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ABSTRACT

DESIGN, CONSTRUCTION AND PERFORMANCE EVALUATION OF A
CENTRIFUGAL PUMP FOR AN ENERGY EFFICIENT DISHWASHER

Turgul, Doruk

M. S., Department of Mechanical Engineering
Supervisor  : Prof. Dr. Kahraman Albayrak

December 2015, 121 pages

Energy efficiency has become one of the most important concerns of the world
recently. Rate of decrease of energy resources have been accelerated due to increased
population and unconscious consumption. As a result, energy efficient new
generation products are on the agenda for environmental issues. Furthermore, the
more efficient the product, the less costly it consumes energy. Hence, people are
encouraged to use energy efficient products which enables them to save more money.
In addition, it has become obligatory to manufacture energy efficient products rather
than being an option. This is regulated by certain rules determined by relevant
commissions around the world. White goods, so dishwashers, have to obey certain

consumption levels according to these regulations as well.

In this thesis, a centrifugal pump for circulating the washing liquid in an energy
efficient dishwasher, especially Arcelik dishwasher, is designed and constructed. The
pump is required to deliver 60 I/min at 3020 rpm against a 300 mbar system. After
the construction, its performance is evaluated by means of both Computational Fluid
Dynamics (CFD) and laboratory experiments. CFD helps the designer save time and
money. Several geometries and conditions can be analyzed in certain time without
requiring any real product but eligible hardware and software. After deciding the
final design, prototypes are produced and tested under actual conditions. At the end

of this study, performance target is reached with acceptable energy efficiency.



Keywords: Centrifugal pump, Energy efficiency, Dishwasher, CFD analysis, CFD

validation
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0z

ENERJI VERIMLI BiR BULASIK MAKINESI ICIN SANTRIFUJ BiR
SIRKULASYON POMPASI TASARIM, KONSTRUKSIYON VE
PERFORMANS DEGERLENDIRMESI

Turgul, Doruk

Yiiksek Lisans, Makine Miihendisligi Boliimii
Tez Yoneticisi : Prof. Dr. Kahraman Albayrak

Aralik 2015, 121 sayfa

Enerji verimliligi son donemlerde diinyanin en énemli konularindan biri haline geldi.
Artan niifus ve bilingsiz tiikketim, enerji kaynaklarinin tiikenme hizini artirdi. Bu
nedenle g¢evresel meseleler i¢in enerji verimli yeni nesil iiriinler giindeme geliyor.
Ayrica, Uirliniin enerji verimliligi arttikca, daha ucuz enerji tiikketimi gergeklesir. Daha
fazla tasarruf edebilmek ic¢in insanlar enerji verimli iriinleri tiikketmeye tesvik
ediliyor. Ayrica enerji verimli {irlinler tiretmek bir segenekten ziyade zorunluluk
haline geldi. Bu kurallar diinyanin cesitli bolgelerinde ilgili birimler tarafindan
belirleniyor. Beyaz esyalar da, dolayisiyla bulagik makineleri de, bu kurallar

cercevesinde belli bagh tiiketim degerlerine uymak zorundadir.

Bu tezde, enerji verimli bir bulasik makinesinin, 6zellikle Argelik bulasik makinesi,
yikama suyu sirkiilasyon pompasi tasarlanip insa edilecektir. Pompa, 3020 rpm
devirde, 300 mbar basing karsisinda dakikada 60 litre su basacaktir. Insa isleminden
sonra Hesaplamali Akiskanlar Dinamigi (HAD) ve laboratuar deneyleri ile pompa

performansi olgiilecektir.

HAD, tasarimciya zaman ve maliyet kazanci saglamaktadir. Pek ¢ok geometri ve
kosul, belirli bir zamanda ve ger¢ek iiriiniin varligma gerek olmaksizin analiz

edilebilmektedir. Bunun i¢in sadece uygun donanim ve yazilima ihtiya¢ vardir. Son

vii



tasarima karar verildikten sonra, pompanin prototipi yapilarak farkli g¢alisma
kosullarinda performans testi yapilacaktir. Caligma sonunda performans hedefine
kabul edilir enerji verimliligi sinirlarinda ulagilmistir.

Anahtar kelimeler: Santrifiij pompa, Enerji verimliligi, bulasik makinesi, HAD

analizi, HAD dogrulamasi
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CHAPTER 1

INTRODUCTION

1.1 General

The subject of this thesis is design, construction and performance evaluation of a
centrifugal pump to be used in a dishwasher, especially for Argelik Inc. Dishwasher
Plant. Not only laboratory experiments but also numerical experiments by means of
Computational Fluid Dynamics (CFD) are to be conducted in order to approach the
problem from two sides. Using CFD will provide the agent with save of time, money,
and effort since the parameters which are included in hydraulic design can easily be

manipulated and their effects can easily be investigated by this method.

This thesis covers the issue within three main parts: theoretical design, numerical
experimentation (CFD), and laboratory experimentation. In theoretical part, the
desired pump is to be designed by using the basic empirical methods commonly used
in literature. In CFD part, theoretically obtained parameters are to be used to generate
Computer-Aided Design (CAD) models. Then these models are to be tested under
several conditions by using commercial CFD software. In the final part —laboratory
experimentation part-, previously analyzed models (by CFD method) are to be
prototyped and tested at the same conditions to validate the accuracy between

numerical and actual tests.

1.2 Literature Survey

1.2.1 General Information on Dishwashers

“A dishwasher is a mechanical device for cleaning dishes and eating-utensils.”, [1].
A domestic dishwasher operates according to the following principle: Dishes are
loaded into the device manually. Upon starting any desired program, residual water

from the previous operation is drained first by means of a drain pump. Then the



dishwasher takes certain amount of water from the mains and fills a sump located at
the bottom to collect washing water. Then a circulation pump takes water from the
sump and delivers to spray arms, which are the main actuators of the cleaning action.
The spray arms rotate with momentum supplied by the circulating water, and spray
water towards the dishes. The water then passes through the filtration system located
at the bottom center by means of gravitational force and reaches to the sump again.
Circulation of washing water continues in this manner up to a certain time. When a

washing step ends, soiled water is drained, [2].

There are mainly four steps in standard programs in which water circulation
mentioned above takes place: pre-wash, main wash, cold rinse, and hot rinse. The
last step of a dishwasher operation is the drying step, but water is not circulated here.
In main wash step, detergent is added to solve the soil and to provide hygiene;
whereas in rinsing steps, rinsing agent is added for superior drying performance. In
main wash and rinsing steps, the water is heated for optimum detergent/rinsing agent
activation, [2]. It is seen that, the circulation pump of a dishwasher is operated with
water which is first clean, then soiled, then mixed with detergent and rinsing agent.
This requires a suitable design which is flexible enough to withstand these condition
changes.

To summarize, a dishwasher takes water, circulates it to clean the dishes (according
to the step, water is heated, mixed with detergent, and mixed with rinsing agent),

drains the soiled water, and dries the dishes, [2].



i | i — A 2. Door
{ i B h L L 3. Circulation pump
N l — | | 4, Drain pump
) ‘ ’ [ L i 5. Sump
| — al . 6. Drain line
l I l T N 7. Mains water line
2 ~_ L ”Tﬁ 14 8. Lower rack
N o e 5 - 1§ 9. Upper rack
— - S 10. Feed line

[ T i 11. Lower spray arm
| } 12. Upper spray arm

13. Top sprayer

14. Upper feed line

Figure 1.1- Basic components of a dishwasher [3]
Although there are a lot of detailed systems which play crucial roles, such as safety
systems, water softening system, electronic control system and so on, only the
circulation system is mentioned up to here since this thesis covers only the design of

its circulation pump.

1.2.2 General Information on Centrifugal Pumps

1.2.2.1 Classification of Pumps

It is better to start with the concept of “turbomachine” since a pump is a kind of this
device. “Turbomachine is a device that exchanges energy with a fluid using
continuously flowing fluid and rotating blades”. A pump is a type of turbomachines
which extracts energy from a liquid, [4]. Pumps are also classified into several types,
but mainly into two: rotodynamic (or simply dynamic) pumps, where the fluid
velocities within the pump are increased by continuous energy adding such that they

exceed the values of discharge velocities resulting in pressure rise towards the outlet;



and positive displacement pumps, where a fixed amount of fluid is forced by adding
energy periodically resulting in pressure rise up to desired values to move the fluid
within the system, [5]. Yet another classification is made under the rotodynamic
pumps according to the geometry of the flow pattern: centrifugal (radial) pumps,
mixed-flow (semi-axial) pumps, and axial pumps, [6]. In centrifugal pumps, velocity
Is increased by the centrifugal forces created during the operation of rotating
impeller, [5].

According to Reti (1963, p. 290), the history of centrifugal pumps dates a treatise
about a mud lifting machine by Francesco di Giorgio Martini, who is an Italian
Renaissance engineer, in 1475. On the other hand, the real centrifugal pumps as
understood today were developed in late 17" century by Denis Papin with straight

vanes, and by John Appold with curved vane, [7].

As stated above, according to the direction of the flow paths, dynamic pumps are
divided basically into three: centrifugal, mixed flow, and axial. It is the specific
speed, a special parameter for pumps, which decides the flow path geometry of
dynamic pumps. There are numerous definitions for specific speed in the literature.
However, to be consistent throughout this study, the expression (non-dimensional
specific speed) in Eq. (1.1) is used, [8]:

w0 (L.1)
RS

where  is in rad/s, Q is in m%s, H is in m, and g is the gravity [m/s?]. According to
Giilich (2008), if the application is “universal” or standard, a single-stage radial
pump should be used due to low investment costs, [6]. A dishwasher application can
be counted under this type of application since the only duty of the circulation pump
is to circulate certain amount of water with relatively low flow rate and low head.
Moreover, construction of dishwashers requires use of this type of pumps. Figure 1.2
illustrates how the profile and efficiency of the pump is varying according to specific
speed (note that, dimensional specific speed is used in most of the sources in

literature for this type of charts).
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Figure 1.2- Comparison of pump profiles according to specific speed variation [9]

Other than the vane area profile, the blade shape of the impeller depending on outlet
angle is also important for the performance of the pump. There are three types of
blade shapes: forward-swept/curved/leaning, backward-swept/curved/leaning, and
radial exit. Characteristics trends of these three different blade types can be
calculated theoretically by using Eq. (1.2), [10]:

c? cy 0 (1.2)
g m.dy.by.g.tan(fBy)

H =

Figures 1.3 to 1.5 illustrate the appearances and the characteristics of these three
types:
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Figure 1.3- Blade shapes depending on outlet angle (a) forward-swept, (b) radial exit,
(c) backward-swept [10]

Figure 1.4- Theoretical pump curves calculated based on formula (1.2) [10]
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Figure 1.5- Theoretical power vs. flow rate curves [4]

As seen from Figure 1.5, backward leaning blades exhibit a decreasing gradient of
power as the flow rate is increased. Moreover, they have higher efficiencies since
they have lower exit swirl and forward leaning blades have increasingly steep power
curve. These are the basic reasons which favor backward leaning blades over the
others, although the head is decreasing as the flow rate is increasing, [4]. In
dishwashers, circulation pumps have backward leaning blades for the

aforementioned reasons.

In backward-curved blades, as the exit blade angle increases, tangent value increases
resulting in a decrease in the second term in Eq. (1.6). Due to the minus sign of that
term, overall value of the equation increases. Thus, the larger the blade angle, the
higher the head. On the other hand, the ideal efficiency decreases with increased
energy. A comparative example in which all the parameters are kept constant while

the blade angle is changed illustrates some numerical results:

Table 1.1-Change of ideal pump efficiency with respect to outlet blade angle, [11]
So(degrees) 20 45 90
Tideal (%) 73 58 47

1.2.2.2 Construction and Operation of Centrifugal Pumps

According to Karrassik (2011, p. 2.97), [5], a centrifugal pump is composed of
mainly two parts: the first being a rotating element consisting of an impeller and a
shaft, and the second being a stationary element consisting of a casing, casing cover,
and bearings. However, there are other components which complete a centrifugal

pump assembly as shown in Figure 1.6:
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Figure 1.6- Main components of a closed-impeller centrifugal pump [12]

The working principle of centrifugal pumps is as follows: a pressure means forces
the fluid into the impeller, which is composed of a set of vanes. As the impeller
rotates, the fluid is discharged by centrifugal force towards the periphery gaining a
higher velocity. There is a volute (in volute pumps) or stationary diffusers (in
diffuser pumps), as shown in Figure 1.6, surrounding the impeller designed such that
the previously increased velocity is converted into pressure energy, [5]. The physics
behind this phenomenon may be described as follows: The fluid leaving the impeller
is collected in the volute. The volute has an increasing cross-sectional area so that as
the fluid travels across there, its velocity decreases resulting in a pressure rise
according to Bernoulli’s equation (Eq. (1.3)), [10]. The illustrative figure of diffusion
process in the volute/diffuser is shown in Figure 1.8:

p  c?

(1.3)
;+ — + gz = Constant
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Figure 1.7- Schematics of (a) volute pump and (b) diffuser pump [13]
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Figure 1.8- Diffusion of the fluid across a pipe [10]

There are several other classifications which describe the type of a centrifugal pump,
including impeller, volute, diffuser, and casing characteristics. The most common

classifications are summarized as shown in Table 1.2:



Table 1.2- Hydraulic pump components and arrangements of a centrifugal pump [6]

Impeller form:
Characteristic:
flow direction at

Radial

I

impeller exit
Impeller type Closed (shrouded) Semi-open
B I N —
Diffuser
Characteristic:
flow direction at
diffuser N =
\‘ i I/
N v
Outlet casing Single- Double- Concentric Concentric annulus
volute volute annulus plus volute
Inlet casing Annular inlet Asymmetric inlet
chamber
%
"L/
Impellers in
series: multi-

stage pumps

Impellers in
parallel: double-
entry impellers

Single stage
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In a standard dishwasher, the circulation pump has a closed impeller, a single volute
outlet casing, and an annular inlet chamber. In Figure 1.9, a typical radial impeller is

shown:
TE I
/U}., i
Front Rear shroud i
shroud :
Blades : Pressure surface
I TE
Eye Hub

; /

Figure 1.9- Meridional section and plan view of a radial impeller (LE: Leading edge,
TE: Trailing edge) [6]

Having explained the types, the parts, and the working principle of centrifugal
pumps, the prime movers can now briefly be mentioned to complete this section.
According to Karrassik (2011), pumps can be driven by electric motors, by steam
turbines, by internal combustion engines, by hydraulic turbines, and by gas turbines
depending on the application, [5]. Since electric motors are used as the prime mover
in dishwashers, the details are presented only for this driver only in this study.

Electric motors can most basically be classified into two: alternating current (AC),
and direct current (DC) motors. The mechanism of these electric motors is that,
mechanical energy is obtained from electrical energy by means of the magnetic flux
linkage of the two magnetic circuits, one of which is in the stator and the other is in
the rotor. Due to magnetic flux created between the circuits, a torque is produced
resulting in the relative rotation of the motor shaft. The value of the torque is so
important such that it determines the output power of the motor when multiplied by
the rotational speed, [5]

AC motors operate with 50-60 Hz alternating voltages from public mains. The
number of magnetic poles and the sinusoidal frequency of the voltage determine the
speed of the motor. DC motors, on the other hand, requires additional storage
batteries or a DC generator. AC motors are much more preferred over DC motors
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due to their ease of availability, excellent reliability, excellent performance
characteristics, and ease of replacement. On the contrary, DC motors are also
preferred in some cases. The reason is its variable speed capability by simply
changing the voltage. Despite DC motors’ not having a long useful life without
maintenance, the brushless DC (BLDC) motors began to eliminate this problem with
higher reliability, superior performance, and longer life. Yet, AC motors seem to be
the dominant one since they may also have variable speed by using AC converters

and vector drivers, [14].

1.2.3 General Information on CFD

Although the experimental fluid dynamics have prospered for years, it is sometimes
not possible to construct a test setup for every design study. This may be due to time
considerations, economical reasons, space availability, and so on. Thus, an
alternative branch of fluid dynamics to solve this problem is developed called
computational fluid dynamics (CFD). It is a cost-effective way to simulate real flows
numerically by solving related governing equations by means of advanced
computers, [15]. Today, there are several commercial or open source CFD software,
some of which are Fluent, CFX, SimulationCFD (CFdesign), OpenFOAM, Star-CD,
Cradle, and so on.

As cited in Fletcher (2006, p. 2), Chapman et al., Green, Rubbert, and Jameson point
to the following major advantages of CFD compared to experimental approach in
fluid dynamics, [15]:

e Reduction in lead time in design and development.

e Simulation opportunity of non-reproducible flow conditions in experimental
method.

¢ Availability of more detailed and comprehensive information.

e Developing cost efficiency compared to wind-tunnel testing.

e Reduction in energy consumption.

Although there are a number of arguments about the first appearance of CFD, the
history dates to mid-1900’s. According to Wendt (2008, p. 6), the study of Kopal in
1947 can be counted as the first remarkable CFD example, [16]. In the mentioned
study, Kopal gathered massive tables of the supersonic flow over sharp cones

together by applying numerical solution to the governing differential equations by
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means of a primitive digital computer. Nevertheless, it was not until the 1950°s,
during which superior computers with higher efficiency and speed emerged, that
actual CFD solutions of more complicated problems first appeared, [16]. 50 years of
CFD can be summarized as follows: between 1960 and 1970, early developments
were made; between 1970 and 1980, potential flow equations were solved; between
1980 and 1990, Euler and Navier-Stokes equations are solved; between 1990 and
2000, aerodynamic shape optimization is achieved; and finally, after 2000,

discontinuous finite element methods are implemented, [17].

In CFD, the basic governing equations are continuity, momentum and energy
equations, but there are more according to the application. These are solved
numerically in CFD since analytical solutions cannot be obtained for such complex

problems, [16].

CFD is used in heat transfer, mass transfer, and fluid flow problems, which are three
of the basic engineering disciplines. Moreover, several application areas may be
counted, some of which are the following: aircraft industry, turbomachinery industry,
automotive industry, naval industries, as well as meteorology, oceanography,

astrophysics, oil recovery, architecture, and so on, [18].

A typical CFD analysis process can be summarized as follows in Figure 1.10, [19]:

Mesh + Boundary Mesh +
conditions : A
+ Fluid properties Simulation Data

Pre Processing B Simulation Post Processing

Koy [es====ssssscsass -~

Data Flow ———
User Feedback
1/0 Data

, Processing Stage

Figure 1.10- CFD analysis process
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If one of the convergence criteria of an analysis is fulfilled, then the analysis stops
manually or automatically depending on the software. If the analysis diverges, then
appropriate modifications should be made at the necessary steps, such as at mesh
generation step, until the analysis converges. In the verification part, the results of
the analysis are compared with the experimental results. If the results are accurate,
then the process can be terminated. If, on the other hand, the results are not accurate

enough, then some further modifications should be made.

In this study, CFD analyses for the designed pump under different conditions are

made. Detailed information is presented in Chapter 3.

1.2.4 General Information on Energy Efficiency of Pumps and Dishwashers

When buying an appliance, people are concerned not only by the purchase price, but
also their energy levels since energy save is a very important issue today. There are
different energy standards in different countries. For example, USA uses “Energy
Guide”, [20], EU uses “Energy Label”, [21], and Australia uses “Energy Rating”
[22] as their indication of how an appliance is efficient. Figure 1.12 shows sample
tags for each of them. These guides/labels/ratings provide the user with information
about how much energy and water is consumed by the product annually, how noisy
Is it, how beneficial is it for the globe and so on, [21]. With the increasing
consciousness, consumers seek to buy the appliances with better energy

guides/labels/ratings to save more money and protect the globe.

I ;. [ENESSSS)

The more
stars the more
energy efficient

ENERGY
RATING

A joint government and industry program
gerator Model 480

*

Kustom Kooler refrigerat

Energy consumption

{ seonostetoe mitrashbodurce

1085 e e kiR
 Formore maten, s w8 gov pptances

_,.-": Your cost il depend on your utlty rates and use,

(a)

Figure 1.11- (a) Energy Guide for US, [20], (b) Energy Label for EU, [23], (c)

©
©

VWXYZ|| Y,Z
L/annum kg

2010/XYZ

kWh/annum
i

»|(00
b YZds
Ascosss || 9) ©

YZas

(b)

kWh per year

When tested in accordance with ASINZS 4474.2.

Compare models at www.energyrating.gov.au

(c)

Energy Rating for AU, [22]

14



Although other parameters such as the insulation have effects on determining the
energy guide/label/rating of a dishwasher, the biggest role belongs to the electrical
heater and then to the circulation pump since it is involved in energy and water
consumption, noise level, CO, emission and so on. Thus, it is an important task to
give higher emphasis on the hydraulic performance. Efficiency of a pump and
efficiency of an entire dishwasher system are different issues, but they are strictly
interconnected. A highly efficient pump under certain conditions may exhibit inferior
efficiency when operated in an inappropriate system. Therefore, both the pump and
the system should be considered together in order to decide whether they meet the
needs efficiently or not. According to a study by Dries (n. d.), most manufacturers
expect to increase the efficiency of a dishwasher by changing the electric motor of
the pump although this would only be effective on electrical efficiency, but not on
the hydraulic efficiency. He adds that, improving the hydraulic efficiency of a
dishwasher by some manipulations on the hydraulic system can be both more
economic and more beneficial. In order to achieve this, washing systems and
operating conditions should be well analyzed, [24]. On the other hand, the scope of
this thesis includes only the pump side of an energy efficient dishwasher, that is, the
hydraulic system of the dishwasher is assumed to be fixed, and the modifications are

made on the circulation pump.

It is mentioned above that, people try to buy more energy efficient dishwashers.
Nonetheless, when it comes to the purchase of a new pump, energy cost is at the least
consideration according to a survey of Users, [25]. However, dishwasher
manufacturers are firstly concerned about the efficiency. Figure 1.12 illustrates the

priorities in other industries when purchasing a new pump according to the survey:

(1) KEY CRITERIA
Immediate concerns

L]
(2) SECONDARY |* Pmce
CRITERLIA # Deliveries
e Reliahility e Known name
» Mamntenance (3) SOMETIMES

CONSIDERED
# Energy costs

Figure 1.12- Priorities when purchasing a new pump [25]
However, the Figure 1.13 indicates the contradiction between the buyer priorities and
the actual life cycle cost (LCC) trend:
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Figure 1.13- LCC of centrifugal pump [26]

According to a study in European Commission (Study on Improving the Energy
Efficiency of Pump, 2001), there are mainly three barriers to improving the
efficiency of pumps. The first is the organizational behavior: Usually intermediaries
such as Distributors and OEM suppliers are responsible for buying pumps in the
cheapest manner; hence, energy saving is not concerned at this stage. Moreover, fast
revision of pumps results in inadequate repair by non-specialists. The second barrier
is the technical and educational factors: Efficiency contradicts with maintenance
effort and safety requirements. In addition, system efficiency should be considered
together with the pump efficiency. Furthermore, pumps are not correctly selected,
and/or they are replaced with the identical ones rather than re-assessing the needs.
The lasts obstacle in front of the efficiency improvement is the economic reasons: As
seen in Figure 1.13, energy saving is insignificant compared to other factors
according to most users, excluding dishwasher manufacturers. Moreover,
amortization of energy saving is not appreciated in short term or in case of low cost
installments. Acceptance tests, in addition, are not economic for smaller pumps. To
sum up, there are many biases and reasons that overshadow the importance of energy
efficiency of pumps. However, on site advice, encouraging third party involvement,
and research and development (R&D) may help getting rid of these problems, [25].

In order to improve/maintain the efficiency of a pump, all the losses affecting the
pump performance should be well analyzed. There are mainly two types of losses in
a pump: mechanical losses and hydraulic losses. Since they result in lower head than

theoretical and higher power consumption, efficiency of the pump decreases, [10].
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Figures 1.14, 1.15 and Table 1.3 show how losses are effective on the performance,
so the efficiency, of the pumps:

Euler head

Recirculation losses
Leakage

Flow friction

Incidence
Pump curve

Q."

Figure 1.14- Reduction of theoretical Euler head due to losses [10]

Shaft power P,
Mechanical losses
Disk friction

Hydraulic losses

Hydraulic power P,

qf
Figure 1.15- Increase in power consumption due to losses [10]

Table 1.3- Losses in pumps and their influence on the pump curves [10]
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Loss fow(Q) | Lowerhead ) | o BIRONE )

Mechanical Bearing n X
losses Shaft seal B X
Hydraulic Flow friction X
losses Mixing X

Recirculation X

Incidence X

Disk friction X

Leakage [ | X

Losses are not the only factors affecting the efficiency of pumps. Specific speed,

pump type, design, absolute size, operating range, and so on are also very important

for determination of the efficiency, [6].

To summarize, in order to produce energy efficient dishwashers, the hydraulic

system and the circulation pump are the upmost important elements to be considered.

In the scope of this thesis, design of an efficient pump is covered only while the

system characteristics for the dishwasher is assumed to be fixed.
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CHAPTER 2

DESIGN OF THE CENTRIFUGAL PUMP

2.1 Design Parameters

The pump to be designed should deliver approximately 3.1 m of head, 60 I/min of
volumetric flow rate, and should operate at 3020 rpm at its design point. According
to Eq. (1.1), the pump has a specific speed of 0.78 with these design values.
Although the blades with Ns<0.57 and Q<140 I/s are better to be designed with
double curvature according to Lazarkiewicz [27], it is difficult to manufacture this
type of blades for dishwasher pumps having much smaller dimensions compared to
other industrial applications. Moreover, flow rates are much less than 140 I/s (around
1 1/s). As a result, a single curvature blade is sufficient for this application.

The pump operates between 15°C and 70°C. Thus, the structure should bear this
temperature difference. Moreover, the water contains food soils, detergent, rinsing
aid and such chemicals. So, the pump should maintain its performance stability under
these conditions.

Due to increasing environmental consciousness and high level of competition
between brands, one of the most important targets is to decrease water consumption
as much as possible.Hence, it is important for the pump to be designed to overcome
the risk of air entrainment. If the pump sucks air bubbles, outlet pressure starts to
pulsate resulting in severe loss of flow supply to the spray arms of the dishwasher.
Furthermore, the pump will mechanically be damaged after some time just like in

cavitation case.

There are geometric restrictions due to dense structural design of dishwasher. This
affects not only the dimensions of the pump, but also the flow conditions. For

example, there are sudden elbows which should actually be avoided for smooth
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guidance. Thus, geometrical restrictions of the other parts affecting inlet and outlet of
the pump should be considered during the design approach.

For the aforementioned conditions, theoretical methods are to be supported with
experimental background of the factory. By doing so, real operating conditions are

better simulated.
2.2 Design of Hydraulic Parts

There are two main hydraulic parts of centrifugal pumps: impeller and volute (or
diffuser) as stated in Chapter 1. In this study, a volute type pump is to be designed.
There are several methods for designing this type of pumps in literature. Although
they constitute a base for the design, they should be manipulated so as to fulfill the
exact demands since the theoretical methods are somehow generalized. There are
mainly three types of methods: semi-empirical, direct, and inverse, [6]. In the case of
semi-empirical methods, geometry and performance of the pump is predicted by
means of basic flow equations supported with experimental correlations. At the
beginning of the design, a specific speed value is chosen, which fixes the pump type
and efficiency. In this method, 1-D mean line method, which is based on streamline
theory and ideal fluid theory, is used. In this case, secondary motions are neglected,
and the method gives an insight about the performance up to a few percent accuracy.
In "Direct method", on the other hand, the geometry of the pump is prescribed first.
Then the flow field is predicted. The third method, "Inverse method", is based on
numerical iterations. Pressure distribution is the input of this method. At the end, the
geometry which provides the prescribed pressure distribution is obtained. This
method is mostly used in special cases, such as where cavitation is of high-

importance.

In this study, semi-empirical methods, which is the most suitable one for dishwasher
application, is to be used. There are several methods introduced in the literature.
Some of them are the methods of Pfleiderer, Giilich, Stepanoff, Lazarkiewicz, and so
on. A good design may synthesize all of those methods, and may be optimized by
self-experimental background of the application area. Throughout the design stage,
Giilich's design methodology and nomenclature is taken as base; on the other hand,

some modifications and additions are made using other sources where it is needed.
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2.2.1 Design of Impeller
Impeller is the most critical part in a pump since it is the dynamic part and the major
energy gain is obtained here. Therefore, it is the first component to be designed.

Then the volute design starts using the outputs of the impeller design.

Impeller design starts with selection of the specific speed. Giilich uses a different
specific speed than the non-dimensional one. It is stated to be common in Europe and
Is indicated as follows, [6]:

[Qopt/f, (2.1)
ng :nQO—p;S/qz Ng *52.9

Hope
where n is in rpm, Qqp is the operating flow rate in m¥/s, fq is the number of impeller
entries (number of stage), and Hop is the operating head in m. This expression may
also be obtained by multiplying the non-dimensional specific speed, Ns, by the
constant shown in Eq. (2.1). In this study, a single-stage pump is designed which

makes f;=1.

There are some points to be obeyed in order to have an efficient design. Among

them, the suitable ones for this study can be listed as follows, [6]:

e Considering that the design is made according to the best efficiency point
(BEP), the pump should operate within 0.8<Qr/Qqp<1.1, Qg being the actual
(or rated) operating point.

e Cavitation characteristics should be considered while defining the maximum
flow rate, Qmax

e Again considering the cavitation, the suction conditions may be of high
importance in many designs

e Stability of Q-H curves is demanded in many cases, which is "the higher the
head, the lower the flow rate™ condition is obtained continuously.

e The operation of the pump must be in the planned range, noise and vibrations
must be limited, and damage must be avoided considering cavitation
characteristics.

e The head coefficient is generally chosen near the upper limit when pump size
and cost is critical.

e To have a higher and healthier operation life, excitation forces and pressure

pulsations must be kept in allowable range.
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There are basically three calculation models for impeller design: Cascade model,
channel model, and airfoil model. As the name implies, impeller and diffuser are
considered as cascades. In this model, velocity vectors, incidences and the slip
conditions are the main parameters. In the channel model, on the other hand, impeller
and diffuser are sliced into cross-sections along the stream. Instead of vectorial
velocity concept, velocity magnitudes according to continuity equation are of
interest. Different from the former two, airfoil model is applied when widely-spaced
blades are to be designed, [6]. In this study, cascade and channel models are

combined in order to obtain the desired flow path to the best extend.

Having mentioned some key points, the design procedure may be covered starting

from here. The radial impeller to be designed has the form shown in Figure 2.1:

(a) (b)

Figure 2.1- Geometric profile and dimensions of the radial impeller (a) plan view, (b)
meridional view, [6]

The design starts with determining the boundary conditions of the operation (n, Hopt,
and Qopt,). This will give the specific speed, nq, of the pump according to Eq. (2.1). It
should be noticed that the operation point should be chosen as the BEP bewaring that

the actual pump may operate at some distance from this point.

Upon getting the specific speed, hydraulic and volumetric efficiencies are assumed.
The hydraulic efficiency directly affects the head of the pump; thus, considering the
reduction in head, a conservative efficiency should be selected. Since there is leakage
in the impeller through the gap between impeller and volute, the volumetric
efficiency of the pump should be considered. There are several experimental charts
for those efficiencies. Other than empirical values, there are also some rules of thumb

used in literature for an initial value of the efficiency. The minimum flow rate is
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limited to 0.005 m%/s in Centrifugal Pumps of Giilich, [6]. Since this is larger than
that of the design of this study, different sources are used for determining the
efficiencies. It is proper to choose volumetric efficiency between 0.90-0.95 for an
initial approach [28]. Baysal (1975, p.22) tabulates hydraulic efficiency with respect
to specific speed regardless of flow rate, [29]. The plotted version of the data (with
the proper conversion of specific speed to nq as used in this study) is presented in

Figure 2.2:
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Figure 2.2- Hydraulic efficiency vs. specific speed, [29]

After assuming the efficiency values, shaft diameter which endures the torque safely
is calculated. In order to do this calculation, the material and the allowable stress
should be decided. The remaining parameters are obtained from already decided
boundary conditions. Eq. (2.2) is used for the shaft diameter, [6]:

1 (2.2)

P 3
d,, = 3.65 (ﬂ)
Nty

where dy, is in m, Ppax is in W, n is in rpm, and 7y in N/m? It is wise to choose a
larger value of shaft diameter than the calculated one to handle other factors than the
transmitted torque. Hub diameter of the impeller can be chosen as (1.3-1.4)x dy

considering the manufacturing, [8].

In order to get the outer diameter, d,, the pressure coefficient is calculated. Figure 2.3
may be used to find the pressure coefficient as a function of specific speed:
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Figure 2.3- Pressure coefficients, [6]

Despite it is stated above that the pressure coefficient is selected near the upper limit
for the cost and size considerations, it increases instability of the Q-H curve due to
flat characteristics. It means that, the lower limits of the pressure coefficients are
better for steeper Q-H curves. Thus, it is an optimization problem depending on the
application and restrictions. After a suitable pressure coefficient is obtained, it is

possible to calculate the outer diameter as:

846 [Hop (23)

2T (Yo

where n is in rpm, and Hoy is in m, resulting d, in m. It is the outer diameter which
plays an important and pioneer role on the head of the pump. It should be taken 10%
greater than the calculated value according to Eq. (2.3) in case of that the required
head may not be achieved due to losses. If the manufactured impeller can supply

higher head values than the design value, trimming can be applied, [29].

Number of blades is another parameter which is highly important. There are several
ways to choose or calculate the number of blades in literature. There is a general
consideration which brings a need for optimization: If the number of blades is low,
there is less frictional loss and less blockage; nonetheless, the flow is more prone to
separation. In the case of higher number of blades, there is more frictional loss and

blockage; however, the flow is better guided.

Some methods for the selection of blade number consider vibration and noise
characteristics, some others consider blade loading and its effects. When the stability

is considered, eight or more blades should be avoided. If the head per stage is higher
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than 100 m, less than five blades should be avoided since it would result in highly
non-uniform flow and pressure pulsations. Combining all these criteria, a narrower

range of choice (5 to 7 blades) emerges for 10<n,<120, [6].

A study conducted by Liu et al (2010), [30], provides one with an insight for
preliminary design. The study covers the effect of number of blades on head
capacity, efficiency, and NPSHg versus flow-rate. Moreover, the participants
interpret phenomena occurring within the blade passages and within the diffuser.
There are both numerical experimentation (CFD) and laboratory experimentation

results which strengthen the argument.

In the study, only the blade number of the impeller is changed while all other
parameters are kept constant. As a result, the effects only caused by the number of

blades may be seen.

The tests are made for number of blades 4, 5, 6, and 7, where the model pump has an
impeller of 5-blade. At the end of the study, it is seen that CFD results and
experimental results are in good agreement. For different parameters of concern,
different blade numbers show better performance; meaning there is not a unique
number making all the outputs superior. As a result, an optimum number of blades is

chosen.

As the number of blades increase, static pressure generated within the pump also
increases without any exception. On the other hand, the pressure at the suction side
of the inlet decreases with increasing number of blades resulting in an increase in the

risk of cavitation.

Uniformity of pressure distribution is also affected by blade number. Increasing the
number worsens the pressure uniformity at screw section, but betters that at diffuser

section.

An important phenomenon occurring through the blades is the “jet-wake” interaction.
This may be explained as mixing of “jet” stream at pressure side and “wake” stream
at suction side. The study shows that, the increase in the blade number enhances jet-

wake characteristics, in other words, jet-wake mixture loss reduces.
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Efficiency of the pump does not exhibit an ordered change with respect to blade
number. Odd number of blades gives higher efficiencies than those of even-

numbered ones.

When all categories are investigated, the results shown in Table 2.1 are reached

under design conditions:

Table 2.1- Results of the study on the effects of blade number on pump performance,
[30]

Blade number Head Efficiency NPSHR
zZ H/m n /% Hgups/m
4 27.51 74.07 4.04
5 30.38 75.63 3.68
6 30.54 74.20 4.66
7 32.91 77.45 4.95

Considering all the results, the following deductions may be made: Best efficient

blade numbers: 7, 5; best cavitation characteristics: 5, 4

Although 7-blade impeller gives the highest head and best jet-wake distribution,
cavitation limits the preferences. Thus, having relatively higher efficiency and the
best cavitation characteristics. 5-blade impeller is the most optimum one for the

application, [30].

It should be noted that, the above study just bears a torch to the issue. Thus, the
number of blades should be selected depending on the operation conditions; that is,

whether performance or cavitation is more critical should be considered.

Eqg. (2.4) may also be used to calculate the blade number, but it is an iterative

approach due to including yet unknowns, [28]:

I dy +dy in (ﬂw + 323) (2.4)
La Zd2 _ dl 2
where Kk is a coefficient depending on the material, d's are in m, and £'s are in radians.

When inlet diameter is considered, there are more than one way to calculate it. The
selection again depends on the application and operational conditions. For example,

if a suction impeller is to be designed, a selected suction specific speed is the design
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initiator. If cavitation is critical, design methods with NPSHg or NPSH;. In this study,
inlet diameter calculation for minimum inlet relative velocity is made which is

appropriate for minimum leakage, friction and shock losses. Eq. (2.5) is used in this

case, [6]:
n1.33 (25)
di = fa, |dn? + 1.48x10 34, ———
! (v 6,)°
where 8, =1——="— and fy is a coefficient between 1.15 and 1.05 for ng

ulmtan aq
between 15 and 40 for normal impellers. Since "no inlet-whirl" assumption is made

throughout the design, the most-right term drops, leaving o, as 1.

At the inner streamline, the blade inlet diameter may be different than the nominal
inlet diameter. This is limited by the mounting of the blade and the stability of Q-H
curve. Thus, the optimum value should be kept. For the case covered in this study,
the impeller is relatively small resulting in closer values of inlet diameters from inner

to outer streamlines.

The inlet velocity triangle can be established upon determining the diameter of the
impeller inlet. There are some parameters to be calculated in order to achieve this.
Once the velocity triangle is set, the blade angle at the inlet can be calculated by
adding an incidence value of 0° to 4° to the flow angle. The less the incidence, the
lower the risk of cavitation. While calculating the flow angle, it is important to
consider the effect of blockage due to blade thickness. It plays an important role
since reduction in the flow passage area due to finite number of blades causes an
accelerated flow through the blades. As seen from Eq’s (2.8) and (2.9), the blockage
term includes blade angle, and flow angle includes blockage; thus, an iterative
process is applied to calculate both, [6]. The steps for the calculation of inlet blade

angle are as follows:

u, = ndyn/60 circumferential speed (2.6)
_ Qo meridional component of the absolute (2.7)
Cim = A, velocity
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o ( B Z14 €1 )‘1 blade blockage (2.8)
! nd,sinfgsind; g

CimT1 flow angle (2.9)
U — C1y

p1 = arctan

In these expressions, Q.4 is the total flow rate through the impeller, A; = %(d% —

d?), which is the area between the eye and the hub of the impeller. ¢y, is zero due to
no inlet-whirl assumption. A, is the angle between the blade and the shroud, and
taken as 90° for single-curvature blades. e; is the inlet blade thickness, and usually
chosen to lay in (0.016 to 0.022) x d,. Upon calculating Eq. (2.9), inlet blade angle

can be found by adding the incidence.

Together with the blade number and the blade outlet angle, the blade outlet width is
an important parameter which determines the required head of the pump. Despite the
fact that the larger the width the higher and the more stable the head, flow separation
should be avoided. This means that, the outlet blade width should be kept in an
optimum range. Maintaining b,<bi, empirical data may be used to calculate the blade
outlet width. Figure 2.4 illustrates an empirical approach. It is wise to select b,

closer to the lower limit in order to be safe in terms of turbulent losses, [6]:

1

- =T —
< L—T 1] |+ ——=F
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q

Figure 2.4- Non-dimensional blade outlet width vs. specific speed ("A" for sewage
pumps), [6]
The head demanded for the design requires the determination of the blade outlet
angle as well. In this case there is one more factor than the blockage which affects
the outlet angle: the slip factor. It is the finite number of blades that causes friction
losses in a real impeller. As a result of this phenomenon, slip losses merge resulting

in reduced outlet flow angle. Then, circumferential component of the absolute
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velocity, thus the rated head decreases, [5]. As a result, designers should consider

this effect and choose a larger blade angle than that of ideal case. Including both slip

and blockage effects, typical centrifugal pumps have outlet blade angles between 15°

to 90°. However, it is hardly encountered to use outlet blade angle larger than 40° if

the working fluid is water, [28]. In many cases, 20° to 27° are used. If the specific

speed is above 60, the outlet blade angle should vary from the inner streamline to the

outer, [6]. The governing equations for the outlet blade angle are as follows:

u, = nd,n/60 circumferential speed
Com = Qra/Az meridional component of the absolute
velocity
A, =md,b, outlet passage area (without blockage)
( Z1q €2 )—1 blade blockage
T —_ [e—
z d,Sinf,psind;,

influence factors of inlet diameter on slip:

8.16 sin 3,

€Lim = €Xp(— T)
a

d;m — €Lim 3 "

kW: 1__(1_6Lim)’ dlmzel’im
1 ) otherwise

sin 8, slip factor for z,,>2 with f,=0.98
n (- ), _

ZLa for radial pumps

= __CamTz circumferential component of

Cou =10y uy tan Byp

absolute velocity (prediction)

5 5 absolute velocity
C2 = [Com T Coy

relative velocity components:

Woy = Uz — Cy

_ /z 2
Wy = [Com + W3y

ComT2 relative outlet angle with blockage

Wau

B3 = arctan
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6" =B — B deviation angle with blockage (2.22)
&' is selected between 10° and 14°

In Eq.(2.13), the outlet blade thickness may be selected within (0.016 to 0.022) x d,
as in the case of inlet blade thickness; moreover, they can be of the same size.

All the these parameters constitute the inlet and outlet velocity triangles. They can be
represented together with other descriptive dimensions as follows:

1
R

< Cim

d;

\ - )
(VY (

Figure 2.5- Inlet velocity triangle and geometric parameters, [6]

C2

Figure 2.6- Outlet velocity triangle and geometric parameters, [6]

Before proceeding into drawing of the impeller, a last modifying step may be applied
to leading and trailing edges of the blade. In order to prevent uneven pressure
distributions, strong low pressure peaks, cavitation, and deficiency, an effective
leading edge profile should be used. Giilich (2010, p. 347) covers three shapes: semi-
circle, elliptic, and wedge-like. Semi-circular leading edges are only suitable for

small pumps with low demands. For acceptable pressure distributions, elliptical
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profile is preferable, [6]. Only if shock-less entry is needed, wedge-like shaped blade
leading edge may be used. The shapes are represented in Figure 2.7:

S S e —

o
Lo | Wedge-like

Semi-circle Elliptic [

Figure 2.7- Impeller blade leading edge profiles, [6]

There are two options for determining the shape of the trailing edge. The first one as
a super group is profiling the edge (symmetrical profiling, under-filing, or over-
filing). This is helpful for reducing the wake width, turbulent dissipation losses and
pressure pulsations. The other option is not to profile the edge. The idea behind this
is that after manufacturing the impeller, there may be head deficit. In order to
eliminate this risk, there should be a chance to under-file the trailing edge. Thus,
profiling this edge may be postponed to performance test rather than doing it in the

design stage, [6].

Having obtained all the necessary geometrical data, drawing of the blades may be
conducted. It should be noted that, since a single curvature blade is designed in this
study, the drawing methods are covered for this type only. There are basically two
methods: circular arc method and point-by-point method. The former one needs only
one or two circles to define the blade shape, [27]. The latter one; on the other hand,
uses the variation of fg along the radius of the blade. This method is introduced by
Pfleiderer, and is more sensitive since discrete data is used, [28]. If the pump, so the

impeller, is small, circular arc is sufficient and less effort-consuming.

Circular arc method, as stated above, is simpler than point-by-point method, and
gives acceptable results for smaller impellers. In this method, inlet and outlet
diameters of the impeller, inlet and outlet blade angles and number of blades are the
main parameters to be used in drawing. The two types of this method are "single-arc
method" and "double-arc method". As their names imply, the blade has a single
radius of curvature in single-arc method, and double radius of curvature in double-
arc method. When size of the impeller is increased, use of "double-arc™ method is

more appropriate.

In single-arc method, circles with d; and d, are drawn first. Then, an arbitrary point

K is selected on the inner circle and connected to the center point O. A straight line
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making an angle fig+S2s With OK is drawn from point O to the outer circle. Their
intersection point is named as point B. The straight line connecting B and K is
extended until it intersects the inner circle. This intersection point is the starting point
of the blade with label A. A straight line BN is drawn making an angle f,s with OB.
The point of intersection of the perpendicular bisector of AB and BN is labeled as G
and is the center of the blade arc. The blade shape is determined by drawing an arc
passing from points A and B with its center point being point G. After getting a
single blade shape, the necessary offset for the blade thickness is given and the
remaining blades are obtained by patterning the firstly drawn blade shape, [29]. This

procedure may be represented as shown in Figure 2.8:

Figure 2.8- Drawing of a single blade by Single-arc method

In double-arc method, there are more parameters to define the shape of the blade. As
in the single-arc method, circles with d; and d, are drawn first. Then, by using the
angle between two successive blades, blade entrance points A; and A, are drawn on
the circle having diameter d;. Another circle whose diameter is d=d;Sinf;g is drawn
from center point O. Two straight lines 4,/; and A,/, are drawn tangent to the circle
with diameter d. Starting from A, 4,], is extended outwards to the point F which is
at a distance e+a (e being the blade thickness, a=rd/z). The point of intersection of
the perpendicular bisector of FA; and A4,]; is point M; and defines the center of the
first arc of the blade inner face. This arc is obtained by using the bounding points A;

and F and the center point My A straight line FG is drawn making an angle Bog With
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FM,, and the length of this line is set to a value d,/2. The point of intersection of the
perpendicular bisector of GO and FM; is point M,. The second arc of the blade is
centered at point M, and passes from point F and the circle with diameter d,. The
shape of blade with 2 radii of curvature is obtained. Again an offset of the blade
thickness is given, and the remaining blades are patterned as done in single-arc
method, [29]. This procedure may be represented as shown in Figure 2.9:

Second Arc

N

Figure 2.9- Drawing of a single blade by Double-arc method

In point-by-point method, the blade is sliced into small elements. The idea behind the
method is to find the variation of g as a function of radius. The boundary conditions
are the known inlet and outlet blade angles. For each change of 4r, a different f is
obtained. At the end, these points are smoothly combined by a spline. Although this
IS a pure integration method (with dummy variable dr), it can be converted into a
summation function in practice. An arbitrary point A is selected on the circle having
a diameter d;. Another arbitrary point P is set at an arbitrary distance r from the
center point O. The angle between 0OA and OP is ¢ and called the central angle. The
value of this angle is found by the following procedure: The radius r increases by an
amount of dr as ¢ increases by d¢, At the same time, a new point P' is set on the
blade at r+dr. The projection of point P on the new radius line of r+dr is point T and
PT is perpendicular to dr. From trigonometry:

P'T (2.23)
tanf

PT =r¢ =
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From this equation, defining P'T = dr:

_dr or _dr (2.24)
rd¢ = d¢ = rtanf

Integrating Eq. (2.24) between r; and r with a multiplier /80/z gives the local value

of ¢ at any r in degrees:

180 (7 dr (2.25)
~ m J,rtanp

[o}

As stated above, converting Eq. (2.25) into a summation is more common in practice

since it enables tabular representation. In this case:

180 Ar (2.26)
T Lirtan B
rl

[e]

In point-by-point method, both ¢ and S seem to be unknown. However, there is an
assumption that the variation of g with r is known. Thus, the only unknown is the
central angle ¢. In another case, which is more common especially for water pumps,
it is assumed that the variation of relative velocity w with r is known between the
boundary conditions w; and w,. In this case, the variation in £ can indirectly be
calculated. As a result, there is again only one unknown variable, ¢, [28]. The

construction of the method can be illustrated as shown in Figure 2.10:
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Figure 2.10- Drawing of a single blade by Point-by-point method

Up to here, plan view of the blades is covered. In order to completely define the
shape of an impeller, radial view of it should be obtained. There are different
methods for this in literature. One of the simplest models is used in this study since a
relatively small impeller is designed. Accordingly, the bounding lines which
represent the axis of rotation, shaft diameter, hub diameter, average inlet diameter,
average outlet diameter parallel to each other. An arbitrary point O on the line
representing the inlet diameter is chosen. A circle of diameter b; is drawn its center
being at point O. A perpendicular line from the point of intersection of this circle to
the line at r, is drawn which constructs the lower cover of the impeller. The end point
is labeled as point B. A distance of b, from point B is traveled to point C. An arc
passing from pint C and tangent to the circle with diameter by is drawn. The lower
limit of this arc is the tip diameter. The inner, the mid-section, and the outer
streamlines of the blade inlet are connected to each other, constructing the blade inlet
edge. As the skeleton of the radial blade section is obtained, proper thicknesses and
shapes are given to the drawing depending on the application and volute size, [29].
The radial view can be illustrated as shown in Figure 2.11:
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dib i l

ds dn

Figure 2.11- Drawing of the radial view of the impeller

At the end of aforementioned procedures, the draft drawing is completed; however,
there are some parameters which should be controlled whether they fulfill some
necessary specifications or not. The parameters to be controlled may be listed as:
channel cross-section between successive blades, cone angle between successive

blades, and minimum blade surface, [29].

Channel cross-section should satisfy that the relative velocity throughout the blade is
linearly changing. The method for examining this can be explained as follows: The
streamline between the centers of the circles of inlet channel breadth (a;) and outlet
channel breadth (as) is drawn. Development of that streamline is moved to abscissa,
and (axby) product is moved to ordinate with rectangular cross-section assumption.
The connecting curve of the points on the plot should be pure-linear. Otherwise,
blade width values should be manipulated to satisfy this rule, not making any change
in channel breadth values. Figure 2.12 illustrates the method:
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Figure 2.12- Channel cross-section between successive blades, [29]

The last control is made on the blade surface as stated above. In order to get the
desired pump head with a sufficient hydraulic efficiency, the blades should possess a
minimum surface area per unit blade. This is represented as the product of blade
number and blade length. Kovats (1971, pp. 142-146) introduced a method for this
issue. According to this method, approximate blade length is calculated first:

d, —d, (2.26)

L= (ﬂw '5323)

2 sin

Then, mean pitch (t/l), circulation () at inlet and outlet, and vectorial average of

inlet and outlet relative velocities (w.,) are calculated as:

t_ n(dy, + dy) (2.27)
I 22z,1
2c .
tan S, = - mz (2.28)
Uy + Uy — Cyp
w. =4 + Uy + Cyp (2.29)
® COS P
Ib=mndycyand T}, =mdy ¢y (equals to zero for no inlet whirl) (2.30)
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Referring to Weinig diagram in Figure 2.13, lift coefficient (&,"<,) is obtained by
using blade mean angle and mean pitch. After getting that parameter, the minimum

blade surface area is calculated from Eq. (2.31) for no inlet whirl assumption:

e, (2.31)
(ZiaDmin = W, &%,
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Figure 2.13- Weinig diagram for moving circular cascade, [31]

At the end of this procedure, real (zi, I) value should be above the calculated
minimum value. If this is not satisfied, blade angles at inlet and outlet should be
reduced to increase blade length, or number of blade should be increased, [31]. In
single curvature blade profiles, blade length can directly measured in drawing. This,
moreover, gives better results than approximate calculation, [29]. Having completed

the impeller task, the volute design may now be covered in the following section.

2.2.2 Design of Volute

Volute is a part of a “volute-pump” in which kinetic energy created through the
impeller is converted into pressure energy. It has a spiral shape enveloping the
impeller. From the starting point to the end point which is at 360°, the cross-sectional
area of the volute keeps increasing gradually. At the end of the spiral casing, there is
a linearly centered section which is the “discharge opening”. This is the final section
of a single stage pump where the liquid is pressurized and travels into the system,
[5]. There is an extension at the intersection of the initial section and the discharge

nozzle named as “cutwater” or “tongue”. This portion, as the name implies, cuts the
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water at a specified camber angle with circumferential direction of the volute and
deflects it towards the discharge nozzle, [6].

The volute may be classified mainly into two according to the number of sections:
single and double, noting that other types may be derived from double volute, such
as twin volute. The former one is much simpler than the latter one in terms of design
and manufacturing. Radial thrust is the primary parameter in volute type selection.
At off-design conditions, radial forces may threaten the mechanical life of single
volutes. Thus, double volutes should be used if bearing loads, shaft stresses and shaft
deflection is inevitably high despite high design and manufacturing efforts. In single
volutes, the head capacity is limited by specific speed. 120 m of head may be reached
for ng<40 if the working fluid is water, [6]. In this study, the design head is
approximately 1/40 of this upper limit for the same specific speed; thus, single volute

may be safely applied.

Single volute Double volute Twin volute

Inner volute ;

Outer channel

Figure 2.14- Volute casing types

At the beginning of volute design, the first step is to specify the boundary conditions
of the flow entering the volute section. Casing design flow rate, Qe is one of these
conditions. This is the total flow rate which includes both discharged flow rate and
leakage through the impeller, which depends on the volumetric flow rate of the
pump. Considering the leakage, operating flow rate should be used in volute
calculations in order to achieve agreement between design and actual best efficiency
points, [6].
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Qo

Figure 2.15- Flow rate components through the impeller

In order to keep pressure pulsations and hydraulic excitation forces within allowable
limits, there should be a clearance between cutwater and impeller. This distance is

represented as the ratio of cutwater diameter to impeller diameter, [6]:

d n H 2.31
d;zd—zz1.o3+o.1 94007 Pt (2:31)

2 nq:Ref Pref Hres

where ngrer=40, Hrer=1000 M, prer=1000 kg/m®

Cross-sectional shape of the volute is one of the most important characteristics when
mechanical and economic issues are considered. The designer should well analyze
stresses to be applied on casing in order to decide the most suitable volute shape.
Moreover, the shape should be manufactured as economic as possible considering
that the more complex the shape, the more expensive the manufacturing. There are
several shapes used in practice depending on the application. Figure 2.16 illustrates

some of these shapes:

a

a) Rectangular b) Trapezoidal ¢) Circular d) Asymmetric
volute (semi-axial impeller)

~_|

e) Double volute ) Concrete volute 1 g) Concrete volute 2 h) Concrete volute 3

Figure 2.16- Cross-section shapes of volute casings, [6]
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Among the shapes shown in Figure 2.16, the most common volute types are
rectangular, trapezoidal, circular, and double volute (when needed). In a study
conducted by Alemi et al, rectangular, circular and trapezoidal cross-sectioned
volutes of the same cross-sectional area are investigated in terms of performance

with a common specific speed, [32]:

(a) S
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Figure 2.17- Rectangular, circular, and trapezoidal volutes of the same cross-
sectional area, [32]
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Figure 2.18- CFD analysis results for different cross-section volutes of the same
cross-sectional area, (a) Head coefficient, (b) Hydraulic efficiency, (c) Radial force
with respect to flow coefficient ratio, [32].

According to the above results, circular cross-section volute has higher head
coefficient values at all flow rates; whereas rectangular and trapezoidal cross-section
ones change trend at certain flow rates. However, at and above the design flow rate,
trapezoidal cross-section volute shows similar performance as the circular one. In
terms of hydraulic efficiency, circular cross-section volute is the most efficient

among all. The reason that rectangular cross-section volute has worse performance at
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and above the design flow rate is that its hydraulic diameter is smaller than the
others, so that frictional loss is higher. Below 110% of the design flow rate,
rectangular cross-section volute produces lower radial forces. Above that point,
circular and trapezoidal cross- section volutes are more preferable. Considering all
the cases together, if the pump is to be operated near and below the design flow rate,
rectangular cross-section may be used due to lower radial forces. However, if the
operation point is above the design flow rate by a certain amount, circular or
trapezoidal cross-section volutes are better at head, hydraulic efficiency and radial
force characteristics, [32]. In the design of dishwasher circulation pump, the cross-
sectional shape is to be trapezoidal. This is due to not only aforementioned
performance characteristics, but also the heater unit to be integrated at the top of the
volute casing. The integrated heater unit is a flat plate in the majority of its geometry
and has only a few sections which are rounded. This shape cannot be changed by the
pump designer since its designed by the heater company. As a result, a flatter top
plate and a more rounded lower sections restricts the designer to use trapezoidal

design, noting that rectangular design is not preferred for the study.

Inlet width, b3 is chosen such that height to width ratio at the volute inlet is close to 1
in single volutes. Moreover, sufficient side wall gaps between impeller and volute
should be kept ensuring that bs>b, Hence, the ratio bs/b, is required to be 2 to 4 for
small specific speed pumps. As the specific speed increases, the risk of secondary

flow increases as well. For this reason, bs/b, ratio should be chosen smaller, [6].

Cutwater is another highly stressed portion in a volute as it acts like a stationary
blade to guide the flow into the discharge nozzle. As a result, the shape of it should
be designed so that any damage due to flow is prevented. A rounded leading edge
having a diameter, es nearly 1/50 of impeller outlet diameter is suitable for relatively
small pumps having single volute. The angle s between cutwater and
circumferential direction should be selected so that the required guidance is made
most effectively. Eq’s (2.32) to (2.36) are used to get this camber angle, [6]:

d, c;,,  circumferential component of absolute velocity at volute inlet (2.32)
C3u =
ds

where d; (volute inner diameter) is obtained by a minimum 2 mm of clearance from

the impeller outlet.
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o ( Zie €3 )‘1 blockage due to cutwater (2.33)
s=(1-

T d3sinasp sinig, ALe=90° for single curvature blade

, Qe Ts meridional  component of absolute (2.34)
C3m = mds by velocity at volute inlet
. Cim flow angle at volute inlet with blockage (2.35)
tanaz; = —
C3u
azp = azg + i3 cutwater camber angle (2.36)

incidence i; = £3°

Upon shaping the cutwater, the last main parameter of the volute, which is the volute
throat area, is to be found. Apart from frictional losses, fluid particles obey the first
law of Newton, which is the inertia. As a result, the fluid leaving the impeller tends
to keep its angular momentum (pxQ xc,, xr7) throughout the volute. Consider Figure
2.19

Section A

Figure 2.19-Volute casing, [6]

At any section A different from the starting point S, fluid particles flow through the
infinitesimal area d4A=b xd, with a circumferential velocity c,. Due to conservation of
angular momentum, ¢y, xrp=c, xr is valid. As a result, the fluid passing through the
infinitesimal area element has a differential flow rate dQ=c,xb xdr=cyy xro/r>xdr. It
is known that Qo flows within the volute. Hence, the only unknown is the ratio b/r
at any section A. In order the flow to obey the conservation of angular momentum,
the designer should satisfy Eq. (2.37) equation while evaluating each partial volute

throat area, [6]:
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2.37
f 2 ar € Qopt ( )

360° Cou T2

For circular throat area, Eq. (2.37) can be evaluated by Eq’s (2.38) and (2.39):

Y. = QLe Esp €sp = 27 for single volutes (2.38)
P ey, 1y 2T
. nds throat area for circular cross-section (2.39)
d3g = Xsp + ‘/Zdesp Azq = Tq volute

Having obtained all the necessary geometrical parameters, the volute may be
designed according to either constant angular momentum method introduced by
Pfleiderer, or constant velocity method introduced by Stepanoff. The theory behind
the conservation of angular momentum method is introduced above. Since there is
not a single analytical expression for the entire volute shape, the cross-sections of it
is partially designed in such a way that the circumferential angle of the volute is

calculated satisfying the momentum conservation.

Figure 2.20- Meridional section of volute

A b ra b
C T- C T-
€=360°22L2 f ~dr = 360°MZ—M (2.40)
QL r QLe r

The right-most hand side of Eq. (2.40) is used when the calculation is done manually.
Using o, r;” and b, the boundaries of surfaces of revolution are defined first. For a
number of cross-sections, AF’s, the height is estimated from Eq. (2.39). Then all the

cross-sections are sliced into infinitesimal elements of Ar»xb. For each cross-section,
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these parameters are tabulated to evaluate Eq. (2.40). At the end of this procedure, a

volute which satisfies the conservation of momentum is obtained, [6].

In the method of constant velocity, throat area is calculated in the same way as in the
previous method in order not to deviate from the best efficiency point. Assuming that
C3q=QLe/Asq Is constant throughout the volute, area at any wrap angle of the volute
may be evaluated as:

Q€ _CGre e _, € (2.41)

A(e) =

C3q C3q Esp Esp

The efficiencies of both methods are similar to each other. However, for smaller
specific speeds, the constant velocity method is more efficient due to lower frictional
loss. On the other hand, the other method is better in secondary flow point of view at
higher specific speeds. In order to be more certain to decide which method to use, a
limiting range is introduced as ny~25 to 35. The constant velocity method for below
this range and the constant angular momentum for above this range is highly

applicable, [6].

A very important criterion in volute design is to maintain a continuous shape. On the
other hand, the blockage effect of the cutwater has to be considered as well. As a
result, the designer should use a correction so as to compensate the blockage and
maintain the continuity of the shape. Wesche (as cited in Giilich, 2010) introduces an

equation for this issue, [6]:

Aa
3 _-02 (

es )2 (2.42)
as

as

where az and e are taken from the throat section as shown in Figure 2.21:

Figure 2.21- Cutwater and throat
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The final part of a volute is the discharge nozzle/diffuser. No additional part is
applied in single stage pumps since the diffuser part of the volute bears the discharge
nozzle itself. This part should be designed aiming a minimum amount of loss due to
deceleration, especially for small specific speeds, [6]. The developing trend of the
diffuser shows variety. Alemi et al. also attempted to this issue. They analyzed the
performances of tangential and radial diffusers shown in Figure 2.22:

{a) (b)

Figure 2.22- Diffuser shapes, (a) tangential, (b) radial, [32]
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Figure 2.23- Performance characteristics of tangential and radial diffusers, (a) head
coefficient, (b) efficiency, (c) radial force with respect to flow coefficient ratio, [32]
As seen in Figure 2.23, both of the shapes exhibit similar characteristics. However,
radial diffuser has a bit higher efficiency above the design flow rate and has lower
radial force generation below the design flow rate. Therefore, it is design conditions
which decides the diffuser shape. In fact, the most important parameters in a diffuser
design are length, diffusion angle and inlet flow conditions. These are critical since
they play a significant role on boundary layer development, on turbulence
characteristics, and solely on discharge flow conditions, which is the output of the
diffuser. In a good design, separation should be prevented. The main mechanism
behind the separation is the deceleration phenomenon. As the fluid starts to
decelerate, pressure increases according to Bernoulli Equation. In a field that
deceleration continues, pressure gradient is positive. After a certain point, the kinetic
energy inside the boundary layer cannot overcome the pressure at the frontier. As a
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result, the flow separates from the walls of the diffuser and causes a significant loss
of efficiency. Since this phenomenon occurs inside the boundary layer, keeping the
boundary layer thickness as small as possible helps the flow get rid of separation and
stall. This necessitates a short diffuser since the longer the pipe the thicker the
boundary layer. Level of turbulence has a remarkable effect on separation as well.
Due to the fact that increased turbulence increases energy transfer between the main
flow and flow inside the boundary layer. This occurs in radial pumps thanks to the
centrifugal forces, which in turn increases the level of turbulence, created through the

impeller and continuing within the volute, [6].

As cited in Schlichting (1979), Ackeret and Sprenger, following Kline et al. have
many studies on the effect of diffuser geometries on diffuser performance. The
researches give a light to diffuser efficiency, which is dramatically affected by the

boundary layer thickness. The diffuser efficiency is defined as follows, [33]:
P2 —P1 (2.43)
1
5p(cf —c3)
where p; and p; are the static pressure at the inlet and at the outlet of the diffuser,

Np =

respectively. And c; and c, are the mean velocities at the inlet and at the outlet of the
diffuser, respectively. According to their studies, not only the boundary layer
thickness, but also the diffuser included angle and deflection angle (if curved

diffuser) are highly effective on the efficiency:
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Figure 2.24- Diffuser efficiency in straight and curved diffusers, [33]
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As seen in Figure 2.24, increase in both displacement thickness (due to boundary
layer) and in deflection angle (represented as I, 11 and Il1) causes a deficiency in the

diffuser.

The effect of deceleration may be better understood by comparing the flow regimes
inside the diffuser. Traupel and Kline (as cited in Giilich, 2010) state that there are
four types of regimes seen inside diffusers. According to Figure 2.25, the most
desired case is A whereas the case which should strictly be avoided is D. Hence, an
optimum length to height (or radius) ratio and an optimum included angle should be
chosen. Eq. (2.44) may be used to find a maximum value to included angle provided
that the inflow conditions are favorable, [6]:

9, = 16.5° L
al . I

Schlichting and Gersten (as cited in Schlichting, 1979), found a range for optimum
included angle which maximizes the diffuser efficiency. The range is between 2 9=3°
and 8°, [33].
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Figure 2.25- Flow regimes inside a diffuser, [6]
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In case of non-circular cross-sectioned diffusers, equivalent dimensions are used, [6]:

Al Rl, AZ
Rl,eq = ? 196(] = atan( Leq A_l -1 )

It should be considered that geometric constraints, manufacturability, adaptation to

(2.45)

impeller and so on are also determinant on the design. This means that, above
mentioned procedures may be used as guides for a preliminary design. Moreover, a
volute does not have to have a certain shape such as circular, rectangular and so on.
The installation where the pump is to operate may sometimes forces a genuine
design. An example for this case is to be presented in this study since the dishwasher

infrastructure requires special pump design.

2.3 Design of the Dishwasher Circulation Pump
In this part, the design procedure for the dishwasher circulation pump specific to this
study is to be explained. As stated very early in this chapter, the required operating

point of the pump is defined with the parameters listed in Table 2.2:

Table 2.2- Design point parameters of the pump

Parameter Value

n (o) 3020 rpm (316 rad/s)
Q 60 I/min=0.001 m*/s
p (H) 300 mbar (3.07 m)
Dvater 997 kg/m®

With the above parameters, the pump has a specific speed of Ng=0.78 in non-
dimensional form. This corresponds to nq=41 in metric form which is used

throughout the design in this study (as used in Giilich, [6]).

Majority of the geometric dimensions are determined according to the
aforementioned empirical methods in Part 2.2. On the other hand, some parameters
are taken from the existing circulation pump designs of Argelik in order to keep
harmony with in-direct parts of the installation such as connection hoses, electrical

motor and so on.

In order to make the design in a systematic manner, and to bring a practical and a
helpful tool to Arcelik archive, a design sheet is prepared in MS Excel® (see
Appendix B). The sheet comprises empirical relations, tables, figures and some

comments from a variety of sources. The designer inputs the design conditions to the
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table, than vast of the parameters are automatically calculated by embedded
equations. In some parts, the designer refers to the plots in order to choose a suitable
value for his/her application. Moreover, the designer may input his/her desired
value(s) for some parameters if the calculated value is not satisfactory or suitable.
There are some macros embedded in to evaluate parameters which require iterative
calculation. This saves time and effort since otherwise the designer should repeat
changing the value of a parameter to get the correct result. At the end, all geometrical

dimensions required to model the pump is obtained in a quick way.
2.3.1 Design of the Impeller

Having determined the specific speed of the pump, the design starts with the
calculation of shaft diameter according to Eq. (2.2). Taking the allowable stress as 12
N/mm? with a maximum power of 30 W (calculated at operating point), shaft
diameter is found as 3.4 mm. In Argelik dishwasher pumps, shaft is screwed to
impeller. Leaving a thread tolerance, and to be on the safe side, a nominal size of 4.5
mm shaft is selected. Although 1.3 to 1.4 times the shaft diameter can be used as hub
diameter, this is commonly preferred for metal impellers. If a plastic impeller is used,
then the hub diameter may be taken as twice the shaft diameter due to its strength
characteristics. Again leaving a thread tolerance, hub diameter is chosen as 10 mm.

For the outer diameter, Figure 2.3 is referred. With ny=41, average value for head
coefficient is taken, which is 0.90. From Eq. (2.3), outer diameter is calculated as 57

mm.

It is stated in Part 2.2.1 that 5 to 7 blade is suitable for pumps having a specific speed
between 10 and 120. Since the pump in question has a specific speed in this range,
number of blades is better to be 5, 6 or 7. By referring to Argelik experience and

practice, number of blades is selected as 6.

Choosing fg1 as 1.05 (corresponding to ng=40), inner diameter of the impeller is
found as 28.5 mm by Eq. (2.5). The shroud should not have to have the same
diameter as the blade. In this design, ~10% increase is used for shroud inlet. Upon
getting the diameters and number of blades, blade angles at inlet and outlet may be
evaluated. Assuming a volumetric efficiency of 0.90, total flow rate, Q.o becomes
~0.0011 m*/s. Choosing a constant blade thickness of 1 mm, the blockage factor is

calculated as 1.18 in an iterative way since it is an implicit equation with blade angle
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(Eq’s. (2.8-2.9)). This brings a blade inlet width of ~7.5 mm. With ¢;,=1.3 m/s
according to Eq. (2.7), flow angle is calculated as 24.5°. Assuming an incidence of
2°, inlet blade angle becomes 26.5°. For the outlet blade angle, outlet width is
calculated first. Choosing a non-dimensional blade outlet width of 0.09 from Figure
2.4, b, becomes 5.1 mm. Again applying an iterative approach blockage factor is
found as 1.069, and slip factor is found as 0.777 according to Eq’s (2.13-2.16) .
Using Eq’s (2.17-2.21), flow angle at the outlet becomes 17.2°. An angle of
deviation between 10 and 14° may be selected, [6]. By choosing 14°, the blade angle

at the outlet then becomes 31.2°.
Table 2.3 presents the summary of impeller dimensions for preliminary design:

Table 2.3-Impeller dimensions:

Parameter Value

dw 4.5 mm
d, 10 mm
d; 28.5 mm
dia 32mm
d, 57 mm
z 6 blades
b, 7.5 mm
b, 5.1 mm
B, 26.5°
iz 31.2°
€1 1 mm

Having defined the necessary geometric parameters, the impeller is ready to be
drawn. The profiles for leading and trailing edges may be treated after getting the
main blade profile. As mentioned in Part 2.2.1, there are three basic ways to draw the
plan view of an impeller. In this study, all three methods are used to generate the
blade profiles. By doing so, the designer had the chance to decide which one is the
most appropriate. In Figures 2.26 to 2.28, plan view blade profiles by using three
different drawing methods are illustrated:
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Figure 2.26- Blade profile by Single-arc method

Figure2.28- Blade profile Point-by-point method with: (a) 5 equal elements, (b) 3
equal elements, (c) 2 equal elements.
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As seen in Figure 2.28, point-by-point method (assuming linear variation of blade
angle) with different number of equal elements does not produce a satisfactory
backward curved profile for these design dimensions. Hence, the designer is left with
Single-arc method and Double-arc method. Figure 2.29 helps the designer compare

both methods more easily:

Single-arc

Double-arc

Figure 2.29- Comparison of Single-arc and Double-arc methods on the same plane

According to Figure 2.29, blade with Single-arc method is curved more uniformly
then the other one. Blade with Double-arc has a uniform curvature until the end of
the first arc. The section with the second arc has a nearly linear extension. As a
result, choosing the one with Single-arc method seems to be better. However, in
order to strengthen this argument, some other controls should be made as discussed
in Part 2.2.1. Firstly, channel cross-section is checked as shown in Figure 2.12.
According to that, a linear trend should appear for the connecting line of asb,’s to
guarantee the conservation of relative velocity. Figures 2.30 and 2.31 show the

control results for both methods:
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Figure 2.30- Channel cross-section control circles: (a) Single-arc (b) Double-arc
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Figure 2.31- Channel breadth x blade width for the mid-stream line sections

As seen in Figure 2.31, both methods have similar trends (linear-like) for the
indication of conservation of relative velocity. Thus, this check is successful for both
methods. The other check is made about minimum surface area per unit blade as
discussed in Part 2.2.1. By using Eq’s (2.26-2.31) and Figure 2.13, parameters listed

in Table 2.4 are calculated for the issue:

Table 2.4-Blade surface area per unit blade parameters

Parameter Value Parameter Value

I 28.68 MM Brean 29.75°
vl 0.779 &l ~1.05
tang.)  0.261 (Z1al)min 0.057
Wo, 1952 m/s  Inin 9.5 mm
I, 0.876
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By using the CAD geometries, arc lengths are measured as 26.2 mm and 34.6 for
Single-arc method and Double-arc method profile, respectively. These values safely

satisfy the minimum surface area per unit blade as compared to 9.5 mm.

Since controls are passed by both methods, designer is free to choose any of the two
methods. Since Single-arc method produced a more uniform curvature, the designer

decides to continue with this method.

Having chosen the plan view profile of the blade, the meridional view profile of the

impeller is drawn as shown in Figure 2.32 by using the values presented in Table 2.3:

Figure 2.32- Meridional view of the impeller

For acceptable pressure distributions, leading edge is elliptically profiled as
discussed in Part 2.2.1 and referring to Figure 2.7. However, trailing edge is kept as
it is. If a head deficiency is observed, underfiling may applied after production. The

final blade profile and impeller model are presented in Figure 2.33 and 2.34:
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Figure 2.33- Final blade profile (plan view)

Figure 2.34- Final impeller model

2.3.2 Design of the Volute

The shape of the volute depends not only on impeller geometry, but also on other
constraints such as pump installation as stated before. In Arcelik dishwasher, the
circulation pump has the heating facility integrated on it. Since the company that
produces the heater elements has a certain optimized design, volute design is
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dependent to the shape of that heater elements, especially to the heating plate which
Is in direct contact with operating fluid. Another constraint is about the diameter and
the height of the volute. The reason for this is that there are several components
under a dishwasher tub and each of them has a certain location and size. Moreover,
the pump is connected to the water sump forming a closed loop in a manner such that
folding of hoses are strictly avoided in order not to disturb water flow. Furthermore,
the pump is fixed to the dishwasher from the casing in order to prevent vibration.
Combining all these constraints, the pump assembly —especially the volute since it is

the topic of this study- has limited geometric flexibility.

In Argelik dishwasher infrastructure, the pump casing, which forms the outer limits
of the volute, has the form shown in Figure 2.35, inside which a volute design may

be applied:

Figure 2.35- Volute outer limits

For the inner diameter of the volute, a clearance of 2.5 mm from the impeller outlet
is given, resulting in d3=59.5 mm. The last parameter for fixing the volute partial
cross-section extension area is volute inlet width, bs. It may be taken as twice to four
times of blade outlet width, [6]. This corresponds to 10.2 mm of volute inlet width.
Having determined volute inner and outer constraints, the limits for partial cross-
sections are set. Locating the impeller to the assembly, the limits are obtained as
shown in Figure 2.36:
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Figure 2.36- Design limits for partial volutes

As seen in Figure 2.36, partial volutes cannot extend radially outwards like shown in
Figures 2.14 to 2.20. Thus, they are to extend downwards special to this design. It is
commonly used to divide the volute into eight equal sections and draw eight partial
volute cross-sections. Connecting these partial volutes produces the full volute, [29].
In order to draw each partial volute sections, throat areas should be calculated first.
With the design parameters determined in this study, throat area for a circular cross-
section volute is 285 mm? by using Eq’s (2.38-2.39). This corresponds to a hydraulic
diameter of 19 mm. For a rectangular-like cross-section, it is calculated as 16 mm by
considering wall thicknesses, gap between inner and outer walls of the volute and
inlet volute width. Adding the area between the outer wall of the volute and heater
plate, calculated hydraulic diameters are approximately match. Assuming constant
velocity inside the volute, which is the method suggested by Stepanoff, additional

heights to volute inlet width are calculated as follows:

Table 2.5- Partial volute section heights (starting at a distance of bz (10.2 mm) from

the heater plate)

SectionNo  Wrap angle, ¢[°]  Additional height [mm]

1 0 1

2 45 2.6
3 90 4.7
4 135 6.9
5 180 9.1
6 225 11.3
7 270 13.4
8 315 16.4
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Referring to the discussion made in Part 2.2.2 with Figure 2.18, rounded shapes
exhibit better performance in terms of head, efficiency and radial force compared to
those of rectangular cross-section. Taking this fact into consideration, bottom parts of
partial volute sections are rounded to increase hydraulic diameter and to improve

flow conditions. A volute spiral is obtained with the data shown in Table 2.5:

Figure 2.37- Volute bottom profile obtained by connecting 8 partial volute sections

Upon obtaining the volute profile, cutwater geometry is to be obtained. In general,
volute cross-sections extend radially outwards as wrap angle increases as mentioned
before. Hence, cutwater is located at the intersection of first partial volute section and
diffuser which is the closest section to the center. In this specific design, on the other
hand, since radial dimension of the volute sections are equal everywhere, distance
from cutwater to the center is not the closest distance but is equal to volute outer
diameter (~87 mm). According to Eq. (2.31), cutwater diameter should be greater
than 64.5 mm, which is achieved in this case. Leading edge diameter, es;, may be
taken as 0.02xd;, as suggested by Giilich (2010, p.415), [6]. This corresponds to a
diameter of 1.1 mm. Camber angle of cutwater is calculated around 10° by Eq.
(2.36). However, since cutwater is not very close to the point where the flow leaves
impeller, it does not disturb the flow significantly. Thus, a wider angle may be used.
Another compensator for cutwater blockage is cutwater correction as mentioned in
Eq. (2.42). With 1.1 mm of cutwater tip diameter and 11.5 mm of throat area, amount

of correction is evaluated as 0.021 mm which is negligible compared to 11.5 mm.

After deciding cutwater geometry, the final part of the volute, which is the diffuser,
Is to be designed. It is decided to use radial diffuser rather than a tangential one in
order to keep diffuser length as short as possible to avoid separation. Benefitting
from Argelik’s previous designs, a diffuser of ~60 mm length with an included angle
of 15° to 10° (variable-angled) is used. With R;=5.75 mm and L=57 mm, 10.4° of
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allowable included angle is obtained by Eq. (2.44). Moreover, this is predicted to
help flow attach to the diffuser wall as seen in Figure 2.25. Considering the pump
position near the water sump of dishwasher, the diffuser should have an inclination
for smooth hose connection. Thus, 15° inclination is chosen which exhibits moderate

and acceptable volute efficiency values as referred to Figure 2.24.

Having determined all the required geometric parameters, the volute is constructed as

seen in Figure 2.38:

(b)

Figure 2.38- Completed volute design (without heater plate): (a) top view, (b): side
view

Combining all the designed and default parts, which are impeller, volute and heater,
the pump assembly becomes shown in Figure 2.39:
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Figure 2.39- Pump hydraulic parts

2.3.3 Mechanical Parts and Electric Motor of the Pump

During the design of hydraulic parts, it is aimed to keep mechanical parts and electric
motor common with the similar type of pumps used in Argelik. The reason is that,
the more the number of common parts, the easier to follow production planning
especially with part suppliers. Moreover, these parts are auxiliary ones and their
characteristics are already known. Since the designed pump dimensions suit these

mechanical parts, new designs are not made.

There are several mechanical parts coupled with the pump. This pump is a “wet-
rotor” pump in which the magnetic rotor is coated and sealed such that it is in contact
with the operating fluid safely. The rotor encloses the shaft, which is 4.5 mm in
diameter as calculated earlier. It is located in a well sealed cavity of the lower casing
of the pump. Two radial coal, one at the lower part, the other at the upper part, are
used for aligning and fixing the shaft to the casing. Under the lower casing, electric
motor and motor card are present. The lower casing, in addition, enables fixing the
pump assembly to the dishwasher base. There is an O-ring to prevent leakage located
between volute and lower casing. The last mechanical part added to the assembly is

the volute inlet pipe which allows hose connection to the volute.
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The full assembly sectional view is as illustrated in Figure 2.40:
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Impeller
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Heater plate
Volute inlet pipe
Shaft

Lower casing
Radial bushes
Rotor assembly
O-rings

. Electric motor casing

(inner details are not
shown)

Figure 2.40- Full pump assembly

Electric motor of the pump is a BLDC type which enables variable speed, quieter
operation and lower energy consumption compared to AC pumps. An electronic card
designed by Argelik is located inside the motor casing. This card has two electrical
connection ports: one is for energizing; the other is for speed change. A wide range
of various rotational speed values may be installed to the card by means of a certain
software. However, the card has a certain capacity in terms of speed memory. To
illustrate, one can install a speed combination of 1000, 2000, 3000 rpm; and another
can install 1000, 1100, 1200 rpm to the three allowed speed memory. In this study,
the design rotational speed is the nominal value to be used in general cleaning

algorithms and equals to 3020 rpm. Other speed values may be determined

depending on the application. Hence, it is not in the scope of this study.
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CHAPTER 3

CFD ANALYSES OF THE DISHWASHER CIRCULATION PUMP

3.1 General Information on CFD Analyses and Software
Historical background, benefits, methods and logical background of CFD is
discussed in Part 1.2.3 in detail. In this part, on the other hand, specific details of the

application of numerical experimentations on the designed pump are presented.

CFD analyses allowed the designer to investigate the designed pump in several ways.
First of all, problems in generated geometry are immediately captured by the
software. Hence, the designer could revise the geometry knowing where the
problems are. Secondly, hydraulic performance of the pump is predicted in a couple
of days if a well-enough mesh quality is obtained. This helps the designer revise the
design further if there is a lack of performance. Moreover, flow profile can be
monitored in detail which contributes to noticing problematic regions that flow is
disturbed. Separation and recirculation may be listed as concrete examples to this
issue. This can only be achieved by means of very expensive tools such as PIV in

laboratory environment.

There are two cases investigated by means of CFD analyses in this study. In the first
case, designed impeller is analyzed with an existing volute design of Argelik. In the
second case, both the impeller and the volute are the ones designed in this study. By
doing so, it is seen if there is need for launching the new volute design for mass

production or the existing volute is sufficient for energy efficiency.

Since CFD software solve number of equations which are continuity (conservation of
mass), conservation of momentum in X, y and z directions, energy and turbulence
equations in an iterative way, capacity of the computer which solves these equations
plays a very important role on the quality of the results. The used computer in this
study has Intel® Core™ i7-3770 CPU operating at 3.4 GHz and a RAM of 8 GB with
a 64 bit Windows 10 operating system. This capacity is quite sufficient for such CFD

analyses.
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In this study, used CFD software is Autodesk® Simulation CFD 2015. This software
uses finite element method. By this way, algebraic equations are obtained from the
governing partial differential equations which can be analytically solved in an easier
way. “For numerical stability, the advection terms are treated with upwind methods
along with the weighted integral method”, [34]. There are five upwind schemes to be
chosen in the software. Each has certain methods, advantages and disadvantages. As
a result, it is the application that determines which one to use. The software has
intelligent selection criteria as well. If a rotating body is present in the analysis,
which is the case for turbomachines, Petrov-Galerkin advection scheme is selected
by default since it is recommended for pressure driven flows. In this advection
scheme, moderate numerical stability is obtained. Moreover, it has less numerical
diffusion, which is the case that “the simulated medium exhibits a
higher diffusivity than the true medium, [35]], for random meshes, [34]. All rotating
devices are solved by transient analysis method. In this case, implicit or backward

difference method is used for discretization of transient terms.

For the solution of the governing equations, a special algorithm is used in Simulation
CFD 2015 which is called Segregated Solver. The solver algorithm uses the
following steps, [36]:

Read in geometry, boundary conditions, and analysis data
Create data structures
Solve x-momentum equation
Solve y-momentum equation
Solve z-momentum equation
Solve pressure equation and correct velocities
Solve energy equation
Solve turbulent kinetic energy equation
Solve turbulent energy dissipation equation
. Check convergence (go to step 3)
. Perform output calculations
. Write out data
13. Exit
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In order to deal with turbulence issues, the eddy viscosity and eddy conductivity

variables are determined by using turbulent kinetic energy transport and dissipation

equations in Simulation CFD. By default, k-& turbulence model is utilized in the

software. It is useful for many applications including most engineering issues with

sufficient results. If, on the other hand, separation is of the question, RNG two
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equation model exhibits better accuracy due to its firmer theoretical background,
[37]. For a pump analysis where separation is not critical, k- ¢ model is sufficient.

Therefore, it is used in this study as well.

Simulation CFD most generally applies tetrahedral meshing in 3-D models, and
triangular meshing for 2-D models. Other than those, quadrilateral, hexahedral,
wedge and pyramid elements are available too, [38]. Auto-sizing is optional in the
software. It can easily be applied to any geometries allowing the user interfere with
local sections as well. On the other hand, the designer is free to use manual meshing,

which is used in this study.
3.2 Pre-processing Steps for CFD Analyses
3.2.1 Solid Modeling

In order to analyze a pump, fluid domain should be generated first. This may be done
in several ways. CFD software are usually capable of forming the fluid volume
inside the volute. However, using a separate CAD software enables revising the fluid
volume to be more suitable for CFD analyses. The reason is that, exact solid models
which are drawn for manufacturing usually includes a lot of features like small
fillets, chamfers, surfaces and so on. Nevertheless, a finite element software cannot
resolve these small details and meshing errors arise in general. As a result, the
designer should simplify the solid model as much as possible in order not to have
problems in CFD analyses. Removing small fillets, chamfers, sharp edges do not
affect the accuracy of analyses compared to real performance. The reason is that,
these small details are usually included for manufacturing reasons rather than
hydraulic performance. In this study, SolidWorks Premium 2013 and UG NX 9 are
used for solid modeling since each has ease of use in different commands.

For the fluid volume, all the open parts of the volute are closed by planar surfaces.
Then, an arbitrary larger solid body is created. Subtracting the volute wall from this
larger solid body merged the inner volume of the volute as a solid part. Inappropriate
features, surfaces, edges and so on are modified for CFD analyses. After that, pump
inlet is extended 3 times the diameter and pump outlet is extended 5 times the
diameter which is a rule of thumb for eliminating the boundary condition effects on
the fluid flow.
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Inlet Extension
3xD

Outlet Extension
5xD

Fluid domain
inside the volute

Figure 3.1- Fluid domain CAD model with inlet-outlet extensions

Impeller is modified for a suitable analysis as well. Mechanical parts are not included
in the design since they are aligned in such a way that, even the shaft is not in direct
contact with fluid. Hence, shaft hole is closed completely. Other small details are

cleaned from the CAD geometry. At the end, impeller is attached to the fluid volume.

Figure 3.2- Impeller inside the fluid domain

In Simulation CFD, impeller is not directly rotated during analysis. Rather, a solid
region between impeller and solid wall, called “Rotating Region” is used. This part
should have the same axis of rotation with the impeller and should be symmetrical

with respect to that axis. This part is drawn with the CAD software as well.
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Figure 3.3- Rotating region between volute wall and impeller
3.2.2 Material Assignment

Simulation CFD has a material library from which the user can select large number
of materials. Moreover, it enables adding more materials or material properties
manually. In the pump design analyses, the fluid volume is selected as fixed water
which means that the properties are constant. For the impeller, ABS (molded) is
selected which is very close to the real impeller material. Rotation properties are
assigned to the rotating region as stated before. Here, rotational speed is assigned for
non-impulsive start up. This is not necessary but results in better flow development
since ramping up of the impeller due to its inertia is simulated as in the real case.
This is applied as follows: First, zero rotation at initial time is entered. Then, time
passing between two successive blades with the known rotational speed is calculated
(automatically or manually). 50 times this time step size is entered to the second raw
of rotational speed table with the nominal speed. Then, a comparably large time step
is entered with the nominal speed again, [39]. For a 6-blade impeller with nominal
rotational speed of 3020 rpm, the following data shown in Figure 3.4 is constructed.
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Rotational speed

Varigtion method: | Table -
RPM * | |second il
Rotational speed Time
' 0 0 Insert
2 3020 0.16855
3 3020 10 Delete
4
3
-]
7 Import...
8 Save...
9
1a
Apply

Figure 3.4- Rotating region speed-time table
3.2.3 Boundary Conditions

In analysis of centrifugal pumps, there are two ways of assigning flow boundary
conditions (BC). Either pressure inlet-pressure outlet, or flow rate inlet-pressure
outlet BC may be used. The former requires more computing time since computed
data at each iteration changes the pressure distribution and analysis continues until
the given BC’s are matched. In the latter one, on the other hand, generated data at
each iteration does not affect any parameter, and pressure distribution at the inlet is
calculated for given BC’s. At the end, total pressure rise through the pump is
obtained more rapidly and compared to desired data. As an exception, the first
analysis, which is for start-up, is performed with atmospheric pressure assigned to
both inlet and outlet. This is the easiest way to start since all reference values for the
pressure are equal to zero. At this step, ramping up of the impeller takes place as
well. For the other operating points, flow rate inlet-pressure outlet BC’s are used in

this study as suggested.
3.2.4 Meshing

Upon importing the geometry and applying materials and BC’s, “the geometry is
broken up into small pieces called elements. The corner of each element is a node.

The calculation is performed at the nodes. These elements and nodes make up the
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mesh.”,[34]. The finer the mesh the better the accuracy; however, finer meshes
require more memory and consume more time. As a result, there is a level of mesh
size which gives acceptable results. Furthermore, after a certain mesh adjustment, the
analysis may become mesh independent; that is no more considerable change in the

result is obtained by further refinement.

Although automatic meshing is possible in Simulation CFD, manual meshing is used
in this study by using previously exercised mesh sizes for the impeller having an
approximately 60 mm outer diameter. The coarsest mesh is applied to the inlet and
outlet extension pipes with a size of 4 mm. This is sufficient since these pipes are not
critical for the fluid flow as other parts. Then, a mesh size of 3 mm is assigned to the
volute. Impeller is suppressed, meaning that zero mesh size is assigned, since its
shape is present at the rotating region as wall; however, leading edge of the blades
and the hub are meshed by 0.5 mm surface meshing, which is the finest mesh size in
these analyses. Rotating region, which is very critical since it represents the rotation
of the impeller, is assigned with a mesh size of 2 mm determined by the size of the
impeller. That is, 1/30" of the outer diameter is chosen. These regions are the most
critical ones since fluid flow is started to be guided here. In Simulation CFD,
refinement regions may be created in addition to current parts present in the
geometry. A cylindrical refinement region is drawn at the cutwater since it is another
critical region where the flow is deflected. A size of 1.5 mm is used here. It is
important to keep the ratio of neighboring elements’ mesh sizes smaller or equal to 2.
Otherwise, mesh structure is prone to be highly uneven. Default values are selected
for the boundary layer meshing. There are 3 layers with a thickness factor of 0.45.
By these values, 3 near-wall layers with a gap of 0.45 times the original element size
are created, [40]. All the other parameters but the volume growth rate are kept as
default since they are sufficient for this study. Volume growth rate is increased from
1.35 to 1.2 for finer mesh.

In order to ensure that the mesh sizes listed above are sufficient enough, a check for
mesh independency is applied for the design point with case 1. Only mesh sizes are
changed by a factor of 1.5 while other parameters such as enhancement factor,
number of layer and so on are kept constant. Mesh sizes and corresponding number

of elements are presented in Table 3.1:
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Table 3.1- Number of elements with respect to different mesh size combinations

Mesh Size (mm)
Mesh Volute Extension Rotating Blade Cutwater Number of
density pipes region  edges elements
Coarse 4.5 6 3 0.8 1.25 405,400
Moderate 3 4 2 0.5 15 1,061,000
Fine 2 2.6 1.3 0.3 1 1,690,000

Analysis results for mesh sizes listed in Table 3.1 are presented in Figure 3.5:
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30 10

405,400 1,061,000 1,690,000
Number of Elements

Figure 3.5- Analysis results for different mesh sizes at Q=60 I/min for case 1

Results in Figure 3.5 show that the coarse mesh results are far from the design point
(300 mbar pressure rise and 55% efficiency) especially for the pressure rise with an
error of 8%. However, the mesh size which is thought to be enough and the finer
mesh results are in very good agreement for both pressure rise and efficiency.
Moreover, their results match with the design point pressure rise and efficiency
values as well. Hence, it can be said that, mesh independency is achieved with above

mentioned mesh sizes.

3.3 Analyses and Results

For both cases, pre-processing parameters are chosen as the same since geometries

are similar.
3.3.1 Analysis and Results for Case 1

In the first case, designed impeller is analyzed by existing volute design.
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Figure 3.6- Exploded view of pump assembly for case 1

Figure 3.7- Pump assembly model for case 1

Using the mesh sizes as mentioned before, approximately 272,000 fluid nodes and
1,061,000 fluid elements are generated. Since the impeller is suppressed, there is no
solid node and element. Hence, the numbers above represents the total number of
nodes and elements. Relying on previous experiences and mesh independency check
mentioned above, such a number of elements is sufficient for a dishwasher
circulation pump . Mesh visuals are shown in Figures 3.8 t0 3.12 :
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Figure 3.8- Generated mesh-general view (case 1)

Figure 3.9- Generated mesh-sectional view (case 1)
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Figure 3.10- Generated mesh at impeller

Figure 3.11- Mesh refinement at blade leading edge
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Figure 3.12- Mesh refinement at cutwater region (case 1)

For ramp up of the flow, the first analysis is run with atmospheric pressure BC at
inlet and outlet. For the first 100 iterations, a time step size of 0.003311 seconds,
which corresponds to blade to blade passage time with 3020 rpm for 6 blades, is used
to ramp up the rotational speed. Then, a time step size of 0.0001656 seconds, which
corresponds to three degrees per time step of a 6 blade impeller, is used. For the
other operating points, outlet BC is kept at atmospheric pressure as before. Inlet BC’s
are assigned as fully developed volumetric flow rates of 120, 100, 90, 80, 70, 60, 50,
40 and 30 I/min. Apart from ramp up, all operating points are analyzed with 600
iterations corresponding to approximately 5 rotations of the impeller. There are no
automatic convergence criteria for turbomachinery analyses in Simulation CFD.
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Instead, pressure, velocities, generated torque may be monitored. If the amplitudes of
oscillations and residuals fall to an acceptable range, then the analysis can be stopped
manually. Successive operating point analyses are run from the time where the
previous analysis finished. This reduces number of iterations for convergence since it
Is easier to change the flow rate by a small amount than ramping up from rest. To
illustrate, approximately 1000 more iterations are required for convergence if 60
I/min operating point analysis is started at t=0. In order to better explain the
convergence mechanism of Simulation CFD, an additional analysis is performed
starting from t=0 to better show the dissipation of oscillations. Otherwise, since flow
is developed at the very first operating point analysis, oscillations dissipate at the
beginning of each analysis without convergence yet. That is, even convergence is not
reached immediately, a reader who is not familiar with this software may not well
distinguish dissipation of oscillations and convergence. In this study, manual
convergence criteria are chosen as “change in inlet pressure and hydraulic torque
between successive iterations should be less than 3% for the last 25 iterations, and
pressure residuals over the entire domain should be less than 1.0e-05. Since flow rate
BC is assigned to inlet, velocity is forced and converged immediately. Convergence
plots and hydraulic torque plot for the design point analysis are illustrated in Figures
3.13 and 3.14.
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Figure 3.13- Convergence plots for design point analysis (case 1)
(@) Inlet pressure and inlet velocity, (b) residual values for pressure
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Convergence criteria are achieved at the end of 1650 iterations with a maximum
pressure change of 1.63% and with a maximum torque change of 2.53% between
successive iterations at the last 25 iterations. Moreover, pressure residuals over the

entire domain are approximately converged to 9.75e-06.
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Figure 3.14- Hydraulic torque values for design point analysis (case 1)

Hydraulic performance results (average of last 25 data) of analysis at design point are
in a good agreement with theoretically calculated values as shown in Table 3.2:

Table 3.2- Comparison of hydraulic performance parameters between theory and
analysis (case 1):

Q Ap T n
(I/min) (mbar) (Nm) (%)

Theory 60 300 -0.172 55
Analysis 60 296 -0.167 56

In the Figures 3.15 to 3.22, results of analysis of the design point, which is 60 I/min

of volumetric flow rate, are presented:

«
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Figure 3.15- Absolute velocity vectors inside the pump on a vertical cut plane
(case 1)
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Figure 3.16- Static pressure distribution inside the pump on a vertical cut plane
(case 1)

It is seen in Figures 3.15 and 3.16 that velocity and pressure are evenly distributed
inside the pump. However, a non-uniform velocity profile is seen near the diffuser.
This is due to the effects of cutwater and change in cross-sectional shape. This may

be better seen in Figures 3.17 and 3.18:

SR

Figure 3.17- Absolute velocity vectors inside the pump on a horizontal cut plane
(case 1)
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Figure 3.18- Relative velocity vectors inside the pump on a horizontal cut plane
(case 1)
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Figure 3.19- Relative velocity vectors through the blades (case 1)

Relative velocity vectors indicate that the fluid particles follow the blade surface in a
desired manner. Thus, blade profile is good enough without any problematic regions.

It is seen that the flow tries to keep its momentum near the outer wall even after
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contracting with the diffuser opening, As a result, flow at the middle section does not
have a high velocity. However, after leaving the diffuser, the flow is well developed

within the extension pipe. This illustrates the help of extension pipe.

Figure 3.20- Flow development in extension pipe (case 1)

abar
300
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Figure 3.21- Static pressure distribution inside the pump on a horizontal cut plane
(case 1)

It is seen that pressure is evenly distributed within the impeller. Pressure is gradually
increasing through the blades. Hence, together with the above results, it can be said
that the impeller design exhibits sufficient characteristics with the existing volute

design of Argelik.
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Analysis results for 9 operating points are shown in Figure 3.22:

&0

- 50

- a0

Ap (mbar)

30

1 (%)

- 20

- 10

20

T
'd_‘f_h‘“-i\\ M Pressure rise
-\;.(k \‘\ + Design point
\\i\ \ A Efficiency
A
40 &0 20 100 120 14
Q (l/min)

-0

Figure 3.22- Pressure rise versus flow rate and efficiency versus flow rate curves

3.3.2 Analysis and Results for Case 2

obtained by CFD analysis (case 1)

In the first case, designed impeller is analyzed by new volute design.
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Figure 3.23- Exploded view of pump assembly for case 2



Figure 3.24- Pump assembly model for case 2

Using the same mesh sizes as those of case 1, approximately 199,750 fluid nodes
(total nodes) and 773,400 fluid elements (total elements) are generated. This number
of elements corresponds to 73% of that of case 1. The reason for this reduction
despite the same mesh sizes is the simplicity of the geometry. Comparing Figure 3.24
to Figure 3.7, new volute design has lower amount of rounded surfaces. As a result,

lower surface area is obtained resulting in less number of elements.

In Figures 3.25 and 3.26, mesh generation from different views are illustrated:
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Figure 3.25- Generated mesh-general view (case 2)
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Figure 3.26- Mesh refinement at cutwater region (case 2)

Impeller and blade mesh details are the same as those of case 1 since they have the

same geometry and can be seen in Fig’s 3.10 and 3.11.

Analyses of different operating points are run just in the same way done in case 1.
The same time steps and ramp up conditions are applied. Due to the difference in
maximum flow rate, operating points which are analyzed slightly differed for higher
flow rates. Beginning with zero inlet and outlet gage pressure BC’s, 130, 110, 90, 80,
70, 60, 50, 40 and 30 I/min of flow rates at inlet are analyzed in advance. As done in
case 1, hydraulic torque is monitored for convergence. Analyses showed that 500
iterations per operating point is sufficient for aforementioned reasons in case 1. This

corresponds to approximately 4.2 rotation of the impeller. However, an additional

83



analysis at design point starting from t=0 is performed as in case 1 for better
illustrating convergence with the same criteria. Convergence plots and hydraulic

torgue plot are as shown in Figure 3.27 for design point:
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Figure 3.27- Convergence plots for design point analysis (case 2)
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Figure 3.28- Hydraulic torque values for design point analysis (case 2)

Convergence criteria are achieved at the end of 1650 iterations with a maximum
pressure change of 1.94% and with a maximum torque change of 1.98% between
successive iterations at the last 25 iterations. Moreover, pressure residuals over the
entire domain are approximately converged to 5e-06.

Hydraulic performance results of analysis at design point are in a better agreement
with theoretically calculated values compared to those of case 1. The results (average

of last 25 data) are as shown in Table 3.3:
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Table 3.3- Comparison of hydraulic performance parameters between theory and
analysis (case 2):

Q Ap T n
(I/min) (mbar) (Nm) (%)

Theory 60 300 0.172 55
Analysis 60 302 0.170 56

In Figures 3.29 to 3.36, results of analysis of the design point, which is 60 I/min of
volumetric flow rate, are presented:

m/s

Figure 3.29- Absolute velocity vectors inside the pump on a vertical cut plane
(case 2)

Figure 3.30- Static pressure distribution inside the pump on a vertical cut plane
(case 2)
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Results seen in Fig’s 3.29 and 3.30 are similar to those of case 1. A slight difference
Is that the near wall velocities are higher in case 2.

(case 2)

Figure 3.32- Relative velocity vectors inside the pump on a horizontal cut plane
(case 2)
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Figure 3.33- Relative velocity vectors through the blades (case 2)

Absolute and relative velocity vectors seen in Figures 3.31 and 3.32 are also similar
to those of case 1. Similar effects of cutwater and diffuser entry are observed.

Extension pipe at the outlet helps the flow develop as shown in Figure 3.34:

Figure 3.34- Flow development in extension pipe (case 2)
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Figure 3.35- Static pressure distribution inside the pump on a horizontal cut plane

(case 2)

An evenly distributed pressure profile is observed within the impeller. Compared to

case 1, there is no significant change in pressure distribution. Considering this and all

the above results, designed impeller and designed volute operate in harmony with

good flow characteristics. Analysis results for 9 operating points are shown in Figure

3.36:
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Figure 3.36- Pressure rise versus flow rate and efficiency versus flow rate curves
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Figure 3.37- Hydraulic performance comparison of case 1 and case 2 by CFD
analyses —(a) pressure rise versus flow rate, (b) efficiency versus flow rate

Above results indicate that the new volute design exhibits higher pressure rise and
efficiency at higher flow rates. However, performances are almost the same at the
design point in both current volute and new volute designs. Considering the fact that
the pump may not always operate at the design point, new volute design is more
efficient according to CFD analysis results. This shows that the aim of this study,
which is to design a more efficient pump for an energy efficient dishwasher, is

achieved by numerical solution point of view.
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CHAPTER 4

EXPERIMENTAL SETUP AND PROCEDURE

4.1 General about the Tests

Numerically analyzed impeller and volute are prototyped via Selective Laser
Sintering (SLS). This is a technique in which a powdered material (glass fiber in this
study) is sintered by a laser source in such a way that the laser fuses the powders into
the desired solid shape, [41]. The shape is read from the CAD data of
STereoLithography (STL) format. It is a file format which “describes only the
surface geometry of a three-dimensional object without any representation of color,
texture or other common CAD model attribute.”, [42]. The process of SLS is
illustrated in Figures 4.1 and 4.2:
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Fig. 4.1- SLS process-1, [41]
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Figure 4.2- SLS process-11, [41]

Prototyped impeller is assembled to the existing volute and BLDC motor assembly
of Argelik for the test of case 1, whereas prototyped impeller and prototyped new
volute are assembled to the existing BLDC motor of Argelik for the test of case 2.
After that, hydraulic performances for both cases are tested in Prof. Dr. Cahit Eralp
Laboratory in Arcelik R&D Department.

4.2 Test Setup

In the test setup, pump assembly is installed to a pool of dimensions 125 cm x 160
cm x 45 cm (width, length, depth). Outlet of the pump is connected to a hose of

diameter 45 mm. At a distance of 50 cm, a 1%4 inch butterfly valve is installed for

flow rate adjustment. A pipe from the valve is connected to a magnetic flow meter of
nominal size DN 25. Outlet of the flow meter is extended by 25 mm for increased
accuracy. Pressure at the discharge is measured by a digital manometer. Electric
motor is connected to a driver unit which contains the control board. The driver is
plugged in a digital Wattmeter for electrical consumption measurement. Wattmeter is
plugged in a 220 V-50 Hz mains. The pool is filled with fresh water at 20°C to a
height of 20 cm in order to maintain a stagnant free surface. The test setup schematic

is shown in Figure 4.3:
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1 |Pump 6 | Butterfly valve

2 | Electric motor 7 | Magnetic flowmeter
3 | Digital manometer 8 | Pool

4 | Electric motor driver unit |9 | Supports

5 | Digital Wattmeter

Figure 4.3- Test setup schematic
4.3 Experimental Procedure and Calculations
4.3.1 Experimental Procedure

In order to evaluate the pump performance characteristics, the following procedure is
applied.

1. Prototype impeller is assembled to the shaft with interference fit using glue
since prototype material might be damaged by threading.

2. Prototype volute is coated with special glue in order not to leak water due to
its porous structure. Moreover, the upper part, which represents the heater
plate, is strengthened by silicone since it is thin and recessed which might fail
upon filled with water and pump is operated.

3. Impeller and volute are assembled to the lower case, which is already coupled
with the electric motor.

4. Volute inlet and outlet pipes are drilled for pressure measurements. Fittings of
6 mm diameter are screwed to these threaded holes.

5. Pump assembly is installed to the pool with suitable hoses at inlet and outlet.

Outlet hose is connected to the butterfly valve.
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10.

11.

12.

13.

14.
15.

Flow meter is installed on a platform which stands inside the pool. Suitable
hoses are connected between the valve and the flow meter. At the discharge
of the flow meter, another hose is connected for aforementioned reasons
related to flow. For hose connections, the flow meter has its own flanges at
both ends.

Suitable small hoses (of pneumatic type) are connected between pressure taps
on the pump and pressure sensors. These sensors are plugged into the digital
manometer.

Driving unit of the motor is connected to the control card by electrical wiring.
Driving unit is plugged into the digital Wattmeter, and the Wattmeter is
plugged into the 220 V-50 Hz mains plug socket.

Having completed the closed loop, pool is filled with fresh water to a certain
height.

In order to evacuate trapped air inside the pressure hoses, pump is operated
while hoses are disconnected from the sensor. Upon water flow is observed,
hoses are cleaned from air and then re-connected to the sensors.

Digital manometer, magnetic flow meter and driving unit are turned on to
start the experiment.

Starting at fully opened position, flow is adjusted by closing the butterfly
valve for different operating points, taking the pressure value as reference. At
each operating point, pressure, flow rate and power consumption values are
recorded. In order the flow to reach steady-state, the participant waited for a
certain time at each operating point.

The pump is stopped.

Excluding item 2 (about the prototype volute), procedure is repeated for the

existing volute design (for case 1).

4.3.2 Data Processing and Calculations

Recorded data, which are raw yet, are entered into MS Excel® in a tabulated form.
Units for all the measurements are in required form (mbar for pressure, I/min for
flow rate and Watt for power consumption). After that, equations for efficiency
calculations are entered. For the calculation of pump overall efficiency, motor
efficiency should be known since the ratio of fluid power to electrical power

consumption gives pump-electrical motor assembly overall efficiency. Motor
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efficiency values with respect to certain torque values are taken from Arcelik Inc.
Electric Motor Plant in Cerkezkdy. Thus, all the required values are entered into the
table. Finally, pump characteristic curves for both cases are plotted using processed
data.

4.4 Experimental Results

In Figures 4.4 and 4.5, test results for case 1 and case 2 are presented:
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Figure 4.4- Test results for case 1
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Figure 4.5- Test results for case 2

As seen in Figures 4.4 and 4.5, flow rates at 300 mbar are in good agreement with

the theoretical design (+1.67% for case 1 and -0.5% for case 2). Moreover, design
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point coincides with BEP, which is one of the ultimate goals of a design. However,
tested pump efficiency values are higher than the assumed value of 55% in both
cases (+13.6% for case 1 and +7% for case 2). There are three efficiency components
in overall efficiency: hydraulic, volumetric and mechanical. Small deviations in these
three components may result in larger changes in the overall efficiency. During the
design stage, 55% overall efficiency is assumed by a 5% of reduction from the
corresponding plot reading to be on the safe side, [29]. This means that 60%, which
is very close to the test results, might have been selected as well. As a result,
inconsistency between design assumption and test result is not surprising. Indeed, it
is a desired case to have higher efficiency in real case. On the other hand, new volute
design has lower efficiency values at both design point and at other points. This
conflicts with the results of CFD analyses presented in Chapter 3. Nevertheless, this
is expected to occur since the existing volute design used in case 1 is of mass
production and made from Polypropylene (PP) whereas the new design prototype
used in case 2 is produced by SLS with high level of surface roughness. Moreover, to
prevent leakage, glue is applied inside and outside the volute which may have been
unevenly distributed over the surface. Hence, it is expected that the new design
would have higher efficiency values at higher flow rates if it is manufactured as in

the same way as that of the existing volute.
4.5 Validation of CFD Analysis Results

Upon conducting laboratory experiments, CFD analysis results are compared with
test results. This is made to validate the CFD results. If acceptable agreement is
achieved, then design procedure is completed successfully. If, on the other hand,
there are considerable differences, CFD analyses should be repeated by certain

improvements.

In Figures 4.6 and 4.7, comparison between CFD and test results for both cases are
illustrated:
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Figure 4.6- Comparison of CFD and test results for case 1
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Figure 4.7- Comparison of CFD and test results for case 2

Pressure rise results are in appreciably good agreement especially for case 2. In
addition, BEP is achieved at design point for CFD and test results of both cases. On
the other hand, CFD analyses predicted less efficiency values for case 1. The reason
for this discrepancy is expected to be due to higher volumetric, mechanical and
hydraulic efficiency values being higher than the assumed ones. As stated above, it is

desirable to have higher efficiency in reality.
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In order to decrease the level of inconsistency between CFD and actual test results,
leakage passage between impeller and volute may be closed for CFD analyses for

future works.
4.6 Improvement in Energy Efficiency Compared to Current Pump

The ultimate goal of this study is to increase the energy efficiency of certain
dishwasher models of Argelik. Hence, new pump design should be compared to the
existing one used in those certain models. In Figure 4.8, efficiency values of current
pump and new designed pump are illustrated. Due to company policies, numerical

values are hidden:

. T -

A Mew pump design

M Current pump design

Figure 4.8- Efficiency comparison of current and new pump designs

As seen in Figure 4.8, new pump design has appreciably higher efficiency at all
operating points. In addition to getting the desired performance at the design point,
higher efficiency goal with respect to the existing pump is achieved. This should be
noted that, current pump design is not the same as the pump investigated in case 1.
In case 1, impeller is newly designed, while volute is that of one of the current pump
models which is used in higher segment dishwashers. On the other hand, “the

existing pump” whose efficiency is presented in Figure 4.8 has completely different
impeller and volute. As a result, newly designed pump, including impeller and

volute, is more efficient than the existing one used in the same segment dishwashers.
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CHAPTER 5

SUMMARY AND CONCLUSION

5.1 Summary
In this thesis, a centrifugal circulation pump for an energy efficient Argelik
dishwasher is designed. Furthermore, designed pump is analyzed by means of CFD

and tested in laboratory using a prototype produced by SLS technology.

There are certain methods in literature to design a centrifugal pump. However, it is
the application area that defines the design constraints, hence the final design.
Dishwasher circulation pumps have certain design characteristics as well. Hence, not
only empirical methods present in literature, but also Argelik’s previous experience

and data base played a significant role during the design stage.

The design point of the pump in question is defined according to the needs of
Argelik. To be more clear, the pump is desired to deliver 60 liters of water per
minute against a system which causes the pump to operate at pressure of 300 mbar at
the BEP. The pump has a nominal rotational speed of 3020 rpm with the current
control system. Moreover, the pump is to have a heating facility integrated on it. The
heater plate being fixed in shape, and electric motor being the current model, pump
volute outer geometry is fixed as well. A design effort is spent on the impeller and on

the inner shape of the volute in this study.

Design procedures for impeller and volute are discussed in Chapter 2 in detail. Final
dimensions and CAD models are presented as well. Auxiliary mechanical parts for
the pump assembly are chosen from one of the current pumps in order to communize
as many parts as possible, which contributes to financial improvement as well as
planning.

Having designed the hydraulic parts, numerical experimentation is conducted in
order to predict the performance of the designed pump. Being discussed in depth in
Chapter 3, two different cases, one with current volute and designed impeller and the
other with designed volute and designed impeller, are investigated. Results showed

that the new impeller achieves to match with theoretical design point for both
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volutes. Moreover, new volute design acts similar to the existing one while at higher

flows it is expected to be more efficient.

Upon finalizing CFD analyses, designed parts are prototyped by means of SLS
technology. Being made of glass fiber, the parts are highly rough compared to PP
which is the actual material used in mass production. Moreover, prototype volute is
coated with special glue for leakage retardation. Furthermore, since production
tolerances are coarse in SLS, parts are manually treated in order to be assembled
comfortably. Hence, new designed volute’s actual test performance is less efficient
than that of the existing volute which has superior surface characteristics and
assembly quality. Thus, if a higher quality material is used for manufacturing of the

new design of volute, the performance is expected to increase.

Finally, new designed pump exhibits higher efficiency compared to the existing
pump at any operating point. As a result, energy efficient dishwasher aim is
achieved.

5.2 Conclusion

The designed centrifugal pump for an energy efficient dishwasher complies with
design specifications according to both CFD analyses and actual test results. Indeed,
overall efficiency value obtained during tests is higher than the theoretically assumed
one considering the design point. As a result, it can be deduced that the designed

pump fulfills the requirements of Arcelik dishwasher.

Having explained earlier in depth, CFD results for pressure rise are in appreciable
agreement with test results; whereas, efficiency values differ in some points which
can be improved by some modifications in solid models prepared for CFD.
Considering the mesh sizes, acceptable convergence is obtained in all operating
points for both cases. Having checked for mesh dependency, used mesh sizes for
different parts of the pump may be considered as default values whenever analyzing
a pump of similar geometry and size. Hence, the CFD part of this study brings

appreciable benefits in Arcelik’s database.

Since two cases are discussed in this thesis, there exists an opportunity for comparing
current volute design and new volute design. Although the existing design exhibits
higher efficiency values in tests, CFD analyses give a green light to the new design

that it may have similar efficiency values near the design point and even better
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efficiency values above the design point. As discussed in Chapter 4 and earlier in this
chapter, manufacturing the new volute as in the same way as the existing one will
help the designer make more realistic comparison. If, on the other hand, the
efficiency is not increased sufficiently, some modifications may be made on the
pump, such as applying underfiling on the trailing edge as discussed in Chapter 2. In
this case, an increase in performance is expected, [6].

During the design, although empirical methods introduced by Giilich, Lazarkiewicz,
Pfleiderer, Stepanoff and so on are highly used, Argelik’s previous experiences and
experimental database are also taken as strong references since the ones in literature
represent the general case, while Arcelik’s previous studies stand for specific area of
application. To illustrate, outer profile of the impeller and the volute are taken from
current designs in used in Argelik dishwashers. The contribution of this thesis is
obtained by new blade design and new volute inner profile since the pump is to be
used in different types of dishwashers than those use the current ones.

In this study, mold designs for the designed parts are not discussed. The reason is
that, Arcelik Inc. outsources for the mold designs. Arcelik Inc. supplies the mold
companies with CAD model and technical drawing and then they decide the
manufacturing method and design molds accordingly. In general, PP volute and
impeller are produced by injection molding. Hence, the designed parts in this thesis
are also to be manufactured in the same manner. Moreover, none of the mechanical
parts, which are used in current pumps of the similar type, are changed. As a result,
additional effort for those parts is not spent in the scope of this thesis.

5.3 Additional Contributions and Future Work

The studies made in this thesis constitute one of the three work packages of a
TUBITAK TEYDEB 1501 project about an energy efficient dishwasher. By the help
of this thesis, corresponding work package is automatically finished by success. With
the new designed pump, certain types of dishwasher models of Argelik are to be
more efficient than their previous condition. As a result, Arcelik Inc. became entitled

to be promoted by TUBITAK.

Another contribution of this study is that a declaration is prepared to be presented at
POMSAD 9" Pump-Valve-Compressor Conference, which is to be held on May 4"™-
6™, 2016. The topic of the declaration is similar to that of this study; but, a different

101



impeller design is made for a different type of circulation pump of Argelik
dishwasher. MS Excel® pump design sheet prepared in this thesis is used for the
design discussed in the declaration. Moreover, effect of underfiling, which is

discussed in Chapter 2, is covered in that study.

Having contributed to a TEYDEB project and to a POMSAD declaration, this thesis
Is a reference material for future pump design projects of Argelik Inc. Furthermore,

any designer may benefit from the studies covered in this thesis in the future.

In order to improve the design of this study, modifications in design parameters may
be tried. Their effects on the performance may be observed by using CFD analyses
which helped a lot throughout this study as discussed earlier. Since analysis and test
results of the designed pump are present in this thesis, one may establish a

correlation between newer designs.

Lastly, energy efficiency and life cost become more and more important as the time
passes. Hence, further improvements for pump efficiency (and overall dishwasher
efficiency in advance) are an inevitable aim of Argelik Inc., whose slogan is
“Respects the Globe, Respected Globally”. Considering this fact, more efficient and
long-lasting pump designs are to be made in the light of this thesis.
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APPENDIX A

PICTURES OF PROTOTYPES AND EXPERIMENTAL SETUP
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Figure A.1- Prototype of d'es'i.gnedv irﬁpellér (top vieW)
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Figure A.2- Prototype of designed impeller (side view)
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Figure A.3- Prototype of designed impeller (isometric view)

Figure A.4- Prototype of designed impeller assembled to shaft and wet rotor
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Figure A.5- Prototype of designed volute (top view)

Figure A.6- Prototype of designed volute (side view)
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Figure A.8- Prototype of designed volute (bottom view)
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Figure A.9- Prototype of designed volute assembled to electric motor and inlet hose
(with water-resistant glue on it)

Figure A.10- Silicon reinforcement at the top of the volute prototype
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Figure A.11-Experimental setup in Prof. Dr. Cahit Eralp Laboratory in Argelik
Dishwasher Plant
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APPENDIX B

SAMPLE VISUALS OF MS EXCEL® PUMP DESIGN SHEET
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VOLUTE DESIGN
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138.16 6.63 13.263156 12.56 18.89 116.284 105.11 9.1 -4.123 41.3 10.19
172.70 7.41 14.828659 15.7 20.99 140.728 129.99 11.3  -3.525 45.6 11.40
207.24 8.12 16.243982 18.8401 23.09 174.6 154.19 134 -2.836 49.8 12.38
241.78 8.77 17.545506 21.9801 26 175.03 15.2 -2.326 53.4 13.10
276.32 9.38 18.756935 25.1201 16.431 -2.3255 55.8628577
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APPENDIX C

CODES OF MACROS FOR ITERATIONAL CALCULATIONS

Macro 1: g calculations

Sub beta_1b()
Dim t As Double

Dim tc As Double
Dim b As Double
Dim ¢ As Double
Dim pi As Double
pi = Range("m6").Value
t=1
tc=5
Do While Abs(t - tc) / Abs(tc) * 100 > 0.1
c=tc
tc = Range("g42").Value
t=c
Cells(42,4) =t
Loop
End Sub
Macro 2: S calculations
Sub beta_2b()
Dim t As Double
Dim tc As Double
Dim e As Double
Dim ec As Double
Dim g As Double
Dim gc As Double
Dim ¢ As Double
Dim cc As Double
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Dim xt As Double
Dim xe As Double
Dim xg As Double
Dim xc As Double
t=1.25

Cells(71, 4) =t
tc=15

e=05
Cells(78,4) =e
ec=0.75

g=0.5
Cells(84,4) =g
gc=0.75

c=2

Cells(89, 4) =c
cc=5

Do While Abs(c - cc) / Abs(cc) * 100 > 0.1 Or Abs(g - gc) / Abs(gc) * 100 > 0.3 Or
Abs(e - ec) / Abs(ec) * 100 > 0.3 Or Abs(t - tc) / Abs(tc) * 100 > 0.3

x1l=tc
X2 =ec
x3=gc
x4 =cc
tc = Range("g71").Value
ec = Range("g78").Value
gc = Range("'g84").Value
cc = Range("g89").Value
t=x1
Cells(71,4) =1t
e=x2
Cells(78,4) =e
g=x3
Cells(84,4) =g
c=x4
Cells(89, 4) =c
Loop
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End Sub
Macro 3: Cutwater blockage calculations
Sub volute_blockage()

Dim t As Double

Dim tc As Double

Dim ¢ As Double

t=1

tc=5

Do While Abs(t - tc) / Abs(tc) * 100 > 0.1
c=tc
tc = Range(""g206").Value
t=c
Cells(206, 4) =t
Loop
End Sub
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