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On the Type of Impeller of a Centrifugal
Blower, with Special References to the
Problem Concerning the Number
of Impeller Blades.

Recieved April, 12, 1949. Ichiro Watanabe*

Experiments were performed previously by the same author on a ecentrifugal
blower fitted with impeller, the number of blades of which being 4, 8 and 16, with
:the results that the larger the number of blades the better the performance
eharaeteristics. It is easily expected, however, that the further increase of the
number of blades will lower the performances of the blower as the resistance of
impeller channels increases. To ascertain this, experiments were performed with
different eentrifugal blower with impellers fitted with straight radial blades, the
number of which now seleeted to be 2=2, 4, 8,16,20 and 32. The optimum number
of blades, in this case, is found to be 2=10~12, but these figures are not applied
generally to all blowers, even if the blower types were the same. In this report,
the relations between the slip coefficient of impeller and the number of impeller
blades are surveyed both theoretically and experimentally to find a new formula

which holds quite satisfactorily with high speed blower fitted with straight radial
blades.

I. Introduction

Experiments were . performed previously on a centrifugal blower fitted with
impeller, the number of blades z of which being 4, 8 and 16, to find the optimum
number of impeller blades, i.e. the number which gives the best performances®.
According to the results of these experiments, the optimum number of impeller
blades was found to be z=16.

It is easily expected, however, that the further increase of the number of blades
will lower the performances of the blower as thé resistance of impeller channels
increases, but these points were remained unsolved. To ascertain this, experiments
were performed with different centrifugal blower with impellers fitted with straight
radial blades, the number of which now selected to be 2=2, 4, 8,16, 20 and 32.

Various experiments were hitherto performed concerning the number of impeller

-

* Dr. of Erig., Prof. of Keiogijuku University.
1) Ichiré Watanabe; Rep. of the Inst. of Aeronautics 159 (1937).
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blades?®. Further, theoretical surveys upon this item were performed by
W. Kucharski®, E. Sorensen®, W. Scutz® and A. Busemann™. Especially as to the
slip coefficients of impeller with various number of blades were invéstigated by
B. Eck®, Stodola® and Pfleiderer'®. T. Baumeister -staies in his text! that the
optimum number of impeller blades of a centrifugal blower is not constant but
affected by the type of the blower. Also, it is considered to vary by the diameter
ratio of the impeller, ie. the diameter ratio of the exit and the inlet diameter,
should the type of the blower be the same. It is neesssary, therefore, to bring to
light this problem, treating the item theoretically with aids.of a large number of
experiments. In this report, the optimum number of blades is found to be z=10~
12 for high speed blower fitted with straight radial blades, but these figures are not
applied generally to all blowers even if the blower types weare the same. The general
tendency, as T. Baumeister said, is that the optimum number decreases as the in-
crease of diameter ratio, i.e. as the increase of blade length. This tendency seems
to hold so far as the experiments carried by the author, but it is necessary to collect
further experimental results to formulate this effect.

In this report, however, the relations between the slip coefficient of impeller and
the number of impeller blades are surveyed both theoretically and experimentally
to establish a new formula which holds quite satisfactorily with high speed blower
fitted with straight radial blades, leaving the diameter ratio effect unsolved.

II. Experimental Installation and Impellers used.

The centrifugal blower used in the present experiments is fitted with impeller of
straight radial blades, and is driven by an electric dynamometer of 20 HP. The
mass flow of air was measured by an orifice fitted in the suction pipe of the blower,
and experiments were performed by delivery throttling. Measurements were made
as to the suction pressure ps, suction temperature ¢, delivery pressure p,, delivery
temperature t;. Further, the pressure and temperature distributions within the
impeller and diffuser were measured by mercury manometers and thermocouples
respectively, the number of measuring points were 4 in the impeller and 3 in the

2) W. J. Kearton, Proc. Inst. Mech. Engineers, 124 (April 1933) 481—568.
3) Fechheimer, Trans. A.S.M.E., 46 (1924) 287—847.

4 W, ‘Kucharski, Stromung einer reibungsfreien Flossigkeit bei Rotation fester Korper

(1918). :

5) E. Sorensen, Z.A.M.M. (April 1927) &9.

6) W. Schulz, Forschungsarbeiton, 307 (1928).

7) A. Buswmann, Z.A.M.M. (October 1928) 372.

8) B. Eck, Ventilatoren (1937) 29—30.

9) Stodela, Dampf- und Gasturbinen, (1924) 1045-—1049.

10) Pfleiderer, Die Kreiselpumpen.
11) T. Baumeister, Fans (1935).
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diffuser. The hot junction of the thermocouple used is fitted within the hole of a

small screw of bakelite, and this
small screw were set into the casing
wall, thus preventing the tempera-
ture of casing to disturb the read-
ings.

The 1mpe!ler shaft of this blower
is driven by an electric dynamo-
meter through a step-up gear, the
gear ratio of which being 6. 818,
The diffuser used is fitted with no
guide vanes. Impellers have, as
seen in fig. 1, straight radial blades,
the outside diameter being 240 mm,
the number of blades 2z being
selected as 2=2,4,8,16,20 and 32.
Fig. 2 shows the positions at which
the pressures and temperatures of
impeller or diffusser are measured.
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Fig. 2. Positions for measurement of pressure

and temperature distributions within impeller

channel and diffuser.

Fig. 1. Impeller used with Stralght
radial blades.

L d

III. Experimental results.

3.1 Comparison of overall per-’

- formances.

The results of experiments are
corrected by means of dimensional
analysis®. The overall adiabatic
efficiency of the blower is calculated
by the expression

et ) -

where P:driving HP of the blower,

G :mass flow of air kg/see, wq: air
velocity in the delivery pipe, m/sec,
w, . air velocity in the suction pipe
m/see, pa: delivery pressure, p,:
suction pressure, 7% : suction temp-
erature °K. The adiabatic temp-

12) R. 8. Capon, G. V. Brooke; R. & M. 1836.
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erature efficiency 7 is calculated by the expression
: k-1
773=(T— Ts)/( Td - Ta), T= Ts(pd/lps)T
The relations between pressure ratio ps/ps and volume flow of air V, at the sue-
tion inlet at the impeller rotations 72=15000 r.p.m., impeller tip speed u=188.5 m/sec

are shown in fig. 3. Although the pressure ratios when the number of blades z are
small, i.e. 2 and 4 show relatively lower values, they attain nearly constant values
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Fig. 8. Relations between pressure ratio'p,l/ps and Vs
[%=15000r.p.m., %=188.5 m/sec]

when 2 exceeds 8, the pressure ratios increasing as z increases till 2=20, but falls
slightly when z attains 32. Fig. 4 shows the relations between the temperature ratio
T4/T,s and volume flow of air Vi when «=188.5m/sec. The relations between driv-
ing HP and volume flow V, at the same peripheral speed of the impeller are shown
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Fig. 4. Relations between temperature ratio Tu/Ts and V.
[n=15000 r.p.m., %=188.5 m/sec]

in fig. 5, to find the driving HP increasing as the number of blades. The relations
: )
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between overall adiabatic efficiency 7, and V, aré shown in fig. 6, while that between

adiabatic temperature efficiency 7. and V, are shown in fig. 7.
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In order to realize the above- T
s =QIS ec.
mentioned results more completely, 120 e
pressure ratio pg/p; is plotted against = /
the number of impeller blades 2z g /
taking V, as parameter, when peri- o 110[120 4—4& V=qi0
pheral velocity of impeller #=188.5 j:j
m/sec, as shown in Fig. 8. As is
seen from the figure, pressure ratios 120]140 | .
are maximum in the range of z= o0k
: 7
10~12, while pressure ratios becom- - /
ing smaller gradually when z exceeds 110 Number of Blades Z
) 10 20 30 ]

the foregoing values. Fig. 9 shows -
the temperature ratio 7',/7, which
represents nearly the same tendency

Fig. 8. Relations between pressure ratio pq/ps
and number of blades
[~=15000r.p.m., «=188.56 m/sec].
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to the Problem Concerning the Number of Impeller Blades.

The relations
between the driving HP and z are
plotted in fig. 10, in which P. re-
mains nearly constant when z exceeds

as pressure ratio.

2=10. The overall adiabatic effici-
ency 7, reaches its maximum value
when z attains 10 or so (Fig. 11).
Fig. 12 is the relations between
adiabatic temperature efficiency 7:
and z, which shows the same tendency
as 7.

Now, it is seen from the above-
mentioned

general performance

characteristics of the blower that

the performance is optimum at z=
10~12. The experiments carried
on formerly on a centrifugal blower
with straight radial blades impeller
showed the results that the per-
formance is optimum at the range
of impeller blades of z of 16 or
In that case, the outside
diameter D, and inlet diameter D,
of the impeller are D,=206 mm and
D,;=135 mm, with the result that
the diameter ratio D,/D,=1.526,
the impeller
dimensions are D,=240mm, D,=
138mm and D,/D;=1.740. As
stated in the introduction of this
report, the number of blades at
which the blower shows optimum

more.

while in this case,

performance decreases as the blade
length increases, i.e. the diameter
ratio D,/D, increases.
suggested by T. Baumeister and is
generally accepted. This fact holds
also

in our cases. The optimum

The fact is
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number of blades z=10~12 in this case, however, does not hold in the other cases
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even if the impeller type be the

- 40 -~ = e same., The factors which gives large
;’j influence to the optimum number
5 / seems to be the diameter ratio of
%50 36 , the impeller, but it is unable to
2 — L V=010 e || clearify this effect in this case for
4 B0 ¥ the lack of experimental results.
ﬁ }/ 3.2 Slip coefficient of impeller.
2% 4 P Pressure distributions and temper-
/ T’T’”S'ﬁ"" ature distributions at the impeller
07/ 1 channel and the diffuser were cor-
Nunber of Blades 2 rected to standard suction pressure

65 10 20 30 . 20

and temperature by dimensional
mtgﬁriz'e.m%iilﬁg”ﬁ giiwze& idllg(l))(:)i(;c ﬁpffnrip?f: relationships of the blower, and from

188.5 m/sec]. these corrected values it is able to
evaluate the slip coefficient of impeller. The formula which gives the slip coefficient
of the straight radial blades impeller such as used in these experiments is

Kﬁs‘;i=-215(wf—-w§) +%RT3{(~%:—>£"I--_1}
where u,: peripheral velocity at the exit of the impeller, ws: absolute velocity of
air just before the impeller inlet, w,: that at the impeller exit, p,: static pressure
at exit of the impeller channel, p;: stati¢ suction pressure™, T;: suction temperature
absolute®,

Py s and T, are known from experimental data, while w, and w, are calculable
by means of the relations w,=GRT:/Asps, w2=uz2+u? w=GRT,JA,p, and A,=

20 : 2mr b, —2t, wherelp,,
g e s J T,: pressure® and
80 —E= g
- = u-nge absolute temperature
e =
70 % 1™ at the exit of the im-
?_, @ —— peller channel respec-
% ———— 8 1] tively, A,: exit area
< 10 I o of the impeller chan-
8 90 » 1 nel perpendicular to
4 s the direction of flow,
0 1+ =1 -kl - 11000 e, .
N EmEm—=—— bUspREoe byt width of blade at
70 J | the impeller exit, the
Volume Flow W " radius of which being
A L [ i L n
g a0s D10 as 020 0zs T4 ty: thickness}of
Fig. 13. . blade at the impeller
Relations between slip coefficiont K and zs. ‘exit, z: numbers of

impeller blades. Therefore, it is able to calculate the slip coefficient of impeller K
from the foregoing expression.

18) ps and Ts are considered here as the pressures and temperatures just before the
impeller inlet.
14) Hereafter static pressures are represented merely as pressures.

(123
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Fig. 13 shows the relations bet-
ween the slip coefficient of impeller
K thus obtained and the volume flow
of air V, for the case of u=188.5
m/sec and ©=138.2 m/see. The forms
of the curves resemble that of the
pressure. These relations are re-
plotted against the number of blades
2 for the case of u=188.5m/sec, as
in fig. 14, to find the maximum
value of K=9~-11, while decreasing
slightly as z inereases further.

impeller channel.

In the impeller channel. air parti-
cles are given centrifugal forces,
thus increasing both the absolute
velocity and the pressure. To
investigate the impeller works in
good condition or not, it is therefore
necessary to consider the relations
between the absolute velocity of air
w=1 wifw, 2™ at arbitrary point
in the impeller channel and the
pressure at the same point, where
u means the peripheral velocity at
the point now considered, w, means
the relative velocity of air at the
same point. Assuming air flows
uniformly in the impeller channel,
it is able to calculate the relative
velocity of air w, at the points
where pressure and temperature
distributions were measured. Using
this uwalue of w,, w is enumerated
from the above expression, and the
relation between the w? and pres-

sure in the case of u=188.5m/sec
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Fig. 14. Relations between slip coefficient K and
number of blades [»=15000r.p.m., %=188.5 m/sec].

3.3 Relations between the absolute velocity of air and the pressure in the
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Fig. 15. Relations between pressure p and
w? [n=15000r.p.m., #=188.5 m/sec].

15) This relation holds because of the straight radial blades.
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are shown in fig. 15. We are able to judge the working condition of the impeller
channel to be better as the pressure is higher for the same value of w2 It is plain
from the figure that the case of 2=8 is most favourable, while the working condition
«©of the impeller channel becoming less effective in the case of 2=16, 20 and 32.

IV. Considerations on the slip coefficient of impeller.

As stated already in the introduction, the slip coefficient as funections of the
number of impeller blades was studied by B. Eck, Stodola and Pfleiderer. Particularly,
B. Eck gave in his text book!® the method of obtaining the slip coefficient graphically
from the pressure differences between the positive pressure side and' negative pres-
-sure side of the blades using the calculated Values of the relative velocities in the impeller
«channel. The evaluated values of the slip coefficient for the case of backward curved
blade impeller, radial exit blade impeller and forward curved blade impeller are
:shown’in the same literature. It is considered worthwhile, therefore, to check whether
‘the calculated values of the slip coefficient K by this B. Eck’s graphical method to
-eoincide or not the experimentally obtained values of K in the present case. Un-
fortunately, the values of K obtained by B. Ecks method deviate from the values
-.of K obtained experimentally so far as the straight radial blades impeller is concerned.
We are able to find, however, that the calculated results to coincide fairly well with
‘the experimental one with the aids of proper assumptions obtained from the photo-
.graphic study!” of the flow patterns of the air flow within the impeller cnhannel by
““Schlieren ” method.

The graphical method of calculation of K is, however, tedious and is considered
‘unsuitable for practical use. The author, therefore, introduced the formula of the
slip coefficient K of impeller as functions of number of blades z from the considera-
tions of the relative velocity distributions within the impeller channel. The values
.obtained by this formula does not perfectly coincide with the experimental one, but
.it gives the closer value than that of formuias of B. Eck and Stodola so far as the
-straight radial blades are concerned. The formulas given by Eck and Stodola coincide
.closely with the experimental values obtained by Kearton™® on backward curved
blades impeller, but they deviate not only numerically but also qualitatively with the
.experimental one of the straight radial blades impeller, to find them not applicable
in the latter cases.

4.1 Considerations on the graphical calculus of the slip coefficient.

As impellers used in these experiments are of types shown in ﬁg. 1, it is able to
.calculate the distributions of relative velocities w, in the impeller channel from the
observed values of pressure and temperature distributions by means of calculation

16) B. Eck, Ventilatoren (1937) 29—39.
17) I. Watanabe, G. Onoue, Rep. of the Inst. of Aero. 286 (March 1944)
18) Samse as quoted in &). S

(14>
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method already published™®. In this case, we must use the following values, namely
a=12-4=8°, 1,=0120m, ry="P9F00B o 051 15,0016 m, w=16T1/sec (n=

15000 r.p.m.). The results thus obtained are shown in fig. 16 and fig. 17 for the case
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Fig. 16. Relative velocity distributions [z=82, n=15000r.p.m.]
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Fig. 17. R:lative velocity distributions [z=4, n=15000r.p.m.]

of 2=32 and z=4 respectively. Thnese are the ecases of impeller revolutions per
minute 7=15000 r.p.m., peripheral velocity of impeller at the tip #==188.5 m/sec, and the
veloeity distributions are shown for the case of V,=0.22, 0.16, 0.10, 0.06 and 0.02 m®/sec.
Further, in a specified impeller channel shown, the left hand side is the positive
pressure side of the blade, while right hand side indicates the negative pressure side
of the blade. ws, Wrs, wry and w,, in the figures are, of course, the calculated
values of relative velocities at points where pressure and temperature distributions

19) loc. cit. in 18). The impellers in this case correspond to the type II in this literature.
(15)
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are measured. It seems from the figures that the enumerated relative velocities are
influenced too severely by fhe 1mpeller revolutions. In other words, even as for the
case of maximum volume ﬂow, the values of w,; and w,, at the pressure side of
blade are still negatlve This seems to suggest that the expression used in the
calculus involves the terms which affected by impeller revolutions too intensively.
Further, as is clear in fig. 17, i.e. when z=4, the values of the relative velocities Wy
exceeds that of sound, which is considered to be unreasonable. These facts indicate,
therefore, that the application of the expression for the calculus of the relative
velocities to such a high speed impeller as this case is somewhat unnatural.

Hence, the author intended to modify the hitherto used expression to be applicable
to such a high speed impeller as this case. In the introduction of the expression for
the caluculus of relative velocities, it has be assumed that the air flows fully in the
impeller channel in radial direction, i.e. the slip coefficient K in the following

expresstion -
Kl(o'.,ug - o‘lu,)=i(w22 - w#)+jp“’ vdp e (1)
g " 2g Py

is taken as K=1. But, as is plain from the photographic flow patterns® of the
* relative flow in the impeller channel of fig. 18, air flows mainly in the region near
the negative pressure side of blade, while that near the positive pressure side no flow
patterns are observed. From this fact, it is unreasonable to assume K=1 in the
expression (1). Leaving K in expression (1) and assuming (1) to hold on every point.
in impeller channel, we have as previously
j vdp——(uz—ul) g 032 =) g (wE =02 (K—1)
” gJ g

If the compression be adiabatie, using the relation of
» k
5 vdp= =7 (Pv—D1ts)

7

we have
g (=P =g (07 = 1%) = (10,2 =0,) = (w ~ )1~ K)).

In the case of straight radial blades impeller, there holds the relation w?=w,?-+u?.

Therefore,
T v )= K ) =@ = K)o~ w2
On differentiating partlally the above equation by 6, we obtain the following
equation®,
o = — 2 K. - (3)

20) Flow patterns in other cases are shown in reference 18).
21) The equation hitherto used is the form of —gg—=—§%wr%%i,, which of courss co-
incides with (3) when K=1. .

(16>
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Fig. 18 (a). z=4, n=7000r.p.m.
$=10%, G=0.0010 kg/sec. .

Fig. 18 (b). 1 2=8, n=7000r.p.m.
$=10024, G=0.00625 kg/sec.

On the other hand, the equation established by the assumption that the air flows
radially, i.e. the mass acceleration forces and. the pressures working on the small
element in the impeller channel be in equilibrium, is same as previous method?®, the
result of which is as follows.

op ab\__ P
~ 90 <1+7>— 20w, BTy (1+db) w (4)
From (8) and (4), we have
db "
08 1+db 2—-K

Solving equation (5), using the relation

22) The deduction of this equation is published in 1R).
17
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1+ 2 "g’ 1+ 2b T2 Togana

11— ’r"taua
2

where 7,: radius of impeller exit, r,: radiug of impeller inlet, be: width of blade at
impeller exit, @ : angular velocity of impeller, we obtain the following solution.

2 1 '
wy= 64 +C - (6)

1+ _’2():0 -—tan a

1+

"'2—”'0 mn a

To make the value of K not equal to unity means, as already mentioned. that the
. flow within the impeller channel to be
partial flow. As is shown in fig. 19 (a), if

A . ) ‘we represent the angle at which the rela-
tive velocity w, reaches the value of zero
by 6,, we are able to consider that in the
domain cover:ng the angle 6, there takes
place no flow or reverse flow of air, as is
clear from fig. 18, in other words, this
domain to be the so-called dead water

region. We, therefore, assume, that this

Fig. 19 (a). - Fig. 19 (b). region w,=0. In these understandings, we

put w,=0 when =6, in equation (6), to find

26071 1
C=- 4
—T, T ¢
i 1+ Zb —5—tana
14 - T Totana
and equation (6) becomes
2e0r 1
Wy = c'go oK (9_00) ...(7)
1+—2—b‘:‘ ‘tan :
1+ r—‘bﬂtan a

The volume flow of air is calculated, therefore, as the mtogral of w, between the
angles of ¢ and 6,, thus

|4 j‘ @r 1
——=\ wdf= — (A—6,)2 -+ (8)
zor 1+———r"’2b "o tan 2-K

1+1Eb:ﬁtan @

]

‘Hence, we .can obtam 6, which is unknown from the eguation (8) if we acquainted
'with V, and uvsing this value of 6, we can obtain w, by eguation (7).-

(183
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If we represent the relative veloeity w, at the blade surface of negative pressure
side by wy, we canweasily see that the pressure difference between the both sides of
blade dh=w,s*/2g on aecount of the fact that the relative velbcity at the blade
surface of positive pressure side wy,, is zero. Therefore, the force whiech aets on unit
length of blade surface, the breadth of whieh being b, is found to be

P=dh by -+ (9)
where y denotes the density of air at the region eonsidered.

The turning moment at the radius r for the total blades, is,

My=2Pr=z-dh-b-y-r ---(10)

Integrating 3 in equation (10) from r, to r. alongkthe path s in fig. 19 (b), we

have
M= yzj‘rz Adhbrds (11)
41

Denoting the theoretical work done of adiabatie compression by H, volume flow of

air at suetion pipe by V. and air density at suection pipe by y. we have at once

o 1

Henee, if we know M from equation (11), we are able to find H by means of
equation (12), and further, we can obtain the slip ecefficient of impeller K by the
following relation : :

u2
K P =H --+(18)

We thus able to obtain the value of K graphically by the foregoing course. But -
we know that equations (7) and (8) already involve K which is not yet known.
Therefore,» we must proceed by cut and try method, that is, assigning K some
value and putting this value into the equations (9) and (10) and further integrating
graphically along the path s in fig. 19 (b) we obtain M, thus finding K by equations
{12) and (18) successively. The value of K thus obtained is not always coincide the
assumed value of K in eguations (7) and (8). And so, we must repeat the process
several times until the assumed value of K coincide that of obtained by (13). In
these ealeulations, we take 4A=0 at the blade inlet of radius r,, because as is clear
from fig. 19 (b) the relative velocities on both sides of blade at this point must be
equal. S o o ‘ .

The values of K thus obtaibed "coineide the experimental results fairly well at the
region of z whieh exeeeds 8, while in the region 2<(8 it deviates. Now, observing
again tbe photographie flow patterns in fig. 18, we find that there appears some
small flow at the positive pressure side of blade when 2</8®. Let us put the relative
velocity of this small flow to be w,o=%wy, Where wy is the relative velocity at the

23) To know more. precisely, the readers should refer to the literature 17).
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uegatwe pressure side of blade. Taking account of this reIatlve veIocltles of small
flow, the pressure at the posmve pressure surface of blade must decrease. Hence
we have '

Ah:%(wro —tyg?) =2 _,,(1 2?) (14)

instead of dh=w,*/2g.

We have no means of evaluating the magmtudes of the relative velocity w,, of
this small flow, but we are aquainted from photographlc observatiors that the small
flow increases as the number of blades z decreases * The author, therefore ‘proceed

%0 - ToTaC w'r _5'5177 " to select the value = such that the
80— e results obtained coincide with ex-
5 7o 7 _____E,x(':::i:ts_ perimental one. The results of
% cboo ’J ~] . « caleulation, using the values of x=
g e V=010t 0.27 for z=2, x=0.16 for z=4, 2=0
:é'_ L A - for z>8 are shown in fig. 20, to
& 70,1/ ‘ " find the enumerated values coincide
%060 . with experimental one. Thus the
- ,L/);;'/”\ T = = = w=f~05‘?fw graphical caleulution metheu of the
- i/ .‘ , v slip eoefﬁcient' of impeller* hitherto
: Nuber of Blades 2 used by B. Eck and others cannot
g 10 20 30 40 be applied directly“to the high speed
Fig. 20. ,Qoguparison of experimental results' . impeller of straight radial blades.
with graphical calculation for slip coefficient i
of 1mpeller [#=15000T.p.m., n=188.5 m/sec]. But, addition of the two assumptions

based on the observation of the photographlc study of the-relativé fow, i.e. the
assumptlon of partlal flow and - geueratlon of small ﬁow ‘at the blade surface of
positive pressure side brings the graphical ° “enumeration method to be applicable in
the high speed impeller. B. Eck performed the evaluation of the slip -coefficient 'K
for the ‘case of backward curved - blades 1mpeller, radial exit blades impeller “and
forward curved blades impeller-taking with an example, and gave the values of K
to be 0.862, 0.866 and 0.778 respectively when the blade width convérges towards
the tip.  But he did not compare his results with experiments. Therefore, it seems
doubtful ‘whether the results thus obtamed coincide Wwith experimental results as to
the number of blades. " ! S

With the values of K obtained for various number of )'bl,ades, it is able to calculate
the relative velocity distribution within the impeller blades using again the equations
(7) and (8)." These results for z=32, 20, 16, 8, 4 and 2 are plotted iu"“ﬁg-. 21~fig. 26.
In these ¢ases, the values of w, does not exceed the velocity of ‘sound even when
the number of blades be small, that is, when z=4 and 2, and from this we can
recommend equations (7) and (8) to be applicable for high speed impeller of straight
radial blades. -

C 20’)
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Fig. 21. Relative velocity distributions =82, n=15000r.p.m.].
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Fig. 22. Relative velocity distributions [2=20, »=15000r.p.m.].
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Fig. 23. Relative velocity distributions [¢=16, »=15000r.p.m.].

Plotting the delivery pressure pq against the suction volume flow V, for the cases
of various number of blades and extending the curves towards the reglon of large
values of Vi, we are able “to- "ind“the values of volume flow Vi ,,-o that is the
wolume flow when p,=T601 mm Hg or pressure rise Jdps=0. Tnese valuss for the

21
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Fig. 24. Relative velocity distributions [z=8, n=15000 r.p.m.].
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Fig. 25. Relative velocity distributions [z=4, »=15000r.p.m.].
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Fig. 26. Relative velocity distributions [z=2, n=15000 r.p.m.].

impeller rotations 7=15000r.p.m. are tabulated in table 1.

Table 1.
No. of blades | 2 | 4 ' 8 | 16 | 20 ‘ 32

Vs,pdﬁm'*/sec ‘ 0.28’75' 0.31651 0.343 [ 0.347 | 0.346 I 0.344
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As is seen from the above table, it is clear that the values of Vi, ,;-0 takes
nearly the same value except when z is 2 and 4. Taking, therefore, Vi, p;-0=0.845
m®fsec as standard value, and dividing V,=0.22, 0.16, 0.10, 0.06 and  0.02 m*/se¢
‘which are the parameters for the calculus of relative velocity distribution by this.
'value, and expressing this ratio by A=V,/V;, p,~0, We obtain 1=0.638, 0.464, 0.290
0.174 and 0.058 respectively. With these values as parameters, and using the
results of fig. 21~fig. 26, we can calculate the ratio of the region where the relative
velocities are positive to the whole region of the impeller channel, that is the ratio

of a//a=(f-8,)/6. These values
i ©  FResults evaluated from photo-

are plotted against the number gepic Flow Putems 1~

of blades z as shown in fig. 27. 1.0 (aleulations by Egs.(Dardl§) ————
The values of awja=(0-6)F |, rhee A= Foam 03957
obtained from the photographic

study of the relative flow in im- 08

peller channel when 7=9100r.p.m. g : 7 ‘figﬁ?‘
are shown with small ecireles in 06 P = %=016"kec
the same diagram, the G0 ie. L] ATQ:.“
the mass flow of air when Jdp,=0 - 0.5 ZI“’ :‘/ o > }V{;ﬁ‘;‘;’?“'
in this case being 0.0114 kg/sec. o ‘s'||g e 4~ N | S
‘The figures shown besides this = = A=urn
small circle indicate the values of 3 [ L4 ar 'fj;h
A. The estimated values of A g2 = _ /’/‘ﬁ:oﬁ;
from the photographic study are // %V —

by no means so accurate, bebause o Nomber of Blad

the flow patterns itself are some- 0, m - Uszoa =2 30

what different in every channel

of the impeller. Nevertheless, the Fig. 27. Relations between a'/a=(0-00)/0

. . o . and number of blades [n=15000r.p.m.].
results obtained give coincidence [ pm]

to some extent with the results obtained numerically from the enumeration of rela-
tive velocity distribution, to find the method of calculation of relative velocity
distribution abovementioned to be reliable to some degree.

We are acquainted now that the graphical method of caleulation for the slip
coefficient are applicable provided the proper assumptions based on the photographic
study were introduced, but the evaluation are too tedious to be applied practically.
Henee the author intended to establish a formula for the relation of the slip coeffi-
cient and the number of blades for the straight radial blades impeller, of which we
shall treat later.

4.2 Formula for the slip coefficient of the-straight radial blades impeller.

The velocity diagram at the impeller exit of a straight radial blades impeller when
the number of blades are infinite is shown in full lines in fig. 28 (a), where the
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peripheral component of the absolute velocity w, is denoted by c,. which is equal to
u#y. When partial flow here considered occurs,. the velative velocities in the impeller
channel w,,’ become larger than w,., so that the exit velocity diagram in this case

e Czu Cu.-
N D Gu—r ]
\ 77N
\ 1/
w;;‘\ }}ft \.
\ % v \\
\ 7 \
\| 2 \
Uz o
Fig. 28 (a).
4
o U Wi

A ——f

w

y D
97 2

C - —

T >

Fig. 28 (b).

P oy

Fig. 28 (c).

/

no rotation.

become that shown by ditted lines in fig. 28 (a) taking
into consideration of the slip phenomena, and the peri-
pheral velocity component of absolute velocity w,' be-
come ¢/, to find the slip by an amount of dc¢,.. The
slip coefficient K in this case is given, therefore,
=Gl _ Cm—den (15)

Cou
Cou Cou
so that we are to calculate de,. To attain this end,
the author followed the stodola’s idea. When the
partial flow is not taken into congideration, the mean
relative velocity w., at the impeller exit is [fig. 28 (b)]
equal to the relative velocity when the number of
blades are infinite because of the linear distribution
of the relative velocity. To find the deviation of the
relative velocities when th number of blades are finite,
it can be considered that the relative velocity distribu-

‘tion when the number of blades are finite is equivalent

to the rotation of the relative velocity distribution
diagrams when the number of blades are infinite.
To find the mean rotation, therefore, it is convenient
that the square, length of the sides of which being a
[ﬁg.v 28 (a)] suffers the deformation such that the
sides AB and CD rotates with an angular velocity
@'=dw/a because of the enlargement of the relative
veloeity to wys, e, while the sides AD and BC receives
Hence, the average rotation in this case
is shown in the diagram as the rotation angle of the
diagonal of the square. This is Stodola’s idea, and

B. Eck had established the formula later shown following this idea. This mean
rotation @’/2 causes the peripheral velocity component (a/2)(@’/2)=4dw/4 in the middle
of the impeller channel, which reacts in opposite direction to c., s0 that the relation
dew=dw/4 is obtained finally.

If we apply this idea to the case of partlal ﬂow [hg 28. (c)] we. obtain

Putting -

1T

1+

2w dw . wwo
0—6, -6,
To—"T,
—5—tana - :
2b, -k -

'ro
bz —F—=tana .

(24)
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and substituting in equation (7), we get the relation
2607 1
Wy, = u;: 2 Z_K(g—eo)

: : - 2607 1
y 2
o =% 2-K

and finally we obtainqthe_ expression for Je, as

— 0_00 E)i— 9—00 ol W 0—00
do="g g =g =95 3K
Hence,
—&-’li-— c‘.’u_"Acu —_1 _1_ 0"00
K_ Con - c:zu —1 2k 2"'K ..'(16)
By the expression obtained from equation (8)

V _or, 1
Zb2".2 - k 2—K (0-00)2

we know that

’ _ ./ Vs2=K)k
6—80— ~ barEa -(17)
Substituting (17) in (16) we find finally
— 1/ V.
K=1=9y @-R)zherho ~+(18)

69

This equation is the third order as to the slip coefficient K, and although this is
able to be solved, it is too tedious to practical use as a formula. Also, it can be
reduced into quadratic form, by expanding 1/(2—K) in the second term of the right
hand side into series, and neglecting the terms of the third order of K, but, this

also gives too complex expression. Hence, putting approximately K=1 in 1/(2—K)
within the square root, as the effect is considered less by the square root, and we

obtain
1/ v, ™ '
K=1-3y/ i 19
where
To—7To
- 1+ Tbs tan a

1+Mtan o
b,
the « in the above expression being the apex angle of the sides of blade.

Stodola gives as the slip coefficient of impeller ‘as follows.
K=1 4 smvl;fg -(20)
z(“z ~ mdgbstan )
where f3,: exit angle of the blade.

24) V. is the volumse flow at the impeller exit, and when V. is unknown we can use the

value of 'V, instead of V, with negligible error.
(25)
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B. Eck gives, in his text book, the following formula, thus

- 14 sin Sy dy?0y

1

-+(21)

8Sz
where S is the side surface area of the blade, and when the shape of the blade is

of trapezoid whose inner breadth}is b, (at radius »;) and outer breadth is b, (at

radius r.) it is expressed as

re—7y 2b.+bs

— _ | b1+z‘2 {
S—(rz 3 by +bs ) D) (r2—171)
Pfleiderer’s formula is of the form:
1
K= -y --(22
100 T 1427 #)
M e S
90}™ T e =1 n th ; -
L b - | but in this case ¥ is the experi-
80 § /; 1 - . mental value, aud as the values of
o’ -
& 4 L /,/ ¥ for the radial exit impeller are
70 “3_ ARV not shown, this formula is not used
PR /. Exp;m=15000rpm.%=0/5"% — in the present case.
/ . ey
% T Stodle ot T8 The comparisons of the experi
! z(“z'ﬂ,%;q) mental data when %=15000 r.p.m.
401 / ------ tck K= ;’_"W and V,=0.15 m?sec to the results of
X N + ﬁ&—“‘z
][ ¢ ion: th w formula
50 | ] 1 o5 2 s evaluations by the new m
| New of (19), Stodola’s formula (20) and
20 FormulaK-l-%v;ﬁ‘%m' Eck’s formula of (21) are shown in
10 \ fm S BB fig. 29. As previously stated, the
1 A S ion b he slip coefficient
= - Nambe: of Blades 2 T—T— relation between the slip coefficien
05 10 20 30 of impeller and the number of
Fig. 29. Comparison of new formula with blades for the high speed straight
~ experimental results. radial blades impeller is quite dif-
100 e —
x L] NeF“;nnuld.
90 —+ I | Experiment
- ° ~13000
$ 80 -] [ PR
;2“ [quumeﬂl
el V4 Tpm
370 » b-0sve
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Fig. 30. :

Comparison of new formula with another experimental results.
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ferent that for the backward curved blades impeller, and “as is elear in fig. 29,
Stodola’s formula or Eck’s formula shows coincidence no longer, while the new formula
(19) coincides approximately with experimental results. The comparison of the results
of another blower of straight radial blades, the number of which being 4, 8 and 16,
with the caluclated value by (19) is shown in fig. 30 which shsws less deviations
than in fig. 29. Therefore, the new formula is applicable for the stralght redial
blades impeller to some extent. .

V. Conclusioni.

The conclusions obtained by these experiments and considerations ean be abstracted
as follows. ‘ ‘

(1) The performance characteristics of a entrifugal blower show optimum at
certain number of blades. When the number blades is less than this optimum
value, the performarces becomé inferior on account of partial flow within the
impeller channel, wrile when the number of blades exceeds the optimum value, the
performances also show lower value on account of the increase of flow resistances
in impeller channel. Although the optimum number of blades of the centrifugal
blower with straight radial blades is found to be 2=10~12 in this case, this figure
is not applicable in general, even if the shape of blades be the same. The optimum
number of blades seems to be affected intensively by the diameter ratio of the
impelier, and the larger the diameter ratio, i.e. the longer the blades, the less the
optimum number of blades, from the experiments by the author himself and from
the references already cited to. But it is unable to formulate this effect completely
on account of shortness of experimental data.

(2) The ration of the ship coefficient of impeller to the number of blades for the
straight radial blades impeller is quite different to the generally used impeller of
backward curved blades type. The results of graphical calculation coincide with
experimental results, by means of the correction of the hitherto used Eck’s method
by the assumptions obtained from the photographic study of the flow patterns within
the impeller channel. Stodola’s formula or Eck’s formula is no longer applicable to
the cases of high speed straight radial blades imdeller as treated in this paper, while
the now formula obtained shows some coincidence with experimental results.

On Two Kinds of Fluid-Flow through Bent-Pipes.

Recieved Jan. 15, 1949. Fumiki Kito*

Two kinds of Vortex motions occurring in bent-pipe has béen studied theoretically. The
first is the secondary vortex flow produced in a bent pipe of elliptical cross-section; the
flow being supposed to be in the state of so-called laminar flow. The second case concerns

* Dr. of Eng. Prof. of Keiogijuku University.
2n)



