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SUMMARY

In most of the high-performance cross-flow fansesgppd in the literature the position of the
vortex wall and the shape of the casing rear walllyan approximately ninety degrees air flow
deflection between inlet and outlet sides. Howeirgtystrial applications may require different
layouts due to physical constraints which limit thdial width of the fan, and there are very few
studies in the literature that deal with similastreetions. This paper presents the results of
experimental tests aimed at investigating the eféécsuction side volume limitation on the
performance of a small cross-flow fan. Results msapport fan design choices when the
application imposes limited operating volumes.

INTRODUCTION

Cross-flow fans are widely used in industrial armineéstic applications in which the radial space
availability for fan operation is limited. Unliketleer type of fans, the cross-flow fan internal flow
field is characterised by an eccentric vortex tasgifrom blades circulation, which forces the flow
to be worked out two times by the rotor blades. Buthe vortex formation, a rotating cross-flow
impeller generates a non-symmetrical throughflolgp avhen operates in unbounded fluid. In
particular, the inlet flow is deflected of about 88grees by the impeller, as determined in early
visualization studies [1]. This natural arrangemarthe flow is achieved also in high-performance
cross-flow fans in the literature [1-9], in whichvartex wall and a rear wall guide the flow through
the impeller (as sketched in Fig. 1). For this latyahe set of independent design parameters most
affecting fan performance [10], and their isolagdfict on fan performance [9] and on the internal
flow field [11] seem to be well established. An etijve-dependent design guidelines were also
proposed in [12] by the same authors. On the lmddisese studies, it can be deduced that a cross-
flow fan shows the best performance when its sndaide is not limited along the radial direction.
This evidence will be confirmed by the resultstod present work.
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Figure 1: Typical arrangement of the flow field lva bounded-fluid cross-flow fan.

However, applications in ventilation/air conditiogi aircraft propulsion and automotive systems
may require different layouts due to physical caasts which limit the radial width of the fan and

reduce its suction side volume.

Figure 2: Mortier's cross-flow fan (taken from [13]

In 1892 Mortier got a patent for the invention lo¢ tcross-flow fan to be applied in mine ventilation
[13]. In the configuration he proposed, the inletwf is guided through the impeller by means of a
duct parallel to the discharge duct (Fig. 2). Thiage a parallel arrangement between inlet and
outlet flows, the suction side is limited along taglial direction. Unfortunately, the inventor did
not provide any performance of such configuratiod,do the knowledge of the present authors, no
other documents of the literature deal with simi&striction of the inlet side.

Figure 3: Two of Coester's cross-flow fan configioas (taken from [14]).
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The only study that is worth being mentioned wasiea out by Coester [14]. In the study the
author presented the results of experimental tdsteveral complex configurations (such as those
shown in Fig. 3). However, the analysed fans feauary short impellersL(D, ~ 0.1) and were
tested at high rotational speeds (up to 15000 r@ahsequently Coester's conclusions may not be
useful to outline the performance of typical impelspect ratios and operating conditions.

In the present work, the effect of the suction sidieime limitation along the radial direction oreth
performance of a small cross-flow impeller is expentally investigated. A baseline fan
configuration is chosen among several configurati@aturing different rear wall shapes and vortex
wall positions because of its best trade-off betweHiciency, maximum flow rate, pressure rise
and stability of the performance curve. Two settests were performed by modifying this baseline
configuration. In the first set, the effect of ihéet wall size (see Fig. 1) was investigated. Tliba
suction side was constrained by using a flat phatellel to the outlet flow direction to achieve an
in-line flow layout. The flat plate was graduallyowed to reduce the available volume at the
suction side. Fan performance was measured for pasition of the flat plate to evaluate the
performance reduction with respect to the baseomdiguration.

EXPERIMENTAL APPARATUS AND TEST PLAN

The test apparatus is the same used in [9,11,T1b¢hwwvas built according to the ISO 5801 [16]
standard on industrial fans test methods and aaceptconditions. The facility, schematically
shown in Fig. 4, is of category A “free inlet — dr@utlet”, featuring a standardised outlet test
chamber.

e
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1 | Plenum chamber = T
2 |Cross-flow fan oo ocO
3 | D.C. motor
4 | Venturi nozzle <D <D
5 | Diffuser duct —_— H
6 | Discharge duct

al 7 | Air straightener |

8 | Variable exhaust system

Figure 4: Schematic of the test rig.

A Venturi nozzle is positioned at the outlet of flenum chamber to measure the mass flow rate.
At the end of the airway, after a honeycomb stri@gér, an auxiliary fan is placed to overcome the
pressure losses of the test rig. Static pressuesumements of the chamber and nozzle tappings are
taken using water micromanometers having 1/100 m@ &tcuracy. The D.C. motor driving the
fan includes a tachometric dynamo for rotationaespmeasurements. A load cell (range 0.5 kg,
sensitivity 16 mV/V and accuracy +1 %) connectedhi® motor stator by means of a lever arm is
used for torque measurement to determine the fahdfiiciency. The power absorbed by bearings
and winding was evaluated by running a bladelegziler having the same moment of inertia as
the actual one.

All tests were conducted, when possible, at aimtat speed of 1000 rpm. Accordingly, the fan is
operating at a blade Reynolds number approxima&ey7600, which is above the 6000-7000
threshold recommended by Lazzarotto et al. [15jn&et similarity conditions. However, at high
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flow rates ¢ >1), the auxiliary fan showed to be unable to owere all the pressure losses in the
airway, requiring a gradual reduction of the farespto 650 rpm. The similarity of operations was
therefore not met in test points wigh>1, which means that the real performance in thage of
the tested fans may be higher than the valuesgedyvi

In each test, the curves of total pressure coefiiay; and total efficiency;; versus flow coefficient
¢ are plotted in agreement with the following ddfomns:
pt . q . - M (1)

?= u,D,L’ T ="p

V= 050u2’
Where p; is the fan total pressure, is the air densityu, is the fan peripheral speed,is the
volumetric flow rate andP is the mechanical power at the fan shaft. Expertaledata points were
acquired from zero flow rate to free delivery (zbexk pressure at fan discharge).

Impeller geometry

The cross-flow fan impeller used in the tests festan external diametBy of 152.4 mm, an axial
lengthL of 228.6 mmI(/D,=1.5), a number of blades of Z = 24 and a dianretits of D;/D,=0.81
(Fig. 5). The internal and external blade angleshef impeller §; andf,) equals 90° and 25°,
respectively, and the blade thicknesss 2 mm. This impeller was chosen among otherlaiviai
impellers because of the high performance andieffay shown in previous tests [11,12].

i_
I _AB,

/ ’;;%\ \
. Pt
D, //
/

/&Hﬁ\

Figure 5: Impeller design parameters.

Baseline configuration

The baseline configuration is named2r-H1" in [9, 11, 12, 15] and it is sketched in Fig.I6.
features a logarithmic spiral rear waRZr) of intermediate depthf{=191°) with a straight
discharge duct and a flat and thin vortex wall tedain the lowest position of Fig. #1{). The
suction side of the baseline configuration was redito obtain several new configurations, as
explained in the following Section.

Figure 6: Baseline configuration with different gies of the rear wall (R1 to R3c) and
positions of the vortex wall (H1 to H4). The R2r-idthe configuration tested.
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Test plan

In the baseline configuration, the inflow arc isnazthally limited in the throughflow plane by a
tilted inlet wall, the test chamber casing and Woetex wall (Fig. 7). The size of the inlet wall
greatly affects the space occupied by the fanerttihoughflow plane, as clearly visible in the same
figure. Thus, it is interesting to investigate thBuence of this inlet wall on fan performance and
efficiency. A first series of tests was performetfive open-inlet configurations that were obtained
by progressively cutting the inlet wall along thasted lines shown in Fig. 7. The resulting
configurations are listed in the legend of Fig. id adentified by the letter "I" followed by a
number, which indicates the dimensionless inlet siak (/D,).

. id Il
[ inlet wall / sidewa test chamber
1.2

(baseline)

hy h/D,=0.9 | 10.9
h/D,=06 | 10.6

£¥ vortex wall h/D, = 0.3 10.3
: h/D,=0 10

Figure 7: Open-inlet configurations featured byefinlet wall sizes (fD,=1.2, 0.9, 0.6, 0.3, and 0).

T extended side wall
. F34
F3.0
________________ hF/D2 = 00 Fw
horizontal plate { test chamber (open inlet)
_________________ he/D, = 3.4 F3.4
F2.2
***************** 1 he/D,=3.0 | F3.0
F1.8
————————————————— he/D,=2.6 | F2.6
air flow —= he/D,=22 | F2.2
hg he/D,=1.8 | F1.8
G

Figure 8: Configurations obtained by moving theikontal plate to five different positions
(he/D,=3.4, 3.0, 2.6, 2.2 and 1.8). The figure showshifi@,=0 inlet wall size.

In the second series of tests, a flat, horizonttkepvas interposed between the casing side walls t
reduce the suction side volume available to the (fag. 8). As a consequence, the usual 90°
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deflection of the fan throughflow is forced to e(De., inlet flow parallel to the outlet flow).dig
the radial depth of the rear wall fixed, the tdtalight of the farhg is chosen as parameter to
identify the position of the horizontal plate aad,a result, the size of the suction side volume.

The test rig of Fig. 7 was modified by extending #ide walls upwards to support the plate in five
different positions. The configurations tested idemntified by the letter "F" followed by a number,
which indicates th&g/D, ratio (the open-inlet configurations feature aimite value ofhg/D- ratio
and are consequently identified by the notatier). F

F3.0

First series of tests Second series of tests h
[wo. ] [wo ]
11.2 F3.4
10.9 F3.0
, 10.6 F2.6
10.3 F2.2
a) 10 F1.8

Figure 9: Fan configurations considered in the ekpental tests (a) and F3.0-10.6 configuration (b).

Figure 9a collects all the fan configurations tdg in the first series and 12 in the second sgrie
Note that, in the second series, only the 10, #¥n@ 10.6 inlet wall sizes were considered to focus
the attention on reduced inlet volume configuratiolloreover, not all the five positions of the
horizontal plate (column on left side) were testedombination with each size of the inlet wall
(column on right side) because of the very narr@iglht of the fan inlet sectioh'( in Fig. 9b),
which causes an unacceptable performance dropra=&ushows one of the configurations tested
(F0.3-10.6) during the second series of tests.

RESULTS

First test series: effect of theinlet wall sizein the open-inlet fan configuration

The dimensionless performance curves of the opleh-configurations (see Fig. 7) at different
h/D, ratios (10, 10.3, 10.6, 10.9 and 11.2) are plotied=ig. 10. The size of the inlet wall has a sligh
impact on both fan total pressure coefficient affidiency over the whole operating range.
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Figure 10: Effect of the inlet wall size on fanaigpressure coefficient (a)
and total efficiency (b). Values for open-inlet figarations (Fe).
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This evidence is consistent with the structurehef flow field at the fan suction side (Fig. 11). In
fact, the inlet wall (red dashed triangle in thgufie) is located at the opposite side of the dffect
suction arc, which is likely to be almost unaffecby the inlet wall size.

/
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~ to ;c_l “:-,_ \
’,_ B .-»/' \\ throughflow
" ‘ )
1hmughllm& £ ;| =
b\ J /4 vortex wall

Figure 11: Regions of the flow field in a crossafléan (adapted from [11]).

Second test series: reduction of the suction side volume

The results of the second series of tests areatetlan Figs. 12 to 14. Figures 12a-12d show the
performance curves for four positions of the hantab plateh:/D, (configurations F3.4, F3.0, F2.6
and F2.2, respectively). In each graph the curvespbotted for different sizes of the inlet wall,
h/D; (10, 10.3 and 10.6). Results of the F1.8 confidima are not included in Fig. 12 because the
fan was not able to produce any measurable thréawghf

Figure 12 clearly shows that the reduction of thetien side volume causes a notable decrease of
fan performance. Moreover, the effect of the imeill size on both fan pressure coefficient and
total efficiency is more significant than in theempinlet configurations (compare Figs. 12a and 12b
with Fig. 10).

A slight confinement of the inlet flow (F3.4, Fi§j2a) causes a limited decrease of both the open-
inlet configuration efficiency and total pressurefficient. Performance is further reduced by the
F3 configuration (Fig. 12b) and strongly worsenthg F2.6 and F2.2 configurations where the
plate is very close to the impeller. When the iMelume is very limited (F2.2, Fig. 12d) the inlet
wall should be removed (I0 configuration).

Experimental data in Fig. 12 are rearranged in ERjto further investigate the decrease of fan
performance due to a reduction of the suction simleme. The main outcomes are listed in the
following:

* As expected, the best configurations are the opken-ones (ko). Among these configurations,
the 10.6 inlet wall size leads to the highest maxamefficiency.

* The maximum fan flow rate decreases moving theeglawards the impeller (fronwd-to F2.6).
The gradual decrease becomes sudden when the iglatery close to the impeller
(configurations F2.2 and partly F2.6).

» Pressure and efficiency peak flow coefficients dase when the suction side volume decreases.

* In F2.6-10.6, F2.2-10.3 and F2.2-10 configuratioias total pressure coefficient is apparently
penalised for flow coefficients higher than 0.3.
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Figure 12: Effect of the inlet wall size on fanaigbressure coefficient (left) and total efficier{dght)
for different positions of the horizontal plate (B3F3.0, F2.6 and F2.2).




FAN 2015 9
Lyon (France), 15 — 17 April 2015

10.6 10.6
50
o o0
o0 ® o Ne o, oo ®ee
o ®
o0 o 40 " e o
) [ ] °
(] .
30 -
a) d
®F010.6 20 g
°*°% ®L10.6
F34-10.6 : ¢ ¢ 73 e
O O o A-10.
e 0T @ F3-10.6
r26:106 @ 9F2.6-10.6
0
! ¢ 0 05 1 ¢
10.3 10.3
3,0 50
v ee® ®0 g Mo e%e®°° 4,
¢ (X X )
(¥ 40 P
s 2 o8 - .
°
2,0 £ 4 o
Cag®”? p o0t
¢ o 30 &
] ¢ o0 PS ry
b) o0, ° P
L | = S A 4 < .
®Fc-10.3 ¢
n y 20 ' @ ®F10.3
1o = F3.4-103
1. L] * | ] F3.4-10.3
F3-10.3 [ Emm
b 10 s = Lol L] F3-10.3
9F2.6-103
g L) ©F2.6-10.3
() HF22103 3
\ F2.2-10.3
00 P— 0
03 ' ¢ 0 05 1 )
10 10
3,0 50
Vi
o0
o000 Ne v o® oo,
[A)
L y P ) o o0 °® 40 o ® ] Py ®
n © o ® o o9
¢ I .
2,0 - £°Y IS - 8 ¢ ° PPN b,
R X 0000000 30 8o v,
Nenmg ® A °
L] [ Jm T} n ®
L] 20 2= @
1,0 L] F3.4-10 o . L] ® Foo-10
| * . » F3.4-10
n F3-10 u - .
@F2.6-10 10 A F3-10
] ©F2.6-10
WE2 210
— WE22-10
0,0
| om
0 0,5 1 ) " o 1 A

Figure 13: Effect of the horizontal plate position fan total pressure coefficient (left) and tat#ficiency (right)
for decreasing size of the inlet wall (10.6, 10:3da0) from a) to c).

Results shown in Figs. 12 and 13 suggest to conaitgther design variable, the height of the fan
inlet section(h’; in Fig. 9b), which depends on both the size ofitihet wall (h) and position of the
horizontal plate Ifs, see Figs. 7 and 8). The characteristic curvesesponding tdh',/D, values
derived from the tested fan configurations aretptbin Fig. 14 (for sake of convenience gD,
ratios are abbreviated with "lin the same figure). It can be noted that forfowd configurations
(he/Do<0) a wider inlet section does not necessary leadigber pressure and efficiency. For
medium-to-high height of the inlet section’|(D,>0.95) the fan performs better if the incoming
flow is guided by the inlet wall (10.3 and 10.6 dmurations). This implies that the inlet section
heighth’; is not able to combine the effect of inlet wéll) @nd position of the horizontal plate-)

on fan performance.

Furthermore, it is clear that, for medium-to-higowf rates ¢ >0.3), fan configurations featuring
narrow inlet sectionsh(;/D-, ratio between 0.55 and 0.85) performed noticealalsse than all other
configurations. In other words, a critical valuetio inlet section height exists, below which tae f
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performance drops significantly. For the testedsstibow fan this value ranges between 0.85 and
0.95. Ovelh’,/D,=0.95 the improvement in fan performance is nghremounced.
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Figure 14: Effect of the inlet section height{B’, abbreviated with 1') on fan total pressure coefit (left)
and total efficiency (right). & denotes the open-inlet configuration.

CONCLUSIONS

An experimental test program was carried out tcestigate the effect of the limitation of the
suction side volume on the performance of a crlmsgfan. A reduction of the inlet volume may be
necessary in several applications where the spagkalle for the fan operation is limited.

A baseline fan configuration is chosen to be medifand tested over a wide range of mass flow
rates. Two series of test were carried out. Infite¢ series, the effect of the inlet wall size was

investigated for an open-inlet configuration. Thécause the inlet wall noticeable contributes o th

total radial size of the fan. In the second seviet®sts, the suction side was constrained by using

flat plate parallel to the outlet flow direction &zhieve an in-line flow layout. The flat plate was

gradually moved to reduce the available suctior smume.

Results of first series of tests show that the sizthe inlet wall does not significantly affecttho
fan pressure coefficient and efficiency.

The second series of tests quantified the decfdam performance due to reduction of the suction
side volume. In particular, fan total pressure totdl efficiency strongly drop when the horizontal
plate is very close to the impeller. Measured valskow also that both peak pressure and best
efficiency flow coefficients decrease as the in@ume is progressively reduced.

Experimental data were also rearranged to anahseffect of the inlet section height on the fan
performance. A critical value between 0.85 and @Bthis variable was identified below which the
fan performance decreases significantly. Howewvee, inlet section height cannot completely
include the effect o andhr design parameters.

In summary, the experimental tests showed thapds&ion of the horizontal plate (i.e., the design
parameter which mostly affects the extention ofdhetion side volume) is also the parameter that
most affects fan performance, whereas the inletl wale may lead to slight performance
improvements only in confined configurations.
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NOMENCLATURE

D = diameter (m)

h = height (m)

L = impeller axial length (m)

n = rotational speed (rpm)

p = pressure (Pa)

P = power (W)

g = volumetric flow rate (m3/s)

R = radial coordinate of the rear wall logarithmpsral arc (m)
Ry = starting radius of the rear wall logarithmicrgpiarc (m)
Re= Reynolds number

s = thickness (m)

u = peripheral speed (m/s)

Z = number of blades

Greek

/S = blade angle (deg)

n = efficiency

6 = radial coordinate of the rear wall logarithmigraparc (deg)

¢* = angle which defines the radial width of the reall according to the logarithmic spiral law,
R=Ry e”” (deg)

¢ = flow coefficient

p = air density (kg/m)

w = pressure coefficient

Subscripts

1 =internal
2 = external
b = blade

t = total

| = inlet

F =fan

R = rear wall

V = vortex wall
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