and the power coefficient λ have been selected as key variables, as
the focus of this study is on the aerodynamic performance.

Following the method described in Ref. [79] that is based on Richardson ex-
trapolation for the dependence of the key variables on the mesh size h, the dis-
cretization errors have been estimated, see Table 5.2 for the flow coefficient ϕ =
0.156 near Best Efficiency Point (BEP for short; based on total-to-static efficiency
ηts). Here φk denotes the value of variable on the k grid, p ′ is apparent order of
the numerical discretisation and φext is the value extrapolated to zero grid size,
h → 0, and GC Ifine is grid convergence index for the fine grid.

According to the results in Table 5.2, the numerical uncertainty in the fine-
grid solution is 1.25% for the pressure coefficient ψ, 3.6% for the total-to-static
efficiency ηts and even smaller for the power coefficient λ, which means that the
computational results are (effectively) independent of grid size.

Table 5.2: Grid Convergence Analysis for Flow Coefficient ϕ =
0.156 near BEP.

Key Variable φcoarse φmedium φfine p ′ φext GC Ifine

ψ [-] 0.1000 0.1005 0.1011 1.33 0.1015 1.25%
ηts [%] 57.81 58.19 58.58 0.68 59.87 3.6%
λ [-] 0.0398 0.0398 0.0397 9.47 0.0398 0.0024%

Similar results for the estimated discretisation errors for the off-design flow
coefficients ϕ= 0.105 and ϕ= 0.229 are given in Table 5.3 and 5.4. Considering the
computational costs and limited gains in numerical accuracy, the medium grid
size is selected as grid size for the analyses in Chapter 6.

Table 5.3: Grid Convergence Analysis for Small Flow Coefficient
ϕ= 0.105.

Key Variable φcoarse φmedium φfine p ′ φext GC Ifine

ψ [-] 0.1328 0.1337 0.1333 3.10 0.1330 0.28%
ηts [%] 54.95 55.26 55.43 1.45 55.81 0.85%
λ [-] 0.0376 0.0376 0.0375 0.77 0.0373 0.77%
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Table 5.4: Grid Convergence Analysis for Large Flow Coefficient
ϕ= 0.229.

Key Variable φcoarse φmedium φfine p ′ φext GC Ifine

ψ [-] 0.0231 0.0242 0.0244 5.62 0.0245 0.29%
ηts [%] 21.88 22.98 23.19 5.23 23.26 0.38%
λ [-] 0.0358 0.0357 0.0357 1.70 0.0356 0.25%



6

55

Chapter 6

Validation of CFD Simulations

The results reported in this chapter are adapted from the published paper [50].
The research background is introduced in Sec. 6.1, the CFD results for the baseline
case with “baseline" variables as indicated in Table 6.2 are described in Sec. 6.2.
CFD results investigating the influence of trailing edge shape, non-airfoil part,
tip gap size and employed turbulence model are described from Sec. 6.3 to 6.6 to
formulate the CFD simulation strategy. The validation of this strategy for a fan
with medium hub-to-tip ratio is reported in Sec. 6.7. The main conclusions are
given in Sec. 6.8.

6.1 Background

To be able to use CFD simulations to support the design of low-pressure axial
fans, it is important to establish their accuracy and to formulate guidelines for
such simulations. Here the accuracy of such simulations is evaluated by compar-
ison between measured and computed aerodynamic performance characteristics.
The number of CFD studies dealing with the aerodynamic performance of fans
with small to medium hub-to-tip ratio κ is limited (see for example in Refs. [33, 49,
57, 60, 61]). These studies are discussed in more detail in the following, in the
order of decreasing hub-to-tip ratio κ. The dimensionless performance parame-
ters for the fans considered in these studies are summarised in Table 6.1. Note
that these studies often focus on more detailed flow phenomena and qualitative
effects of blade geometry on various performance parameters, rather than the
overall aerodynamic fan performance parameters considered here. Only the cur-
rent fan is expected to have a backflow region, according to the criterion shown
in Fig. 2.4 in Sec. 2.1 and given in Refs. [8, 27]. For fans with small κ, design
approaches based on cascade analyses break down due to the significant radial
redistribution of fluid. Design methods for fans with small hub-to-tip ratio κ are
presented in Refs. [123, 135].
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Table 6.1: Dimensionless Fan Parameters (defined in Eqs. (1.3),
(1.4) and (1.5)) at Design Conditions.

Reference Blade Count κ ϕ ψ Ma Re
Current study 6 0.14 0.15 0.10 0.14 4.6×105

Wilkinson et al. [59] 8 0.29 0.13 0.057 0.17 3.0×106

Jin et al. [49] 5 0.35 0.23 0.093 0.11 9.9×104

Masi et al. [60] 10 0.35 0.31 0.073 0.14 1.6×105

Beiler & Carolus [33] 6 0.40 0.15 0.15 0.14 7.7×104

Zhu & Carolus [61, 62] 5 0.45 0.19 0.16 0.14 7.4×104

Vad et al. [57, 58] 12 0.6 0.33 0.23 0.13 4.6×105

For fans with a fairly large hub-to-tip ratio κ = 0.6 (and including diffuser
blades) the influence of forward skewed blades with a prescribed vortex distri-
bution on the aerodynamic performance of axial fans has been investigated in
Refs. [57, 58] by experiments and CFD simulations (using the k − ε turbulence
model). The CFD simulations account for the tip gap and the mesh independence
of the CFD results has been checked. Besides measured velocities (using hot-wire
anemometry) at the design point, the aerodynamic performance has also been
estimated. The agreement between measured and computed performance char-
acteristics is labelled fair (10% deviation at the design point) due to limitations in
the experimental test set-up [57].

For a fan with medium hub-to-tip ratio κ = 0.45 the influence of the size of
tip clearance s on the aerodynamic and the aeroacoustic performance has been
studied experimentally and using RANS CFD simulations (using the SST turbu-
lence model) in Refs. [61, 62], for three tip clearance ratios s/Dfan = 0.1%, 0.5% and
1.0%. The comparison of measured and computed aerodynamic performance (in
terms of pressure coefficient ψ, total-to-static efficiency ηts and power coefficient
λ as function of the flow coefficient ϕ) is considered good with 2% deviation at
the design flow coefficient for the fans with 0.1% and 0.5% tip clearance ratio; for
the fan with 1.0% tip clearance ratio, larger deviations are found for small flow
coefficients. Note that the mesh independence of the CFD results has not been
checked. Since complete geometrical information is available for these fans [62],
these fans have also been considered here.

A design methodology for skewed blades is presented in Ref. [33]. For a fan
with medium hub-to-tip ratio κ = 0.4, experiments and RANS CFD simulations
have been performed to verify this methodology. The computational grids used
are relatively coarse for present-day standards. The small tip gap has not been
accounted for in the CFD-simulations that use the k − ε turbulence model. The
flow fields that have been measured (using hot-film probes) at some distance
downstream of the fan show that at the design flow rate the axial velocity is



6

6.1. Background 57

quantitatively well predicted by the CFD simulations; the measured radial and
circumferential velocity profiles show qualitative agreement. No direct compar-
ison is presented of overall measured and computed aerodynamic performance
characteristics.

Design guidelines for the blade sweep and the vortex distribution are formu-
lated in Ref. [60]. In this study a comparison is also made of experimental and
computed aerodynamic performance characteristics (using the k −ω turbulence
model). The grid independence is established qualitatively. Good qualitative
agreement is observed. For the three considered fans, good quantitative agree-
ment is observed for either pressure coefficient or efficiency, but not for both si-
multaneously.

Tip leakage flows in low-pressure axial fans, with hub-to-tip ratio κ= 0.35 and
with circumferentially-skewed blades, are investigated experimentally and using
CFD simulations (employing the Spalart-Allmaras turbulence model) in Ref. [49].
The grid independence has been investigated, showing some dependence of the
spanwise pressure rise on the employed grid size. The predicted pressure coeffi-
cient shows good qualitative agreement with the measured pressure coefficient,
with 5% deviation at the design point. Unfortunately, results are neither shown
for the total-to-static efficiency ηts nor for the power coefficient λ.

The influence of the tip gap on the aerodynamic performance has been stud-
ied experimentally and using CFD simulations for a fan with κ = 0.29 for flow
rates near the design point in Ref. [59], for tip clearance ratios s/Dfan = 0.31%,
0.26% and 0.39%. In the CFD simulations the realisable k-ε turbulence model has
been employed. The authors state that the experimental and CFD predictions cor-
relate well for the pressure coefficient and reasonably well for the total-to-static
efficiency.

The focus of the current study is on a fan with very small hub-to-tip ratio
κ= 0.14 (much smaller than for the studies discussed above and listed in Table 6.1)
for which a region of backflow is expected [8, 27]. For the considered (Howden)
fan a complete description of the fan blade geometry is available as described in
Sec. 4.1, in combination with the tip gap size. Part of the blade near the hub has a
shape that is not aerodynamically shaped.

Three-dimensional RANS CFD simulations have been performed with Nu-
meca Fine/Turbo software [78], where the grid independence has been thor-
oughly investigated as described in Sec. 5.4. Computational predictions of the
aerodynamic performance have been compared against high-quality measure-
ment data. In this comparison both the dimensionless fan pressure rise ψ and the
total-to-static efficiency ηts are considered.

The ultimate aim of this study is to develop a CFD simulation strategy with
which accurate predictions can be obtained for low-pressure axial fans with small
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hub-to-tip ratio κ. Specific objectives of this study with respect to the aerody-
namic performance of low-pressure axial fans with small hub-to-tip ratio κ are
to:

• Assess the accuracy of RANS-based CFD simulations;
• Study the influence of the shape of the trailing edge blade sections (sharp

vs. rounded);
• Study the influence of the presence of non-aerodynamically shaped parts of

the blades;
• Study the influence of the tip gap size;
• Study the influence of the employed turbulence model.

Note that the current study only focusses on the aerodynamic performance for
flow rates far from stall conditions. The more complex aeroacoustic performance
is not considered here (see for example in Refs. [49, 61, 62, 136]). Methods for
extending the stall characteristics are described in Refs. [35, 137].

For the low-pressure axial fan that forms the focus of this thesis, the Mach
number is 0.14 and the Reynolds number is 4.6×105 (both dimensionless numbers
are defined in Eq. (1.4)), so the flows can be regarded as being incompressible and
turbulent. The medium is considered as air (real gas; ideal gas with specific heat
dependent on temperature).

The influence on the predicted aerodynamic performance characteristics of
the items listed in Table 6.2 are specifically investigated here. For each item, two
possibilities are considered that are labelled as “baseline" and “alternative" in this
Table. For this baseline case, a grid convergence study has been performed whose
results are reported Sec. 5.4.

Table 6.2: Investigated Variables.

Item Baseline Alternative
Trailing Edge Shape Sharp Rounded

Non-airfoil Blade Root Not Included Included
Tip Gap Not Included Included

Turbulence Model Spalart-Allmaras SST

For the fan with small hub-to-tip ration κ = 0.14, CFD results are shown here
for the baseline case in Sec. 6.2, with “baseline" variables as indicated in Table 6.2.
In addition, the CFD results that are analysed here focus on the influence on the
predicted aerodynamic performance of the following factors. The influence of the
trailing edge shape (sharp vs. rounded) is analysed in Sec. 6.3. The influence of
part of the blade not having an aerodynamic shape near the root of the blades
(indicated as non-airfoil part in Fig. 4.2) is analysed in Sec. 6.4. To the best of the
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authors’ knowledge, the influence of this non-airfoil part of the fan blades on the
aerodynamic performance has not been studied in literature. Sec. 6.5 considers
the influence of the tip gap and Sec. 6.6 that of the employed turbulence model.
Note that the first three factors involve modelling of the blade geometry, while
the other involves flow (turbulence) modelling.

CFD results have been obtained for a number of flow coefficients. In the
following, the procedure used to display the aerodynamic performance curves
consists of: (i) showing by markers the computed data points consisting of flow
coefficient and pressure coefficient and (ii) showing by solid lines a spline inter-
polation through these data points. This is done to clearly show the trends in the
performance curves. An analogous procedure is followed for the total-to-static
efficiency.

6.2 Baseline Case

The CFD simulations with variables shown as “baseline" in Table 6.2 form the
reference case for subsequent CFD simulations. For this reference case, the pre-
dicted aerodynamic performance is shown in Fig. 6.1.
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Figure 6.1: Comparison of Measurements and CFD Predictions
for the Baseline Case: (a) Pressure Coefficient ψ and (b) Total-to-

static Efficiency ηts.

As shown in Fig. 6.1(a), the predicted pressure coefficients ψ are lower than
the experimental results, especially for large flow coefficients ϕ (with a maximum
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deviation of 52% at ϕ= 0.229). For small ϕ, near the stall region, the agreement is
reasonably good.

(a) ϕ= 0.079

(b) ϕ= 0.156

(c) ϕ= 0.229

Figure 6.2: Streamlines in the Meridional Plane for the Reference
Case for Different Flow Coefficients: (a) ϕ = 0.079; (b) ϕ = 0.156
(near BEP); (c) ϕ = 0.0229. The fan blades are indicated by the

solid grey rectangles.

The results for the total-to-static efficiency ηts are shown in Fig. 6.1(b). The
predicted results are lower than the experimental results and the largest devia-
tion (compared with experimental data) is 50% at ϕ = 0.229. The maximum pre-
dicted (by CFD) total-to-static efficiency ηts is 59% at ϕ = 0.13, while the experi-
mental maximum ηts is 60% at ϕ = 0.154. The maximum predicted total-to-total
efficiency ηtt =Q ·∆p0/Pshaft (from CFD; no experimental data are available for ηtt;
all velocity components are accounted for in the dynamic pressure p0) is 80.7% at
ϕ= 0.18.

For the power coefficient λ (data not shown), the deviation equals 14% at BEP,
being even larger for large flow coefficients ϕ. Overall, these CFD simulations of
the reference case do not satisfactorily quantify the aerodynamic performance of
the investigated fan.

In order to gain additional understanding of the performance of this fan, the
flow fields have been analysed. As indicated in Sec. 2.1, backflow regions [8]
are expected for this fan. This is confirmed by the current CFD results, see the
streamlines in the meridional plane depicted in Fig. 6.2, for flow coefficients ϕ=
0.079, 0.156 and 0.229. As expected, the extent of the backflow region decreases
with increasing flow coefficient ϕ. For the lower flow coefficients, the vortex
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downstream of the blades occupies a significant part of the flow path (for ϕ =
0.156 nearly 40% based on its radial extent).

The streamlines (based on the relative velocity) in the blade-to-blade plane are
shown in Fig. 6.3 at different spanwise locations (hub, midspan and tip) near BEP.
The flow is attached to the blades, except near the hub.

The vortex distribution, r vθ2(r ) (with vθ2 the circumferentially-averaged cir-
cumferential component of the absolute velocity downstream of the blades), see
also Sec. 2.7, is important for the distribution of the energy transfer from blades
to fluid, as follows from the Euler relation (Eq. (2.11)). The CFD-results near BEP
have been used to compute the vortex distribution. The result shown in Fig. 6.4
demonstrates that the vortex distribution strongly differs from a free-vortex de-
sign, for which r vθ2(r ) = const.

(a) Hub (b) Middle (c) Tip

Figure 6.3: Velocity Streamlines based on the Relative Velocity
in the Blade-to-blade Plane at Different Spanwise Locations for
the Reference Case: (a) near Hub, (b) Mid-span and (c) near Tip.

Results for ϕ= 0.156 near BEP.

6.3 Influence of Trailing Edge Shape

In classical airfoil theory the trailing edge shapes considered are sharp (or cusp-
shaped with zero thickness), as this enforces both the location of the rear stagna-
tion point and the local direction of the flow. However, for strength considera-
tions, actual trailing edge shapes are different. Hence, two trailing edge shapes
are considered, the sharp trailing edge conforming to the Wortmann profile and
the rounded trailing edge conforming to the actual geometry, see Fig. 6.5(a). A
zoom-in on the trailing edge region in Fig. 6.5(b) shows the (small) difference
between the sharp and rounded trailing edge shapes.
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Figure 6.4: Vortex Distribution of Investigated Fan for ϕ= 0.156,
near BEP for the Reference Case.
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Figure 6.5: Shape of Airfoil Section and of Trailing Edge, for
Sharp (Blue Curve) and Rounded (Red Curve) Trailing Edge

Shapes.

CFD simulations with these two trailing edge shapes have been performed,
using the conditions shown as “baseline" in Table 6.2. The employed grids have
(approximately) the same size and grid quality. Note that in these CFD simula-
tions the tip gap has not been taken into account.

The predicted aerodynamic performance for the two trailing edge shapes is
shown in Fig. 6.6. Although the difference in blade section geometry is rather
small, the predicted aerodynamic performance is significantly different.

As shown in Fig. 6.6(a), the CFD simulations with the rounded trailing edge
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Figure 6.6: Comparison between Measurements and CFD Pre-
dictions with Sharp and Rounded Trailing Edge Geometry: (a)

Pressure Coefficient ψ and (b) Total-to-static Efficiency ηts.

(much) better predict, compared with reference case with sharp trailing edge,
the pressure coefficient ψ over the full range of considered flow coefficients ϕ,
especially at high ϕ.

For the total-to-static efficiency ηts, the results shown in Fig. 6.6(b) for the
reference case and for the rounded trailing edge are nearly the same for flow
coefficients ϕ near BEP, and in agreement with experimental results. For higher ϕ,
the CFD prediction for ηts with the sharp trailing edge is lower than that with the
rounded trailing edge geometry. The latter is higher than the measured efficiency.

For the power coefficient λ (data not shown), the prediction with the rounded
trailing edge case shows good agreement with measurements with 3% deviation
at BEP, while for the sharp trailing edge case, the deviation equals 14% at BEP
and is even larger for large flow coefficients.

Thus, the influence of the trailing edge shape on the CFD predictions of the
aerodynamic characteristics is significant. The use of the actual, rounded trailing
edge shape yields CFD predictions that overall are in much better agreement with
the experimental aerodynamic performance characteristics.

To investigate the origin of these differences, the flow field is visualised around
the trailing edge where the two geometries differ, see Fig. 6.7 at midspan for flow
coefficient ϕ = 0.156 near BEP. With the sharp trailing edge, flow separation is
predicted at the suction side near the trailing edge, while for the rounded trailing
edge the extent of the separation is much smaller. The streamlines in the merid-
ional plane with the rounded trailing edge for ϕ= 0.156 (data not shown) are very
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similar to those with the sharp trailing edge that are displayed in Fig. 6.2.

(a) Sharp Trailing Edge (b) Rounded Trailing Edge

Figure 6.7: Relative Velocity Vector Field in the Blade-to-blade
Plane near the Trailing Edge at Mid-span Location for Flow Co-

efficient ϕ= 0.156 near BEP.

6.4 Influence of Nonaerodynamic Shape

The considered fan has non-airfoil blade sections near the root (see Fig. 4.2(b)).
The influence of such non-airfoil sections on the aerodynamic performance char-
acteristics is investigated by comparing CFD results for the case that accounts
for the presence of the non-airfoil sections with the case where only the “main
blade" is represented. The hub diameters for these two cases are Dhub = 0.250m
and 0.339m, respectively.

CFD simulations of these two blades have been performed, with rounded
trailing edge, and where other settings shown as “baseline" in Table 6.2 have
been employed. The employed grids have (approximately) the same size and
grid quality.

The CFD predictions for the aerodynamic performance characteristics of fan
blades with and without non-airfoil sections near the root are shown in Fig. 6.8.

When accounting for the non-airfoil blade root, both pressure coefficient ψ
and total-to-static efficiency ηts from the CFD simulations are smaller than for
blades without the non-airfoil root over the whole range of flow coefficients ϕ.
As for the power coefficient λ (data not shown), nearly the same predictions have
been obtained for these two cases, with the largest deviation of 2.1% near flow
coefficient ϕ= 0.105.

To investigate the origin of the difference in the aerodynamic performance
between these two blades, especially for small flow coefficients ϕ, the streamlines
in the meridional surface for ϕ = 0.105 are shown in Fig. 6.9. The downstream
backflow region for the blade with the non-airfoil sections near the root is larger
than that for without the non-airfoil sections. Also visible in Fig. 6.9(b) is that
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Figure 6.8: Comparison of Measurements and CFD Predictions
with and without Non-airfoil Blade Sections near Root: (a) Pres-

sure Coefficient ψ and (b) Total-to-static Efficiency ηts.

upstream of the blades a vortex is present near the hub for the blades with non-
airfoil sections near the root. The presence of this vortex is considered to result in
larger secondary flow losses and lower static pressure increases. For larger flow
coefficient ϕ= 0.229 the upstream vortex effectively is not present, and the extent
of the downstream backflow region is reduced.

(a) Without Non-airfoil Root

(b) With Non-airfoil Root

Figure 6.9: Comparison of Meridional Surface Streamlines: (a)
Without Non-airfoil Blade Sections near Root; (b) With Non-
airfoil Blade Sections near Root; Both for flow coefficient ϕ =

0.105.
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6.5 Influence of Tip Gap Size

It is well-known (see for instance [38, 138, 139]) that the size of the tip gap affects
the aerodynamic performance, due to the tip leakage flow from pressure side to
suction side that results in the formation of a tip vortex and in blockage. Using
LES simulations, tip leakage flows have been studied in Ref. [42].

An increase of the tip gap results in a decrease of pressure rise and efficiency
[38, 85, 139], and more severe stall [140, 141]. The tip gap is accounted for in some
CFD studies of low-pressure axial fans [49, 57, 59–61, 72, 76], but ignored in others
[33, 60, 76, 136]. For low-pressure axial fans, CFD simulations with different tip
gaps have been reported [61]. Their results show that the deviations between
CFD predictions and measurements increase with increasing tip gap.

Here CFD simulations with and without tip gap are performed (with the
rounded trailing edge and excluding the non-airfoil blade sections near the root)
to investigate the influence of the tip gap size on the predicted aerodynamic per-
formance of the fan with small hub-to-tip ratio κ. The multi-block structured
grid in the tip gap is composed of an H and an O grid. There are 17 points and
13 points in the spanwise and azimuthal direction, respectively, with 193 points
and 81 points wrapping around the O and the H grid. The number of grid points
in the tip gap region is sufficiently large according to Ref. [49]. The sensitivity of
the grid resolution in the tip gap region has been explored by generating grids
with 13 as well as 17 points in spanwise direction. The CFD results show that the
largest deviation in the predicted aerodynamic performance with these two tip
gap grid resolutions is 1.4% in the total-to-static efficiency.

The predicted pressure coefficient ψ and the total-to-static efficiency ηts are
shown in Fig. 6.10 and the predicted power coefficient λ is shown in Fig. 6.11.
As expected, the pressure coefficient ψ, the total-to-static efficiency ηts and the
power coefficient λ decrease with increasing tip-gap ratio s/Dfan. The difference
in λ between the blade with 0.22% tip gap ratio and the blade without tip gap
is small. The influence of the tip gap size becomes smaller with increasing flow
coefficient ϕ.

Quantitatively, for the actual tip gap ratio of 0.43% in the measurements, the
CFD results are quantitatively significantly different (both for pressure rise ψ and
total-to-static efficiency ηts) from measured values. Unusually and unexpectedly,
CFD simulations significantly underpredict the aerodynamic performance in this
case.

The meridional streamlines show that tip recirculation and a backflow region
near the hub are present for the cases of 0.43% and 0.22% tip gap ratio when
ϕ= 0.156 (data not shown). These flow phenomena result in blockage.

The meridional streamlines with 0.43% and 0.22% tip gap ratio for ϕ = 0.156
indicate (data not shown) that tip recirculation is present as well the backflow
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Figure 6.10: Dependence of Pressure Coefficient ψ and Total-to-
static Efficiency ηts on Flow Coefficient ϕ: Measurements, CFD
Simulations with Different Sizes of the Tip Gap and without Tip
Gap. Note that in the experiments the tip gap ratio equals 0.43%.
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Figure 6.11: Dependence of Power Coefficient λ on Flow Coef-
ficient ϕ: Measurements, CFD Simulations with Different Sizes
of the Tip Gap and without Tip Gap. Note: Tip gap ratio equals

0.43% in the Experiments.
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region near the hub, resulting in blockage.
The streamlines in four streamwise cut planes near the tip area are shown in

Fig. 6.12 (viewed from downstream of the blade) for these two tip gap ratios.
The red dashed lines refer to the boundary of each cut plane, numbers of “1"
to “4" refer to the location from near the leading edge to near the trailing edge.
The tip vortex starts from the blade leading edge, appears at mid location of the
blade and further develops at the trailing edge and downstream of it. The vortex
region increases significantly in size with larger tip gap ratio, which results in
larger blockage and losses.

Blade Tip

1 

2 

3 

4 

Pressure SideSuction Side

(a) 0.43% Tip Gap Ratio

Blade Tip Pressure SideSuction Side

1 

2 

3 

4 

(b) 0.22% Tip Gap Ratio

Figure 6.12: Surface Streamlines at Four Streamwise Cut Planes
(“1" to “4", from leading edge towards trailing edge): (a) Blade
with 0.43% Tip Gap Ratio; (b) Blade with 0.22% Tip Gap Ratio.

Both at flow coefficient ϕ= 0.156, near BEP.

Based on the current results, CFD simulations for the fan with small hub-to-
tip ratio κ can not adequately predict the influence of the tip gap on the aerody-
namic performance. Accordingly, for use of CFD within an industrial context, it
is recommended not to take the tip gap into account. Then quantitatively good
agreement can be obtained between CFD predictions and experiments for the fan
considered here in detail. In a scientific context, CFD simulations accounting for
the tip gap need to be studied in (much) more detail.

6.6 Influence of Employed Turbulence Model

For the required turbulence model, there is no definite answer as to which model
is the most suitable in general for low-pressure axial fan CFD simulations. The in-
fluence of the turbulence model on CFD predictions has been studied in Ref. [76]
for different variants of the k-ε turbulence model.
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The Spalart-Allmaras turbulence model [48] has been initially applied here,
based on considerations of low computational cost and successful use in investi-
gations of axial flow fans [49]. The SST turbulence model is a two-equation model
that combines advantages of the Wilcox k −ω model and the k − ε model. It has
improved capability for flow predictions involving separation [61]. Hence, the
SA and SST turbulence models have been selected to investigate the influence of
the turbulence model on the predicted aerodynamic performance of the axial fan
with small hub-to-tip ratio κ. CFD simulations with the rounded trailing edge
shape and the main blade without tip gap have therefore been performed.
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Figure 6.13: Dependence of Pressure Coefficient ψ and Total-to-
static Efficiency ηts on Flow Coefficient ϕ: Measurements, CFD

simulations with SST and SA turbulence models.

The CFD results are shown in Fig. 6.13. The SST-model predicts a lower pres-
sure rise ψ (except near stall conditions) than the SA-model. The results with the
SA-model agree well with experimental results. With respect to the total-to-static
efficiency ηts, the results with the SST-model overpredict and underpredict ηts for
small and large ϕ, respectively. The SST-model underpredicts the power coeffi-
cient λ over the whole range of ϕ (data not shown), with a deviation of 9% at BEP
in comparison to the measurements. The results with the SA-model are in much
better agreement with the experimental aerodynamic performance.

An investigation of the flow fields shows that the SST-model predicts much
larger backflow regions than obtained with the SA-model. The meridional sur-
face streamlines are shown in Fig. 6.14. Compared with the streamlines with the
SA-model shown in Fig. 6.2, the backflow region downstream of the blades is
larger, corresponding to larger losses.
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For a more detailed comparison the (circumferentially-averaged) total and
static pressures have been compared at different axial locations. Upstream of the
blades these are the same for both turbulence models. Downstream of the blades
the total pressures are almost equal, but at an axial distance 0.5Dfan downstream
of the blades the SA-model predicts a higher static pressure than the SST-model.
This means that the predicted velocity distributions are different, corresponding
to the larger predicted backflow region with the SST-model.

Overall, the use of the Spalart-Allmaras turbulence model is recommended
for CFD simulations of axial fans with small hub-to-tip ratio, as it gives much
better agreement with the experimental results for the fan considered here in de-
tail. Note that this sensitivity of the CFD predictions to the employed turbulence
model is not noted for the fan with medium hub-to-tip ratio κ= 0.45 [62, 80], see
Sec. 6.7.

Figure 6.14: Meridional Streamlines: SST Turbulence Model (ϕ=
0.156).

6.7 Validation of CFD Strategy for a Fan With Medium
Hub-to-Tip Ratio

To verify that the employed CFD simulation techniques are adequate for the sim-
ulation of low-pressure axial fans with medium hub-to-tip ratio κ (rather than the
fan with the low κ that is the focus of the current study), CFD simulations have
been performed of the US17 fan that is fully described in Ref. [62] and Sec. 4.4.
For this fan with κ= 0.45, full geometrical data and high-quality measured aero-
dynamic characteristics are available from Refs. [62, 80], other dimensionless fan
parameters are given in Table 6.1.

The flow around the blade with 0.1% tip clearance ratio is simulated, follow-
ing the approach described in Chapter 5. The fluid type is air (real gas) and the
Spalart-Allmaras and the SST turbulence models are both considered. The multi-
block structured grid is generated with AutoGrid and the total number of grid
points is 1.22 × 106. The minimum skewness angle is 21.42◦. The aspect ratio
of nearly all cells is smaller than 1000 and the maximum expansion ratio is 3.8.
Hence, the grid satisfies the quality criteria given in Ref. [134] and explained in
Sec. 5.3.
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The convergence criterion for the iterative solution of the discretised equa-
tions is a reduction of the global residual by at least three orders of magnitude.
The convergence history curves with the SA and the SST turbulence model for a
flow coefficient ϕ near BEP are shown in Fig. 6.15, indicating that good conver-
gence is obtained with both turbulence models.
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Figure 6.15: Convergence History Curves: SA and SST turbu-
lence model.

The CFD predictions for the aerodynamic performance characteristics for this
fan are shown in Fig. 6.16. The predictions with both turbulence models show
good agreement with measurements. For the pressure coefficient ψ, results with
the SA and the SST turbulence models are nearly the same and higher than the
experimental data, except at the lowest flow coefficient ϕ near stall. Near BEP, the
deviation from measurements with both models is 2.3%. For the total-to-static
efficiency ηts, except at the lowest flow coefficient ϕ, all predictions are higher
than measurements, the prediction of SST model is 4% higher near BEP. For the
power coefficient λ (data not shown), the deviation with the SA model near BEP
is 0.7%; the SST model underpredicts the power coefficient λ, with the largest
deviation of 4% at BEP. Thus, the aerodynamic performance characteristics can
be well predicted with both turbulence models.

The meridional surface streamlines predicted when using the SA turbulence
model near BEP (ϕ= 0.16) are shown in Fig. 6.17. As expected, no backflow region
downstream of the fan is observed in the CFD simulation results.

Concluding, the employed simulation techniques are also adequate for CFD
simulations of low-pressure axial fans with medium hub-to-tip ratio, here with
κ= 0.45.
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Figure 6.16: Comparison of Measurements and CFD Predictions
of US17 Fan: (a) Pressure Coefficient ψ and (b) Total-to-static Ef-

ficiency ηts.
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Figure 6.17: Meridional Surface Streamlines for the US17 Fan
with ϕ= 0.16 near BEP; Results using SA turbulence model.
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6.8 Conclusions

Although CFD simulations are widely used in the design of turbomachinery, for
axial fans attention has been limited to fans with medium to large hub-to-tip ra-
tio κ. The current study therefore focuses on a RANS CFD simulation strategy
for fans with a small hub-to-tip ratio κ. Using reliable measurements of the aero-
dynamic performance of an axial fan with small hub-to-tip ratio and a complete
geometrical description of the fan, many CFD simulations have been performed
and analysed in order to investigate the influence of a number of parameters,
ultimately aimed at formulating a strategy and guidelines for obtaining accu-
rate CFD predictions of the aerodynamic performance (pressure coefficient ψ and
total-to-static efficiency ηts) for such machines.

The trailing edge shape (sharp vs. rounded) has a large influence on the pre-
dicted aerodynamic performance. The actual trailing edge geometry (rounded in
this case) should be used in the CFD simulations for improved agreement with
the experimental aerodynamic performance.

The current results show that the presence of non-airfoil sections near the root
has a minor influence on the pressure coefficient and hence on the total-to-static
efficiency, due the formation of a vortex upstream from the blades near the hub.
Overall, the “main blade" part well represents the aerodynamic performance.

With increasing tip gap ratio, the pressure coefficient and the total-to-static
efficiency decrease. The CFD simulations with the actual tip gap ratio present
in the experiments do not adequately predict the influence of the tip gap on the
aerodynamic performance. For use of CFD simulations within an industrial con-
text, it is recommended not to take the tip gap into account, as then quantitatively
good agreement is obtained between CFD predictions and experiments.

CFD simulations employing the SST turbulence model significantly underpre-
dict the aerodynamic performance in comparison to the experiments, while those
using the SA model yield much better agreement. Therefore, the use of the SA
turbulence model is recommended for CFD simulations of axial fans with small
hub-to-tip ratio.

For future studies it is recommended to: (i) perform detailed flow measure-
ments (velocity and pressure distributions) for detailed validation of CFD simu-
lations, (ii) account for the actual hub shape downstream of the fan (bulb-shaped;
not extended to the outlet as in the current CFD simulations) present in the ex-
periments, (iii) study in more detail the influence of the tip gap on the aerody-
namic performance, (iv) consider the influence of the outflow region on the aero-
dynamic performance and (v) perform CFD simulations for other fan types with
small hub-to-tip ratios.
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Chapter 7

Effect of Blade Skew on
Aerodynamic Performance

The results reported in this chapter are adapted from the published paper [93].
The research background is introduced in Sec. 7.1, the CFD results of axial fan
blades with sweep, dihedral, axial skew and circumferential skew are described
in Sec. 7.3. An overview of skew effects is discussed in Sec. 7.4, and the main
conclusions are given in Sec. 7.5.

7.1 Research Background

Classical design methods for axial fans [8, 9, 11, 21, 27] (see also Chapter 2) are
usually based on two-dimensional considerations of lift and drag coefficients
of blade airfoil sections (see Sec. 2.5), cascade analyses (see Sec. 2.6) and radial
equilibrium conditions (see Sec. 2.7) to determine the stagger angles of the two-
dimensional blade sections at various radial locations. To obtain the three-dimensional
blade geometry, the two-dimensional airfoil sections are stacked along a specific
line, the so-called stacking line (see Sec. 2.8).

In conventional design methods, the simplest radial stacking line is applied,
which means that the stacking points lie on a radially-directed straight line. Early
research about three-dimensional stacking has been performed by Godwin [82]
on compressor blades, while the first investigation for axial fan blades was by
Mohammed et al. [83]. Later investigations on three-dimensional stacking lines
are generally expressed in terms of sweep, dihedral and skew. The concept of
sweep was initially introduced by Busemann [28] in 1935 in aircraft wing design
to enhance drag reduction at transonic speed [29]. For a wing with sweep the
airfoil sections are shifted in the chord direction, while with dihedral the airfoil
sections are shifted in the direction perpendicular to the chord direction. Skew is
a more general term, encompassing sweep as well as dihedral.
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In wing aerodynamics [29, 142], sweep is considered to lead to a reduction
of the lift coefficient and the slope of the lift curve (with respect to that of the
unswept wing) by a factor cosγ, where γ is the sweep angle (in radians). The
effect of dihedral is investigated in Ref. [143] and the corresponding lift reduction
factor is cos2γ. A reduction in lift coefficient leads to reduced flow turning [144].
For axial fans, a similar cosγ effect has been reported [33, 83, 89].

For axial fans, the chord direction dictates sweep and dihedral (as for wings),
while the absolute inflow and blade rotation directions dictate axial and circum-
ferential skew, respectively [31–33]. Forward and backward sweep mean that the
blade section is shifted upstream and downstream, respectively, in the relative
flow field. Forward and backward dihedral and axial skew mean that the blade
section is shifted upstream or downstream, respectively, of the baseline blade
section in the absolute flow field. Forward or backward circumferential skew
mean that the blade section is shifted in the direction of rotation or opposite, re-
spectively. Abbreviations for the various types of blade skew are summarised in
Table 7.1.

Table 7.1: Abbreviations for Types of Blade Skew

Forward Backward
Sweep FSW BSW

Dihedral FDH BDH
Axial Skew FAS BAS

Circumferential Skew FCS BCS

Mohammed et al. [83] first investigated the effects of sweep on axial fan per-
formance for an impeller with hub-to-tip diameter ratio κ= 0.5. Their experimen-
tal data indicate that the blades with FSW operate more efficiently than baseline
(unswept) blades at low flow coefficients, while for large flow coefficients the
performance of all cases is almost the same. With respect to flow fields, FSW
is found to affect the blade surface velocity distribution mostly at the tip on the
suction side; nearly no effects are observed at hub and mid sections. For FSW, a
reduction of accumulation of boundary layer flow near the tip is also found.

Subsequent investigations of the effects of sweep, dihedral and skew reported
beneficial effects, such as improvement of efficiency (ηts or ηtt), reduction of end-
wall (hub and shroud) and tip gap losses and control of secondary flow (radial
flow). Most of these advantages are found for forward types [84].

Since any shift of a blade section can be decomposed into two mutually per-
pendicular directions (for example, sweep can be decomposed into axial and cir-
cumferential skew), some of these benefits have common origins. Therefore, FSW
and FCS are often investigated together, as in Refs. [33, 84].
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A simplified explanation of the effects of forward skewed blade effects on the
velocity distribution is as follows. For FSW (and FDH, FCS, FAS) the blades near
the tip protrude into the upstream flow and are able to perform work on the fluid
in advance. Radial equilibrium considerations show that this leads to locally in-
creased axial velocities near the tip and lower axial velocities near the hub. These
changes in velocity fields affect flow angles, lift and vortex distributions (r vθ2)
of each blade section, resulting in changed overall performance. The secondary
flow downstream of blades is found to decrease (increase) by forward (backward)
blade sweep, respectively [34].

Inside the blade passage, a reduction of radial accumulation of low-momentum
fluid in boundary layers at the suction side surface is frequently reported [35, 89–
91] as the main benefit (in aerodynamic performance) from FSW and FCS. This
radial migration induced by forward swept blades is illustrated in Refs. [84, 85,
92], showing that for forward swept blades the flow path of radially outward
flow near the blade surface is shortened. This is confirmed by the measured pres-
sure distribution in Refs. [83, 90] and the streamlines from Computational Fluid
Dynamics (CFD for short) simulations in Refs. [89, 91] near the blade suction side
surface. Therefore, the accumulation of low-momentum fluid near the tip is re-
duced, and the associated reduction of end-wall and the tip losses both contribute
to the improvement of efficiency [35]. A reasoning analogous to the one that ex-
plains the benefits of forward-swept blades shows that backward-swept blades
are less favourable for improvement of aerodynamic performance [89].

Yet, there is no universal conclusion on how these blade shapes can influ-
ence the aerodynamic performance for all axial fan blades, as noted by Vad in his
remarkable overviews [84, 85]. In comparison to a baseline case, FSW gave an
increased ηtt in Ref. [35], unchanged ηts in Ref. [33] and decreased ηtt in Ref. [36].
For BSW, studies reported increased ηtt in Ref. [37] as well as decreased ηtt in
Ref. [36]. Note that these results have been reported for different blades and dif-
ferent flow coefficients.

With respect to dihedral, effects similar to those for sweep (efficiency gain
[31, 86], reduction of tip losses and unloading of the tip [88]) have been reported.
Furthermore, FDH is reported to suppress secondary flow and delay corner stall
[94], while BDH gives opposite effects [95]. In Ref. [96], FDH with a large angle
(45◦) is found to eliminate stall in an axial fan with κ= 0.5, while ηtt is decreased
at high flow rates.

The forward and backward swept blades referred to above are mainly FSW,
FDH, FCS and BSW, BDH. Investigations of BCS and axial skew are rarely re-
ported. Since circumferential skew involves a sweep component, FSW and FCS
are usually discussed together, while BSW and BCS are less interesting. As for
axial skew, it is only reported in Ref. [91], with FAS compared to FSW, without
reference to BAS.
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The analyses of the effects of sweep generally focus on total-to-total efficiency
and total-to-total pressure rise, while effects on total-to-static efficiency and total-
to-static pressure rise are only reported in few studies.

The hub-to-tip diameter ratio κ of the axial fans in the above mentioned inves-
tigations are all medium to high, with some examples listed in Table 7.2. Studies
of axial fans with small HTR (κ≤ 0.2) are rarely found. As shown in Refs. [89, 91],
radial outward flow occurs nearly over the whole blade surface from hub to tip.
This is not likely to occur for fans with small HTR where the chord of the blade
sections is relatively smaller. Another important characteristic of such fans is that
backflow occurs downstream of the fan blades [8, 27]. To the best of the authors’
knowledge, the effects of sweep, dihedral and skew on the backflow region have
not been reported in the literature.

Table 7.2: Hub-to-Tip Diameter Ratio κ of Example Axial Fans

κ Reference
0.4 Beiler & Carolus [33]

0.45 Hurault et al. [34]
0.5 Mohammed & Raj [83]
0.5 Ramakrishna and Govardhan [91]
0.5 Vad et al. [36]

0.68 Corsini & Rispoli [35]

The focus of this study is on a baseline Howden axial fan as described in
Sec. 4.1 with small HTR (κ = 0.14). As shown in Fig. 7.1, extensive backflow to-
gether with hub corner stall are present downstream and upstream of the blades
for such this fan [50].
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Axis of Rotation Backflow RegionHub Corner Stall

𝑟

𝑧

Figure 7.1: CFD Results for the Streamlines in the Meridional
Plane: Backflow region and hub corner stall of Howden fan at

BEP [50]

The main aim of this study is to investigate the effects of sweep, dihedral
and skew on the aerodynamic performance of low-pressure axial fans with small
hub-to-tip ratio κ. CFD simulations are employed, since it is (relatively) easy to
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change the blade geometry and determine the resulting overall aerodynamic per-
formance as well as investigate corresponding flow fields. As discussed above,
the advantages and disadvantages of sweep and dihedral can also be utilized
via circumferential skew and axial skew. Therefore, the investigations of sweep
and dihedral are reported as focal points, with some investigations of skew to
strengthen the results. Since the operation range of the investigated low-pressure
axial fan with small HTR is outside of the stall range, this study focuses on flow
rates near the best efficiency point BEP and on large flow rates.

Specific objectives of this CFD study are to study the effects of sweep, dihedral
and skew on:

• Total-to-total and total-to-static pressure and efficiency;
• Hub corner stall and backflow region near BEP;
• Flow fields near the blade surface and in the blade-to-blade view, close to

BEP;
• Reduction of the pressure coefficient due to sweep and dihedral.

It should be noted that the objective of the current study is not to perform an
optimization, but to study the effects of sweep, dihedral and skew on the aerody-
namic performance of low-pressure axial fans with small HTR. Therefore, neither
structural mechanics nor aeroacoustic effects are considered, although sweep is
often employed to reduce noise.

The outline of this study is as follows. The geometry of the baseline fan with
small HTR as well as that of the fans with sweep, dihedral and skew are described
in Sec. 7.2. The predicted aerodynamic performances and flow field analyses are
presented in Sec. 7.3. An overview of the effects of sweep, dihedral and axial and
circumferential skew are given in Sec. 7.4. Finally, conclusions and recommenda-
tions are formulated in Sec. 7.5.

7.2 Blade Geometry with Sweep, Dihedral and Skew

By changing the stacking line (and keeping the shape of the blade sections the
same), sweep, dihedral and skew can be applied to the baseline fan blade. In a
cylindrical coordinate system, r,θ, z indicate the radial, circumferential and ax-
ial locations, corresponding to spanwise, rotation and absolute inflow directions.
With sweep, the stacking line is shifted parallel to the chord line. The stagger
line (red line in Fig. 4.2(c)) is used here (instead of the chord line) as reference
for sweep. Dihedral means that the stacking line is shifted in the direction that
is perpendicular to the direction of sweep. Axial and circumferential skew mean
that the stacking line is shifted in axial and circumferential direction, respectively.

The stacking line of the baseline fan is radially straight. Here blades with
sweep, dihedral and skew are considered where the stacking line is straight (but
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not radial as for the baseline fan). The stacking lines are then characterised by a
single angle (γ1 for sweep, γ2 for dihedral, γ3 for axial skew and γ4 for circum-
ferential skew). Examples of stacking lines and corresponding angles of sweep,
dihedral, axial and circumferential skew are shown in Fig. 7.2 (a), (b) and (c).

The change of the stacking line results in a shift of the location of the stack-
ing points of the blade sections on the Blade-to-blade (B2B in short) surface. The
blade section shifts of sweep, dihedral and skew in the B2B view are shown in
Fig. 7.3 with O,O1,O2,O3 and O4 representing the stacking point of the blade sec-
tions for baseline case and cases with sweep, dihedral, axial and circumferential
skew respectively.

Cases of sweep, dihedral, axial and circumferential skew, forward as well as
backward, have been investigated; the angles γ1, γ2, γ3, γ4 range from −25◦ to 25◦
(with 5◦ increment). Examples of the baseline fan blade (for which γ1 = γ2 = γ3 =
γ4 = 0◦), and blades with FSW, BDH, FCS and BAS are shown in Fig. 7.4.

7.3 Predicted Aerodynamic Performance

The CFD results for the baseline fan are compared to the fans with skewed blades
in order to investigate the effects of sweep, dihedral and skew on the aerody-
namic performance, in Secs. 7.3.1, 7.3.2, 7.3.3 and 7.3.4 respectively. The aerody-
namic performance curves are shown first, followed by the analyses of the flow
fields in order to better understand the origins of the observed effects.

In order to avoid too much overlap of performance curves, results are shown
for sweep angles of 5◦, 15◦ and 25◦. The discussed overall aerodynamic param-
eters are pressure coefficient ψ, total pressure coefficient ψtt, total-to-static effi-
ciency ηts and total-to-total efficiency ηtt. Six flow coefficients are considered:
low flow coefficient (ϕ near 0.11), near BEP (ϕ near 0.13 and 0.15) and larger flow
coefficients (ϕ near 0.19, 0.21 and 0.23). The performance curves are created by
cubic spline interpolation through the six CFD predicted points. Since the result-
ing characteristics of ψ and ψtt are nearly the same, only the results for ψ are
shown.

7.3.1 Sweep

The results for sweep are reported first. As described in Ref. [85], outward ra-
dial fluid migration for non-free vortex designs can be moderated via FSW to
reduce losses. Thus, the combination of FSW and a non-free vortex distribution
has been recommended to obtain improved performance. The vortex distribu-
tion of the baseline fan strongly differs from a free-vortex design (as shown in
Fig. 6.4). Therefore, improved aerodynamic performance is expected from FSW,
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Figure 7.2: Geometrical Description of (a) Stacking Line for
Sweep and Dihedral (in red and denoted by “1" and “2", respec-
tively) and Angles γ1 and γ2 (b) Stacking Line for Axial Skew
(in red and denoted by “3") and Angle γ3 (c) Stacking Line for
Circumferential Skew (in red and denoted by “4") and Angle γ4
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Figure 7.3: Geometrical Description of Blade Section Shift:
O,O1,O2,O3 and O4 represent stacking points of original blade,
and blades with (forward) sweep and dihedral, axial and circum-
ferential skew, respectively. Inflow is in the positive z-direction

relative to the baseline fan. With respect to the pressure coefficient, it could be
expected that a reduction by a factor cosγ is observed.

The predicted aerodynamic performance of fan blades with forward sweep
(FSW) for different sweep angles is shown in Fig. 7.5.

Contrary to expectation, the pressure coefficient ψ is hardly affected by FSW
for the BEP flow coefficient (ϕ near 0.15) and larger (see Fig. 7.5(a)). For small flow
coefficient ϕ, only for a sweep angle of 25◦ a decrease is observed (by a factor of
0.96; much less than expected from the cosγ effect).

The total-to-static efficiency ηts decreases with increasing FSW sweep angle
for the low flow coefficient ϕ near 0.11 (maximum drop by 1.87% for 25◦FSW), see
Fig. 7.5(b). Modest improvements are noted near BEP and for large ϕ. Near BEP,
the largest improvement is 0.33% for 15◦FSW. At large ϕ near 0.23, the maximum
increase is 1.21% for 25◦FSW.

With increasing FSW, the total-to-total efficiency ηtt decreases at low flow co-
efficient ϕ and increases at high flow coefficient ϕ, see Fig. 7.5(c). The maximum
drop (1.82%) and improvement (1.19%) are both obtained for 25◦FSW at low and
high ϕ, respectively. Near BEP, the predicted performance is effectively not af-
fected by FSW. Overall, fan blades with FSW give improved ηtt at large flow
coefficients, while limited benefits are obtained near BEP.

Contrary to FSW, BSW does not give benefits, as shown in Fig. 7.6. A larger
BSW angle results in a larger decrease of the pressure coefficient ψ, the total-to-
static efficiency ηts as well as the total-to-total efficiency ηtt. The drop in ψ and
ηts does not vary much with flow coefficient ϕ. However, for ηtt, larger decreases
are found for large ϕ. Near BEP, the maximum drop (for 25◦BSW ) in ψ is 3.4%,
and the drops in ηts and ηtt are 1.7% and 1.6%, respectively.
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Figure 7.4: Example Blades of Baseline Case and (a) FSW and
BDH, (b) FCS and (c) BAS
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Figure 7.5: CFD Predictions: Comparison between Baseline Fan
and Fans with FSW: (a) Static Pressure Coefficient ψ, (b) Total-to-

static Efficiency ηts and (c) Total-to-total Efficiency ηtt.
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Figure 7.6: CFD Predictions: Comparison between Baseline Fan
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Efficiency ηts and (c) Total-to-total Efficiency ηtt
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For the baseline fan at large flow coefficient ϕ= 0.23, secondary flow and back-
flow are almost eliminated [50]. In order to investigate the influence of sweep on
the downstream backflow region and radial migration near the blade surface,
the flow field analyses focus on streamlines in the meridional plane and near the
blade suction side surface at BEP. In particular, the occurrence of hub corner stall
and the backflow region are investigated, see also Fig. 7.1. The cases of FSW and
BSW with maximum angle of 25◦ are investigated to have a clearer view of the
influence of sweep on the flow field.

The streamlines in the meridional plane for 25◦FSW and 25◦BSW are shown
in Fig. 7.7. The downstream backflow region with BSW blades is larger than
that with FSW blades. However, the upstream hub corner stall region with BSW
blades is smaller than that with FSW blades. More intensive connections between
the hub corner stall and backflow regions are found with FSW blades, which
may give more losses that reduce the improvement in aerodynamic performance
expected with FSW blades.

(a)

(b)

Figure 7.7: Comparison of Meridional Surface Streamlines: (a)
25◦FSW and (b) 25◦BSW; Both for flow coefficient at BEP

The streamlines of the relative flow at BEP near the blade suction side sur-
face (inside the boundary layer; at averaged value of y+

avg = 8.7) are compared in
Fig. 7.8 for the baseline blade, and blades with 25◦FSW and 25◦BSW. Here the
view is in the axial direction, from inlet towards outlet.

Radial outward flow is present for all cases, which starts from the hub towards
mid-span of the blade and collects near the trailing edge. For the baseline case
and BSW, the radial flow develops towards the tip, but for FSW there are even
some streamlines from tip towards lower span at the trailing edge. The main
streamlines occupy most area of blade surface, which is different from what is
found in Refs. [89, 91] (where κ equals 0.4 and 0.5, respectively). Overall, the
radial outward flow path is reduced by FSW, and the radial outward flow region
is limited for these fans with small HTR.
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Figure 7.8: Boundary Layer Streamlines near Blade Suction Side
Surface for (a) 25◦FSW, (b) Baseline and (c) 25◦BSW; All for flow
coefficient at BEP, “LE" and “TE" stand for leading and trailing

edge.

In both Fig. 7.7(a) and (b), the corner vortex is present near the hub. The
relative velocity streamlines in the B2B view at 2.5% spanwise location are shown
in Fig. 7.9. For both baseline case and BSW, only a vortex near the trailing edge is
found, but with FSW a vortex near the leading edge is also found, corresponding
to the more intensive hub corner stall also shown in Fig. 7.7.

(a) (b) (c)

Figure 7.9: Velocity Streamlines Based on the Relative Velocity
in the Blade-to-blade Plane at 2.5% Spanwise Location for: (a)
25◦FSW (b) Baseline Case and (c) 25◦BSW; All for flow coefficient

near BEP

Therefore, sweep applied to axial fans with small hub-to-tip ratio will give mi-
nor improvements in pressure coefficient ψ and total-to-static efficiency ηts over
the full range of flow coefficient ϕ, but FSW is helpful to obtain higher total-to-
total efficiency ηtt at large ϕ. With respect to the velocity distribution, although
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sweep clearly affects the radial migration, the affected area is quite small, which
therefore hardly contributes to the overall aerodynamic performance. The flow
field analyses have shown that FSW is able to reduce the downstream backflow
region (BSW has the opposite effect), yet more intensive upstream hub corner
stall is also found for FSW.

7.3.2 Dihedral

With dihedral, the stacking line is shifted in the direction perpendicular to the
chord line. FDH has been reported to give increased total-to-total efficiency (by
1.33%) [86] and to affect the velocity distribution downstream of the fan blades
[94]. Also, BEP is shifted towards a lower flow coefficient ϕ by FDH. An extreme
case (with large dihedral angle of 45◦) is considered in Ref. [96], where FDH
eliminates the stall in the operation range. As for the reduction in lift coefficient,
different from sweep, a factor cos2γ has been reported in Ref. [143] for wings.

The predicted aerodynamic performance of fan blades with FDH for different
dihedral angles is shown in Fig. 7.10.

For the pressure coefficient ψ, a decrease in ψ is found with FDH. This reduc-
tion increases with FDH angle. The maximum decrease is 22% with 25◦FDH for
flow coefficient ϕ= 0.23.

For the total-to-static efficiency ηts, blades with 5◦ − 25◦ FDH give improve-
ments at low flow coefficientsϕ, the maximum increase is 0.95% found for 15◦FDH
near ϕ= 0.11; at flow coefficients ϕ larger than BEP, 5◦FDH gives nearly same ef-
ficiency as the baseline case, while others result in drops; the maximum drop is
found at ϕ= 0.23 for 25◦FDH.

With respect to the total-to-total efficiency ηtt, blades with 5◦−15◦ FDH per-
form better for all flow coefficients ϕ; 25◦FDH performs better only at low ϕ. The
largest improvement is 0.82% with 15◦FDH near ϕ= 0.11; this is the same as what
has been found for ηts.

Therefore, considering the improved, higher ηts and ηtt, 15◦FDH performed
better among all FDH. Larger dihedral angles are not recommended due to large
drops in both ψ and ηts.

The predicted aerodynamic performance of fan blades with BDH for differ-
ent angles shows significant decreases in aerodynamic performance (data not
shown), with larger dihedral angles giving larger decreases. 5◦BDH gives nearly
the same performance as the baseline case; all other BDH result in decreased per-
formance over all ϕ. The maximum drops in pressure coefficient ψ, total-to-static
efficiency ηts and total-to-total efficiency ηtt are for 25◦BDH.

According to Ref. [94], FDH is able to suppress secondary flow. In order to in-
vestigate the effects of dihedral on the hub corner stall and backflow, the stream-
lines in the meridional plane are shown in Fig. 7.11 for 25◦FDH and 25◦BDH at
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Figure 7.10: CFD Predictions: Comparison between Baseline Fan
and Fans with FDH: (a) Pressure Coefficient ψ (b) Total-to-static

Efficiency ηts and (c) Total-to-total Efficiency ηtt
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flow coefficient ϕ near BEP. FDH (slightly) intensifies the hub corner stall up-
stream of the blade and reduces the backflow region downstream the blade; the
opposite effects are found with BDH.

(a)

(b)

Figure 7.11: Comparison of Meridional Surface Streamlines:
(a) 25◦FDH and (b) 25◦BDH; Both for flow coefficient at BEP

The relative velocity streamlines near the blade suction side surface are shown
in Fig. 7.12 for 25◦FDH and 25◦BDH and are compared with the baseline case for
flow coefficient ϕ near BEP.

The streamlines are different from those for sweep cases in Fig. 7.7, no signif-
icant difference in radial outward flow pattern is found between FDH and BDH
blades, but the extent of radial flow is reduced in comparison to the baseline case.

A visualisation of the relative velocity streamlines on the B2B view at 2.5%
spanwise location, for both baseline case and BDH, showed that only a vortex
near the trailing edge is found at the hub (data not shown). For FDH a small vor-
tex near mid chord is also found, which corresponds to a slightly more intensive
hub corner stall region.

Although higher total-to-total efficiency ηtt can be obtained from 15◦FDH, the
overall aerodynamic performance of fan blades with dihedral is not satisfactory,
since no significant improvement in total-to-static efficiency ηts is obtained.

7.3.3 Axial Skew

For axial skew, the blade leans towards the inflow or outflow direction, as de-
scribed in Sec. 7.2. Investigations on axial skew are not often reported, especially
on BAS. According to the results in Sec. 7.3.1 and 7.3.2, axial skew is expected to
affect the backflow region and hub corner stall.

The predicted aerodynamic performance of fan blades with FAS for different
angles is shown in Fig. 7.13.
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Figure 7.12: Boundary Layer Streamlines near Blade Suction Side
Surface for (a) 25◦FDH, (b) Baseline and (c) 25◦BDH; All for flow
coefficient at BEP, “LE" and “TE" Stand for leading and trailing

edge.

For the pressure coefficient ψ, only 5◦FAS blade gives a small increase at all
flow coefficients ϕ; the others show a drop in ψ. A larger axial skew angle leads
to a larger drop; the maximum is 24.6% for 25◦FAS near ϕ= 0.23.

For the total-to-static efficiency ηts, increases are not very significant. The
maximum increase is 0.7% for 15◦FAS at ϕ near 0.11; the maximum decrease is
4.3% for 25◦FAS near ϕ = 0.23. Near BEP, only the blade with 25◦FAS gives a de-
crease; at large ϕ, decreases are found for all FAS except with 5◦ axial skew angle.

For the total-to-total efficiency ηtt, improvements are obtained for all angles
for all ϕ, except 25◦FAS.

The predicted aerodynamic performance of fan blades with BAS for different
angles show (data not presented) that the aerodynamic performance is reduced
for BAS; larger skew angles give larger decreases. Only 5◦BAS at large ϕ gives
some increase in ψ and ηts.

The meridional surface streamlines for fan blades with forward and backward
axial skew of 5◦, 15◦ and 25◦ are shown in Fig. 7.14. BAS leads to a backflow
region with larger extent in streamwise direction; the opposite effect occurs with
FAS. However, FAS tends to give a larger hub corner stall region upstream of the
blades. These observations conform with the expectation.
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Figure 7.13: CFD Predictions: Comparison between Baseline Fan
and Fans with FAS: (a) Pressure Coefficient ψ (b) Total-to-static

Efficiency ηts and (c) Total-to-total Efficiency ηtt.
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Figure 7.14: Backflow Region Downstream of Fan Blades with
Different Forward and Backward Axial Skew Angles

7.3.4 Circumferential Skew

As described in Sec. 7.2, advantages and disadvantages of sweep will also be ob-
served with circumferential skew. Therefore, the results in Sec. 7.3.1 and Sec. 7.3.2
suggest that radial migration boundary layer flow is expected to be reduced by
FCS.

The predicted aerodynamic performance of fan blades with FCS with differ-
ent angles is shown in Fig. 7.15. The predicted results are qualitatively similar
to the results for FSW. No significant improvement is found in both pressure
coefficient ψ and total-to-static efficiency ηts over all flow coefficients ϕ. Some
improvements are found in total-to-total efficiency ηtt at large ϕ.

The predicted aerodynamic performance of fan blades with BCS with different
angles is quite similar to the results with BSW in Sec. 7.3.1. For pressure coeffi-
cient ψ, total-to-static efficiency ηts and total-to-total efficiency ηtt, larger skew
angles result in larger decreases. For different flow coefficients ϕ, the drops in ψ

and ηts are nearly the same, but for ηtt larger decreases are obtained at large ϕ.
However, at low flow coefficient ϕ near 0.11, the predicted performance of BCS
is nearly the same as that of the baseline case, which is different from what is
reported for BSW.
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Figure 7.15: CFD Predictions: Comparison between Baseline Fan
and Fans with FCS: (a) Pressure Coefficient ψ (b) Total-to-static

Efficiency ηts and (c) Total-to-total Efficiency ηtt.
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Figure 7.16: CFD Predictions: Comparison between Baseline Fan
and Fans with BCS: (a) Pressure Coefficient ψ (b) Total-to-static

Efficiency ηts and (c) Total-to-total Efficiency ηtt.
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The visualisation of the boundary layer streamlines on surface near blade suc-
tion side (data not presented) shows that with FCS the outward flow path near
trailing edge is shortened; for BCS the opposite effect is observed.

7.4 Overview of skew effects

In this section the effects on the aerodynamic performance of sweep, dihedral and
axial and circumferential skew are compared. The focus is on radial migration in
Sec. 7.4.1, the extent of the backflow region in Sec. 7.4.2, the pressure reduction in
Sec. 7.4.3 and the maximum efficiencies in Sec. 7.4.4.

7.4.1 Radial Migration Flow

As discussed in Sec. 7.3, the boundary layer radial outward flows near the suction
side are present for all blades. Differently from the flow patterns in medium
to high HTR fans where the radial migration occupies most of the suction side
surface (shown for example in Ref. [85]), the radial flow in the current study is
mostly around the hub area and develops towards the tip near the trailing edge.

Blades with FSW and FCS give shortened outward flow paths near the blade
suction side surface; BDH also shows such potential (although less noticeable).
For BSW and BCS the effect is opposite. However, due to the limited affected
area near the suction side surface, such benefits hardly contribute to overall aero-
dynamic improvements.

7.4.2 Backflow Region

Blades with FSW and FDH reduce the backflow downstream of the blades, but
intensify the hub corner stall region upstream of blades and the separation near
the hub blade section; BSW and BDH have the opposite effects.

In order to quantitatively compare the influence on the backflow region from
sweep, dihedral and axial and circumferential skew, the size of the backflow re-
gion is quantified by a backflow area percentage P (z) through streamwise (axial)
cross-sections A(z) downstream of the fan blade

P (z) =
∫

A(z) H(vz )d A∫
A(z) d A

H(vz ) =
{

1 vz ≤ 0

0 vz > 0
, (7.1)

where vz is axial velocity. The integrals present in Eq. (7.1) are numerically eval-
uated, based on a Delaunay triangulation of the cross-sections.

The backflow area percentages P (z) are investigated for streamwise locations
at z/Dfan = 0.05 to z/Dfan = 0.65, where the fan is located at z/Dfan = 0.
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In order to show the most significant trends, the backflow area percentages
are shown in Fig. 7.17 for 25◦ sweep, dihedral and axial and circumferential skew
(both forward and backward).
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Figure 7.17: Backflow Percentage P (z) in Eq. (7.1) for Various Ax-
ial Sections Downstream of the Blades for γ = 25◦: (a) Forward

Blades (b) Backward Blades.

Compared with the baseline case, blades with forward skew decrease both the
size and the axial extent of the backflow region. The opposite holds for blades
with backward skew. The effects of sweep and circumferential skew are similar;
the same holds for dihedral and axial skew.

In detail, FAS gives the smallest backflow area as well as the smallest axial
extent. Blades with BAS give the largest axial extent. The largest backflow area is
observed for BSW and BCS.

Since the stagger angle of the investigated fan is χ = 15◦, circumferential and
axial skew participate more in sweep and dihedral, respectively. Hence, circum-
ferential skew plays a main role in the outward radial flow pattern, while axial
skew plays a main role in the backflow region and hub corner stall region.

7.4.3 Pressure Reduction

In investigations of wing aerodynamics [28, 142, 143] and axial fan aerodynamics
[33, 83, 89], it is shown or assumed that lift/pressure is reduced by cosγ with
sweep and by cos2γ with dihedral. In order to investigate this effect for fans
with small HTR, the pressure coefficient ratios between sweep, dihedral and the
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baseline case (ψ/ψBase) are compared in Fig. 7.18 for different flow coefficients ϕ
for γ= 25◦.
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Figure 7.18: CFD Predictions: Pressure Reduction ψ/ψBase due
to Sweep and Dihedral, with γ = 25◦; ϕ−ψ/ψBase with Forward

and Backward Sweep and Dihedral

Neither the cosγ effect for sweep nor the cos2γ effect for dihedral is observed
in current study. Backward and forward sweep (the same holds for dihedral)
could be expected to give the same pressure reduction, which is not observed.
This is different from the results reported in Ref. [89] where the pressure reduc-
tion due to forward and backward sweep is reasonably equal (for fans with κ in
the range 0.4−0.5). With forward skewed (in the general sense) blades, only FSW
gives some increase in pressure coefficient ψ.

Overall, the pressure with sweep and dihedral is larger than expected, based
on the lift reduction factors of cosγ and cos2γ for sweep and dihedral from aero-
dynamics.

These deviations are considered to be due to the flow in axial fans being (much
more) three-dimensional (spanwise variations in angle of attack; hub corner stall
and backflow region, etc.) in comparison to flows around wings.

7.4.4 Predicted Maximum Efficiency

Finally, the potential is investigated for employing sweep, dihedral and axial and
circumferential skew to improve the maximum (when varying the flow coeffi-
cient ϕ) total-to-static and total-to-total efficiency; ηts,max = maxϕηts and ηtt,max =
maxϕηtt. These maximum efficiencies are shown in Fig. 7.19.
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Figure 7.19: Predicted Maximum Efficiency for Blades with
Sweep, Dihedral and Skew, for Different (Positive and Negative)
Angles: (a) Total-to-static Efficiency ηts,max (b) Total-to-total Effi-

ciency ηtt,max

The results for the maximum total-to-static efficiency ηts,max are shown in
Fig. 7.19 (a). The highest ηts,max is found for 15◦FDH (increase by 0.42%). Axial
skew and dihedral give almost the same ηts,max. For negative angles, axial skew
and dihedral give significant decreases in maximum ηts,max. Increases in ηts,max

are not found with forward sweep and circumferential skew, but the decreases
with backward sweep and circumferential skew are smaller.

The results for the maximum total-to-total efficiency ηtt,max are shown in Fig. 7.19(b).
The highest ηtt,max with sweep and circumferential skew is found for the largest
considered angle (increases by 0.69% and 0.46%, respectively). For dihedral and
axial skew, the optima are found in forward direction for angles in the range
5◦−15◦.

7.5 Conclusions

By using a validated CFD simulation method for low-pressure axial fans with
small hub-to-tip diameter ratio [50] as reported in Chapter 6, simulations have
been performed to investigate effects of (forward as well as backward) sweep,
dihedral and skew on the aerodynamic performance of such fans, with a linear
stacking line.
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In contrast to the flow patterns in medium to high HTR fans where radial
migration occupies most of the suction side surface, the radial flow in the cur-
rent study is more limited due to the chord of the blade sections being relatively
smaller. The beneficial aerodynamic effects of skew (in the general sense) of the
blades are therefore more limited here. In general, backward skew gives negative
effects, while forward skew can (conditionally) give positive effects.

Blades with sweep hardly lead to improvements in pressure coefficient and
total-to-static efficiency. Only at large flow coefficient does forward sweep result
in higher total-to-total efficiency. Forward dihedral gives some improvement in
total-to-static and total-to-total efficiency near BEP and for large flow coefficient,
but 25◦FDH and all blades with BDH result in negative effects. Circumferential
skew gives a performance similar to that with sweep, in both forward and back-
ward direction, with higher total-to-total efficiency.

It should be noted that the reason for the similar performance in sweep and
circumferential skew, as well as with dihedral and axial skew, is the small stag-
ger angle χ = 15◦. The benefits and disadvantages of sweep and dihedral can be
traced to circumferential and axial skew. With different stagger angles, the pro-
portion of circumferential and axial skew in sweep and dihedral is changed, and
the consequent performance may also be changed.

Differently from wing aerodynamics where lift coefficients are reduced by fac-
tors cosγ and cos2γ for sweep and dihedral respectively, the reduction of the pres-
sure coefficients is much more limited (pressure rise is larger than expected). This
is considered to be the result of the (much more) complex three-dimensional flow
patterns in axial fans, involving backflow and hub corner stall that are absent in
flows around wings.

The highest ηts is predicted for axial skew; only 5◦F AS gives positive effects
on both pressure coefficient and efficiency. FAS as well as FDH influence the
backflow region significantly, where a larger forward angle helps to suppress the
backflow.

Although the improvements from sweep, dihedral and skew on fan aerody-
namic performance are limited for the considered baseline fan with small HTR,
for different optimization purposes, different blade shifts can be applied. FSW
and FCS with large angles can be used for higher ηtt, while FDH and FAS can
suppress backflow and give positive effects on ηts.

For future studies, it is recommended to: (i) investigate the effects of sweep,
dihedral and skew with non-straight stacking line (with angles γ1, γ2, γ3 and γ4

in Fig. 7.2 that vary with spanwise locations), aimed at partial combination of
beneficial shape variations into a single blade, (ii) study the effects of the vortex
distribution together with sweep, dihedral and skew to obtain better flow control
and reduced loss and (iii) perform CFD simulations for other small HTR axial
fans with sweep, dihedral and skew and (iv) perform measurements of small
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HTR axial fans to investigate the effects of sweep, dihedral and skew on overall
aerodynamic performance as well as local flow phenomena like tip leakage flow.
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Chapter 8

Optimal Vortex Distribution
Design Method

The results reported in this chapter are adapted from a submitted journal paper.
The research background is introduced in Sec. 8.1. The vortex distribution design
method is concisely described in Sec. 8.2. The selection of free-vortex and poly-
nomial vortex designs, following the ideas of Bamberger and Carolus [13, 145],
are presented in Sec. 8.3. In this Section an analytical formulation is also given for
the optimal HTR for free-vortex designs (for the first time in the literature about
axial fans, to the author’s best knowledge). The parameters of the baseline fan
and design results are described in Sec. 8.4. For the fan designs resulting from
various vortex distributions, the aerodynamic performance and the flow fields
resulting from CFD simulations are presented in Sec. 8.5. Finally, conclusions
and recommendations are formulated in Sec. 8.6.

8.1 Research Background

As introduced in Chapter 2, the vortex distribution (denoted by r vθ2(r ), with r
and vθ2 being the radial coordinate and the downstream circumferential compo-
nent of the absolute velocity, respectively) design method for axial fans is well
established, a detailed description can also be found in Refs. [21, 121].

In this approach the vortex distribution r vθ2(r ) acts as input and the geometry
of the fan blades is a result. The simplest vortex distribution is the so-called free-
vortex design where r vθ2(r ) is constant value alone the blade span. The perfor-
mance of resulting designs can be assessed by experiments or CFD simulations.

Ruden [146] first described the possibility of employing different vortex distri-
butions (deviating from the free-vortex distribution) for axial-fan designs, where
the radial equilibrium condition (described later in Sec. 8.2; see Eq. (8.2)) has been
used.
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Wallis [21] discusses both free-vortex and general vortex distributions in his
book, with extensive theoretical background. Isolated airfoil theory and cascade
analyses are also discussed in relation to their suitability with respect to the blade
solidity. Following Wallis’s ideas, Downie et al. [121] provide practical design
guidelines for low to medium pressure rise rotor-only axial fans. They introduce
the vortex distribution design method for general vortex distributions step by
step, with well-explained assumptions and selections of variables. Three rotors
with different blade numbers and blade section profiles have been designed and
their performance has been measured. In comparison to the measured perfor-
mance, the vortex distribution design method provides adequate predictions of
the velocity distribution (mainly the axial component) and of the overall perfor-
mance at the design point (flow coefficient ϕ = 0.23). The HTR of the fan design
κ= 0.38 and according to the measured axial velocity distribution, no backflow is
present.

Castegnaro and Masi [11] surveyed the aerodynamic performance of 30 rotor-
only axial fans with different vortex distributions at design or BEP duty point. It
was found that free-vortex designs conform most to the Cordier curve and per-
form better with small total pressure coefficients (ψtt around 0.1) and small HTRs
(κ around 0.2 to 0.3) in comparison with designs of other vortex distributions. The
aerodynamic performance of four small-scale fans (designed by free and general
vortex distributions) have been evaluated experimentally in order to investigate
the influence of the vortex distribution on the aerodynamic performance at the
design point of rotor-only axial fans. The investigated flow coefficient ϕ ranges
from 0.1 to 0.4, the total-to-total pressure coefficient ψtt varies from 0.1 to 0.3 with
HTR κ being 0.31, 0.44 (two fans) and 0.64. It was found that the general vor-
tex distribution design is able to extend the stall margin and is more sensitive to
the influence of the tip clearance effect. In addition, the measured axial velocity
distributions at the design flow rate showed no backflow.

For a free-vortex design, the constant involved is directly related to the ideal
total pressure rise, as follows from the Euler relation. For more general vortex
distributions the additional degrees of freedom can be employed to optimise se-
lected design aspects (with some optimisation algorithm).

Sörensen et al. [147, 148] optimised the total-to-total efficiency of a rotor-only
fan by varying the HTR κ and the vortex distribution. In their optimisation prob-
lem, constraints were formed by the required total-pressure rise at a number of
flow rates, a range for the blade solidity, an upper limit for the absolute flow angle
at outlet and for the angle of attack. It was found numerically that an optimum
HTR exists (κopt = 0.69 and 0.63 with their diffuser efficiency being 95% and 90%,
respectively). Their design method was validated by comparison with measure-
ments for one designed fan with κ= 0.69. The estimated design duty corresponds
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to flow coefficient ϕ = 0.3 and total pressure coefficient ψtt = 0.41. Good agree-
ment in efficiency ηts and ηtt was observed for large flow rates. For the velocity
distributions (in both axial and circumferential components), results of the design
method were similar to those from measurements, except near the hub and the
tip region. Backflow was not expected with their large HTR, and is not referred
to.

A preliminary design guideline based on the achievable total-to-total effi-
ciency ηtt was reported by Masi et al. [124] where the fan performance, including
considerations of inlet and outlet guide vanes, were analysed theoretically with
a linear vortex distribution (corresponding to a constant local swirl coefficient
vθ2/vx). An efficiency chart as function of flow coefficient ϕ, swirl coefficient and
HTR was presented. The results showed that κ plays an important role in affect-
ing diffusion losses and swirl velocity losses. With lower κ, ηtt increased since
the sensitivity of ηtt to other parameters was reduced at the same time. The op-
timal swirl coefficient was also analysed as function of ϕ and κ. Experimental
data was shown as validation. Following this design approach, the authors op-
timized a small-scale baseline fan [123], where κ was decreased from 0.4 to 0.28
and ηtt.max increased by 4%. It should be noted that the investigated fan operated
at small ϕ= 0.04−0.15 with total pressure coefficient ψtt = 0.01−0.03. Under these
conditions backflow is not present.

The idea that the kinetic energy at the outlet represents a loss for rotor-only
axial fans was also reported by Bamberger and Carolus [13, 145]. As a guide to
the design of such machines, they investigated the achievable total-to-static ef-
ficiency ηts. To this end, they determined the vortex distribution such that the
kinetic energy power at outlet is minimised. In their minimisation problem, the
flow rate and the required ideal total-pressure rise form constraints. They consid-
ered linear variations of the vortex distribution, so with two degrees of freedom.
Additionally, the HTR κ was a degree of freedom. They determined the corre-
sponding maximum ideal total-to-static efficiency ηts.idmax for a large number of
values of specific speed σ and specific diameter δ inside the so-called Cordier
Band.

Additionally, Bamberger and Carolus [13, 145] determined for a large number
of (parametrically) designed fans, the aerodynamic performance via CFD simu-
lations [107]. Interpolation within their parameter space was performed with an
artificial neural network [106]. The maximum total-to-static efficiency obtained
from their set of CFD simulations (where the tip clearance ratio is constant at
0.1%), ηts,CFD, was 68% for a medium specific speed σ (σ' 1.3) and a specific di-
ameter δ at the upper limit of the specific fan diameters (δ ' 1.9). The difference
between their maximum total-to-static efficiency ηts,CFD from CFD simulations
and the maximum ideal total-to-static efficiency ηts.idmax is about 10% for large
specific speeds (σ ' 2.0), corresponding to the range of interest for the current
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study. In this range of specific speeds, the hub-tip ratio κ from designs based on
optimisation of CFD results were larger than the critical hub-tip ratio κ according
to Strscheletzky [8, 149, 150]. This may be due to the range of hub-tip ratio κ≥ 0.3
considered in [13, 106, 145], and as a consequence backflow was absent. It should
be noted that the maximum ηts (68%) was obtained at an untypical operation
point for axial fans, close to the area of mixed-flow fans.

The previous studies [13, 123, 124, 145] have shown that in order to increase
the total-to-static efficiency of rotor-only fans, the HTR κ may be reduced, since
this gives smaller wasted axial kinetic energy. However, for fans with small κ
backflow is more likely to occur according to the well-known Strscheletzky cri-
terion [8, 149, 150]. Some aspects of this criterion are discussed in Appendix A.
Note that in all studies referred to above, the HTR is in the range κ> 0.28 where
backflow is not present.

For low-pressure axial fans with high total-to-static efficiency, the HTR tends
to be smaller than for fans types studied more widely in the literature. For the
application of the (well established) vortex distribution design method to such
fans with small HTR, the following aspects should be carefully considered:

• The occurrence of backflow.

• The large variations in spanwise direction of angles and magnitudes of the
relative velocity vectors at inlet and outlet of blade sections, due to the large
spanwise variation of the blade speed u; utip/uhub = 1/κ.

• The resulting large spanwise variation of the required lift coefficient of the
blade sections, with a large required lift coefficient at the hub.

The objective of the current study is to improve the total-to-static efficiency ηts

as well as the total-to-total efficiency ηtt of low-pressure axial fan with small κ by
finding optimized vortex distributions. Specific objectives are to:

• Find optimal fan blade designs by (i) determining the vortex distribution
r vθ2(r ) through an optimization process for the maximum ideal total-to-
static efficiency ηts.idmax where the target flow coefficient and the total pres-
sure coefficient form constraints and (ii) properly selecting the spanwise
distribution of the required lift coefficient of the blade sections.

• Investigate the effects of both free-vortex and polynomial vortex distribu-
tions on the aerodynamic performance by means of extensive CFD simula-
tions, employing the strategy developed in [50] and reported in Chapter 5
for fans with small κ.
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8.2 Vortex Distribution Design Method

The vortex distribution design method is a method for determining the fan blade
geometry from basic information involving the desired duty point. Of the blade
geometry, the number of blades Z , the hub and tip diameters, Dhub and Dfan re-
spectively, are given. Of the operational parameters, the rotational speed Ω and
the volumetric flow rate Q are specified. The lift coefficient distribution in span-
wise direction Cl (r ) of the fan blade sections is specified. The increases in pres-
sure, pf and pfs, total-to-static efficiency ηts and the blade stagger angle χ(r ) and
the chord length distribution l (r ) are results of the method.

The primary design input parameter in this method is the vortex distribution
r vθ2(r ), where r is the radial coordinate and vθ2 is the circumferential component
of the absolute velocity downstream of the fan blades, that is specified along the
spanwise direction.

The vortex distribution r vθ2(r ) is important to the energy transfer from the
rotating blades to the fluid, as follows from the Euler relation (Eq. (2.11)) [9]

p02 −p01

ρηh
=W = u2vθ2 −u1vθ1 =Ω (r2vθ2 − r1vθ1) (8.1)

where W is the specific work and ηh is the (estimated) hydraulic (total-to-total)
efficiency; subscripts 1 and 2 indicate quantities upstream and downstream of the
fan blades. For axial fans without appreciable radial flow, the (local) blade speed
is constant from inlet to outlet, i.e. u1 = u2 ≡ u(r ) =Ωr . The Euler relation shows
that the energy transfer is determined by the change, from inlet to outlet, of the
fluid’s angular momentum (per unit mass) r vθ. Generally, for fans without inlet
guide vanes, the inlet flow is directed in the axial direction without pre-rotation,
so vθ1 = 0. This assumption is adopted in the following.

Variations of the vortex distribution with radius r give different loadings of
the blade sections. For a so-called free-vortex distribution r vθ2(r ) = const, and
hence all blade sections have equal loading.

The pressure p2(r ) downstream of the blades (assumed to be uniform in cir-
cumferential direction) can be determined from the radial equilibrium equation
(Eq. (2.19)) [9]

1

ρ

d p2

dr
= 1

r
v2
θ2 (8.2)

By combining the Euler equation (8.1) and the radial equilibrium equation
(8.2) with the additional assumptions that the inlet stagnation pressure p01 is uni-
form and that the hydraulic efficiency ηh is independent of r , it follows after some
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algebra that (see also [11])

vx2
d vx2

dr
=

(
ηhΩ− r vθ2

r 2

) d

dr
(r vθ2) (8.3)

For a free-vortex distribution, the axial velocity downstream of the fan blades is
constant, vx2(r ) = const.

Equation (8.3) represents, for specified vortex distribution r vθ2, an ordinary
differential equation for the axial velocity downstream of the fan blades, vx2(r ),
that can be solved (numerically) in combination with the condition that the axial
velocity distribution vx2(r ) be consistent with the flow rate Q, i.e.

Q =
Rfan∫

Rhub

vx2(r )2πr dr , (8.4)

where Rhub and Rfan are the fan hub and tip radii, respectively. Aspects of the
(numerical) solution of Eqs. (8.3) and (8.4) are discussed in Appendix B, where
it is also shown that a solution of these equations only exists above a minimum
flow rate (that depends on the vortex distribution).

With inlet velocities vθ1, vx1 and outlet velocities vθ2, vx2 known (respectively,
from the vortex distribution and the solution of Eqs. (8.3) and (8.4)), the required
force (per unit spanwise length) exerted by the blades on the flow can be de-
termined through cascade analysis, see for instance [9]. The components of the
forces can be expressed in terms of lift and drag forces L and D, respectively (see
also Fig. 8.1). In turbomachinery handbooks [9, 139] the lift force is taken as act-
ing at an angle βm relative to the axial direction. In isolated airfoil theory the lift
force is taken as acting at an angle β1 determined by the direction of the relative
inlet velocity vector w1.

It should be noted that in isolated airfoil theory, the flow directions from far
upstream and downstream are determined by the direction of w1, since the local
deflection due to the presence of the airfoil is negligible. However, in cascade
theory the flow deflection results in different directions of the relative inlet and
outlet velocity vector w1 and w2, corresponding to the difference between the
flow angles β1 and β2. The mean flow angle βm is defined by Eq. (2.16)

tanβm = 1

2
(tanβ1 + tanβ2)

In the cascade theory applied in the current study the lift and drag forces
are defined with respect to βm (as also done in [13, 21, 27]). The lift and drag
forces L and D conventionally are scaled with the mean relative velocity wm (with
corresponding lift and drag coefficients Cl and Cd ), Cl = L

1
2ρw2

m l
with an analogous
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definition for Cd . Here l is the chord length of airfoil profile and the magnitude
wm of the mean velocity vector wm = 1

2 (w1 +w2) is given by wm = vx /cosβm .

Control Surface
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Figure 8.1: Velocities and Forces within a Blade Cascade
(schematically): “1" and “2" denote inlet and outlet locations; s
is the pitch, l is the chord length; v , u and w denote absolute,
blade and relative velocity vectors, β1 and β2 denote the relative
flow angles at inlet and outlet (with respect to the axial direction)
respectively, χ denotes the blade stagger angle (with respect to
the axial direction); p is pressure; L and D denote lift and drag
forces (exerted by the blade on the fluid). The pitch s is given by

s = 2πr /Z where Z is the number of fan blades.

The conservation law of mass applied to the control surface indicated in Fig. 8.1
gives vx1 = vx2 ≡ vx . It is assumed that any deviations, due to radial flow, are
approximately accounted for by taking vx = 1

2 (vx1 + vx2). As a result of the con-
servation law of momentum applied to the control surface indicated in Fig. 8.1, it
follows that (Eq. (2.18)) [9]:

Cl = 2
s

l
cosβm(tanβ1 − tanβ2)−Cd tanβm . (8.5)

Since the drag coefficient Cd is much smaller than lift coefficient Cl , the last term
in the right-hand side of this equation will be neglected here. With a selected lift
coefficient distribution, Cl (r ), the chord distribution l (r ) follows from Eq. (8.5).

From experimental or computational data in the form Cl = Cl (α) and Cd =
Cd (α), the required angle of attack α (see also Fig. 8.1) can be determined, if the
lift requirement does not exceed its maximum capacity, i.e. Cl ≤Cl ,max. From the
angle of attack α, the blade stagger angle χ follows, since βm = χ+α, see also



8

110 Chapter 8. Optimal Vortex Distribution Design Method

Fig. 8.1. It should be noted that the stagger angle χ(r ) in the current study is
measured relative to the axial direction (contrary to the the stagger angle defined
in Refs. [50, 93] where the circumferential direction has been used as reference).
The chord length distribution l (r ) is determined from Eq. (8.5).

This process can be repeated at a number of spanwise locations. With the
stagger angle χ(r ) and the chord length l (r ) distributions thus known, the fan
blade geometry is determined, up to a (distribution of) blade skew.

In fan design, lift and drag coefficient curves for isolated airfoils are usually
employed (for instance using XFOIL [19], see also [104]) for isolated airfoils. For
large values of the blade solidity l /s, the flows around the blades in the cascade
influence one another. This “interference" effect generally leads to a reduction
of the lift coefficient, which can be evaluated approximately through the use of
a Weinig lift reduction coefficient Kc . This coefficient has been obtained for cas-
cades consisting of flat plates as well as circular arcs by means of (complex) po-
tential flow theory that involves conformal mappings, see also the book by Lak-
shminarayana [139].

The selection of the spanwise distribution of the lift coefficient Cl (r ) is im-
portant to the method. High lift coefficients are desirable, since they result in
smaller chord lengths l (r ) (see Eq. (8.5)). The specified lift coefficient must not ex-
ceed the maximum Cl ,max of the blade sections, so Cl (r ) ≤ Cl ,max. At the hub, the
flow deflection is generally large, requiring a large lift coefficient. Small chord
lengths near the hub are also required to avoid blade overlap. Therefore, the
prescribed lift coefficient at the hub is taken equal to Cl ,max. At the tip, the lift
coefficient should be estimated conservatively (Cl ≤ Cl ,max) for better anti-stall
characteristics. The interference effect is currently not accounted for. Although
this is somewhat oversimplified, the result may be that the overall pressure rise
is only slightly influenced, since the contribution of the hub region to the overall
pressure rise is fairly small.

The vortex distribution design process gives the distribution of the down-
stream velocity components vx2(r ), vθ2(r ) and the total pressure p02(r )− p01 by
Eq. (8.1). The overall, mass-flow weighted pressure rise ∆p0 and dynamic pres-
sure at the outlet pdyn,2 become

∆p0 = 1

Q

Rfan∫
Rhub

vx2(r )∆p0(r )2πr dr pdyn,2 =
1

Q

Rfan∫
Rhub

vx2(r )

[
1

2
ρ

(
v2

x2(r )+ v2
θ2(r )

)]
2πr dr .

(8.6)
The total-to-static efficiency ηts is determined by

ηts = ηh(1− pdyn,2

∆p0
) . (8.7)
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In the present analysis, an estimated hydraulic efficiency ηh is taken into con-
sideration, to obtain better agreement between the specified target pressure rise
and the actual pressure rise (either from CFD simulations or from experiments).
From simplicity, the hydraulic efficiency ηh has been assumed to be uniform in
spanwise direction. This hydraulic efficiency is present in Eqs. (8.1), (8.3) and
(8.7). The incorporation of the hydraulic efficiency ηh forms a (small) extension
of the method by Bamberger and Carolus [13] (whose objective was the determi-
nation of the maximum attainable total-to-static efficiency) that is considered to be
important to ensure that the desired duty point is attained by designs resulting
from the vortex distribution design method.

The analysis is shown here in dimensional form, for physical clarity, while
Bamberger and Carolus [13] expressed it in dimensionless form employing the
dimensionless radius r∗ and the dimensionless axial and circumferential velocity
components, ϕx2 and ϕθ2 respectively, defined by

r∗ = r

Rfan
ϕx2 = vx2

ΩRfan
ϕθ2 =

vθ2

ΩRfan
. (8.8)

Although this two-dimensional vortex distribution design method is based
on strong assumptions, primarily the absence of radial flow, backflow near the
hub and tip leakage, it is considered to capture the essential physics of the three-
dimensional flow fields expected in axial fans. Of course, the adequacy of this
design method needs to be established via CFD simulations and/or experimental
tests.

8.3 Selection of Vortex Distribution

The vortex distribution forms an important degree of freedom in the vortex de-
sign method. An additional degree of freedom is the hub-tip diameter ratio κ (or
the hub diameter). The simplest vortex distribution is the free-vortex distribu-
tion, r vθ2(r ) = const.

Bamberger and Carolus [13] studied how the vortex distribution can be se-
lected such that the maximum ideal total-to-static efficiency, ηts.idmax, is obtained.
In their analysis, the kinetic energy at outlet of the fan blades is considered to
form the most dominant loss. In the optimisation of this efficiency ηts.idmax, the
target total pressure coefficient ψtt and flow coefficient ϕ form constraints; the
degrees of freedom are formed by the dimensionless vortex distribution r∗ϕθ2

and the HTR κ. They have not considered restrictions with respect to detailed
cascade flow analysis, such as the required lift coefficient distribution and limits
with respect to the flow deflection. Bamberger and Carolus [13] only considered
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linear distributions of the vortex distribution, r vθ2(r ) = A+Br . A free-vortex dis-
tribution is retrieved from their representation when B = 0.

8.3.1 Free-vortex design

With a free-vortex distribution, it follows from Eq. (8.3) that the dimensionless
axial velocity ϕx2 = const. From Eq. (8.4) and Eq. (8.6), it follows that for a free-
vortex distribution, the dimensionless velocities defined in Eq. (8.8) are given in
terms of the dimensionless flow coefficient ϕ and total pressure rise coefficient
ψtt by

ϕx2(r∗) = ϕ

1−κ2 ϕθ2(r∗) = ψtt

2ηhr∗ . (8.9)

With decreasing hub-to-tip diameter ratio κ, the dimensionless axial velocity
ϕx2 decreases and the dimensionless circumferential velocity ϕθ2 increases. This
suggests that for free-vortex distributions an optimal hub-to-tip diameter ratio,
denoted by κopt, may exist for which the ideal total-to-static efficiency is maximal.
With the dimensionless velocities downstream of the fan blades given by Eq. (8.9),
the ideal total-to-static efficiency in Eq. (8.7) becomes (after some algebra)

ηts = ηh − ψtt

ηh

[(
ϕηh

ψtt

)2 1

(1−κ2)2 + lnκ

2(1−κ2)

]
. (8.10)

Therefore, the total-to-static efficiency ηts for a free vortex design is a func-
tion of ηh , κ and operation duty point (ϕ, ψtt). The variation of the ideal (with
ηh = 100%) total-to-static efficiency ηts with κ is shown in Fig. 8.2 for three design
duty points. For different design duty points with the same ratio ϕ/ψtt, a vertical
scaling (determined by the value of ψtt/ηh) of the ηts curve is obtained.

The optimal hub-tip-ratio κopt is obtained by finding the value of κ for which
∂ηts
∂κ = 0. It follows after some algebra that this value κopt satisfies the equation

ηh
ϕ

ψtt
= 1

2

√
1

2κ2
opt

(1−κ2
opt)

2 + (1−κ2
opt) lnκopt . (8.11)

This equation gives for a free-vortex distribution the optimum value for the hub-tip
ratio (κopt) for a specific design duty point (ϕ,ψtt). To the authors’ best knowl-
edge, this is the first time that such an equation is given in investigations of rotor-
only axial fans.

Surprisingly, Eq. (8.11) is identical to that for the hub-to-tip diameter ratio in
the Strscheletzky criterion for the backflow region (shown in the book by Eck [8]
in his FIG.251). According to Castegnaro [11], the Strscheletzky criterion is “still



8

8.3. Selection of Vortex Distribution 113

0 0.2 0.4 0.6 0.8
0

20

40

60

80

Figure 8.2: Free vortex designs: variation of the ideal total-to-
static efficiency ηts with HTR κ and design duty points; ηh =

100%.

the only analytic method that allows a computation of the hub-to-tip ratio”. Some
additional information on the Strscheletzky criterion is given in Appendix A.

8.3.2 Polynomial vortex distribution

Theoretically there is an infinite number of possibilities with respect to the vortex
distribution. For example, a linear distribution (r vθ2 = Ar +B) is employed in
the initial design consideration in Wallis’s book [21] as well as in Refs. [13, 121].
A power-law function for the vortex distribution is used in Ref. [85]. A more
general form has been suggested by Horlock [151] and employed by Carolus &
Starzmann [104] where the vortex distribution is expressed as a polynomial in the
dimensionless radius r∗:

r∗ϕθ2(r∗) = ψtt

2ηh

M∑
i=0

ai (r∗)i (8.12)

where ai are constants (i = 0. . . M). Note that in this expression, the vortex dis-
tribution is scaled here with respect to the free-vortex distribution, see Eq. (8.9).
The free-vortex distribution corresponds to M = 0. In the current study, linear,
quadratic and cubic distributions, corresponding to M = 1,2,3 respectively, are
also investigated.
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Differently from the analytic expression for the free-vortex distribution in
Sec. 8.3.1, a numerical method has to be employed to find the distribution of
r∗ϕθ2 that gives the optimal total-to-static efficiency ηts,max. With ai (i = 0. . . M)
and κ as degrees of freedom, at specified duty point ψtt (or ψts) and ϕ, the opti-
misation problem is described by a constrained nonlinear function ηts in multiple
variables (or degrees of freedom).

The method of calculating the optimal ideal achievable total-to-static efficiency
ηts.max described above has been implemented in Matlab, using a constrained
nonlinear multivariable function optimiser (“fmincon" function using the ‘interior-
point’ algorithm). An extra constraint tanβ2 > 0 is imposed to ensure that the
optimized value of r∗ϕθ2 results in a realistic outlet circumferential velocity dis-
tribution vθ2(r ) for rotor-only axial fans. Initial values and search ranges for the
vortex distribution r∗ϕθ2 and the HTR κ are based on the optimum values for a
free vortex distribution (see Eqs. (8.9) and (8.11)). The output parameters are the
maximum value ηts.max, the optimum κopt, the (dimensionless) vortex distribu-
tion r∗ϕθ2(r∗) and the downstream (dimensionless) velocity components ϕx2(r∗),
ϕθ2(r∗).

As a consistency check of the optimised result, an alternative optimisation al-
gorithm (Differential Evolution Method [152], known for its robustness and flexi-
bility, see for example, [128]) has also been employed, essentially giving the same
optimal results.

8.4 Case Study: Design Duty and Results

The vortex design method described in Sec. 8.2 is applied to a baseline fan with
small HTR as reported in Ref. [50], of which the detailed geometrical parameters
and measurements data are known and for which the CFD simulation strategy
has been validated.

8.4.1 Fan Configuration and Design Parameters

Each of the six identical blades consists of a “main blade" and a “nonairfoil part".
Based on the reported simulation strategy for axial fans with small HTR [50], only
the “main blade" is considered; the tip gap is not taken into consideration here,
and hence Dfan = Dcasing. The HTR of the baseline fan is κ = 0.18. The BEP is
selected as design duty point.

The dimensionless geometrical and design parameters for the baseline fan are
summarised in Table 8.1. It should be noted that the total pressure coefficient
ψtt is obtained from the CFD simulations as reported in Refs. [50, 93] as it could
not be obtained from the available measured data. Since the CFD simulation
results have been validated with respect to the pressure coefficient ψ and the



8

8.4. Case Study: Design Duty and Results 115

total-to-static efficiency ηts, the predicted value of the pressure coefficient ψtt is
considered to be reliable.

Table 8.1: Dimensionless Geometrical and Design Parameters of
the Baseline Fan.

Hub-tip Diameter Ratio κ [-] 0.18
Airfoil Type Wortmann Profile

Solidity at Tip of Main Blade [-] 0.155
Solidity at Hub of Main Blade [-] 0.844

Design Flow Coefficient ϕ [-] 0.154
Design Pressure Coefficient ψ [-] 0.101

Design Total Pressure Coefficient ψtt [-] 0.138
Specific Speed σ [-] 1.873

Specific Diameter δ [-] 1.513

In order to obtain comparable results in the design study, the same Wortmann
profile with round trailing edge of the baseline fan has been selected as the shape
of the blade sections. The point of maximum thickness of the Wortmann profile
is chosen as stacking point for each spanwise location.

The dependence of the lift and drag coefficients on the angle of attack α have
been predicted with XFOIL [19, 104] for a large Reynolds number Re = 5×105, see
Fig. 8.3(a) and (b). The maximum lift coefficient Cl .max = 1.8 at angle of attack α

around 10◦.
Considerations on the choice of the lift coefficient distribution Cl (r ) are given

in Sec. 8.2. A linear spanwise variation has been considered here, with Cl .hub =
Cl .max at the hub. At the tip, the lift coefficient has been selected conservatively,
Cl .tip = 1.3, for a better stall margin. The hydraulic efficiency ηh is estimated as
85%, based on CFD results in [50] and also applied in Ref. [123].

8.4.2 Design Results

The optimisation of the total-to-static efficiency ηts described in Sec. 8.2 provides
the optimized vortex distribution (r∗ϕθ2) with corresponding ηts.max, optimal HTR
κopt as well as the distributions of the blade geometrical parameters, stagger an-
gle χ(r∗) and of the solidity l (r∗)/s(r∗).

The optimized vortex distribution (r∗ϕθ2), optimal HTR κopt and correspond-
ing axial velocity coefficient ϕx2(r∗) are summarized in Fig. 8.4(a) and (b). With
increasing number of degrees of freedom in r∗ϕθ2, the optimal κopt and the value
of r∗ϕθ2 near the hub decrease, which agrees with the indications in Wallis’s book
[21]. At the tip, the values of r∗ϕθ2 for the polynomial vortex distribution designs
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Figure 8.3: Performance of An Isolated Wortmann Profile, as Pre-
dicted with XFOIL [19], as Function of Angle of Attack α; (a) Lift

Coefficient Cl (α), (b) Drag Coefficient Cd (α).

are larger than for the free vortex design; the maximum value is obtained for the
linear vortex distribution design (M = 1).

The spanwise variation of the axial velocity coefficientϕx2 is shown in Fig. 8.4(b).
For the free vortex design, the constant value design equals the design duty
ϕ= 0.154; for the other designs, ϕx2(r∗) effectively increases monotonically, except
the quadratic and the cubic distribution vortex designs (M = 2 and 3) that show
a small increase towards the hub and the quadratic vortex distribution (M = 2)
shows a small drop near the tip. With increasing value of M , the non-uniformity
of the downstream axial velocity distribution increases.

The maximum total-to-static efficiency ηts.max for the different vortex designs
are listed in Table 8.2. A larger polynomial degree M , with a larger number of
degrees of freedom in the optimisation process, gives a larger ηts.max, but with
decreasing increments. It can be inferred that there is a limitation for ηts.max for
(even) larger polynomial degree M .

Table 8.2: Design Results: Optimal Total-to-static Efficiency
ηts.max for Different Degree M of the Polynomial Vortex Distri-

bution Designs.

M 0 1 2 3
ηts.max 56.66% 57.78% 58.17% 58.40%
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Figure 8.4: Design Results: (a) Optimized Dimensionless Vortex
Distribution r∗ϕθ2(r∗), (b) Corresponding Axial Velocity Coef-
ficient Distribution ϕx2(r∗); for various values of the degree M
of the polynomial expression in Eq. (8.12), with corresponding

optimal HTR κopt indicated by the dotted vertical lines.

The resulting distributions of the stagger angle χ(r∗) and the solidity l (r∗)/s(r∗)
for different vortex distributions r∗ϕθ2(r∗) (corresponding to M = 0,1,2,3) are
shown in Fig. 8.5(a) and (b), together with data for the baseline fan.

For the stagger angle, the variations in stagger angle are much smaller for
the baseline fan than for the optimised designs. Compared with baseline design,
smaller and larger χ are found for the free and polynomial vortex distribution
designs at the hub and the tip, respectively. Near the hub, the smallest χ is about
35◦for by the linear vortex distribution (M = 1); for other designs, χ at the hub
ranges between 37◦ and 40◦. From mid span towards the tip, the stagger angles χ
of all vortex designs converge to each other at about 78◦.

For the solidity, the variations in solidity are much smaller for the baseline fan
than for the optimised designs. Compared with the baseline design, larger and
nearly the same solidity are found for the free and polynomial vortex designs at
the hub and the tip, respectively. High solidity values (≥ 1) are found near the
hub. This is due to the small HTR for the designs with M ≥ 2, with correspond-
ing small pitch s. From hub towards mid span, the solidity rapidly decreases
to values l

s < 1. Similarly as with the stagger angle distributions, the solidity
distributions of the free and polynomial vortex distribution designs differ from
each other mainly near the hub. The largest values are exhibited by the linear
and quadratic vortex designs, while the lowest value is given by the free vortex
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Figure 8.5: Baseline Case and Design Results for Different Vortex
Distribution: (a) Stagger Angle Distribution χ(r∗), (b) Solidity

Distribution l (r∗)/s(r∗); the dotted vertical lines indicate κopt.

design (with higher κ).
For both stagger angle and solidity distributions, the values of the free and

polynomial vortex distribution designs converge to the same value as that for the
baseline case from spanwise location r∗ = 0.8 and larger r∗.

8.5 Predicted Aerodynamic Performance of Designs

In order to investigate the effects of the vortex distribution on the aerodynamic
performance, CFD results for blades designed with the four different vortex dis-
tributions from Sec.8.3 are compared to that of the baseline case in Secs. 8.5.1 to
8.5.4. The aerodynamic performance curves are shown first, followed by analyses
of the flow fields to better understand the origins of the observed effects.

The discussed overall aerodynamic parameters are pressure coefficient ψ, to-
tal pressure coefficient ψtt, total-to-static efficiency ηts and total-to-total efficiency
ηtt. Six flow coefficients are considered: low flow coefficient (ϕ near 0.10 and 0.13
), near BEP (ϕ near 0.15) and larger flow coefficients (ϕ near 0.19, 0.21, and 0.23).
The performance curves are created by cubic spline interpolation through the six
data points obtained from the CFD simulations. Since the resulting characteristics
of ψ and ψtt are nearly the same, only the results of ψ are shown.
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8.5.1 Free-Vortex Distribution Design

The predicted aerodynamic performance with the free-vortex designed fan blades
is shown in Fig. 8.6.
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Figure 8.6: Comparison between CFD Predictions for the Base-
line Fan and for the Fan with the Free Vortex Distribution Design:
(a) Pressure Coefficient ψ, (b) Total-to-static Efficiency ηts and (c)

Total-to-total Efficiency ηtt.

For the pressure coefficient ψ and the total pressure coefficient ψtt, the free-
vortex design gives improved performance compared to the baseline case. At the
design duty point, the improvements inψ andψtt are 4.4% and 3.0%, respectively.
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For the total-to-static efficiency ηts and the total-to-total efficiency ηtt, signif-
icant improvements are found. Near the design duty point ϕ around 0.15, the
improvement in ηts is about 3.5%. For ηtt, the largest increase is 4.0% near large
flow coefficient ϕ = 0.23 and the improvement of ηtt near ϕ = 0.15 is about 3.6%.
Therefore, the current design method is able to improve both total-to-static and
total-to-total efficiency, while achieving the desired pressure rise.

As reported in Refs. [50, 93], backflow downstream of the baseline rotor (with
small HTR κ = 0.184) is present for low to high flow coefficients (ϕ = 0.10−0.23).
For the free-vortex fan design with higher κ = 0.30 and improved aerodynamic
performance, the flow streamlines in the meridional plane are investigated first
at ϕ near 0.10 and 0.15. The results in Fig. 8.7 show that a limited backflow region
is found at flow coefficient ϕ near 0.1, but no backflow is present near the design
duty point ϕ near 0.15. The hub corner stall is not found. Therefore, the losses
due to secondary flow are significantly decreased by the free-vortex designed fan
blade with κopt = 0.3.

(a)

(b)

Figure 8.7: Comparison of Meridional Surface Streamlines of Fan
with Free-vortex Design for Different Flow Coefficients: (a) ϕ

near 0.10, (b) ϕ near 0.15 (design point).

The relative flow streamlines in the Blade-to-Blade (B2B in short) view have
been analysed: no separation is found for all flow coefficients at all spanwise
sections. Since flow separation is more likely to occur at low flow coefficients,
and in order to avoid repetition, only the streamlines in B2B plane at the hub, mid
and tip spanwise locations at ϕ near 0.10 are shown in Fig. 8.8. No separation is
observed, which demonstrates that the spanwise stagger angle distribution χ(r )
has been well designed.

8.5.2 Linear Vortex Distribution Design

The optimal HTR for the linear vortex distribution is κopt = 0.26. According to the
Strscheletzky criterion represented by Eq. (8.11) (and obtained from free-vortex
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Figure 8.8: Velocity Streamlines based on the Relative Velocity in
the Blade-to-blade Plane at Different Spanwise Locations for the
Free-vortex Design Blade at Low Flow Coefficient ϕ near 0.10: (a)

Near Hub, (b) Midspan, and (c) Near Tip.

analysis), for the current design duty the critical value for the occurrence of back-
flow is κ= 0.30. Therefore, for the design with linear vortex distribution, backflow
could be expected.

The predicted aerodynamic performance for the optimal fan design based on
a linear vortex distribution is shown in Fig. 8.9.

For both pressure coefficient ψ and total pressure coefficient ψtt, the linear
vortex distribution design fan blade matches the performance of the baseline fan
(and hence satisfies the required duty point) at all flow rates, except at low flow
coefficients ϕ near 0.10.

Improvements are found in both total-to-static and total-to-total efficiency ηts

and ηtt. For ηts, the maximum improvement is 3.9% at flow coefficient ϕ near 0.13;
at the design duty point (ϕ near 0.15), the increase in ηts is 3.3%; at large ϕ, the
improvement is smaller. For ηtt, larger improvements are found at larger ϕ; at ϕ
near 0.23, the improvement is about 4.3%.

The reduced pressure performance at low flow coefficient (ϕ near 0.10) in-
dicates that more losses are present for the linear vortex distribution designed
blade, in comparison with the baseline case. The streamlines in the meridional
plane for ϕ near 0.10 are shown in Fig. 8.10 for both cases. This shows that the ra-
dial extent of backflow region is larger for the baseline case, while the axial extent
is larger for the linear vortex distribution designed fan. Therefore, the backflow
region may not be the direct reason for lower pressure performance. Hence, po-
tential flow separations in B2B plane are investigated next.

For both the baseline and linear vortex distribution design fan, the relative ve-
locity streamlines in the B2B view near mid span and near tip show no separation
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Figure 8.9: Comparison between CFD Predictions for the Base-
line Fan and for the Fan with the Linear Vortex Distribution De-
sign: (a) Pressure Coefficient ψ, (b) Total-to-static Efficiency ηts

and (c) Total-to-total Efficiency ηtt.
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Figure 8.10: Comparison of Meridional Surface Streamlines for
Flow Coefficient ϕ near 0.10: (a) Baseline Fan, (b) Linear Vortex

Distribution Design Fan.

(figure not shown). However, near the hub, extensive separations are found for
the linear vortex distribution design, as shown in Fig. 8.11. The separations and
the larger blade surface area (larger chord length, see Fig. 8.5) near the hub of the
linear vortex distribution design fan contribute to larger losses and the drops in
the pressure coefficients (both ψ and ψtt) for low flow coefficient.
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Figure 8.11: Velocity Streamlines based on the Relative Velocity
in the Blade-to-blade Plane near the Hub for Low Flow Coeffi-
cient ϕ near 0.10: (a) Baseline Case (b) Linear Vortex Distribution

Design Fan.

Further investigations of the flow fields have shown that at the medium and
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larger flow coefficients, neither backflow nor separation is found in the merid-
ional and the blade-to-blade view, respectively, which corresponds to the im-
proved performance shown in Fig. 8.9. In order to avoid repetition, the detailed
figure is not shown.

8.5.3 Quadratic Vortex Distribution Design

The optimal HTR with a quadratic vortex distribution is κopt = 0.23. Based on the
Strscheletzky criterion (developed for free-vortex distributions), backflow may be
expected for this design. The predicted aerodynamic performance of the quadratic
vortex distribution design fan is shown in Fig. 8.12.

Compared with the free vortex and the linear vortex distribution design, the
quadratic vortex distribution design results in a pressure reduction at low flow
coefficient ϕ near 0.10 and 0.13. Yet, the design duty (ϕ near 0.15) is still satisfied
for both pressure coefficient ψ and total pressure coefficient ψtt.

For the efficiency, improvements are found for ϕ> 0.13. Near the design duty
point, the improvement of the total-to-static efficiency ηts and total-to-total effi-
ciency ηtt are 2.4% and 3.2%, respectively.

The meridional surface streamlines have been analysed at both low flow coef-
ficient ϕ near 0.10 and at the duty point ϕ near 0.15. Backflow is present for both
cases, the results at ϕ near 0.15 are shown in Fig. 8.13.

Differently from the linear vortex distribution design, the quadratic vortex
distribution design results in a lower pressure rise at flow coefficient ϕ near 0.10
and 0.13. The relative velocity streamlines on the B2B plane near the hub show
that with increased flow coefficient ϕ, flow separations on the suction side of
blade section become less significant and smaller vortex extents near the trailing
edge are found. However, separations are present, even at ϕ near 0.15 (design
duty). Combining the investigations in Fig. 8.11, the backflow together with the
large stagger angles near the hub result in the observed flow separations near the
hub.

Further investigations have shown that at mid-span and tip locations, no sep-
aration is found in the B2B plane for all flow coefficients ϕ and that the flow
patterns are similar with what is shown in Fig. 8.8. The detailed figure is not
shown to avoid repetition.

8.5.4 Cubic Vortex Distribution Design

The optimal HTR with a cubic vortex distribution is κopt = 0.20. Based on the
Strscheletzky criterion (developed for free vortex distributions), backflow may
be expected for this design. The predicted aerodynamic performance of the cubic
vortex distribution design is shown in Fig. 8.14. For the pressure coefficientψ and
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Figure 8.12: Comparison between CFD Predictions for the Base-
line Fan and for the Fan with the Quadratic Vortex Distribution
Design: (a) Pressure Coefficient ψ, (b) Total-to-static Efficiency

ηts and (c) Total-to-total Efficiency ηtt.
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Figure 8.13: Meridional Surface Streamlines for the Quadratic
Vortex Distribution Design for Flow Coefficient ϕ near 0.15.
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Figure 8.14: Comparison between CFD Predictions for the Base-
line Fan and for the Fan with the Cubic Vortex Distribution De-
sign: (a) Pressure Coefficient ψ, (b) Total-to-static Efficiency ηts

and (c) Total-to-total Efficiency ηtt.
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the total pressure coefficient ψtt, similarly to the quadratic vortex distribution
design, a reduced performance is given by the cubic vortex design at low flow
coefficient ϕ near 0.10 and 0.13. Yet, the required pressure rise is satisfied at the
duty point and for larger ϕ.

For the total-to-static and total-to-total efficiency ηts and ηtt, improvements
are found for all flow coefficients ϕ. The maximum improvement of ηts is 1.9% at
ϕ near 0.15 and for ηtt it is 4.6% at ϕ near 0.20.

The meridional flow field analysis showed that the overall flow patterns for
the cubic vortex distribution design (data not shown) are similar to those for
the quadratic vortex distribution design: backflow is present for low flow co-
efficient and near design duty; the B2B surface streamlines are similar to those
for quadratic vortex distribution design.

8.5.5 Overview of CFD results

The results in the previous sections have shown that the design duty (for pres-
sure coefficient ψ as well as total pressure coefficient ψtt) can be achieved by all
optimal vortex distributions. The overview of all CFD predictions in this sec-
tion focuses on: (i) the total-to-static and total-to-total efficiencies, ηts and ηtt;
(ii) the absence/presence of backflow in relationship to (ϕ/ψtt, κ) values and the
Strscheletzky criterion.

The predicted maximum total-to-static and total-to-total efficiencies ηts.max and
ηtt.max for all vortex distribution design fans (characterised by the polynomial
degree M in Eq. (8.12)) are given in Fig. 8.15, together with the baseline results as
reference.

The optimal free and polynomial vortex distributions give significant improve-
ments in both ηts.max and ηtt.max. For ηts.max, the linear vortex distribution (M = 1)
gives the highest improvement by 3.9%; lower improvements are found for the
quadratic and the cubic vortex distribution (M = 2 and 3).

It should be noted that the CFD results for ηts at the design point are slightly
larger (by 3.7% in average) than the design results shown in Table 8.2. This may
be due to various reasons, such as: (i) the spanwise constant estimate of the hy-
draulic efficiency ηh and (ii) radially outward flow in the CFD simulations in
contrast to the two-dimensional flow assumed in the vortex design method. This
gives an increased flow towards the lighter loaded mid span to tip blade sections.

For the maximum total-to-static efficiency ηtt.max, a larger improvement is
found for larger M . The increase in ηtt.max for the quadratic and the cubic vor-
tex distribution designs are both around 4.6%. This tendency of improved ηtt.max

with respect to the polynomial degree M in the vortex distribution is related to
the reduced HTR κopt for larger M . A smaller value of κ corresponds to smaller a
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axial velocity, and hence reduced hydraulic losses. A similar conclusion has been
reported by Masi et al. [124].

By reducing the axial velocity, it is expected that ηts.max increases due to de-
creased exit losses (dynamic pressure). However, it can be observed from the
CFD results in Fig. 8.15 that the designs with smaller κ (corresponding to large
M) do not necessarily result in improved ηts.max. A possible explanation from
Bamberger and Carolus [13] is that the potential of improving ηts by reducing
κ has already been largely exploited by the current optimization method. This
agrees with the results in Table 8.2 showing a diminishing increase of ηts with
increasing M . However, the CFD results for the small HTR cases show backflow,
which leads to a drop in the aerodynamic performance.
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Figure 8.15: Predicted Maximum Efficiency as Function of
Polynomial Degree M of the Vortex Distribution in Eq. (8.12):
(a) Total-to-static Efficiency ηts.max, (b) Total-to-total Efficiency
ηtt.max. The efficiency of the baseline fan is shown as reference.

For both efficiencies, free and polynomial vortex designs give improvements
(compared with baseline case) in the range of flow coefficients ϕ > 0.15. At ϕ
near 0.10, the linear and the quadratic vortex distribution designs show a lower
performance; at ϕ near 0.13, similar efficiencies are found for the quadratic vor-
tex distribution and improvements are obtained for the other vortex distribution
designs.

To assess the accuracy of the Strscheletzky backflow criterion, all CFD results
have been analysed for the occurrence or absence of backflow in the meridional
plane. The results are shown in Fig. 8.16. Since the Strscheletzky criterion in-
volves ϕ/ψt t .i d , where ψt t .i d is the ideal pressure coefficient, the corresponding
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variable for the CFD simulations is ϕηt t /ψt t (since ψtt.id = ψtt/ηtt). The results
indicate that the Strscheletzky criterion does not accurately "separate" the cases
with backflow from those without. However, the criterion works well as a conser-
vative preliminary estimate for the presence of backflow, even for non-free vortex
distributions, since only one case with backflow occurs in the “safe" area for the
Strscheletzky criterion.
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Figure 8.16: Occurrence of Backflow, Depending on ϕηt t /ψtt and
κ; CFD results and Strscheletzky criterion.

8.6 Conclusions

To achieve higher efficiency (ηts and ηtt) of low-pressure axial fans with small
HTR, the well-known vortex distribution design method is employed where the
duty point is expressed by the flow coefficient ϕ and the total pressure coefficient
ψt t . The application of this method to fans with small HTR involves specific
challenges, as described in the Introduction.

Once the vortex distribution and the lift curve distribution for the selected
airfoil blade sections have been selected, cascade analysis provides the stagger
angle and chord length distributions. These in turn give the full geometry of the
blade sections (up to a choice for the stacking line, taken as radial here).

Following the approach by [13], the vortex distribution r vθ2(r ) and the hub-
tip diameter ratio κ are selected such that the maximum ηts.max is obtained. This is
accomplished by solving a constrained nonlinear multi-variable problem, where
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κ and the coefficients in the adopted polynomial expression Eq. (8.12) for the
vortex distribution form the degrees of freedom.

For a free-vortex distribution, an analytic solution is given (for the first time)
for the optimal κopt and the expected achievable ηts.idmax as function of (ϕ,ψtt).
Surprisingly, this optimal κopt is equal to that according to the Strscheletzky back-
flow criterion.

For polynomial vortex distributions, linear, quadratic and cubic types have
been investigated. Compared with the free vortex case, the increased number of
degrees of freedom results in higher ηts.max and decreased κopt. This means that
for the polynomial vortex distribution designs backflow may be expected (from
the Strscheletzky backflow criterion developed for free-vortex distributions).

The prescribed lift coefficient distribution of the airfoil blade sections is care-
fully selected such that the prescribed lift coefficient equals its maximum at the
heavily loaded hub, while the lift coefficient prescribed at the tip is lower for
better anti-stall characteristics.

For the fans thus obtained through the vortex distribution design method,
CFD simulations have been performed (using a validated CFD simulation method
for low-pressure axial fans with small HTR [50]) to investigate the aerodynamic
performance of the fan blades designed by the current approach.

The CFD predictions show that all optimal designed vortex distributions sat-
isfy the design duty (pressure coefficientψ and total pressure coefficientψtt), with
significantly improved efficiencies ηts and ηtt.

For the free vortex design, increased ψ and ψtt with improved efficiency ηts

and ηtt are obtained for all flow coefficients ϕ. However, for the linear, quadratic
and cubic vortex distributions, reduced ψ and ψtt are found at low ϕ; at the de-
sign duty point and higher ϕ, higher or almost the same ψ and ψtt are obtained
(in comparison to the baseline case). For ηts.max, the free and linear vortex distri-
bution designs give higher predictions than the quadratic and cubic vortex distri-
bution designs. This can be explained by the lower HTR κ and consequent back-
flow region near the design duty point. For ηtt.max, a larger number of degrees
freedoms in the vortex distribution gives higher efficiency. The ηtt.max values of
free and polynomial vortex distribution designs differ less than 1%.

Flow field investigations have shown that backflow is present for the quadratic
and cubic vortex distribution designs for both low and medium flow coefficient
ϕ around 0.10 and 0.15, but for linear vortex design, the backflow is only found
at low ϕ (near 0.10). For all polynomial vortex designs, the backflow together
with the low stagger angles result in unexpected flow separations near the suc-
tion side of blade sections near the hub, which leads to the drop in the ψ and ψtt

at low ϕ. The CFD results indicate that the Strscheletzky criterion works well as a
conservative preliminary estimate for the presence of backflow, even for non-free
vortex distributions.



8

8.6. Conclusions 131

Although the vortex distribution design method is based on an (over)simplified
two-dimensional description of the three-dimensional flow fields obtained from
the CFD simulations, it contains sufficient aspects of the essential physics, since
the CFD predictions show that the current vortex distribution design method
provides designs that meet the specified design duty (required pressure rise at
specified flow), and, importantly, increased efficiencies ηts and ηtt.

For future studies, it is recommended to: (i) perform measurements of axial
fan designs obtained with the reported approach to further validate the design
method (besides the CFD validations considered here), (ii) perform designs for
axial fans with different design duty points to investigate the generality of the
current approach for axial fan design, (iii) apply cascade airfoil data (for exam-
ple, data from MISES [22, 23] rather than isolated airfoil data from XFOIL) in the
design approach to better account for blade interference effects near the hub re-
gion, (iv) consider other airfoil profiles, such as circular-arc profiles rather than
the Wortmann profiles considered here (although according to [38] (p.142) the in-
fluence of blade shape is small at low Mach numbers), (v) combine the current
(solely) aerodynamic design method with mechanical/structural and production
design considerations, (vi) Investigate the effects of blade skew with current op-
timal designs on the aerodynamic performance of axial fans with small HTR and
(vii) develop backflow criteria for polynomial vortex distributions that extend the
Strscheletzky backflow criterion that has been developed for free-vortex designs.

Appendix A: Strscheletzky Backflow Criterion

The HTR κ not only determines the radius of the hub with known parameters of
the casing (determined by the specific applied configuration), but also has signif-
icant influence on the flow field patterns. The well-known Strscheletzky criterion
of backflow (or hub dead space) [8, 149] plays an important role in determining
(for a specific hub diameter) whether backflow may happen downstream of the
rotor, with associated increased secondary flow losses.

For free-vortex distributions, Strscheletzky [8, 149, 150] formulated a criterion
for the critical HTR κcrit for the backflow region for axisymmetric flows, based on
a principle of least action, resulting in the minimisation with respect to Rhub of
the integral J for his “axially unlimited" case

J = 1

π
(
R2

fan −R2
hub

) Rfan∫
Rhub

(
1

2
ρv2

2

)
2πr dr . (8.13)

Here the free-vortex velocity components vx2(r ) and vθ2(r ) are determined by the
flow rate and ideal total-pressure rise, respectively. After some algebra, it follows
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that the solution of the equation ∂J
∂Rhub

= 0 corresponds to Eq. (8.11). This equation
is given in [11] with minor typos.

Appendix B: Solution of Radial Equilibrium Equation

In this Appendix aspects are discussed of Eqs. (8.3) and (8.4) from which vx2(r ),
the axial velocity distribution downstream of the fan blades, can be determined.
These aspects deal with: (i) the numerical solution of Eq. (8.3) for vx2(r ) and (ii)
a condition for the flow rate Q for which a solution exists. When an optimisation
method is used in conjunction with the vortex distribution design method, these
aspects are important for a robust numerical solution process for Eqs. (8.3) and
(8.4).

For a concise notation, the vortex distribution is denoted here by S, so S(r ) ≡
r vθ2(r ). In terms of S, Eq. (8.3) can be rewritten as

d

dr
(

1

2
v2

x2) = ηhΩ
dS

dr
− 1

r 2

d

dr
(

1

2
S2) . (8.14)

Integration of this equation from Rhub to r , and employing partial integration of
the last term on the right-hand side, gives

1

2
v2

x2(r )− 1

2
v2

x2.hub = ηhΩ [S(r )−Shub]− 1

2

[
S2(r )

r 2 − S2
hub

R2
hub

]
−

r∫
Rhub

S2(r ′)
r ′3 dr ′ ≡ H(r ) .

(8.15)
Here vx2.hub is the downstream axial velocity at the hub and Shub is the vortex dis-
tribution at the hub. This form of Eq. (8.3) is advantageous for numerical solution
methods, since it gives the axial velocity distribution vx2(r ) in terms of the vortex
distribution r vθ2, without requiring its derivatives with respect to r . Eq. (8.15)
can be written as

vx2(r ) =
√

v2
x2.hub +2H(r ) . (8.16)

Here vx2.hub must be determined such that the distribution of the axial velocity
vx2(r ) is consistent with the prescribed flow rate Q, i.e. the following equation
must be satisfied

Q =
Rfan∫

Rhub

2πr
√

v2
x2.hub +2H(r )dr . (8.17)

The smallest real value of vx2.hub is given by v2
x2.hub.min = min(0,−2Hmin). Hence,

the smallest flow rate Qmin for which a solution for vx2(r ) exists (for a specified



8

8.6. Conclusions 133

vortex distribution) is given by

Qmin =
Rfan∫

Rhub

2πr
√

min(0,−2Hmin)+2H(r )dr . (8.18)

Thus, a solution of Eqs. (8.3) and (8.17) for vx2(r ) only exists when Q ≥Qmin. Note
that this minimum flow rate Qmin depends on the vortex distribution S(r ) through
the function H(r ) (defined in Eq. (8.15)). For a free-vortex distribution, a solution
always exists, and hence then the minimum flow rate Qmin = 0. When a solution
exists, Eq. (8.17) can be numerically solved for v2

x2.hub with a standard root-finding
procedure.
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Chapter 9

Conclusions and
Recommendations

9.1 Conclusions

Low-pressure axial fans are widely used in many industrial and domestic appli-
cations, especially for cooling and ventilation purposes. Such fans have already
experienced a long-term development with the design principles, fundamental
theories and optimization methods being reported quite a lot in detail. However,
the attention of most literature has been limited to fans with medium to large hub-
to-tip diameter ratio (HTR in short). For fans with a small HTR, the investigations
about the CFD simulation strategy, aerodynamic performance optimizations and
optimal design methods (for higher efficiency) are rarely reported.

In this thesis, the Computational Fluid Dynamics (CFD in short) simulation
strategy for axial fans with small HTR is firstly investigated with focuses on a
RANS CFD simulation strategy. Then sweep, dihedral and skew, as representa-
tive three-dimensional stacking methods, are investigated for their effects on the
aerodynamic performance of axial fans with small HTR. The final optimization,
with respect to total-to-static efficiency, is achieved by investigating the optimal
vortex distributions and HTRs for the baseline fan configuration and operation
duty point.

Computational Fluid Dynamics Simulation Strategy

Firstly, reliable measurements of the aerodynamic performance and the com-
plete geometrical description of the baseline Howden fan with small HTR have
been used to perform CFD simulations and analysis in order to investigate the
influence of a number of parameters, ultimately aimed at formulating a strategy
and guidelines for obtaining accurate CFD predictions of the aerodynamic perfor-
mance (pressure coefficient ψ and total-to-static efficiency ηts) for such machines.
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The trailing edge shape (sharp vs. rounded) has a large influence on the pre-
dicted aerodynamic performance. The actual trailing edge geometry (rounded in
this case) should be used in the CFD simulations for improved agreement with
the experimental aerodynamic performance. The non-airfoil sections near the
root have a minor influence on the pressure coefficient and hence on the total-
to-static efficiency, due the formation of a vortex upstream from the blades near
the hub. Overall, the “main blade" part well represents the aerodynamic per-
formance. With increasing tip gap ratio, the pressure coefficient and the total-
to-static efficiency decrease. The CFD simulations with the actual tip gap ra-
tio present in the experiments do not adequately predict the influence of the tip
gap on the aerodynamic performance. For use of CFD simulations within an in-
dustrial context, it is recommended not to take the tip gap into account, as then
quantitatively good agreement is obtained between CFD predictions and experi-
ments. For the turbulence model, the SST model significantly underpredicts the
aerodynamic performance in comparison to the experiments, while those using
the Spalart-Allmaras model yield much better agreement. Therefore, the use of
the SA turbulence model is recommended for CFD simulations of axial fans with
small hub-to-tip ratio.

Effects of Sweep, Dihedral and Skew on Aerodynamic Performance

Secondly, by using the validated CFD simulation method, simulations have
been performed to investigate effects of (forward as well as backward) sweep,
dihedral and skew on the aerodynamic performance of low pressure axial fans
with small HTR, where the linear stacking line is employed.

In contrast to the flow patterns in medium to high HTR fans where radial
migration occupies most of the suction side surface, the radial flow in the cur-
rent study is more limited due to the chord of the blade sections being relatively
smaller. The beneficial aerodynamic effects of skew (in the general sense) of the
blades are therefore more limited here. In general, backward skew gives negative
effects, while forward skew can (conditionally) give positive effects. Blades with
sweep hardly lead to improvements in pressure coefficient and total-to-static ef-
ficiency. Only at large flow coefficient does forward sweep result in higher total-
to-total efficiency. Forward dihedral gives some improvement in total-to-static
and total-to-total efficiency near BEP and for large flow coefficient, but 25◦ for-
ward dihedral and all blades with backward dihedral result in negative effects.
Circumferential skew gives a performance similar to that with sweep, in both
forward and backward direction, with higher total-to-total efficiency.

The similar performance in sweep and circumferential skew, as well as with
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dihedral and axial skew, originate from the small stagger angle χ= 15◦. The bene-
fits and disadvantages of sweep and dihedral can be traced to circumferential and
axial skew. With different stagger angles, the proportion of circumferential and
axial skew in sweep and dihedral is changed, and the consequent performance
may also be changed.

Differently from wing aerodynamics where lift coefficients are reduced by fac-
tors cosγ and cos2γ for sweep and dihedral respectively, the reduction of the pres-
sure coefficients is much more limited (pressure rise is larger than expected). This
is considered to be the result of the (much more) complex three-dimensional flow
patterns in axial fans, involving backflow and hub corner stall that are absent in
flows around wings. The highest ηts is predicted for axial skew; only 5◦ forward
axial skew gives positive effects on both pressure coefficient and efficiency. For-
ward axial skew as well as forward dihedral influence the backflow region signif-
icantly, where a larger forward angle helps to suppress the backflow. Although
the improvements from sweep, dihedral and skew on fan aerodynamic perfor-
mance are limited for the considered baseline fan with small HTR, for different
optimization purposes, different blade shifts can be applied. Forward sweep and
forward circumferential skew with large angles can be used for higher ηtt, while
forward dihedral and forward axial skew can suppress backflow and give posi-
tive effects on ηts.

Optimal Vortex Distribution Design Method

Thirdly, a vortex distribution design method is employed for low-pressure
axial fan with small HTR for achieving higher total-to-static and total-to-total ef-
ficiency ηts and ηtt. Free and general vortex distributions are investigated.

The achievable ηts is analysed as function of design duty point (ϕ,ψtt), hub-
to-tip ratio κ and vortex distribution r vθ2(r ). By applying a constrained nonlin-
ear multivariable function method, optimal κ and r vθ2(r ) are obtained. Analytic
solutions for optimal κ and expected achievable ηts as function of (ϕ,ψtt) are for-
mulated (for the first time) for free vortex designs with constant r vθ2(r ), which is
surprisingly the same as the Strscheletzky backflow criterion. For general (linear,
quadratic and cubic) vortex distributions , the increased number of degrees of
freedom results in decreased optimal κ, which means backflow may be expected
for general vortex distribution designs.

The CFD predictions show that designs with all vortex distribution types are
able to satisfy (and even exceed) the design duty pressure coefficient ψ and total
pressure coefficient ψtt with significantly improved ηts and ηtt. For the free vor-
tex design, higher ψ and ψtt with improved efficiency ηts and ηtt are found for
all flow coefficients ϕ. However, for linear, quadratic and cubic vortex distribu-
tions, lower ψ and ψtt are found in low ϕ; at design duty point and for higher
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ϕ, compared with the baseline case, higher or almost same ψ and ψtt are found.
Different distribution freedoms give close predictions in ηts,max and ηtt,max. Flow
field investigations show that backflow is present for quadratic and cubic vortex
designs near the design duty and for lower flow coefficients; for the linear vortex
design, backflow is only present at low ϕ. Differently from the baseline case, the
backflow together with the low stagger angle near the hub result in unexpected
flow separations near the suction side of the blade section, which leads to the
drop in ψ and ψtt near low ϕ.

Therefore, the current vortex distribution design method is able to find opti-
mal design parameters with respect to the specific design duty; high ηts and ηtt

can be achieved with the required pressure rise.

9.2 Recommendations

With respect to the subjects of this thesis, there are some lines of research that
could be continued, as described in following.

Measurements All investigations in this thesis are based on CFD simulations.
Although the validated simulation strategy makes the results reliable, it is inter-
esting how the aerodynamic performance would be in measurements for small
HTR fan with skewed (in the general sense) blades and blades designed by the
vortex distribution design method. It is also recommended to perform measure-
ments of detailed flow fields (for example the velocity distributions, visualization
of backflow, etc.) for further validation of the current simulation strategy and re-
sults. This will provide better understanding of the aerodynamic performance of
low-pressure axial fan with small HTR.

CFD Simulation For RANS CFD simulations, the effects of the shape of the
computational domain on the predicted performance are not investigated in great
detail in this thesis. With respect to the shape of test facility, the calculation
domain downstream of the rotor may be substituted by cylindrical or spherical
shape with larger radius (> 4Rfan). An example of such an investigation has been
reported by Masi and Lazzaretto [76]. Also, the actual hub shape downstream of
the fan (bulb-shaped; not extended to the outlet) present in the experiments may
be accounted for in the simulation. The SST turbulence model underpredicts the
aerodynamic performance in this thesis, with large extent of the backflow region,
compared to that with the SA turbulence model. However, as reported in Chap-
ter 3, the SST model has been applied successfully in simulations of axial fans.
Therefore, it is interesting to investigate the effects of the combination of calcula-
tion domain and turbulence model on the predicted aerodynamic performance.

Another simplification is the absent tip gap. With tip gap present in the calcu-
lation domain, significant drops of RANS CFD predictions are found (as reported



9

9.2. Recommendations 139

in Chapter 6) which result in large deviations between CFD predictions and mea-
surements of the baseline small HTR fan. The flow field investigations show that
extensive vortices are present in tip leakage flow. However, the tip gap is present
in the measurements, which means the effects of tip gap on the aerodynamic per-
formance are not predicted adequately by the current RANS CFD strategy. There-
fore, it is interesting to employ LES or NLEVM in the simulations of low-pressure
axial fans with small HTR to investigate a (potentially) better simulation strategy
with tip gap being studied in (much) more detail.

Blade Skew CFD simulations for other small HTR axial fans with sweep,
skew and dihedral would help to consolidate the results in this thesis. The small
stagger angle (with respect to the circumferential direction) of baseline fan in this
thesis makes the aerodynamic performance of sweep and circumferential skew
(or dihedral and axial skew) similar to each other. So it is recommended to inves-
tigate the effects on the aerodynamic performance of skew (in the general sense)
together with different stagger angles.

The linear stacking line is employed in this thesis and the effects of sweep,
dihedral and skew on the aerodynamic performance are found to be less signifi-
cant. It is interesting to investigate skewed blades with a non-linear stacking line
and the combination of sweep, skew and dihedral in a single blade with respect
to their advantages. For example, dihedral or axial skew could be applied near
the hub for decreasing the backflow region; sweep or circumferential skew could
be applied near the tip for shortening the radial migration path. More detailed
descriptions and an overview of their benefits are given in Ref. [84].

Vortex Distribution Design Method Two main simplifications in the vortex
distribution design method reported in Chapter 8 are: (i) No correction is con-
sidered with respect to the cascade blade interference effect near the hub, (ii) A
linear distribution of the lift coefficient is employed from hub to tip.

For axial fans with small HTR, the solidity at the hub may easily be larger
than one. For a more accurate design method, it is recommended to consider
the correction of the lift coefficient near the hub due to interference effects by
applying correction factors like Weinig’s coefficient [139] or cascade airfoil data
(for example data from MISES [22, 23] or measured cascade data).

For the lift coefficient distribution Cl (r ), the linear distribution is applied in
this thesis. Different Cl (r ) will give different distributions of chord length and
stagger angle, eventually resulting in various blade shapes. Although the inflow
and outflow velocities are the same under two-dimensional design assumption,
different blade shapes are not likely to have the same aerodynamic performances
in three-dimensional flow. Therefore, it is interesting to investigate the effects of
Cl (r ) distributions on the aerodynamic performance of low-pressure axial fans
with small HTR based on the known optimal r vθ2(r ) through a parametric study
and CFD simulations.
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In this thesis, the lift coefficient near the tip is considered to be conservative for
better anti-stall characteristic. A phenomenon named “stall delay" has been re-
ported in wind turbine research [153], where the maximum lift coefficient of blade
sections in three-dimensional flow is significantly increased compared to the cor-
responding two-dimensional case. Therefore, the occurrence of flow separation
is delayed to a higher angle of attack. The master theses of Ling Zheng [154] and
Vinith Mohan [155] reported a similar phenomenon in axial fans. However, it is
still not clear how stall delay can be described for axial fans. It is interesting to
further investigate this effect and apply it in the design of axial fans.

Backflow The backflow region, or the recirculation zone downstream of fan
rotor, is the key characteristic of small HTR axial fans. The appearance of back-
flow could be related to an observation called “vortex breakdown" where a recir-
culation zone is generated at a sufficient degree of swirl [156]. Such observations
are found from laminar flow to turbulent flow (Reynolds number ranging from
less than 1000 to greater than 105). It is interesting to investigate the effects of
backflow on the aerodynamic performance of axial fans together with the ideas
from vortex breakdown studies.

The Strscheletzky backflow criterion (Eq. (8.11)) is based on free vortex con-
siderations. Following the main idea of Strscheletzky’s formulation (Eq. (8.13)), it
is possible and recommended to obtain a backflow criterion of general vortex dis-
tribution for understanding of the aerodynamic performance of axial with small
HTR.

Aeroacoustics Although not studied and reported in this thesis, the aeroa-
coustic performance of axial fans is of high importance and has attracted the at-
tention of many researchers. One of the main advantages of blade sweep is the
reduced noise. Hence, it is recommended to take aeroacoustic evaluations into
account in further study of the vortex distribution design method.

Mechanical/Structural Consideration In this thesis, only the aerodynamic per-
formance is considered. For further steps of axial fan designs, the mechani-
cal/structural and production design considerations should be involved. With
these considerations, the large twists of blade may not be desirable. Therefore,
the combination of the current (solely) aerodynamic design method with mechan-
ical/structural considerations is recommended.
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