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NOTATION

NOTATION

Note Description Measure
I String length of the blade on the current radius m
t Division (2rm/N) m
Ct Constant of the uptrust N
N Number of blades -
R=Rs=r/rx | Dimensionless radius -
Doy Quantity number within the ring -
do=Vor/Ux | Quantity number varying along the radius -
P3=Vam/Uk
Y o3 Dimensionless pressure loss at the point ,03” -
UR) Pressure number varying along the radius -

i Ideal total pressure number -
Uiy Ideal total pressure number along the hub -
7/ Ideal total pressure number along the

circumference
Uy Real total pressure number -
Ut Real planned total pressure number -
7} Pressure loss -
Pst Static pressure N/m
AP o3 Pressure loss at the point ,,03” N/m
Aps Total pressure increase N/m
Po, P3 Static pressure at the points “0” and “3”, resp. mi/
Apsiq Ideal total pressure change N/m
n Hydraulic efficiency
s Total efficiency
e Resultant efficiency of losses -
A Angular momentum shrinkage coefficient -
vl Hub-ratio




PREMISES ANDAIMS OF WORK

1. PREMISES AND AIMS OF THE WORK

Application of fans is important on several fieldk the agriculture. Modern
aeration systems might have key effect on the ctiiyemess of an agricultural
unit. Requirements against the fans are going tsttmnger in the last couple of
years: performance, low noise level, geometry,cidficy. Geometry for easy
production and low cost level are crucial in poaftthe production, therefore
efficiency legs behind in point of the constructidm this way it can happen, that
the up-to-date fans have only efficiency about 8965

Fans can be sorted into two main classes in poifnthe flow and its
construction: radial or centrifugal fans, and tixéhkflow fans. In case of radial
impellers the air comes into the fan parallel ® akle (or already with angular
momentum), then it flows onto a plane perpendictdahe inlet- axle. This stream
does not continuoue the flow along the radius dfteyr direction-change, but it let
develop different bended flow lines between thelétaon perpendicular planes to
the inlet-axle. In case of axial flow fans the tréé flows outwards in the direction
of the axle, too, maybe with angular monument. &tlenes flow between the
blades as near helixes on a cylindrical surfacegbeoncentric on the axle.

Inland research on fans has long tradition. We hstik broad professional
literature, research background and production agp@n this field. Essential
development on the operation of fans were carrigdbg Keller [Keller, C. 1937],
Howell [Howell, A. R. 1942], who have enriched the theofyfans with the grid-
theory. The method of singularities of Gruber [@rtuber, J. 1978], which is
international acknowledged, was further improved/ayna[Vajna, Z. 1987]Fuzy
[Fuzy, O. 1991]Czibere[Dr. Czibere, T. 1986]. The most important intdioaal
authors are Wallis [Wallis, R. A. 1961], Beiler—Carolus as well as
LakshminarayandLakshminarayana, B. 1970], whos work is significan point
of measurement methods and calculations, too. w-instrument is suited for
detailed analysis of the fine structure of theastie developing in the environment
of the blades of an impeller. Inland researchasigtopic are e.g. as followsad
Janosand Bencze Ferengvad, J., Bencze, F. 1998]. They managed to map th
fine structure of the velocity field developing lath the blades of an impeller by
the help of the LDA-measurements. The developedsuarement method is
suitable for measurement of all the three companehthe velocity field; however
it does not support that of the pressure ratidermational research topics in terms
of fans and compressors are very widespread, wéachbe read in detail in the
literature chapter of the complete dissertation.

Accordingly this research aimed first of all thddavings:
- overview and classification of sizing of axial fldans,
- experimental analysis of different blade types,
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- utilization and further development of the avaial#xperimental
methods,

- proposals for further development of fan enginegrin
- completition of a numeric simulation for the anagzampeller,

- comparison of the measurement results and thahefnumerical
simulation,

- re-engineering of the chosen existing fan type lwn lasis of mine
development proposals.

The corresponding literature is discussed in ttg fart of my dissertation, then
the description for the velocity and pressure figévelopint near to the impellers
of the axial fan can be found, where the measuremethod based on pressure
measurement was improved. These results can be wegdwell during the
measurement of the velocity field developing nearthte impeller or a unique
blade, furhtermore it allows us to find out theogity- as well as the pressure field.
Spatial distribution of the static pressure willdetermined right before and behind
the impeller, moreover the spatial distributionvasdl as the direction of the total
pressure within the system attached to the bladara#is. In this case there is the
possibility to record even all the pressure mapetiging in the blade channels,
and it allowed me the tracing of local loss soum@ethe flow processes within the
impeller, and to deremine the pressure loss as agethe hydraulic efficiency in
every point. It is followed than by the detailegaission of the application of the
nowadays widespread numerical methods, where thdtseof the Computational
Fluid Dinamics (CFD) will be compared with that thfe measurements. Among
others the measurement results within the aerati@mnel serve as input, frame-
and boundary conditions for the computational asialpf the stream, and on the
other hand the resulted numerical calculations lmarcompared with measured
values from other places. The flow modul of ANSYBXCwas chosen from the
CFD programs, which | have free access in the Ssérén University - Faculty of
Mechanical Engineering to. CFD supports the engingen a very large scale;
because it calculates in detail the stream flowgaity space, pressure space etc., if
the geometry of the impeller and the blade are knawespectively. There are two
main tasks to solve during the design of axial fiaws in general: the first one is
the direct design method, and the other one isntrerse task. These both are used
recently together, as a united designing methoditandting process. In this way
the direct design should apply first, where theiuess of the impeller and that of its
blade will be determined, then the stream arouedirtipeller assembled with the
resulted blade geometry will be simulated by théDCFhe blade design will be
modified according to these results. This iterattontinuous until it results in the
expected blade and impeller. But - of course - pgmdration tests are the final
control against the engineering.
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2. MATERIALS AND METHOD

2.1 Sizing for variable blade-circulation along theadius in case of a given
impeller

Authority of some simplifying assumptions was comid by the
measurements during sizing for variable circulatibnt some cases those were
declined. Therefore the refinement of the sizinghoeé is necessary.

The design proceeds with a quantity and a preddiffierence. The diameter
(D), revolution (n) and hub-ratiov) are taken on the basis of our designing
experience, which determine the main features ef fin. Then the quantity
number ¢) and pressure numbap4) can be determined. The task of the variable
circulation is to find such & distribution function, which results in a fan witfe
easiest production and the best possible hydratfliency. Thed distribution can
be calculated along the radius by the help of@hdistribution function and the
determined differential equation detailed in thgesdrtation. Dynamic properties of
the blades as well as the value of (14) can be determined by thge and
differential equation, respectively. During thethar steps of the sizing the grid
theory or the measurement data of a unique wing lvel used to dermine the
appropriate blade number and the correct bladessha.

WhereasSomlyddyhas neglected the loss part on the right siddefdifferential
equation (Eg. 2.1) required for the design of ait@k fans (therefore its derivated
value remains zero) [Somlyddy, L. 1971], for theami@me - based on the real total
pressure -Bencze-Szlivkdave take the loss part into consideration, aray th
assumed the hydraulic efficiency constant along tagius (Eq. 2.2)
[Bencze, F., Szlivka, F. 1985].

%3 = (1_ r])m“di

Where:n means the hydraulic efficiency.

bs _ bo :% _ s _awlo3
2¢3G§FT3 2¢°G3FTO R, Eﬁl 2R§j R, @D

Somlyodyhas neglected thgy P és ad¥os coefficient during his
oR, R,

experiments.

20, P05 o9, P00 - W Eﬁl‘ We J_a[(l—n)mum] 2.2)

0R, 0R, OR, 2R3 R,
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2.2 Considering the variation of the hydraulic effciency during the solution of
the differential equation

The design point of both methods does not coingittle the ideal characteristic
curve calculated from the measurement. This assampiill have been proven by
the later introduced measurements.

The hydraulic efficiency part of the differentiafiueation will be considered
during this fan design case, and it is supposdzkteariable along the radius. After
further arrangement the equation 2.3 will be a®va:

bs _ bo _ Wi h_ Wai d(r] dei)
2¢3B§?3 20 EgRO T 0R, [E 2R§]+ AR, 23

v,
where ¢, =—" = constant
uk

20, EP% __0Uy DqJ('ji + on W, +q£w6i

Total efficiency consists of several part-efficignsuch as the hydraulic ong)(

in the equation 2.4. The hydraulic efficiency isvided into 3 main parts in
general: collision loss at the inlet, because tbe fdirection differs from that of
the inlet edge, the second one is the frictionss$,J@nd the third one is the angular
momentum decreasment. The efficiency of the impellas determined in
pursuance of the measurements, which | call hydradfficiency. In my case this
efficiency or the losses causing this has/haveratbmponents, as well. | do not
want to undertake its accurate separation; | onlyneerate the loss sources of the
hydraulic efficiency, which was determined by measwents. Velocity and
pressure were measured both right behind of thellerp therefore the measured
and the calculated hydraulic efficiency includeg tlosses establishing in the
impeller.

(2.4)

Detailed description about loss sources can bedfauthe literature [Gruber, J.
1978]. The loss sources are as follows: gap loswdmn the impeller and the
housing. Larger part of this loss loaded as weltl@nhydraulic efficiency during
my fine structure measurements. Secunder lossest bgcause of the bended
stream lines within the blade channels of the itepeAdditionaly a radial flow
comes into existence, too, which must be in caseéble circulation. This loss is
part of the hydraulic efficiency calculated frone titheasurements.

Other loss types arose already after the impeherefore these losses load only
on the total pressure. The most important onessu@llows: loss of the diffuser,
which exists because the flow has to fill up theolghcross section going out from
the blade-wreate ring, henceforth diffuser-typesatn occurs, which results in
losses, by all means. The rotational loss, whichu by fans without any
deflector, in this case can be considerable.

—-6—



MATERIALS AND METHOD

Hydraulic efficiency and total efficiency of the nfaare not equal. Total
efficiency is always less then the hydraulic effiwy, because there are additional
losses within the fan, too. The resultant efficket these efficiencies should call
from nowne.

Hence the total efficiency of the fan according tte annotations is the
following: Ny =n M.

2.3 Introduction of the applied measurement method

| thought important to do measurements before aglind an impeller to
determine the flow features as well as to map #lecity distribution in case of
different rpm and working points (velocity- and ggare distribution).

Pitot-tube as well as sidelong manometer was usedddtermine the
characteristic curves of the fans.

A Testo521 type diaphragm differential pressureggawith a measurement
limit of 10 hPa was used beside the analogue presgauges, however quick
pressure changes cannot be measured. To avoidréweuys problem such a
pressure gauge was necessary, which has muchmégsdiime, and perhaps works
with other theory.

The applied measurement method allows us to daterthe expected behavior
of the blades of a fan. The static and total pmessvere measured with two
different pressure gauges behind the impelleregfoee measurements were carried
out not at the same time. Because of this timeegah properties of the fan have
had to be set very accurately as well as its ddatiations, which made me much
easier to compare the coherent static- and to¢sispre data later.

Pressure gauges were assembled with transmittergieh The scale of the
pressure changes were some houndred Pascals,otkeraicrophone or other
similar operating pressure gauge with piezocryste suitable for our aims. Every
pressure transmitter with piezocrystal requiresererice pressure on one side,
which was — in my case — the athmospheric pres§utat-tube or tubular sensor
was used to measure the total pressure chang@natie other hand Ser-disc was
used to measure the static pressure.

Ser-discs were used instead of the Pitot-tube tasore the total pressure,
because of the positioning problem of the secore (@ndoes not measure at the
same points; it must be corrugated according tordktetion). For the sake of the
determination of the accurate direction of the ltgi@ssure on the basis of the
measurement data a new algoritm was developedhw¥ilcbe detailed in the next
chapter (determination of regression curves).
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2.3.1 Method for the measurement of the total prass

Pitot-tube assembled on the tubular sensor as agethe tubular sensor itself
was used to measure the total pressure. The reathzaf this measurement was
much harder then that of the static pressure. Tmtaésure values can only be
determined, if the hole of the measuring gaugesfdlbe actual velocity direction,
however the scale and direction of the actual vgldehind the impeller varies all
the time. Therefore the determination method oftttal pressure values were as
follows: velocity gauge was set at a given radiire (fod was pushed by 10mm
steps inward) and in a given directi@an=£ 0° upto 90° with 10° steps).

The main aim of the measurement is to allocatelaee, direction and value of
the maximum pressure. Values of the maximum pressan be determined from
the regression curve-set. A unique single presshagacteristic curve belongs to
every measurement point (at a given radius andioatangle ¢)).The angular
transmitter has a trigger point once during theatroh, which represents the
termination (start and end) points for the measeremThis method resulted in
pressure characteristic curves with one singleabéei for every setting (gauge
rotation and radius), though these are not equaltdkal pressure curves. Total
pressure curves can be calculated, if the maximahueg of each pressure
characteristic curve as well as the related gaotgion values, which give the
direction of the outlet absolute velocity, are stdd by the help of the
corresponding appropriate points.

10 pieces of pressure characteristic curve belorggdiven radius, and a single
pressure characteristic curve consists of 1024 ulaitets (these 1024 points means
one single total rotation of the impeller). Detemation of every regression curve
belonging to a given radius was as follows (see Eit): all pressure characteristic
curves belonging to a given radius (10 pieces) vesralyzed, where maximum
points were chosen (location and directianf)). The regression method was
chosen to reduce the inaccuracy.
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Measured pressure [Pa]
* 80mm(radius) y=0 (division)

= 80mm(radius) y=1 (division]
4 80mm (radius)y =48 (division)

200,

150

R%=0,962«

[ ]
Ap = 5E-0%*-0,0740°+7,85721-36,795
, R?=0,9727

100

50
Ap = 0,00023-0,0621%+2,7710+80,394
/ 2
/7 N R’=0,9975
0 ;r'r: ; ; ,
;}/ 20° 40° 60° 80° \.  100°
504.’( Angle of rotation of the pressure gaugea®
Measured pressure [Pa]
200] — max. pressure 80mm (radiugy0 (division)
P . L
Pl o I ~ max.pressur 80mm(radius) y=1 (division)
e ~— max. pressure 80mm (radiugF48 (division
150 N p (radiugy48 (division)
; RN
100/~ 7 T~
;,f:;{rl N
S0 —7
i \
014 : : : :
s 20° 40° 60° 80° 100°

Angle of rotation of the pressure gaugeg’

-50 ]

Figure 2.1 Allocation of maximal pressure values

First, second, third, fourth and fifth order regies curves were fitted for
several measurement series to choose the mostadegpe. In case of the first
order fitting the maximum point will be at the frarof the range, therefore it is not
suitable for our aims. By second order fitting thes the possibility, to set a
maximum point within the analyzed range, therefarej because it's simply form,
its usage seemed to be obvious. Indeed the detatiorincoefficient (R) value of
the second order fitting was worst then that oftthel, fourth or fifth order fittings
(see Table 1.), moreover its deviation from the sneament points was much
higher, too. Fittings above the third order regiiite just less improvement of the
final result (approximation, correlation coefficten Fig. 2.2 shows the
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determination coefficients of the regression patinfitted onto a measurement data
set withy = 0,1 and 48 division

Table 1:  Values of the determination coefficient’jRealculated by the least
square method

80mm radius| R(linear) | R (2™order) | R(3%order) | R (4" order) | R (5" order)
v=48 div. 0,9448 0,9774 0,997 0,9972 0,999
v=0 div. 0,3996 0,9895 0,9926 0,993 0,9936
vy=1 div. 0,3954 0,9679 0,985 0,991 0,994
R2 Values of R
1,2
1 A A A
* N
0,8
0,6
0,4 (Al
m y=0 bel. to R2
0,2 & y=48 bel. to R2|—
v=1 bel. to R2
O T T T T T
0 1 2 3 4 5 6
Order of the functions (first, second, third, fourth, fifth)

Figure 2.2 Approach with second, fourth and fifth order fuons

2.3.2 Determination of the efficiency of the fan

To reach the goals of this dissertation it was iatutb take care of the most
accurate determination of the efficiency of theabfans, which would have been
carried-out by measurements. For this sake the katme of the inlet performance
of the fan is essential. The main problem durirggdbtermination of the efficiency
value of a fan is the measurement of the torqueeroproperties — like pressure,
volume flow or rpm — can be measured easier. Kndgédeabout the efficiency of
the fans gives important informations about theuiess of the impeller.

Strain gauges were applied for the measurementaube in my point of view it
seemed to be realizable. A built-in torque gaugddccmake the measurement more
quick and simply, but this solution would requirgpeeciable technical
modifications at the joint between the impeller ahé engine, therefore strain
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gauges were chosen to measure the reaction tordgdegd a similar method to the
aborted one was realized previously in case of orea®ent instruments of axial
flow fans [Bencze, F., Furedi, G., Szlivka, F. 1P8bhe analyzed impeller was
built-in an aeration channel, where a multi-chandata aquisitor was used to
receive the signs from the strain gauges with Hiees of the reaction stress.

Rotation of the impeller blades results in reacfiomtes, which causes reaction
torque on the axle of the impeller in the planatdfut opposite direction to the
rotation. Components of these reaction forces whiehperpendicular to the axle
of the impeller work as compressive forces and phshimpeller from the exhaust
to the suction side. Reaction torque and forcemadhe (three-legged) bracket of
the engine (through the drive engine) (Fig. 2.3)¢eke its directions veer round,
although its scales remain. The measurement metpplied in this dissertation is
based on the measurement of this compensationgofitie axis of this torque is
parallel to that of the tube as well as the rotptimle of the fan.

Besides the compensation torque other torques eaction forces act on the
three legs of the bracket, as well. Weight of thgiee itself results in draw- and
compression forces within the supports, which makesupper legs be drawn and
the lower ones be compressed, respectively (F#). Zhe axis of the reaction
torque is parallel to the rotation axle of the fag, similar to the compensation
torque acts on the impeller. This torque can beniehted only that way, if it is
considered as zero-deformation state, and the maqueé will be measured
according to this reference torque. This valuehis same in the case of the
stationary- and the rotating fans.

Figure 2.3The bracket and the fan installed into the aenatltannel

—-11 -
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Fes Fcs
EmS
Em5
G
FG 4 |:Gm4

Figure 2.4 Schetch of the draw- and compression forces oedury the engine
weight

The center of gravity of the engine does not cdi@cwith the plane of the
bracket; hence a new torque will appear perpenalidol the plane of the previous
ones, moreover the force which pushes the impledekwards results in a bending
in the same direction. Axes of the bendings comeidth the rotation plane of the
fan; therefore it adds fortunately only small ertorthe measurements. This is an
important fact in point of the accuracy of the meament, because bending
caused by the pressure is very different by thaosi@ry- and the rotating fans,
respectively. A schetch of reaction forces agdimsttorque caused by the rotation
of the fan can be seen in Fig. 2.5.

Figure 2.5Reaction forces against the torque

—-12 —
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3. RESULTS AND DISCUSSION

3.1 Characteristic curve determination of the analged impellers

First of all the characteristic curve of the impellwas determined by the
measurement equipment. Knowing the characterisiigecis important during the
measurements, because it helps us to choose th®papge points of the
characteristic curves for the sake of the deviatinalysis. Measurement results of
the characteristic curves can be seen on the g@omdsg figures
(type “Rotating” — Fig. 3.1, type “Benji” — Fig. 3.type “Kamleithner” — Fig. 3.3).

Aps, Aps:[ Pa] a) Impeller 6x60 deg. blade row 1200 rpm n [%]
220,00 —e—total pressure 12000
200,00 static pressure |

’ -~ N — & - total efficiency 10000
180,00 1N ,

' T~ \

160,00
’ \ + 80,00

140,00 '
\

120,00
+ 60,00
100,00 \
e —hA~
80,00 - ﬂ—#\_ 1 1 4000
~4
60,00 —
40,00 + 20,00
20,00
0,00 T T T T T 0,00
0,50 1,00 1,50 2,00 2,50 3,00 3,50 4,00
Q [m’s]

Figure 3.1 Characteristic curve of fan type ,Rotating”
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b) Impeller 1000 rpm

Ape, Aps[ Pal —e— total pressure n [%]
180,00 static pressure [T 140,00
e — & - total efficiency
160,00 /\\ + 120,00
140,00
~~" \ 1 100,00
120,00 AN
100,00 \\ -+ 80,00
80,00 + 60,00
60,00
/‘—'* A A —_ — T 40,00
40,00 — — =
- "- - €
20.00- — 20,00
0,00 \ ‘ ‘ ‘ 0,00
0,00 0,50 1,00 1,50 2,00 2,50 3,00 3,50 4,00
Q [ms]
Figure 3.2Characteristic curve of fan type ,Ben;ji”

Aps, Aped Pa] c) Impeller 1000 rpm n [%]
200,00 a— total pressure (Kamleithner) |+ 120,00
180,00 \ static pressure (Kamleithner)| |

\\ — a— total efficiency (Kamleithner) || 105,00
160,00
- 90,00
140,00
120,00 ——"_ + 75,00
100,00 \\ 60,00
80,00 1
60,00 = —
’ P N 1 30,00
40,00 r
20,00 - 15,00
0,00 ‘ ‘ ‘ ‘ 0,00
0,00 0,50 1,00 1,50 2,00 2,50 3,00 3,50
Q [m’s]

Figure 3.3Characteristic curve of fan type ,Kamleithner”

For the sake of better comparisonability the abbgeres were shown with
dimensionless (relative) numbers, too (Fig. 3.4he Tdimensionless pressure
number (relative to the total pressure) as welltl@s quantity number was
calculated by the equations 2.3 and 2.4, respégtii@esign parameter of the
“Rotating” fan will be detailed in the frame of theodified design method.

—14 -
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"Pbssz . . ..
Designed point ,Ben;ji”

0,35 ¢=0,3 ys=0,24
0130 \ 7
0,25 T —
/\\ Measured poi. ,Benji
0.20 P ¢=0,3 y=0,152
] \ ?——
0,15
—e— Benji Measured p. ,Rotating’
0,10+  —=—Kamleithner 0=0,24 ¢=0,148 "
—— Rotating
0,05 Designed p. ,Rotating” H
¢=0,248 v;,=0,142
0,00 i i
0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35

¢

Figure 3.4Dimensionless characteristic curves of fans typetdaRng”, “Beniji”
and “Kamleithner”

Original design parameters of the fan type “Karhle#” were unknown,
although after comparison of efficiency of the thfan types it can be seen, that
the “Kamleithner” — against its shaped and bendast-ton blades — showed
similar flowing features. Its maximal efficiency @eds just with 5% of that of
“Ben;ji”, and its acustic properties are only alditbit worst than that of “Beniji”.
(The above annotation about the acustics is basesubjective observation; no
furher acustic measurements were carried out ferstike.)

3.2 Fine structure distributions measured in the emronment of the fan

Fine structure distributions developing in the eowment of the impeller were
analyzed in case of a cooling fan as well as fartgpe of “Benji” and “Rotating”,
respectively. These resulted measurement resulte w@mpared to that of the
design for variable circulation. Three points om ttharacteristic curve of the
“Ben;ji” fan was chosen for the sake of the finaisture analysis: the first one from

the high quantity rang® = 03, ¢ =0158, and the second one from the largest
realized total pressure range= 0,214, | = 0,229.

Application of the design method detailed in thaptier 3.1 resulted in the static
and total pressure distributions, which dependhencircumstance and the radius.
It allows calculating other important parameterstié fan. Variation of the
properties of the velocity triangles along the uadin the above mentioned three
points was analyzed during the measurements (egaantity was given in

—15-—
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dimensionless form). Quantity number and pressuraber ¢, ), which varies
along the radius, were shown in function of thatieé radius (R =r AJ.

Variation of the quantity number along the radias te seen in three different
working points in Fig. 3.5. In case of high quaatt(¢ = 03) the blade parts being
on the inner radien transport relative high qugntitut along the circumstance
there is some setback. In case of moderate quen(ii= 0,2645) the blade parts

being on the inner radien transport the main plath® quantity, and the parts near
the hub transport ever decreasing quantity. Baekifloay even occur at radien
below the hub-ratio, where the quantity numberegative.

Variation of the quantity number along the radius
0,5
0.4 AN NS
p. : 'y Y -A_ ra— ~ A \.*
n .r‘{ A ~. A AN
g 03 S - s
y Pl ) N
£ A N
2 i N
é\ 012 P 7 - T
= o P fi0,214 pszi 0,229 (01.13
3 01 NN = 10,2645 pszi 0,187 (01.14.)
P 4 fi0,3 pszi 0,158 (04.08.)
| N
O / T T T T
01 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1
-0,1
Dimensionless number

.Benji”
Fig 3.5 Variation of the measured quantity number alorgrddius

Pressure distribution along the radius can be seéig. 3.6. As it can be seen,
as lower is the quantity and higher is the pressase higher is the pressure
distribution, progressively. The character of thstribution along the radius will
not be modified. This value increases progressivetyvards the hub, and it drops
back only very near to the circumstance becausthefwall and the gap. The
pressure drops practically at zero near the huls distribution is tipical for the
fans designed for variable circulation.
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Variation of the real pressure number along the radis
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Figure 3.6 Variation of the measured pressure number alonggaities
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Variation of the stagnation angle ¢)
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Figure 3.8Variation of the measured stagnation angle aloegalius

Segments between 0.6 and 1 relative radius havea@aigh upthrust at the
highest pressure range and with 10° stagnatioreang|

Fine structure measurements were carried-out by'Riogating” fan, as well.
The results were similar to that of the “Ben;ji” fan

3.3 Flow simulation of the three bladed axial flowans

Pressure- as well as velocity distributions carséen in Fig. 3.9-3.12, which
were recorded in the same plane right behind the Vidhere the fine structure
measurements were carried-out previously. Resuwt® wnalyzed in all the three
points chosen from the characteristic curve.

Q:=2.2 ni/s, p=150 Pa
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Figure 3.9Pressure distribution right behind the impe(gr0.214,)=0.229)
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Figure 3.10Pressure distribution right behind the impeller
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Velocity distributions in the same planes like ab@an be seen in figures 3.11-
3.12.-3.13.

Q:=2.2 ni/s, p=150 Pa
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Figure 3.11Velocity distribution right behind the impeller
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Figure 3.12Velocity distribution right behind the impeller

—-20-



RESULTS ANDDISCUSSION

3.4 Design process of the “Rotating” fan with themproved designing method

The main aim is to realize a blade geometry, witigh be cut from a bended
steel plate (simple production) with constant stiiength. Project of the desinging
of the impeller of the “Rotating” fan is an induatrproject, where the user should
have the opportunity to vary freely the relativeatmn of the impeller parts; hence
the characteristic of the fan might vary betweenage limits, as well.

During the design a pressure number variation fancwith two variables as
well as variable efficiency was considered. Theuas pressure number- and
efficiency distribution can be seen in Fig. 3.13%eTsolution of the differential
equation resulted in the distribution of the qugntiumber. The program written
according to the improved design method can bedanithe M4 attachment of the
dissertation. The program solves the differentcgalagion described in chapter 2.2
and it calculates the geometrical properties of ltkedes. String length of the
designed blade is 120 mm, which is constant aldwgradius. The adjustment
angle is 25° right next to the hub, and it is 1#hg the circumstance. For the sake
of the simplicity the blade has constant bendingler{200 mm), therefore its
sweep (7.55%) remains constant, too. The pararedtgeometrical model of the
blade was made in SolidEdge, where there is theilpbl/ to draw the geometry
on the basis of the resulted data from the M4 httent of the dissertation.

o Designing with second order and variable efficiency
Psz, Fi, ¢ Hydraulic efficiency
1 ! 100
094 ¢ psa 90
=
0,8 | —=— upthrust coefficient (cf) / 80
0,7 - —— hydraulic efficiency 70
0,6 / 60
05 I — 50
0,4 T~ 40
0,2 e /M/.//\\} 20
0,1 - * = 10
0 ; ; 0
0,3 0,4 0,5 06 o 0,7 0,8 0,9 1

Figure 3.13Variation of$(R), Wsi(R), Nn(R) in case of the “Rotating” fan
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Designing with first order and constant efficiency

Psz, Fi, ¢ Hydraulic efficiency
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Figure 3.14Variation of$¢(R), Wsi(R), Nn(R) of the “Rotating” fan

Result of the design method describedBencze-Szlivkaan be seen in Fig.
3.14. This method determines the curves of thespresnumber, quantity number,
upthrust coefficient and hydraulic efficiency inseaof the same “Rotating”
impeller. In this case the string length of thedelavas 120 mm; moreover the
adjustment angle was at the hub 25° furthermorenkét the circumstance. The
bending of the blade is constant (200 mm), andwitsep remains constant (7.55%)
along the radius.

Quantity number near the hub is considerably hidghewusing of the second
order method with variable efficiency than thattbé first order method with
constant efficiency. The biggest problem, which usscduring the design of
variable circulation fans, is the high scale dréghe quantity number near the hub.
This phenomenon promotes the stall-aptitude (sge 314). To keep the string
length constant, ther eipthrust continuously grows from the circumstatwehe
hub, indeed thisoefficient drops in case of the second order aedige difference
between the two blades comes from the teta sedingde along the circumstance.
The second order design method results in a blathesivonger bending along the
radius, which gives a stronger bended string orcytiader surface.
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Figure 3.15Blade geometry of the “Rotating” fan
3.5 Comparison of the measurement results with thatf the simulation

In this section | am going to compare the resultthe measurements and the
simulation, respectively. In both cases was the MAB program applied for
further data processing and chart drawing, becausdles huge amount of data
very quickly and safe. Several m-files were writtenprocess the data from the
ANSYS as well as from the measurements, which canséen in the M3
attachment of the dissertation. For the sake opkaity only the 1/3 part of the 3-
bladed impeller was analyzed in the ANSYS, andeassilts were multiplied for the
whole 360°.

Pressure distribution field was made by the helpthef measured pressure
values, and its approached pressure field was showaescartes- as well as in
polar coordinate systems, respectively. Becausbeobetter understanding basicly
the charts with polar coordinate system are dismissnd all the other ones can be
found in the M2 attachment of the dissertation.
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Measured pressure field in polar system

Real pressure number [-]

Figure 3.16Pressure field behind the impeller of the ,Benghf

The periodicity according to the blades can be seembiguously in Fig. 3.16.
Pressure values were measured along the radiusyunti0.2 (which is already
smaller than the hub size of the fans 0.39). It can be seen very well, that there is
huge scale alteration along the circumstance; #@msipg of the blades occurs
pressure rise, and the pressure drops when thestpdaway. Drop of the angular
momentum plays a key role in the establishment@firessure.

Pressure behind the impeller was measured, as ¥gial and tangential
velocity distributions behind the impeller can bees in Fig. 3.17. Velocity
distribution along the circumstance shows the legwedge line, which locates
closer to the gauge. Contour of the entering edge impact just along the
circumstance. These upcoming apices can be seéheirpressure distribution
charts, too, but blade contours can not be recedras sharp as in this case.
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Measured dimensionless axial velocity field in polar coordinate system

Dimensionless axial velocity, [-]

Y[

Dimensionless tangential velocity, [-]

Figure 3.17Measured velocity field behind the impeller of tjBen;ji” fan
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Simulation results (made by ANSYS) of the impetéthe “Benji” fan with the
previously mentioned operation point can be sedtign3.18-3.20.

Aid chart for interpolation

Real pressure number [-]

YH

Figure 3.18Calculated pressure field in polar coordinate syste

Pressure field in the whole cross section

Real pressure number [-]

Figure 3.19Pressure field behind thBen;ji” fan (ANSYS result)
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Spatial velocity field in polar coordinate system

s

Dimensionless velocity [-]

Figure 3.20Velocity field behind thgBenji” fan (ANSYS result)

Comparison of the measurement data and the siounlagisults can be seen in
Fig. 3.21 (loose grid represents the simulationltesf ANSYS, and the dense one
is for the measurement data), where both are slwre same coordinate system.
Henceforce this is the biggest advantage of thekwath MATLAB, that the
demonstration of data from different data souraadccbe unified, as shown. The
difference between the two surfaces can be settre dlade edges, which rise from
its basis.

Calculated and simulated pressure fields in polar coordinate

Difference in pressure number [-]

Figure 3.21Comparison of measurment data anmdulation results (k-turbulence
model in ANSYS)
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The k€ turbulence model was applied during the ANSYS $atnon in Fig.
3.21, and that one, where the SST turbulence medglused, can be seen in Fig.
3.22 (the scale of the vertical axle was changed tfee sake of better
understanding).

Calculated and measured pressure field in polar coordinate system

Difference in pressure number [-]

Figure 3.22Comparison of measurment data andulation results
(SST turbulence model in ANSYS)

Until the measured or calculated pressure numbechess 0.7, the difference
between the two values in the same location rentatev 0.06, which means, that
the difference between the measurement data andagion results stays mainly
under 10%. This error is acceptable respect omitren conditions, because only
between the results of the different turbulenceties result in such an error.
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4. SUMMARY
4.1 Summaty of my research activity

In my dissertation the corresponding professiornaldture was summarized,
than the solutions for the aims were detailed.

Velocity- and pressure field mapping near to theetter of an axial flow fan
was realized by the help of the improved measuréma&thod. The measurement
method allows the determination of the pressuril fibose to the impeller, too.
Spatial distribution and direction of the statics well as total pressure were
determined right in front of and behind the impelley the above method
(coordinate system binded to the blade channelrelis even the possibility to
record the pressure maps in all the blade channels.

Knowing the losses of aerodynamic processes widms (pressure losses in
each point, hydraulic efficiency) the nowadays uskEsign method has been
improved. Advantages of the previous design prasesgere kept, and the change
of the hydraulic efficiency along the radius waxketa into consideration,
furthermore the varying total pressure coefficiams fitted with a complicated
polinom. Hence it allows designing blades with low@sses compared to that of
the conventional method.

Stream simulation around the fan was developed MSWS-CFX. The
simulation results were compared to the measurerdatd. Basic parameters,
initial and boundary condition of the measuremes/s as starting point for the
simulation, as well; furthermore the results of theamnerical simulations can be
compared to the measurement data in a given lotatio

Another aim was to design such a blade geometrighadan be produced easily
(cutting from cylindrical band sheet metal) and basstant string length, too. The
geometrical model was developed in SolidEdge, whkee applied parameters
allow us to change its geometry quickly. The maatdire of the design product is
the two blade rows, which can be rotated for ederotdivisions between the
blades are not stable). Position of each impeber gan be set freely by the user.

As it can be seen, this method is useful to anallgeechange of the hydraulic
efficiency along the radius. Measurement valuesnalirawing conclusion for the
features of the impeller, moreover making propdsaimprovement of the sizing
method. Deviation of the pressure number dependh®rnitial sizing functions
even somewhere outside of the previously set aperpbint.
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1)

2)

3.)

4.)

4.2 New Scientific Results

Measurement method of velocity- and pressuedd fbehind the impeller
blades was improved in this dissertation. Measuntmsensors (total- and
static pressure) were analyzed in point of accyrdogction sensitivity and
positionablility, as well. Tubular sensor provedommore reliable then Pitot-
tubes. The worst determination coefficient of Ritdie was R=0.7675, and

that of the tubular sensor wa&R.9624.

Maximal value and direction of the total pressiehind the blade was
determined by my own algorithm, which gives a maceurate result then the
previous applied solution. There were two chancedd the method more
accurate: on the one hand the pressure sensor beutdrned with lower
steps and on the other hand a continual functiomldcbe fitted on the
existing 10 points and a suitable regression arglgsuld result in the
location and value of the maximal pressure. Thebrmof the points as well
as the measurement time would have been risensm afathe first solution,
therefore the second one was chosen. A cubic Egremethod was used to
determine the maximum value accurately, because dégermination
coefficient was the least. Substraction of theltatad the measured static
pressure values gives the dynamic pressure vdiee, the velocity can be
already calculated. Regression was carried-out thlfollowing equation:

Ap = Aa*+Ba+Ca+D

In this dissertation the hydraulic efficiency — euxga several authors in the
literature — during the measurements was not asseomrestant. Measurement
results prove that the efficiency varies along rihaius. Efficiency variation
was described by the following equation:

1+v 2
r]:_A R- 2 +r]max

A design method for axial flow fans was developetiere the method was
expanded with the respection of the hydraulic &fficy, which varies along
the radius, indeed the function of the pressure bminvariation with two

indexes was applied as followgs,;, =K, [R" -K, [R™. This method gave

appropriate solution. The developed computer pragrahich was developed
for the above metioned calculations, could makedés#gn phase shorter and
easier.
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5)

The program solves the following differential eqaat

2¢ﬂf¢3:_awmm¢m_kan[wm+n£¢m’

and it calculates the geometrical data of the blade

During the solution the variation of the efficiencywas taken into
consideration, which resulted in lower decreasé¢hefquantity numberd{
along the hub, wherg,=0.11 was in case of varied efficiency ang0.09 in
case of constant efficiency, so the difference 2@% (danger of stripping is
higher at lower quantity number ranges). The desiggthod of varied
circulation with the use of the efficiency varielbrag the radius resulted in
lower load on the blades near the hub.

Second order sizing with constant efficiency
Psi, Fi, Hydraulic efficiency
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Figure 4.1 Variations of theb(R), Wsi(R), nn(R) functions

6.) A parametrized method in the SolidEdge solid desmgnprogram was

developed, which permits of stringing of the bladedo a cylinder. This

method results in a foreward bended blade quite¢halltime, which can be
produced easier, and it possesses better acusiperties, then the blades
stringed along the radius. Earlier a special regjoesmethod was used for
this sake, however the developed new design methattle to design and
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draw automaticly the shape of the blade by the bélpome corresponding
previously calculated parameters.

7)) A new measurement method was developed; wherapl iorque of the fan
was estimated by strain gauges through the defmmat the equipment.
Industry could use it, as well, for on-site measwat purposes, because the
fan does not require to be disassembled from tlite moreover there is no
need for a measurement shaft with strain gaugesher accessories. On-site
calibration of this equipment was solved within theme of this dissertation,
too.

4.3 Practical applicability of the scientific resuts

Design method suggested by this dissertation catlesil the varying total
pressure coeffitient with a complicated polinom jethconsiders the change of the
hydraulic efficiency along the radius. This methiedults in lower loss level of the
impeller than the gap losses considered by thearttional sizing method.

Main tasks of this dissertation were the measur¢raed analysis of different
impellers, sizing of simply fans, as well as cargrout of Computational Fluid
Dinamics (CFD) calculations. Further improvementtioé designing method is
possible by the CFD itself, which allows making poeals without any further
measurement, indeed final test before productionersessary. There is just only
10% difference between the laboratory scale measnts and that of the FEM,
which is an acceptable approach under the giveditons.

Industry does always FEM analyses between the mesid test phases, which
could reduce extremely the development time ofgilien product. A very detailed
description about the FEM analysis of an axial fléan is included in my
dissertation, which could be very helpful for systople, who have the task to
solve the above problem by his own. Therefore apglpf FEM such way could
reduce time and save money (design and production).

The presented analyses are useful on the fieldad production, and could be
more helpful in case of cooling houses, where rngaarlal fans are used.

-32-



PROFESSIONALPUBLICATION

5. PROFESSIONAL PUBLICATION

Proofed articles in one of the World languages

MOLNAR 1. -DR. SZLIVKA F.: CONCLUSIONS OF THEMEASUREMENTDATA OF THE VELOCITY- AND
PRESSUREDISTRIBUTION OF AN AXIAL FLOW FAN, HUNGARIAN AGRICULTURAL ENGINEERING,
N°19/2006PP. 41-42p.

FERENC SZLIVKA — ILDIKO MOLNAR.: MEASURED AND NON-FREE VORTEX DESIGN RESULTS OF
AXIAL FLOW FANS, JOURNAL OF MECHANICAL SCIENCE AND TECHNOLOGY, SPRINGER 22 (2008)
PP. 1902-190P. (IMPACT FACTOR 0.21)

Proofed articles in Hungarian

MOLNAR |.: VIZSGALATI ES MERESI MODSZEREK A MEDGAZDASAG GEPESITESE TEMAKOREBEN
JELENTKEZ) ARAMLASTANI PROBLEMAK MEGOLDASARA, MEZOGAZDASAGI TECHNIKA, XLVII.
EVF., 2006,40-41p.

MOLNAR |.: EREDMENYEK A MEZOGAZDASAGBAN ALKALMAZHATO AXIAL VENTILATOROK
FEJLESZTESEBENGERP, LVII. EVF.,2006,41-44.

MOLNAR |. - DR. SZLIVKA F.: AXIAL VENTILATOR MERETEZESI| ELJARASANAK KORREKCIOJA
XXIl. EPULETGEPESZETI ESGSEPESZETISZAKMAI NAPOK, DEBRECEN2006

MOLNAR I.: AXIAL VENTILATOROK OSSZHATASFOKANAK MEGHATAROZASA NYOMATEKMERES
SEGITSEGEVEL GEP, LVIIIl. EVF.,2007,40-440.

MOLNAR |. —KAJTAR P- DR. SZLIVKA F.: AXIALIS VENTILATOROK TERVEZESE, MEZOGAZDASAGI
TECHNIKA, MEZOGAZDASAGI TECHNIKA, L. EVF., 2009,2-4p

International Conference Proceedings

MOLNAR I. - DR. SZLIVKA F.: OPERATIONAL PLANNING AND AERODYNAMICALLY CALIBRATION
OF A CONVECTIVE DEEP BED GRAIN MODEL-DRIER, 4TH YOUTH IMEKO SYMPOSIUM, ON
EXPERIMENTAL SOLID MECHANICS, CASTROCAROTHERME, ITALY, 2005,59-6CP.

MOLNAR |. - DR. SZLIVKA F.: PRESSURE ANDVELOCITY FIELD PROPERTIES AROUND ANMPELLER
OF AXIAL FLOW FAN, PHD. HALLGATOK V. NEMZETKOZI DIAKKORI KONFERENCIAJA MISKOLCI
EGYETEM, 2005,361-366.

MOLNAR I. - DR. SZLIVKA F.: MEASUREMENT METHOD OFVELOCITY AND PRESSUREFIELD AT
AXIAL FLow FANS, 5TH YOUTH SYMPOSIUM, ON EXPERIMENTAL SOLID MECHANICS,
PUcHov, SLoVAKIA , 2006

MOLNAR |. - DR. SZLIVKA F.: ANALYSIS OF DESIGNMETHOD OFAXIAL FLOW FAN SIN THE VIEW
OF THEMEASUREMENTRESULTS INTERNATIONAL CONFERENCE ONFLUID AND THERMAL ENERGY
CONVERSION JAKARTA, INDONEZIA, 2006,107-1-107-12.

MOLNAR |. - DR. SzLIVKA F.: DETERMINATION OF THE AXIAL FLOW FANS' EFFICIENCY, 6TH
YOUTH SYMPOSIUM, ON EXPERIMENTAL SOLID MECHANICS, VRNJACKA BANJA, SERBIA,
2007,229-230.

MOLNAR I. - DR. SZLIVKA F.: COMPARISON OF THERESULTS OFMEASURED METHOD AND NON-
FREEVORTEX DESIGN, JEJU, KOREA, 2007,9-303.

—-33-



PROFESSIONALPUBLICATION

Proceedings in Hungarian

(discourse)

DR. SzLIVKA F. - MOLNAR |I.: AXIAL VENTILATOROK MERETEZESENEK ES MERESENEK
OSSZEHASONLITASA DUNAUJVAROSI FOISKOLA KOZLEMENYEI, A MAGYAR TUDOMANY HETE
2005—- TUDASKOZPONTDUNAUJVAROSIFOISKOLA, 2005,51-56°.

MOLNAR [|. - DR. SzLIVKA F.: AXIAL VENTILATOR MERETEZESE A MERESI EREDMENYEK
TUKREBEN, XI. FIATAL MUSZAKIAK TUDOMANYOS ULESSZAKA, KOLOZSVAR, 2006,351-354.

MOLNAR |. - DR. SZLIVKA F.: AXIAL VENTILATOR KULONBOZ® MERETEZESI MODSZEREINEK
ELEMZESE A MAGYAR TUDOMANY HETE 2006 — TUDASKOZPONT DUNAUJVAROSI FOISKOLA,
2006

(poster)

DR. SzLIVKA F. - DR. BALLO B. - MOLNAR |. POSTER SECTION, AXIALIS VENTILATOROK
SEBESSEG ES NYOMASTERENEK MERESE MTA AMB, K+F TANACSKOZAS GODOLLO, SZENT
ISTVAN EGYETEM 2005

MOLNAR I. - DR. SzLIVKA F.: AXIAL VENTILATOR KORNYEZETEBEN MERT SEBESSEG ES
NYOMASELOSZLASBOL LEVONHATO KOVETKEZTETESEK MTA AMB, K+F TANACSKOZAS
GODOLLO, SZENT ISTVAN EGYETEM, 2006

MOLNAR |. - DR. SZLIVKA F.: AXIALIS VENTILATOROK VALTOZO CIRKULACIORA TORTENO
MERETEZES| ELJARASANAK TOVABBFEJLESZTESEMTA AMB, K+F TANACSKOZAS GODOLLO,
SZENT ISTVAN EGYETEM, 2007

Staff member of the organization comitee of a confence

KONZULENS MOLNAR |.: AXIAL VENTILATOR NYOMATEKMERESENEK KIDOLGOZASA — GODA
ADRIENN, TDK DOLGOZAT, 2006

—34—



