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Toward Improved Rotor-Only
Axial Fans—Part II: Design
Optimization for Maximum
Efficiency

Numerical design optimization of the aerodynamic performance of axial fans is carried
out, maximizing the efficiency in a design interval of flow rates. Tip radius, number of
blades, and angular velocity of the rotor are fixed, whereas the hub radius and spanwise
distributions of chord length, stagger angle, and camber angle are varied to find the
optimum rotor geometry. Constraints ensure a pressure rise above a specified target and
an angle of attack on the blades below stall. The optimization scheme is used to investi-
gate the dependence of maximum efficiency on the width of the design interval and on the

hub radius.[S0098-220200)01602-3

1 Introduction acceptable design is found. This in turn limits the number of de-
. sign variations that may be investigated as well as the complexity

. Fap engingers are frequent!y faced with the problem.of desi the geometric requirements and operating conditions for the
ing high-efficiency fans at a given flow rate and for a given presy

sure duty. Design techniques are typically based on engineerin
experience, and may involve much trial and error before an
ceptable design is found. Calculating the specific rotational sp
and diameter, discussed by e.g., Wrighl, may aid the designer isiong and operating limits. Design parameters are automatically
in determining reasonable values _for the rotational speed and_ ried by the optimization algorithm and the corresponding
ameter of the rotor, based on desired flow rate and pressure rignges ‘in efficiency and constraints are used to determine an
Integrating the concept of free vortex flow desightallis [2]) in ~ gptimal design. Combining an optimization algorithm with the
the process reduces the need to build and evaluate new desigisitrary vortex flow model enables the fan designer to investigate
However, the restrictions of the spanwise distributions of velocity |arge range of design alternatives in an efficient manner. Fur-
and pressure in the free vortex flow design imply that analysis gfermore, parametrical studies of optimum designs for various
the fan at off-design duties has only limited validity. operating conditions and geometrical requirements are easily car-

In the work by Wallis[3], an inlet guide vane-rotor-stator in-ried out. Many fan configurations are compared in the optimiza-
stallation was investigated. The system considered was of the ftRf algorithm and a computationally efficient implementation of
vortex flow type and several important parameters, e.g., lift-tghe arbitrary vortex flow model is required. In/®asen and
drag ratio, were fixed at reasonable values. This resulted in Sirensen[6], a Newton-Raphson method was used to solve the
plicit expressions for efficiency and total pressure rise as a fungguations of the model, and solutions converged to machine ac-
tion of tip speed ratio, hub-to-tip ratio, and downstream lossesuracy are found at small computing costs. Furthermore, results
Parametrical studies of efficiency and pressure rise as a functigree well with measurements and this model is therefore used in
of the three variables were then carried out. the present work.

Recently, Dugao et al4] considered numerical design optimi- The efficiency of a rotor-only fan is considered over a design
zation of a rotor-stator configuration for mining ventilation. Eminterval of flow rates rather than at a design point. This enables
ploying a free vortex flow design method, considerable improvéhe design of a fan that operates well under various conditions.
ment in efficiency was gained as compared to an existirihe fan duty and size are determined from the specific application
installation. Furthermore, as an additional advantage, it was fouatithe fan. In the present case, the basis used for the optimizations
that the noise emission from the fan installation was reduced. is the fan from Kahang7], which was also used for validating the

The above investigations concerned fan performance for a fixedrodynamic model in Bensen and 8ensen6].
flow rate and pressure rise, i.e., at a predefined design point. Opn Section 2, a description of the mathematical optimization
erating the fan under other conditions was not considered and iPkoblem, as applied to fan efficiency maximization, is given. Fur-
therefore possible that it may behave poorly away from the desiﬁ]ﬁl’more, some special implementation details of the optimization
point. In practice, fans often operate far from the design point agdgorithm are discussed. In Section 3, optimizations are carried
often with low efficiency(Bolton [5]). out to clarify the dependence of the efficiency on the width of the

Employing an arbitrary vortex flow mode{Strensen and design interval and on the hub radius of the rotor.

Sérenser{6]) for fan analysis enables the designer to investigate a
fan operating under various conditions. Furthermore, a wide range
of design alternatives may be tested numerically with equal vaIieLl- Method
ity. However, the increased degree of freedom of the arbitrary

vortex flow model implies a trial and error process before an Thg standard constrained optimization problem can be formally
stated as

gbesign optimization techniques may be used to automate the
\n design process. Here, searching algorithms maximize the ef-
ency while enforcing constraints on geometry, operating con-
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Maximize F(®,) n=1,2,...,NDV
subject tog;(®,)=0 j=1,2,...,NCON,
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where NDV denotes the number of design variables and NCON
the number of constraints.

The objective functionF, describes the fithess of the possible
designs and, in the present case, reflects the requirements of tr
manufacturer to produce a high-efficiency fan. The design vari-
ables, denoted byp,,, define the possible configurations, which
can be altered by the optimization algorithm so as to find the
maximum ofF. Finally, g; denotes the constraints which describe
geometrical restrictions of the designs as well as desired operating
conditions and limits of the fan.

In Section 2.1, the definition of the objective function in terms
of maximum efficiency is described. The design variables govern-
ing the optimization problem are defined in Section 2.2. The con-
straints, imposing practical restrictions to blade geometry and op-
erating conditions, are discussed in Section 2.3. Finally, in Section
2.4 a brief description of the implementation of the optimization
algorithm is provided.

2.1 The Objective Function. Defining a design interval of : :
flow rates and denoting the center of the design intervaDpgnd -+ XD AXIS.QfIQt@HQD)_?
width by AQ, respectively, the primary goal of the optimization is
to maximize the mean value, of the aerodynamic fan efficiency

in the design intervalQ e [Q,— 1/2AQ; Q.+ 1/2AQ] [m%/s]. ) o . )
The mean value is defined by Fig. 1 Definition of the spanwise variables chord (c), stagger

(4), and camber (), used in the optimization

1 Q. +1/2AQ
7= Ef 7(Q)dQ, )

Qc—1/2AQ

where the efficiency of the fan at a given flow raigs (Q), is
calculated using the model described ifr&@msen and Sensen of the vertices in the Baer polygon are fixed and distributed

[6]. In the present worky(Q) is defined as evenly from hub to tip, whereas the lateral movement of the ver-
tices defines the spanwise distribution of chord, stagger and cam-
7=Q-(pr—App)/P, (2)  ber. Thus, the number of design variables describing either of the

where Q is the flow rate,pr=pr(Q) is the total pressure rise spanwise distributions corresponds to the number of vertices in
across the fan rotoy 7£T_(Fg) s the loss in thepdownstreamthe Bezier polygon. An investigation of the required number of
Po=A2Po vertices in the Beier polygon is carried out in Section 3.1.

diffuser, andP=P(Q) is the power input to the fluid. Besides the The NACAGS5 airfoil family is used for the blades and measured

loss in the downstream diffuser, empirical correlations are usgﬂfoil cascade data are obtained from Emery efgjl. Only data
for the loss due to the tip clearance height and for the second‘? camber angles of 12 and 18 degrees zvere éxtra)::ted since
drag losses. The above empirical loss correlations are further Gse were measured using the broadest range of georﬁetrical
Ztcélb:ri 'gxgﬁzlsde?roamndthiegst?rg[sgﬁla%sses in seals, bearlngs’variations. The optimization algorithm requires differential func-

: P : tions and it was necessary to smooth the data. This was performed

The .tthl Pressure ris@yr, across the rotor is determined as 3 creating explicit expressions for the lift and drag coefficients as
spanwise integration of the total pressure rise across each stre inction of angle of attack, stagger angle, solidity, and camber

wbe. Similarly, the input power is determined by an integration %ngle. To find the functional expression which approximated the

e oo e e JEBSUrEments best Lsig . least sqUate messure, an ncor-
' y P g ined optimization problem was defined and solved numeri-

velocity cannot be regained and is not includgd jn the C‘T"ICUIaﬂ%%IIy. To evaluate the quality of the functional expressions, the
of pr. In the following, the result from the optimization, i.e., thetest case from Kahari@], used in $eensen and Senser{6] was
recalculated using the functional expressions and it was found that

optimum (maximum) value of 7, is denoteds -
To evaluate the integral in EqL), the design interval is divided he efficiency deviated less than 0.6 percent from the original

into Ng eq_ually spaced flow rate evaluatlor_l-pomts and the eﬁt!:'alculations, for all of the investigated flow rates.
ciency, 7, is calculated at each of these points. The mean valug;
7, is then calculated using an accurate numerical integration2.3 Constraints. Requirements from the manufacturer de-
method of orderO(1/Ng) from Press et al[8]. The integral is termine the specifications of the fan and thereby also the con-
constructed by fitting cubic polynomials through successivgiraints. These may be due either to some geometrical restrictions
groups of four points. or to some desired property of the fan as discussed below. In the
present case, we consider a situation in which the fan used for

2.2 Design Variables. The chosen design variables, which gjigation in Seensen and Bensen(6] is to be improved, using
define the various possible fan configurations, are the hub radiyg following specifications:

of the rotor,r,, and the spanwise distributions of chord-length,

c(r), stagger-angleg(r), from the rotational axis and camber < The tip radius of the fan is fixed at=0.27 m.

angle, 4(r), of the airfoils (Fig. 1). Although tip radius and an- * B=24 blades is used for the rotor.

gular velocity of the rotor are key design parameters, they ares The angular velocity is fixed &2 =3000 rpm.

excluded in the present study. The rationale behind this is to show The center of the design interval is defined@s=6.0 n¥/s.

that, even though the optimized fans have the same dimensionl&hs value is chosen since the rotor providing the basis for the

characteristica in terms of e.g., specific speed, differences in peptimizations exhibits maximum efficiency at this flow rate when

formance can be achieved, depending on the allowed variationghe definition of efficiency in Eq(2) is used(Kahane[7]).

geometry and on the imposed limits on operating conditions. » The total pressure rise, as defined in Section 2.1, should be at
The spanwise distributions of chord, stagger, and camber deast 1800 Pa. for all flow rates.

defined using single segment Ber curves. The radial positions « The tip clearance height is taken to be consteatl mm and
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the efficiency of the diffuser is taken to bgy=0.9 or 5y straints. The algorithm chosen for the solution of the problem is
=0.95. The coefficients for the secondary drag contribution atiee sequential quadratic algorithm by Hdr2], extended by Pow-
defined asn=0.018 andb=0.02. ell [13].

The algorithm requires gradients of the objective function and

_For the spanwise distributions of chord, stagger, and cambggsiraints with respect to the design variables. Explicit differen-
dn‘fe_rentlable constraints are ensured by calculating the COfjstion of the aerodynamic model is very complicated and the
straints from the parameterized Ber curves rather than from the gradients are evaluated approximately, using finite differences.
discrete points governing the streamtube centers. In the presefb computational effort for each iteration in the optimization
work, the following constraints are imposed: algorithm is thus proportional to the number of design variables,

Hub Radius, f. Due to manufacturing requirements,, NDV.
should be larger than 100 mm. Furthermore, the annulus between
hub and tip is chosen to be larger than 30 mm. This0.1>0 3 Results and Discussion

andr,—r,—0.03>0. Here,r, designates the tip radius of the ro- The following proposed quidelines apply for an optimum de-
tor. These constraints are never active for the optimum designs, g prop 9 pply P

Sign and will be further discussed later:
Chord Distribution, c. Although not based on geometrical or
structural considerations, the measured airfoil data are restric%

to solidities between 0.5 and 1.5. To avoid extrapolations of t
data, the chord is constrained to solidities between 0.52 and 1.%%6
Here, the solidity is defined as=c/s, wheres=27r/B.

* The pressure rise decreases with increasing flow rate. There-
, the pressure rise constraint applies at the highest flow rate in
design interval. Furthermore, this constraint is expected to be
tive for all optimum designs, since an excessive pressure rise
results in increased tangential velocities which, in the present in-

Stagger Distribution,£&. No natural restrictions apply to the vVestigation of a rotor-only fan, is considered as loss. _
stagger angle and it is bounded between 2 and 88 degrees to aiti The angle of attack on the blade increases with decreasing
the optimization algorithm in narrowing the possible values. Th(w rate. Thus, if active, the stall limit constraint applies at the

[£(r)—2]min>0 and [88—&(r)]mac>0. These constraints arelowest flow rate in the design interval. _
never active for the optimum designs. » The loss in the downstream diffuser, as well as the tip clear-

ance loss, increases with increasing hub radius. Thus, it is antici-
Camber Distribution, . The measured airfoil data are re-pated that the hub radii will be small for the optimum designs,
stricted to camber angles between 12 and 18 degrees. To avbigreby lowering the losses. However, for small hub radii, the
extrapolations of the data, the camber angle is constrained to valade speed is low at the inner part of the rotor and the axial
ues between 12.1 and 17.9 degrees. throughflow velocity is small due to the large annulus area. Both
. . of these conditions result in low relative velocities and it becomes
Total Pressure R'Se’Tp The designed fa_n must be able Wqifficult to exchange the required momentum at the inner part of
produce at |east the required total pressure rise for all flow ratesyy, page. This in turn results in lowered axial velocities at the hub
the design interval. In the present woplg=1800 Pa. was chosen ynq the constraint on the tangential velocity may become active.
as the minimum pressure rise. THusr(Q) — 1800] >0 - The optimizations are carried out for an interval of flow rates,
Axial Velocity in Outlet. As discussed in Sensen and and thus for an interval of axial throughflow velocities. For small

Strensen(6], the analysis model is unreliable if very small outlehub radii, the low blade velocity, combined with the variations in
velocities are found. A constraint is imposed, ensuring that, for &kial velocity, results in large variations of the angle of attack on
blade elements, the optimum design does not result in outlet JB& blade elements. Although influenced by all operating condi-
locities less than 0.26 of the inlet velocity at any flow rate in thons and limits, an essential parameter for an optimum design is a

design interval. This constraint is never active for the optimufft-to-drag ratio close to maximum for all blade elements. The
designs. large angle of attack interval at the inner region of the blade
implies that, in some parts of the flow rate interval, this part of the
Tangential Velocity in Outlet. The ratio of tangential to axial blade operates at angles of attack far away from maximum lift-to-
velocity at the outlet is kept below 1.1 for all streamtubes and fairag ratio. Furthermore, large variations in angles of attack im-
all flow rates. This limit is imposed to avoid vortex breakdowrplies that the stall limit constraint may become active.
downstream of the rotor, a flow-state which cannot be captured by L . S
the aerodynamic model. The above criterion for vortex breakdownBefore the optimization was applied to a real case, initial inves-

is based on Squirgl0], where stability analysis was applied tOtlgations were carried out as described in Section 3.1. First, the

three cases of uniform axial velocity with different spanwise di€fféct of varying the number of Beer vertices for the curves

tributions of tangential velocity. The analysis indicated that vorte3€Scribing the spanwise distribution of chord, stagger, and camber
as examined. Second, the effect of varying the number of cal-

breakdown occurs when the ratio of tangential to axial velocity 14as ¢ A L )
; ﬁulatlon points in the design interval was examined. After these
i

reliminary investigations, a series of optimizations aimed at find-
Stall Limit, Aag,. At high angles of attack, the flow on theing the optimum efficiency for various design conditions was car-
blades may stall. This results in large unsteady forces acting ved out. This is described in Sections 3.2 and 3.3.

the blades, followed by fatigue problems. Furthermore, a Iarge3.1 Initial Investigations. As discussed in Section 2.4, the

increase in noise emission occurs under stalled conditi®har- - . .
land[11]). Here, we define stall to occur when the lift coel‘ficien{E.'umber of calls to the performance analysis model in each itera-
reaches its maximum value and the corresponding angle of att Qo |tr)1|crea§estr?pprOX|m?htely Ilnt—f)arly ¥V.'tth tlg_e nu_mbtﬁr of cti_es_lgn
is denoted byry,,. For all flow rates and for each blade element;,/.arla es. rurthermore, the number ot iterations In the optimiza-

ion algorithm tends to increase with increasing number of design

the difference betweenrsy and the actual angle of attack, is variables. It is thus extremely important to keep the number of
determined. Denoting the smallest of these differences dyy, ; : ; y important P
vertices in the Bger polygons, describing chord, stagger and

a flow well below stall is ensured by demanding tHatg;= 1, amber, to a minimum without sacrificing the freedom of the de-

g}g;gi?'g? Itge?s?gﬂg gfegtrfglgggv?!tfgrv rates and for all bla ?gn too much. A series of optimizations was carried out, varying
' ) the number of vertices in the Ber polygons. UsingNg=19
2.4 Optimization Algorithm. The optimization problem points in a design interval defined b@.=6 m’s and AQ
proposed in Sections 2.1-2.3 defines a differentiable and nonlia2 m¥/s, it was found that five vertices in the Ber polygons
ear objective function to be solved with a set of nonlinear comesulted in an optimum efficiency determined within approxi-
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mately 0.01 percent of the efficiency obtained with eight vertices. 1.2 T T r T .
This accuracy is adequate and five vertices in thei@epolygons
are used in all of the following optimizations.

Another important factor affecting the computational effort dur- 11 r ]
ing the optimizations is the number of pointdy, chosen to di-
vide the design interval when evaluating the integral in @g. A
linear dependence exists between the number of points and the =
calculation time. Using the same optimization case as described EXN
above, but varyindNy , it was found that foN4= 13, the optimum S 0.9
efficiency was essentially independent\Nyf. ThusNy= 13 points >
are used in all of the subsequent calculations;of

10 1

0-0 AQ=3.1 m¥/s
0.8 I O—0AQ=2.0m%s

3.2 Dependence on Design Interval Width. In order to 3
—0 AQ=1.0m’/s

clarify the dependence of optimum efficieny,,,, on the width
of the design interval, a series of optimizations was carried out for 07 . . ) : :
various values ofAQ. The optimizations were carried out with 160 180 200 220 240 260 28
B=24 blades and the center of the design interval s r [mm]
=6 nr/s for all cases. In Fig. 2pmax is shown as a function of ) ) ] )
AQ. Also included in the figure are vertical lines indicating wheffid: 3 Tangential to axial velocity ratio at fan outlet for the
the constraints become active. At design interval widthg\ gf Oplt”?‘r‘]m designs forfthrt(;e ‘I"ﬁereml"‘"dmf of “tf d:mgn |r_1t$r-
=1.4n¥/s and above, the constraint for the s_ta_ll_limit is active a_n@l: Theeczgvfsst;ﬁt %rn ;eov:;?ger?tiviurav;:)ncityewzzlgn m\z- v,
for AQ=1.8 /s and above, the constraint limiting the tangential 1 22
velocity is active.

As expected, the optimum efficiency decreases with increasing
width of the design interval. For small values 80, the angles
of attack experienced by the blade elements are close to the ar@fld Q=0 m¥s. This indicates that axial fans which operate well
of attack at maximum lift-to-drag ratio. However, increasing thender various conditions may be designed with the present
width of the design interval, the range of angles of attack expefiéthod.

enced by the blade elements increases and, at least for some part_ further investigate the constraint on the tangential velocity,
of the design interval, the lift-to-drag ratio is far from maximum! '9: 3 Shows the tangential to axial velocity ratio far downstream
For AQ=1.4n#s, the stall constraint becomes active whiclef the fan for three of the above design interval widths. All curves

means that the increasing angle of attack interval can only B_Ee Qf?Zr) thaet Jv%\livciStthfelzotvzvanr?r?tiz;? téh;igf\s/leglgciltm(?;\{%oiﬁ ?r]caxi-
expanded towards lower angles of attack for some of the bladeA J gentic ; 'ty ratl .
um. It is seen that the tangential to axial velocity ratio constraint

elements, thus limiting the design further. In Fig. 2, this can .
. — iS not active for the case ®Q=1.0 n/s. ForAQ=2.0 n¥/s the
observed as a slightly more decreasipg,,. For AQ=1.8 s, cfgnstraint influences the inner part of the blade and A®

the tangential velocity constraint becomes active as well, which . .
seen ag an even fas)t/er decreas@nf,. For AQ larger than the =3.1n¥ls, the flow across the whole blade is determined by the
X nstraint.

values shown in Fig. 2, it was not possible to obtain a feasibf®"™ h h . ise distributi f chord
design. For the largest flow rate interval resulting in a solution, the F'9ure 4 shows the optimum spanwise distributions of chord,
gger and camber, respectively, for the three design interval

geometry of the rotor is determined completely by the constrairﬁg_a !
and thus independent of the objective function used. widths selected above. Fa&rQ=3.1nv/s, the case at which the

An important thing to note from Fig. 2 is that an axial farf@ngential velocity constraint is active for all radii, the spanwise

which operates well in a design interval of e §Q=1.4 n¥/s has
a decrease ima of only about two points compared to the case

00 AQ=3.1m’/s
00 {0 AQ=2.0 m/s

80 .HAQ=1.0W ]
0.67 . T r g 70 | ]
o 60r ]
0.65 - . 50 | ]
)\o\( 50
063 B T 45 .
,g; r
= 061 I 2 . o 40y ]
= g |8 ot ]
0.59 | & IE 1 12.7 : . C Z Z
E 2 _ 126} 1
0.57 = : 1 2 105 L ]
© < [}
I 2 124 | ]
==}
%8 l . . 123 ¢ 200060,0060000090000
0.0 1.0 , 20 3.0 129 . . : .
AQ [m/s] “160 180 200 220 240 260 280

_ _ . _ - r [mm]
Fig. 2 Optimum efficiency as a function of design interval
width, Q,=6 m%¥s. The stall limit constraint is active for ~ AQ  Fig. 4 Optimum spanwise distributions of chord (top), stagger
=1.4m%s, and the tangential velocity limit constraint is active angle (center), and camber angle (bottom ) for three different
for AQ=1.8m3s. widths of the design interval
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0-0 AQ=3.1m’/s 0.65

%0 loaac=20m’s [
= 45 0= AQ=1.0 m’/s 1
E 40} ]
S 0.60
35| oo o000 a0y |

70 = =

e

— 60 | 1
° 0.55
E 50 1 0—o0m,=0.90
>><“‘ 40 | i o—1,=0.95

5

0.50 . : : . : O
— 4t g 160 170 180 190 200 210
©
mm
S 3¢t ] r, [mm]
g ot E Fig. 6 Optimum efficiency as a function of hub radius. Q¢
] . ) =6 m%s, AQ=2m¥s. Filled symbols show the optimum hub

160 150 260 290 240 2('30 280 radius, i.e., when_ the hub radius is included as a de_sign vari-
able. Arrows indicate when the tangential velocity limit con-
r {mm] straint becomes active.

Fig. 5 Radial distributions of tangential velocity (top), axial
velocity (center) and total pressure rise (bottom ) for three dif-
ferent widths of the design interval. The curves are calculated

Akt thereby obtaining the value which results in the highest efficiency
at the flow rate of the design interval center (Q.=6.0m%¥s).

of the fan. In this section, the sensitivity of the efficiency on the
hub radius is investigated by carrying out a series of optimizations
for varying hub radiusr,,. The center of the design interval is

distributions are influenced by the constraint. This is most clea@C:Gn:f/S and the width of the design interval iaQ
seen on the chord distribution which increases nearly lineargé)%/\./astrgsémAlsosdseiSr::r{EEd dilfrf1u;he? ilsmrq(i)gdr#jl;tli?lrf]lutgnfeedCtlI:)(;/ntk?é thf:ﬁ)
from hub to tip. As noted above, this design interval is the largest’" ; S i ; ; :
at which a solution could be found and the design is determinﬁgse?f?getg;égvesf%aégr;r'%Car_”'gdggm using two different dif-
by the constraints alone. F&rQ=2.0 /s, the tangential veloc- - 7ID="%- 70 =499 -

ity constraint is active at the inner part of the blade. This is rmm Fig. 6 the efficiency as a function of hub radius is shown for

flected in the spanwise distributions with a significant increase e tw%__dlffusi_r eff_lcuter?mes.t_ Also mft;_lu_ded mdthte flg_uredabre the
chord and an almost constant stagger angle at the inner part of Q radit resuiing in the optimum eificiency, determined by op-
ations, where the hub radius was included as a design vari-

blade. Furthermore, the camber angle decreases at the inner E%}Ig These are indicated by solid symbols. The constraint for the

and increases at the outer part of the blade. Finally, XQ all limit was active for all optimizations and the constraint for
=1.0m/s, where the constraints for the tangential velocity anE‘ﬁe tangential velocity limit was active for small hub radii as

for the stall limit both are inactive, the spanwise dlstrlbutlon_Indicated by arrows in the figure.

gﬁglrtc)jlti s g)lgzeeri éﬁgggaratb?r?svilr?rrléflpt)g?tu%? t‘; ;'Lﬁl;‘é énctLeeasci o”r1 In accordance with the introductory remarks of Section 3, the
generally decreases toward the tip. The stagger angle and the 3 tlr;ldzatlons W'.th the_ larger f?_oyvnstrea_n;] I_ossD(=Q.9O?1 hbas 3.
ber angie increase all along the blade. rapid decrease in optimum efficiency with increasing hub radius,

To further investigate the optimum designs, Fig. 5 depicts tr\]/vhereas the case with a smaller downstream loss has a slower

spanwise distributions of tangential velocity, axial velocity, anaeecrease. Also, the optimum hub radius marked with solid sym-

total pressure rise, respectively, for the same three design interv S, is larger for the case with the smaller downstream loss.

widths as above. All curves are calculated@t, the center of the or sma}II hub radii 't becomes difficult to obtain the rgqyired
desian int | .F AO=31n%s the t tial velocity i pressure rise, thus limiting the geometry of the blades. This in turn
esign interval. FOrAQ=3. S, the tangential VEeIoCily IN- yog 115 in a decreased efficiency, even though the downstream

98sses become smaller. For smaller hub radii than the ones shown

gradient. This in turn results in a large variation in total Pressurgy Fig. 6. it was not possible to obtain a solution to the optimiza-
increasing from the hub toward the tip. FAQ=2.0m’s, the oy g.rotSIem. P P

geometry of the inner part of the blade is restricted due to the|¢ ihe hyp radius is determined from factors other than maxi-
constraint on the tangential velocity. This is reflected in the taps efficiency, e.g., size of electrical motor or the use of stan-
gential velocity distribution which increases significantly at thg,rq hub desig’ns I£ig. 6 may be used to investigate the conse-
inner part of the blade after which it settles at a nearly constagitences of the performance of the fan on changing the hub radius.
value. For the spanwise distribution of total pressure rise, this A3 4p, example, it is seen that for the casergf=0.95, the hub
seen as a large increase at the inner part of the blade. Finally, igfiys can be increased with approximately 25 mm from the op-
AQ=1.0mvs, the tangential velocity distribution increasegimum value with a decrease in efficiency of about two points. For

slightly at the inner part of the blade, followed by a small decreagge case ofyp=0.90, the same efficiency decrease occurs for an
at the outer part of the blade. Generally, the tangential velocityjiscrease in hub radius of about 22 mm.

smaller than for the case withQ=2.0 nt/s which, for the distri-
bution of total pressure rise, results in a smaller slope.

3.3 Dependence on Hub Radius. As discussed in the first 4 Conclusion
part of Section 3, the losses in the downstream diffuser and fromAn arbitrary vortex flow model for rotor-only axial fans has
the tip clearance height increases with increasing hub radii. In theen combined successfully with a standard method for numerical
previous section, the hub radius was included as a design varialllesign optimization of constrained nonlinear problems.
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Optimizations were carried out to maximize the efficiency in a
flow rate interval. The pressure rise was constrained to be above

required value at the high flow rate. Furthermore, the angle ofagy
attack was constrained to stay below stall at the low flow rate. TOagy,

avoid vortex breakdown, a constraint was introduced, limiting the
ratio of tangential to axial velocity in the outlet.

The dependence of optimum efficiency on the design intervalyax

width was investigated. For small design intervals, the efficiency

is only weakly dependent on the design interval. Thus, fans that Q
operate well for a range of flow rates may be designed using the @,

present numerical optimization method, with only a limited pen-
alty on efficiency.

The optimum efficiency was found to be dependent on hub
radius. For very low hub radii, it is difficult to satisfy the imposed
constraints and for large hub radii, losses due to tip clearance an
due to the downstream diffuser becomes large. From this inved§

t
a a

tip clearance height

angle of attack

angle of attack at stall

minimum of all @y — « values

fan efficiency,n=Q-p;/P

mean value of fan efficiency in design interval
optimum fan efficiency

downstream diffuser efficiency

angular velocity of rotor

design variable non

A
7

7D

o = solidity, o=c/s
f# = camber angle
¢ = stagger angle
d
eferences

gation, the implications of prescribing a certain hub radius can bql] Wright, T., 1996, “Low Pressure Axial Fans,Handbook of Fluid Dynamics

estimated.
Finally, it must be emphasized that the objective function, de-

sign variables and constraints investigated in the present work are!

merely examples. The design method is quite general and ca
easily be extended to include other constraints and other desig
variables, or even a change of objective function.
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Nomenclature

a, b = secondary drag coefficients
B = number of blades
¢ = chord length
F = objective function(figure of meri}
g; = constraint noj
NCON = no. of constraints
NDV = no. of design variables
Ng = no. of design interval divisions
pt = integrated rotor pressure rise
App = downstream diffuser loss
P = mechanical shaft power
Q = flow rate
Q. = flow rate at center of design interval
AQ = width of design interval
ry,ry = rotor hub and tip radii
s = interblade spacingg=2mr/B
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