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ABSTRACT

This report presents the method of selecting a suitable
blower type for manual drive; describes the experimental and theoretical
investigations which led to the development of three key components (valves,
piston and surge-tank). Results of tests are analyzed that show the blower
having more than 65% total efficiency and a stiff pressure vs volume curve.
Design for mass production is suggested; calculation of components for the
mass produced version is expleined so that the mass produced blower should
at least be as efficient as the test-version described in this report.
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SUMMARY

Whereas the capacity of centrifugnl and axisl Tlow blowers i
quite sensitive to changes in pressure differential, the capacity of
positive-displacement blowers of either the reciprocuting or rotary tyhes
is quite constant at a given speed. If clearance volumes and seal ieakiagce
rates are minimized in the design, positive-displacement blowers gerve ulor.
as flow me*ters, witt free air delivery essentially dependent upon speed
nlone.

Blowers having such performance characteristics would be particu-
larly applicable in the ventilating systems of special shelters in which

a. The net area of air intake and exhaust openings is
restricted, or protective apparatus having a rela-
tively high resistance to air flow’'is included in
the ventilating system,

b, there is a requirement for maintenance of a pressure
slightly above atmospheric in the shelter,

c. the nced for fresh air is minimal because environmental
cooling is accomplished by means other than ventilation
with outside air; that is, by earth conduction effects,
well water, a stored cooling agent or mechanical refriger-
ation, and/or

d. the electric power supply may be disrupted..

Although the relatively high pressure and low volume flow puts thic
machine on the specific-speed vs specific-diameter chart into a region

(NS = 1.7, Dg = 3.55)

where 20% - 30% efficiencies are common (see Fig. 3 of Appendix 1), develop-
ment work on the components of this manaal blower resulted in a design that
nas more than 65% overall efficiency. It has a pressure-volume curve that
displays less than 25% reduction in delivery rate for the entire pressure
range. The design has no unstable mode of operation. It has no preferrea
rotationa . direction. The machine has no high-speed precision-manufactured
components (such as expensive gears).

ii
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1.0 INTRODUCTION

The scope of' the work to be performed urder Contract lio.
0CD-0S-62-280 (June 30, 1962) can be outlined as follows:

1) A comparative evaluation of the characteristics of variosus
types of blowers and drive mechanisms;

%V & etudy of human factors involved in operating biowers wi‘i,
relation to shelter ventilating requirements;

3) The preparation of criteria including designs and speci-
fications for at least one selected size and iype of combination blower
unit;

i) The fabrication and delivery to the Government cf a proto-
tyre unit of the preferred type;

5) The determination of prototype performance by means of

sppropriate laboratory tests;
6) The final modification of design specifications and proto-
type unit.

Specificestions were as follows:

The prototype blower unit should have a rated capacity within
the range of 150-300 cfm to be used either singly or in multiple in
community shelters; it should be capable of developing six inches of
water static pressure at rated capacity with motor drive, and, within the
limits of human.energy expenditure, with manual drive. During the course
of the project it was further stipulated that the blower should develop
L.5 in. of w. static pressure with manual drive, and it should have a

steep pressure vs volume characteristic curve (i.e. large increase in

pressure should correspond to small reduction in flow).

T pest Ave
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Considering the objectives stated above it is obvious that
the study of human factors involved in operating blowers in shelters
could not be more than preliminary without the blower being available,
It was decided, therefore, that selection of the type of blower should
be done by using available information on human factors; the quantitative

appraisal of the influence of shelter environment should be done after

the blower will be available,

The avalléble information on human factors suggested two ad-

ditional stipulations for the blower:

1) the maximum power that could be expected from a person for

a reasonable length of time;
2) the most convenient way of delivering this performance,

It is shown in Appendix 1 that 0.1 HP is a comfortable level for
pedaling, but also 0.12 - 0.13 HP can be obtained without much stress from
the average person in a bicycling position, Considering the above mentioned
150 efm at 4.5 in,w. requirement, 80% dblower efficiency would be necessary
with 8,13 HP performance, This performance, however, cannot be expected

at very high speeds. 55 rpm is a reasonable speed for the human operator.

2.0 SELECTION OF THE TYPE OF THE BLOWER
The above requirements being fixed, essentially two ways are open
to select the type of blower:
1) either consider preferably all designs on the market, or
2) try to narrow down the choice on the basis of theoretical
considerations, by using appropriate parameters that will enable the quanti-

tative comparison of different types of blowers; the final choice will thus

be narrowed down to a very few types, The selection was done und reported
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in Appendix l; an ‘explanaticn and Justification of the mebhod used (coeelvic
cpeed and gpecific diameter as artificlai parameterc), and 4 oriel .oooriptior

of the muthemuticali background is also contalned in App=ndix ],

The type selected was the positive dispiacenent blower, lLosifen
speed: 150 rpm at 150 ofm; this design enables the use of well developed
standurd components: bicycle drives, transmissions, speed changers, ete.,
The deiivery rute of positive displacement machines iz relatively inuensi-
tive to changes in pressure and their characteristic curve does not have
an unstable region - as opposed to most of the hydrcdynamic tyne machines
that would have been considered, As the application of several bLiowers
in parallel should be made possible the stable characteristic curve muse®

be considered us a significant feature,

In order to keep the losses as low as possible, instead of a
rigid piston, with its inherent friction losses, a pliable diaphragm wac
first considered, The necessary diameter for this design was 2 feet,'a
rather bulky maschine (Fig. l). Two other conceptual designs were workes
out as alternatives to have some comparisor before the final choice has
been made: & single stage (Fig. 2) and a two-stage centrifugal blower
(Fig. 3). The foil-type blades on the single stage, 3000 rpm (Ns = 10L)
machine are meant to show that if this machine would be built, all possibie
aerodynemic refinement has to be applied, as the required pressure cannot
be met at the design point of the blower. It has to be overdesigned and
operated at a lower than design volume (Fig. 4). This off-design operation
reduces the efficiency from the design-value, It can also be seen from
Fig. 4 that the preSsﬁfé’margin is extremely low, The two-stage, concentric,
double impeller design shown on Fig. 3 attempta to obtain the required
pressure without resorting to a very low specific speed, The head is
divided between the two runners in the ratio of 2:1, the inner, 3300 rpm
impeller delivering the larger portion, The counterrotating 3000 rpm

outer runner acts as the collector for the inner wheel, Considering the




7" STROKE
R 3
L———YOKE
- LINEAR BALL BEARING
FLY WHEEL
i 7
7
Al e~ — it - SPEED cHANGER
N
2 L/‘//’.// A-
ROLLER
N 2'Diam —w
NN i
X T T T T s
%
% "~ LINEAR BALL BEARING :

FI8 | NANIRAGN BLOWER




/-~MOTOR

ge Sl

-

Ll Lt L Ll

FIG. 2 _SINGLE STAGE CENTRIFUGAL BLOWER




.. DUTER
" IMPELLER

MOTOR

IMPELLER” @T o .. L
it

U e
i

H (!,‘
b
'
==
1

H

1k T

b B . ._umr: W e

1k

FIG I TWO _STAGE CENTRIFUGAL BLOWER

wm»f’b-m&-;--—; "




r)
Q
Q

Ilz
SPECIFIC SPEED: Ng=N —%— :
HWQ !

ad !

| ! WHERE: N = SPEED OF MACHINE RPM

e

i
150+ V, = INLET VOLUME ft¥sec
} Ng = 440
M q = AP ADIABATIC HEAD, f1
-4
s Ns =104 -7 =52%
% S
4 - n= 70%
Lclj 100 — Ns- 25 ]17 v
2 |
s |
< l
W
= |
|
]
50 }
| O
l 7o)
|
|
|
0 l
) 50 100 150 200 250

CAPACITY (% OF NORMAL)

FI1G. 4 HEAD- CARPALITY CURVES FOR SEVERAL SPECIFIC SPEEDS
{Source: A F Stepanoff, Centrifugal and Axial Pumps. Fig 9-1)




F-tivl

complicated desigr. of the counterrotating wheelg, the rore fatvoratle
specific speed (Ns = 90) and thus somewhat better presture v.iume curve
does not justify this design. It was decided, therefore, that the

diaphragm blower will be built,

3.0 DESIGN OF THE BLCWER

As indicated above, the decision to have the operatur seated
while driving pedals was made quite early in the prograsm. Therefore a
bicycle was purchased to supply the parts of the drive: seat, frame,
grips, pedals and a speed changer (built in the hub of the rear uneel
of the bicycle). The speedchanger is of the planetary gear-type uaesifi,
operated by a Bowden cable from the grips. When in direct drive, the
wheel turns the fastest (as fast as the sprocket). The other two speedc

available were 80% and 57.2% of the direct speed.

The conventional ratio of the bicyc}e pedal sproctetl anag rear
wheel sprocket is L2 teeth vs 1L teeth. A 72-tooth sprocicet and a i.-
tooth sprocket were also purchased. The constant 55 rpm input from ‘he
pedsls thus could be altered on the wheel from 330 to 95. Design of the

blower itself, as originally conceived, was showr. aiready on Fig. I.

The neoprene diaphragm is held in place by the upper and lower
heads, thus separsting the two halves of the double acting pump. MNeve-
ment of the disphragm is done by the "piston rod" and retainer. The rod
is driven by a Scotech yoke and guided by two linéér ba11>bearings. The
Scotch yoke is driven from the flywheel by a rcller mounted on a tall
bearing. The flywheel accommodates the speedchanger gear of the bicycle

in a special hub.

The first valve design is shown on Fig. 5: & L-in. diameter

spring-loaded poppet valve.

The change on this original set-up necessitated ty the finding:

of the first test series will be explained in detail later o:.
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b, 0 TEST SETUF

The power~linkage between the human operator and the blower
is the chain» drive between the pedalesprocket and the blower sprocket,
Therefore, as far as the blower is concerned, ¢ measured power ng gl
from an electric motor at fixed speed adejuately csimulates the human
operator provided the human nperator pedals at an even rate, 1L Wi
decided, therefore, that to cvercume the difficulties inhorent in
ressured human output, the tlower will be developed snd calibratea first,
and when this work is dcne, the calibrated blower itself can be used asg
an instrument to evaluate the performance of Jdifferent operutors.  Av-
cordingly, the following test setup was assembled to test tue bplower
(Fig. 6). Direct current electric motor (1) supplies power to 1:50%
gearbox (2); the gearbox drives through the sprocket on its cutput shart
(3); chain-transmission (4); the air delivery of the blower is measured
in a positive displacement "Roots Counter" (5); the number of turns of
the counter iz in direct proportion to the volume of air passed through
the meter. (0.51bL ft3/rev. is the constant of the meter used). The de-
livery rate was determined by applying a timing device (6) which operated
the Veeder-counter (7) for 0.51k4 minutes. Thus the revolutions of the
meter counted on the Veeder-counter gave the cubic feet of alr passed

through the meter within a minute.

The blower discharged through its exhaust valves (8) directly
into the room, the vacuum being generated upstream of the machine in the
intake duct (9). This arrangement corresponds to a usual system con-
figuraticn for certain shelter types, in which apparatus having a rather
high aggregaste resistance to air flow (such as filters, blast valves and

heat transfer coils) may be provided on the inlet side of the blower,

Accordingly, the vacuum measured in the intake duct (9) between
blower and meter constituted the pressure-differentisl the blower had to
overcome, The pressure drop to create the vacuum in the duct was caused
by placing fabric on & grid (10) in the intake of the meter or by a simple
throttle in the duct between the meter and the blower (11).

®*in later tests a 1:25 gearbox was used

IS oS it ——
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5.0 INSTRUMENTATICON

The cyclic delivery rate of the tlower made it necessary that
some consideration should be given to the instrumgntation. As hydru-
dynamic type meters (orifices, Venturi meter, Pitot-tube, etc.) are in-
fluenced by velocity fluctuations, it was decided that a positive dis-
placement meter should be used. The most readily available meter was
the Roots meter mentioned above (courtesy of the Philadelphia Gas Company).
This type of meter, however, gave another problem. The inertia of the
rotating components of this large meter caused it to act as a pump on
its own when the tlower was at its dead-end location. This difficuliy
was eliminated by a flexible plastic receiver between blower and meter.
The volume of sir "delivered" by the meter while the blower stroke ended
has been stored in the plastic bag (Fig. 6 (12)).

The fluctuating vacuum in the intake duct(lo) was sensed through

a one-legged manometer connected to the duct by a hose containing a capil-
b
1ary(‘3). Thus the indicated vacuum was the time average of the pressure.

As the efficiency of the 1/8 HP, 2500 rpm (nominal) electric
motor and the 1/8 HP, 1800 rpm (input) gear box was not known, the power
input assembly (motor + flexible coupling + gearbox) was calibrated with
a Prony-brake arrangement (Fig. 7), the power being registered electricaily
on a wattmeter 1L , (Fig. 6), with an arbitrery scale. Calibration curves

are shown on Fig. 8.

The test set-up shown on Fig. 6 was used during the entire prograr:,
with one major change. As it will be seen in the next section, the dia-
phragm blower did not prove satisfactory and the blower was used as a test
vehicle to develop components rather than a final design. During the last
part of the test program, the circular, 2-ft. dianmeter base of the blower

(see Fig. 1) was substituted with a 26" x 26" x 36", rectangular body.
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FIG. 7 CALIBRATION OF INPUT
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6.1.1 First Teste witn Liaphragm Elower

YWher. the diaphragm tlower (Fig. 1} was first tested, the Y.ouer
did not displiay at all the characteristics ¢t a pecsitlive displiacemernt
machine. Volumetric efficiency was 0.75 {(max.) at ro vacuur.. V.en the
intake was throttled and a modest 1 3/L-in. w. vacuum ctilained, the voliu-
metric efficiency dropped to 3.83, Changing the valves improved the
volumetric efficiericy, but rot above L1% at 2.0 in. w. vacuum, Visual
inspection through one of the exhaust valves when the mathine was orerat-
ing revealed that the displacemert (i.e. when the diaphragr assurec s
cone-shape) takes place only at such time when the valves are openiig oy
not quite closed yet, around the dead-end positions of the piston. Iu
cther words, during the most part of the stroke the diaphrapgm is ireffectiive.
When it tecomes effective, the valves are not. There were ro simple means
to overcome this difficulty (inherent in the non-rigia diaphragm) with
valves that opened or ciosed under the impact of the flow througl: ther,
therefore the idea of a simple diaphragm had to be abandsr.ed.

f£.1.2 Second Test Series - Bellofram Diaphragm

The remedy to the above described situation would be 2 suyb-
stantially rigid element: a pistor. As the displacement of & piston is

a cylinder rather then a cone (as i1 the case of a diaphragm} the same
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volume requires a smaller diameter., In order to utilize the exist-
ing set-up, a l2«in, diameter cylinder was placed coaxially ins:ide

the original Ch-in., diameter housing (Fig. 1). "wo rolling diaphragme
(Bellofram Corporation) prevented the air from escaping Lhrough Lhe
clearance between cylinder and piston from the pressure side of the

piston to the suction side (Fig. 9). It turned out, however, that

1) the Bellofram material does not have enough resilience
to keep its convex shiape reliably against pressure
unless the toroidal air volume "A'" between cylinder,
piston and the two Bellofram diaphragms (Fig. 9) was
held under constant vacuum from an auxiliary source
(the amount of vacuum in "A" has to be more t4uan the

vacuum generated by the blower itself),

2) the force needed to ply the Bellofram was found to be
5.5 pounds (approximately). This force corresponds to
a power consumption equivalent to 25% of the useful
output (at 4,5-in., w, pressure). It was concluded
that it should be possible to make a piston with
sealing rings having less friction than the 5.5 pounds
of the Bellofram and, of course, without the need of

maintaining a vacuum arcund the piston.

6.1.3 Third Test Series - Conventional Piston with Felt Sealing

As it was difficult t> anticipate the best trade-off between
friction losses and leakage (assuming that lower friction will result in
higher leakage loss) the first try wes to obtain low friction with a con-
ventional piston and see what losses will occur. As a first try, two felt
rings were clamped between two masonite discs. The rings, bent into positions
 parallel to the cylinder wall, formed two "cups", one in each direction.

This set-up had very low friction, but the leakage due to the piston could
not be kept below 22 cfm at 4.5 in, w, pressure differential. (The piston
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is not the only source of leakage; valves and the box also contribute to
leakage.) This was considered too high and a better sealing piston was

made .

6.1.L4 Fourth Series - Rubber-Sealed Pistons

The first try at a rubber-sealed piston is shown on Fig. 10. It
was intended to explore the gross influence of a few variables on sealing
performance using the minimum amount of work fcr changes. In this preliminary
investigation, the sealing rubber was originally a flat strip distorted into
two cone shapes by applying the wire shown on the drawing. It was found that
B = 90%, & = 1/8 (approx.), t = 1/16" - 1/8n neoprene strip can achieve close
to'qv = 90% volumetric efficiency. The friction on the cylinder wall, however,

was rather high: 6-7 1b. force was needed to move the piston.

The next step, therefore, was to build a piston as shown on Fig. 11.
The neoprene seal was double cone-shaped (distortion free cutside the cylinder)
and the force exerted on the cylinder wall could be closely controlled by the
interference between cylinder diameter and cup diameter. It was found that /16"
neoprene with 1/16" radial interference will cause less than S 1b. friction force.
A thin layer of grease was applied to the cylinder surface. The other dimensions
cf the seal are the ones shown on Fig. 10. This piston arrangement was used in
the final tests. The volumetric loss due to this piston was less than 15% at
L.5" of w., 110 rpm (eventual valve-leakage losses were not separated; for
"clearance volume" losses, see Section 7.0 and Appendix 2) During the final
tests, the friction force was only 1.6 1b.

When the blower was operated at 6.0" w. vacuum, the leakage due
to the piston changed only insignificantly. It can be stated, therefore, that
the objective of building a blower insensitive to pressure has been achieved.




I -
/

V/;//V////////// ]

/%///// N




Y L. .
5?r e ™ —> | te— & Dlam j r%'"
4 BR
jt_> ] —< |
s

@ Wood Piston
| Pieca

(2) Rubber Cup
2 Pieces

}
) —-“-n— SECTION A-A L——fi

(3 split Aluminum Ring
i Piece




6.2 VALVE DEVELOPMENT

As it was described under "Lesigr of tne Elower" ire nmachl:.e

was originally equipped with four poppet-type va ves (Fig. -;. The vaives,
however, were not satisfactory. They were very :...sy (though the olze
level was considerably reduced applying sound-proofing material - “ie
poppets and the seats as well). They did rot cpen the same way all the
time (to keep friction lesses down only one very thin pguidance rod was
used and the poppets got stuck occasionally), but the greatest difficulity
was the relatively high pressure drop necessary toc operate ther. I crder
to move the poppets fast, k = 0.5 1b/in. spring constant was recessary.

The valve diameter being L", at least 1" 1lift was needed tc ottain the
necessary discharge area., The resulting 0.5 1lb. spring force in the open
position had to come from aerodynamic forces of the flow. The valve area
being 1/12—fn.2 (approx.) the 0.5 1b. force corresponds to 6 lb/ftz pressure.
As the rated pressure difference is L.5 in. w. = 23.54 lb/ftz, the power
needed to keep the valves open is a sizable amount cof the useful power of
the blower,

Dr. C. H. Kearny proposed & vaive design to the Office of Civil
Defense (Fig. 12) for simple air-moving devices (like fans to maintain
innei air movement in long, narrow shelters, etc.) and suggested trying it

in the manual blower.

It can be seen from Fig. 12 that the response of this type of
valve would be very fast as the mass of the moving parts is very small.
At the same time the resistance of the valve can be kept very low as the
grid is a small obstacle to the flow and no change in flow directiocn is

involved.

Testing this "curtain-and-screen" valve, it was observed that
the light plastic curtain was rather susceptible to wear at the rapid rate
of impingement to the nylon grid. A curtain made of & heavier material,
in turn, would not have closed as well as the light plastic. The basic

- 10 -
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idea, however, seemcd tc be wortnwhile to retain in a somewhnt §i¢Cerent
set~up., It seemed attractive to have a light and pliable element ~pen
and close while the structural strength needed to brace the valve agminst
the pressure difference in closed positicn could vv delivered bty unother

stationary element - a grid,

In order to obtain good sealing with tne v:ive closed 1t wag
obvious that the heavier material had to be flat when closed., A rutber
disc has been selected. The disc could be fastened ir the inner ares,
either at the center (at one point) or around a concentric, small circle,
The latter design was found to be better, probably because of leakage through
the radial cuts in case of the other design, The thickness of the necprene
disc and the radius of the inner circle was found after some experimentation.
As the material is more resistant to wear than the plastic curtain of Fig. 12,

a metal grid could be used (Fig. 13).

The original 4" diameter valves of the blower were selected on the
assumption that the poppet design will be satisfactory and a 1" lift (1/L of
the diameter) will cause only moderate pressure losses (0.1 - 0.2 in. of w.
out of Ap = 4,5 in,, at 150 cfm). The grid valve, however, does not open
its total area, not even its entire circumference (at one diameter it always
remains closed). The erfective open are, therefore, is much smalle» than in
the case of a poppet valve. It was found that valve losses can be as high as
1 in. w. at half the rated flow rate. The cobvious way of improvement is, of

course, the increase of the valve diameter.

It was found that enlarging one exhaust valve from 4" diameter to
€" diameter, the efficiency of the blower increased by 6%. Therefore, when
the round, original casing was replaced by the large cube-shaped housing (Fig. 14,

see section 5.0) all four valves were enlarged to 6" diameter.

6,3 SURGE TANK DEVELOPMENT

The best efficiency obtained with the above described changes and
improvements was only arocund LO% (depending somewhat on pressure and speed).
Because of the low efficiency, it was decided that in addition to the efficiency
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improvement due to the valve enlargement another source of losses wWi.i
be attacked, namely, the additional losses due to the unstesdy riow i:.-
herent to positive displacement machines,

L e

The source of losses can be explained qualitatively as foilows:
The flow rate in the hlower, because of the Scotch yoke, i5 btasicaliy a
sinusoidal function of time. The pressure drop, therefore, follows &
singcat function, in case of a yguadratic resistance. The useful cutput
of the blower is the time-average of the sinusoidal delivery-rate, multi-
plied by the minimum amount of pressure to produce it (singtat). The power
required to maintain this output, however, will be propeortional to the average
of the product of instantaneocus delivery and pressure, i.e. sinB(JL. Ac i1 is
well known, the average of sinBth is more than the product of the average of
sin2 wt and sinwt. Therefore, more power is needed to drive a tlower with
an intermittent delivery rate than it is necessary for a constant delivery
machine. It can be shown that the ratio of power needéd in the two cases
is 716 (Appendix 2). It should be noted that the #2:6 ratio refers to the

useful power only. A method to reduce this excess power can be outlined as

follows.

A chamber has to be installed into the conduit between blower and
flow resistance. One wall of this chamber is elastic. When the instantaneous
pressure is equal to the average pressure (4.5 in. w. in our case) the chamber
wall is in equilibrium (its spring constant must be chosern appropriately).
When the vacuum increases (the piston accelerates) the volume of the chamber
decreases (the elastic section deflects under the outer atmospheric precsure).
Therefore, the flow rate at the flow resistance does not have to increase
so much, as the chamber provides a certain amount of air needed in the
blower. When the piston decelerates, the vacuum decreases, the elastic
wall increases the chamber volume and more air flows through the filter

thar. the blower calls for. The excess air will be stored in the chamber.

e D
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It ca: te shew. (Appendix &) thest if { 1o the viiume I

.

the pump (stroke x picto: area) the rnecessary "surge tark" volume

will te
C 0.33
. - ” Qp

It is obvious that the pressure fluctustion (and therefure the excel:

power regquired) cannot completely be eliminated ac the operatic: cf the
storage tanrn is based or 4 certain amount of pressure fiuctuaticr. [t

can be showr (Appendix /) that if #nis the loss ir erficiency,

( s\
" Pav

where Aps is the pressure fluctuation in the surge tark and Apav is the
average pressure level. In case of Apav = 4.5 in, w., Aps =+ 1 in, w,
requires 1.23% excess power, which is quite small corpared with <he 6L}
calculated from thelﬁzzé ratio referred to above. The 12.6-in. piston
diameter and 7-in. stroke result in a blower volume of £70 inj. The stored
volume will be, therefore, 91 ins, approximately. After a short investi-
gation it was found that the simplest way to make a surge tank would be

the use o commercially available flexible hose material. The only avasil-
able hose had a nominal diameter of L inches. The hose has a steel spring
core, the material is plastic, cast on the spring. Four hoses were used,
each was to have a displacement of 23 in3 (approx.). The L-in. diameter
prescribes a 1.8 in., = #+ 0.9-in. movement of the hoses; the + .9 in moveme:nt
and the * 1 in pressure fluctuation should determine the spring constant, if
+ 1 in. w. pressure fluctuation is assumed. The spring constant of the hose,
of course, could not-be changed, except that it coﬁid be made somewhat stiffer.
There was no opportunity for much experimentation with the hoses (the en3 of
the project was very close by the time the surge tank development got u..der-
way), and the final tests were made with surge tanks which did rot give the
best possible results, The measured spring constant of the four hoses was
0.8 + 0.1 in/1b. The measurement of the spring constant was made as the

hoses were used in the final tests (December 14-15, 196L).
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7.0 "ESULTS

The program erded with test runs on the 1.tk and I7%% of
December, .96L, using the components described in the previous sectiorns.

The following results were obtained:

TABLE I
No. RPM Toput Flow Pressure Output Effectiveness’
rower CFM ilie W, HE or
HP Effigiency
%
1 110 0.038 86 L5485 0.0596 63.0
2 110 C.102 81 5.75 0.0725 71.0
3 115 0.033 109 0.35 0.0059 18.0
L 110 0.0L9 97 1.80 Q.0270 55.5
5 109.5 0.056 9L.5 2.25 0.033 5.5
6 110 0.0875% 85 L.6 0.0607 £9.5
7 110 0.086 86 .6 0.0615 71.7
i 110 0.099 82 5.6 0.0715 72.0
9 U5 0.0L3 139 0.5 0.0109 25.0
10 15 0.126 112 4.45 0.0775 61.5
11 145 0.0875 124 2.85 0.0552 63.0
12 1LS 0.1475 107 c.65 0.094 63.5
13 145 0.121 113 L.55 0.08¢ 66.5
pI 185 o.093 165 0.6 0.0154 16.6
15 285 0.2 220 1.0 0.03L3 15.6

The entries in Table I were obtained either directly from instrument
readings {RPM, flcw (V), pressure (Ap)) or indirectly (input power (P) from
vattmeter readings using the calibration curves of Fig. 8). The entries for

output (pop) and effectiveness (1) were calculated:

p_ = —CR.
°F 68410

and
oe Fa
P
The units in the sbove formulae were the ones indicated in Table I. Results
for 110 and 145 rpm are plotted on Fig. 15.

#in certain tests same as "Efficlency", see Appendix 3
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As the displacement of the 12.€-in. diameter, 7-in. stroke

3

piston is exactly 1 ft~, the numerical value of the rpm (n) is equal

to the theoretical delivery rate of the blower. 7The volumetric efficiercy,

-

therefore, can be calculated from the formula

It zan be seen from Table T that test results could be repsated
with an accuracy of approximately * 2%. The efficiency of the blower drops
several percentage points when higher speeds are used. To¢ find the reasons
for the decrease in efficiency an attempt was made to calculate the losses.
Tc separate the individual losses as much as possible the blower was tested,

the surge tanks being immobilized. Results are shown in Table II and Fig. 16.

TARLE II
No. RPM Input Flow Pressure Output Effectivene:
Power CFM in. w. HP %
HP
1 110 0.1020 85 5.0 0.063 65.0
2 110 0.0600 100 1.95 0.030 50.0
3 110 0.115 81 6.05 0.0765 66.6
N 110 0.0975 87 L.7 0.0635 65.0
5 110 0.095 87 L.65 0.0630 €6.5
é 145 0.0975 130 2.05 0.0L15 L2.5
7 1L5 0.157 120 L.éo 0.086 5k .8
8 145 0.188 113 6.05 0.107 57.0
9 15 0.0585 132 0.55 0.011 18.8

As it is shown in Appendix 3, at the lower speed (110 rpm) the
improvement in efficiency due to the application of the surge tanks is only
one half of the theoretically obtainable maximum (approximately). Valve losses,

#defined in Appendix 2, Eq. 13

- 15 -

© e m——— .




-

0.22

020 -
o8 X 110 RPM /o//wpur 145 RPM
' O 145RPM /
016 7
204 T/ o
= INPUT 11O RPM
2 o2 s/, !
8 010 — ;; OUTPUT 145 RPM
=3 v
§Q°8 L~ / / ’/10 OUTPUT TORPM
0.04 —/-%
- /’/ X —
)
150
K—"". !
)lt/ n" ILORPM
140 b s
O\ / /‘D—_’: !
O 7™ 145RPM
18] /
i30 o )<
=z \
§ 120 /p \4}
N
g / OV 145RPM
2 o
§ ~® /
i00 *\
_ \\
NOTE: @ OEC 3, 1964 TEST e
\ vV IIORPM
K
o3 ! 2 3 4 s 6 7 8

. v?_. e a——anE e -

PRESSURE DIFFERENTIAL, AP (IN.WATER)

FIS 16. BLOWER PERFORMANCE WITHOUT SURGE TANK

(DATA FROM TABLE i)

70




F-B194d3

however, are so low that their amount cannot be showr. within the accuracy
of the test.

As is shown in Appendix 3, the decrease in losses due to tne appli=-
caticn of the surge tank is not enough toc consider the effectiveness for the

110 rpm runs at 4.5 in. w. as "efficiency".

For the 14S rpm run, however, the calculated "effectiveness" is
really the conventional blower efficiency for Ap = 4,5 in, w, as the Aps
disappears. (Unfortunately, the valve losses were rather high and this
kept the total efficiency below T0% for 145 rpm). Blower losses are plotted
in Fig., 17.

Searching for the reason behind the different performance of the
surge tanks, it has been found that movement of the surge tanks was approximately
25% more for the higher speed run, A closer inspection revealed the fact that
the volume provided by the surge tanks should not have been calc&lated with the
nominal diameter, but with 2 smauller effective diameter. Consequently, the cal-

3

culated 1,7 in, movement was not enough to provide the calculated 91 in~ tank

volume, more movement was needed,

8.0 DISCUSSION OF RESULTS

The results of the experiments show that the good efficiency and
pressure holding capability of the blower is still not the best that could be

obtained with such a machine.

In case of nass production, the friction betweren cylinder wzall and
piston can be further reduced by applying a teflon coating on the wall of the
cylinder,

The delivery rate of the blower is only 112 cfm at the speed that gives
the best efficiency (145 rpm). If 150 cfm should be obtained two measures

could be taken: either drive the same blower faster or increase the piston

- 16 -
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(and ecylinder) diameter. It is conceivable that increasing the piston
diameter and keeping the speed the same, the efficiency of the blower will
increase; iosses willi not increase in proportion with the larger piston.
One has to keep the valve flow velocities the same, however. i.e,. the
vaives have to be enlarged. An 18-in. diameter piston and 7-in. diameter
valves would be the upper Limit. A combination of the two methods could
alsc be considered: slight increase in speed and piston diameter. Keeping
the speed the same 18 more advisable because of the dual purpuse of the
machine. When 300 cfm has to be delivered (motor drive) the machine has to
be run at twice the speed of the manual operation. The lower the manual
speed the easier it is to design the machine mechanically for higher speecs.

The large clearance volume reduced the delivery rate and, in general,
made the machine bulky. There is no reason, however, that the clearance volume
should be as large as it was in this experimental machine. The inner flow
velocities in the machine should be kept at the level of the vaive velocities.
The internal cross-sections, necessary to achieve valve velocities, are quite
small.

As it was pointed out before, the surge tanks were made of commercially
available material. 1In case of mass production, the material of the surge tanks
can be specially designed for the purpose. The general idea of the design used
during the tests seems to be attractive. A wire spiral gives strength and
elasticity to the tanks. A thin polymer sheet is cast around the spiral and
no additional fastening is needed between steel and wire. The spring constant
of the device can be prescribed beforehand if the material is designed for the
mass production of the blower.

-17 -




9.0 RECOMMENDATION:Z

The positive-displacement type of biower idcveloped unaer this
project has "high pressure-low volume" characteristics und could te used to
best advantage in ventilating systems for shelters that hLuve an ot ective
requirement for good performance under such conditions. This type of air
mover can operate efficiently over a wide range of conditions, It is apparent
that high efficiencies in a positive-displacement uLlower are associuted with
low values of seal leakage rates, iriction losses, clearance volume, air
velocities through valves and approach ducts, and flow variability. Un-
balanced dynamic forces as well as flow pulsation effects could be reduced
by using multiple, double-acting cylinders displaced by a phase angle, Fans
having "lower pressure-higher volume' characteristics would be quite satis-
factory for ventilating identified fallout shelters in existing buildings,
and designs for the positive-displacement type of blower could be adapted to

meet the less rigorous requirements.

The outline of a blower, suited for mass production, is shown on

Fig. 18. The sketch is based on the results of the tests as they were evaluated
in the previous section,

As explained in Appendix 1, the bicycling position being preferred,
the blower is shown equipped with a bicycle-type drive, The seat and the
pedels, however, are detachable and the machine can be outfitted with hand
drive also, Air inlet is on the bottom. The inlet duct may be connected
to any one of three f;gpges;,the blower, therefore, cun faée in three different
directions. The sufge tanks take up the two openings not used for the inlet
ripe. As the inlet pipe will be of standard 6-in, diameter, the surge tanks
should be interchangeable, The horizontal cylinder is 18-in, diameter; the
sealing of the piston should be made in accordance with Fig. 10 and Section
6.1.4,

Valves have a T-in, diameter. In other respects they are described

on Fig. 13 and in Section 6,2,

- 18 -
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There was noc determination of the size of the {lywheel., [+ is
recommended that a prototype of the machine should have provicion 1o change
the size of the flywheel, and tests should be maae witn different individuals

to determine the best flywheel size.

The motor drives the pump through a frictionsai drive; it can be a
standard A-C motor, no particular requirements have to be fulfilled. Dise
engagement of the motor will be done by lifting it away from the flywheel,

Guidance of the pistcon rod will be accomplished through straight

bushings, similar to the ones used in the test equipment.,

The blower has no preferred running direction. The height of the
machine may Ye reduced by making the inlet chamber lower than the inlet pipe
diameter (6 inches). In this case, the inlet pipe and the surge tanks would
be attached to a 6" x 7" x 19" box alongside the blower. The height of the

machine could be reduced to 24 inches (approx.).
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F-B1983
Nomenclature
cross~sectional area, fte-
constant ; unit defined in Equation 3, Appendix 2.

diameter, ft (Appendix 1).

specific diameter (Appendix 1), ft.

gravitational constant, ft/sec?.

head of fluid, ft.

spring constant, lb/ft.

length, ft. (Appendix 1).

rotational speed, rpm (in Appendix 1 rps when so defined).
specific speed, see Appendix 1.

pressure differential, in. w.

pover, HP

pover loss, HP

volume of cylinder, £t3 ;in Appendix 1: volumetric flow, ft3/sec.
stored flow rate, ft3/min.

stored quantity in surge tank, re3.

time, sec.

volumetric flow of air, ¢ 3/min.

pover, unit consistent with other quantities used in Appendix 2.

¢-20-




Greek letters

Lp 568,00
1:

7:
7
AW:
Q:

LLP

Subscripts
ad :

av:

cd:

op:

P:

th:

e

F-B1983

Nomenclature ‘continued)

exponents used in Apperdix 1, not used elsewvhere.

density, b/re3.

efficiency

effectiveness (definition in Appendix 2)
decrease in efficiency

intermeiiate variable (Appendix 2)

dimensionless products (Appendix 1)

: frequency, rad/sec.

adiabatic

average

clearance

constant dciivery rate
friction

hydraulic

input

leakage

mecﬁnnical

natural

maximum value of variable
output

pump (blower)

sinuscidal or surge tank or specific
total

theoretical

valve or volumetric
- 21 -
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APPENDIX 1

AL TYPE OF BLOWER FOR A FANULILY CPERATED CHRLDrn
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A. INTRGDUCTICH

This Appendix summarizes the cousiderations lesding 1o the selectior
of the drive and type of the manually opersted shelter-tiower, the Jdevelopment
of which is the subiect of Ccntract Ko. OCD-05-62-28¢. (Franklin Institute
Project No. 1BG-B1983). Scme of the material contained in Interim Report I
of this program is repeated here for the sake of completeness and the con-

vernience cof the reau.r.

B. CELECTICK OF THE DHIVE

Basically there are only two muscle-groups that the blower drive can
be btssed upon: the hand-arm-shoulder group and the postural muscles of the
legs and the back. The leg and back muscles differ ‘rom the oth=r muscles
in the body: they contain a higher percentage of muscle-hemegicbin than their
non-postural equivelents. The relatively large amount of muscie-hemoglobin
provides s reserve store of oxygen and also enables a rapid resteration of
deplated oxygen. Consequently, the steady-state (i.e., several hours) work
output of postural muscles is considerably greater than that of non-postural
muscles; the difference becomes more marked as work time increases.(Ref. &)
The non-postural muscles arc capable of more vigorous efforts but only for
short periods of time (like the punches of a boxer).

Requirements of the blower-drive clearly indicate a design pased on
the "sustained effort" muscles; i.e.,, the back and leg muscles: a bicycle-

type device, Experimental verificstion of the above reasoning can be




readily seen from I re 1 and Figure 2 (both were adapted frem -ef, 7).
Figure 1 shows that ess than 0.04 HP can ve expected from a hand-cranking
device beyond 15 minutes (1000 sec); best performance for 30 seccrnds =
less than 0.07 HP. (n the other hand, (Figure 2) pedalling power for L
minutes (240 seconds) exceeds 0.5 HP; for 15 minutes, O.4 HPj; apparently
0.1 HP can t= expected for many hours from average persons. (It would be
half the output of an athlete, see dashed line cf Figure 2,) There ic
obviously an order of magnitude difference between the performance of the

twe muscle groups in faver of the leg-back muscles,
C. CRANKING SPEED

Output of human power is obviously strongly influenced, among other
factors, by the RPM at which this output is obtained. FRef., 2 does not
give a definite answer to this problem, but it seems from previous work
performed in the subject and reviewed on the reference that optimum speed
is between 32 and 70 RPM and most likely around 52 L.FM. For the purpose
of designing the test equipment, it will be taken as 50 RPM, One can
conclude, therefore, that for the purpose of the blower the humar power

available will be somewhat over Q.1 HP at 50 RPM.

D. 8 I TYPE OF BLOWER

Basically, there are two ways *o select the type of btlower best suited
for the application and the type of drive selected in the preceding section:
one can consider all the available types (axial, centrirﬁgal. various
positive-displacement-type machines) on the market and-digeues their various
characteristics, making qualitative comparisons; or, find a quantity that
could be used to represent the various types of ﬁlowers and find the opﬁimm
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value of some parameter as a function of this representative quartity. As
the volume and pressure specifications of the tlower are such (as it will be
seen later) that 807 blower efficiency would reguire 0.13 EP from the human
operator, blower efficiency was chosen as the parameter that has to be
optimized (i.e. to be maximized). The quantity to represent various tlower

types is the specific speed.

1) Importance of the Concept of Specific Speed.

The concept of specific speed in hydraulic machinery was in=
troduced in 1915 but it became useful for design purposes only very
gradually: it took a large amount of published experimental data to ob-=
tain the necessary design charts; e.g. Ref. 5 became publicly available
in January 19%2. The importance of the concept may be characterized by
the following statement of a recent authoritative textbook: "The im~
portant pump design and performance characteristics are so closely con-
nected with the specific speed that it is impossible to discuss certain
features without reference to it." (Ref. 2)

2) Quaiitative Considerations Regarding Specific Speed:

The following analogy might be considered: Suppose a duct has
to be designed to transport liquid at a given rate along a known distance.
In order to pick tle most suitable design one has to be able to predict
the pumping power required to move the liquid - even before the design has
started. As the mathematical relationship between al]] the possible
variables and the power-requirement is not known, answers have to be
based on experience with "similar" designs. Similarity of pipelines

is based upon equality of a set of dimensionless quantities like the ratio

Al-L




ol length and hydraulic diameter —%—- , Reynolds number. e&tc. Charts based on
h
the accumulated experience of many decades provide the relationship between

the dimensionless quantities. It is possible sometimes to assign physical

L
i)h
of liquid in a pipe with a friction factor of unity carrying fluid at a

significance to some of those quantities: e.g. is the head loss in ft.

velocity-head of unity, but nobody thinks of this way. It ic considered

i
Dh
a "type number" describing the duct. The fact, that the set of dimensional
quantities characterizing a pipeline is equivalent mathematically to a set of
an equal number of dimensicniess quantities, does nct mean that the set to be
used in solving a practical problem has to consist entirely of either dimensional
or dimensionless numbers. It is necessary, however, that the dimensional quantities,
usuaily originating from the fixed circumstances of the prcoblem, should be able
to define those dimensionless quantities which are not used.
Once the duct is chosen it may be asked: could another "type! of

duct be made more efficient? Some reduction in losses for any type duct can

be made by improving the smoothness of the walls; however, the general level

of performance (head-loss) will be established as_soon as the geometry has
been chosen on the basis of the type number., Or, 1f the general level of
performance is prescribed then the type-number can be established from the
charts compiled from experimental data. Theoretical justification of the
above procedure is well known from dimensional anaiysis. The same type of
reasoning applies to the case of fluid-handling equipment. In this case,
specific speed will be one of the type-numbers, and other dimensionless

variables will enter the calculation.
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3) Guantitative Tiscussion of Jpecific Jpeed.

The following reasoning is tased on ~el, 3, haracterisilic variatles

¢l hydraulic machinery are

l.e. capacity, speed of rotation, head, and a craracterlict!

the physical dimensions of the machine, In a formal way one could write

I
i

lad)
—~
£
-

3

L4

ro
vt

Ucnsider, first,machines that deperd uporn the irertia of the fluld in order to

enerate head., This condition automatically invel-es the fact that the nachine

nm

will be cperated at high Heyrolds numters, where the Impcrtance of viscous effects
as compared to inertia effects sharply decreases. The above set of four variables
does not contain, therefore, the viscosity of the fluid. If the generated head, H,
is not high enough to change the density of the medium appreciatly all ithe variatles
comnected with heat and heat transfer carn bve omitted,provided velocities are far
enough from the sound velocity. The above equation involving four variables, there-
fore, should be adeguate for the time being. Consider first one of the possible
related sets of Q, Hyand n values, namely those of the design point (best efficiency).
As H is usually defined in ft of head, same unit as D, it is more convenient to use
a corresponding velocity (ft/sec): Y 2gH instead.

In the above four variables (Q, n,\fﬁgﬁ,and D) only two units of measure=
ment are invélved: those of length and time. Dimensions of the variables are

-1 1 ard ft.

ft3 sec , sec-l, ftsec
If two units of measurement are involved then three variables can be combined into
dimensionless groups while altogether four different groups can be formed, all of

them containing three of the four variables,* These four groups will be

(#)Note: In case of four variables end two units of measurement the
minimum number of independent dimensionless variables is L-2=2,
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e Tas Tye Ty (™~ for "Product")

N V2gi)” 3a)
o=n  (Veg)” p® )

-3
I

™ =

- 2
My = (\/2_gH) L%° 3z)
= DG n 3d)

In the first equation the dimensions of the variables will be
rtlsecl, (ftsec-lvs sec® = pt77F gec OB 4)

But the group has to be dimensionless, therefore,

3#+8 =0 5a)

“l-=B = O 5b)
and so

o = +2

B =<3

2
™., = -—Qn—7r- 6)
. (ZgH)3 2

But a dimensionless group raised to any power remains dimensionless: specific

speed will be defined as

n, =" é = & L % 7)
S 1 (28)3;&’ H3 4

The quantity g thus obtained is actually more characteristic of a machine than any

of its physical dimensions, as it refers to its performance, Consequently, in the case
of an existing machine, its n_ will not change regardless of what speed it is running,
provided it operates at the same point of its characteristic curve. ("Same point" coulc

be defined as same percent of maximum flow obtainable at a given speed.)
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The other dimerncionless quantities of the set car Te cttalned vy _imilar

~alewlations:

oA DB .
dS— 3 U,V‘(‘.g) )
i5 zalled specific diameter; the cother twe
b .
T‘».’=—-——g )
2 -
(2g4)
and
- = Dn3 10)
L 41/3 B

have no specific name. The lack of emphasis on m, and " is understandatle if one

considers that

T1:2 = ns ds 1)
and
- 1/3
™, = d, ng 12)

whicli statements can be readily verified from the formulae derived from ds and e
Furthermore, the fact that Q, H,and n are sufficient to define all the four dimen~
sioniess variables ns,ds,ﬂz,and ﬂh’ clearly indicates that absclvte physical di-
mensions of the machine represented by D in the original set of four variables are
of seéondary importance. (This statement is, of course, subject to the restrictive
assumptions made before), This in turn means that, within the limitations of the

assumptions, every existing machine can be represented by one point of a ds = ng

plane. As stated at the beginning of this paragraph, everything here refers to
the best efficlency point of the characteristic curve., Therefore, the ds-ns

charts reprezent best efficiencies obtained up till now.
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It is obvious that certain types of fluid handling machinery are test
suited for certain types of requirements., Large diameter, high peripheral speed e.g.
is necessary for high heads put would increase flow losses unnecessarily in the :cace
of low head requirement and large flow rates., It would te expected, therefore,
that turbomachinery of a partizular type (e.g. axial) with the same efficienny
would fall in the game region of the ds - n, plane, All availatle evidence sup=

Y

ports this assumption and Fig. 3 was prepared or this basis. (lote: -
of the chart does not use a consistent system of units, omits 2g etc.; therefore,
NS used in this text differs by a constant factor from ng.)

Traditional definitions of the specific speed (e.g. "revolutions per
minute to produce 1 gpm at 1 ft head with a similar machine,” etc.) refer to the
physical meaning of the specific speed but nevertheless do not bring out its full
importance; the specific speed has to be looxed upon as 2 type=number rather than
a physical quantity.

The ns—ds charts that predict maximum obtainable efficiencies for various
types of flow=handling equipment on the basis of specific speed obviously make use
of experience accumulated in the past and ,therefore . do not preclude the possibility
of obtaining higher efficiencies as a result of successful development work., In
fact, one of the most important featuresof the ns-dS chart is its usefulness in pre-
dicting the chances of improvement. E.g. what improvement could be obtained in a
so=called "paddle-wheel" blower used by a blacksmith? These blowers are centrifygal-
type machines: Fig. 3 uses the axpression "Radial." As the blacksmith
needs large quantities of air against relatively small resistance a well-developed
forge=blower should have a relatively high specific speed (V1 is large, Had smalls
the formula for n_ (Eq. 7) indicates high ng values), As the shelter~blower has to
cope with occasionally high resistances it falls naturally to the lower end of the
“a range of radial blowers. It would, thersfore, be necessary tc raise the ef=-

ficiency of the forge=blower gbove the macximum of its class (0.8) in order to achieve
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the same O,B effiziercy at an n =G point of the chart where tne Jorge=viower
- O3

does not belong.
It shouid ve mentioned here that until very recently pozitive

displacement machines were rnot included in the spezifice-zpeed charis.

he neal lnoa rotary

M oaaa e

paper (nef, 5) that, thouzh

ct
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e

displacement machine i3 independernt of the rotative speed and the dia=-
meter (which is easy to see without resorting o mathematical -cnsidera-
tions), the volume flow, however, is affected by the lsakage, which de-
pends, among other things, on clearances, the latier depending on the
diameter, As the volume flow enters into the expression for efficiency,
this latter becomes a function of rctative speed and diameter aliso.

As the leakage flow Is a phenomencn observing the iaws of fliuid me-
chanics = consequently, flow-similarity - it should te possitle to in=-
corporate rotary displacement machines in the same charts as axial and
radial fluid machinery. According to Baljé and other writers, the
analysis of available data shows that efficiency of pesitive displace=-

ment rotary blowers is a unique function of their geometry expressed in

terms of the same n_ and ds as were explalned above. This is the ‘usti-
'
fication of using Balje's chart, seu Fig. 3.

4) Application of the Specific Speed Concept to the Problem of
Selection the Ma Blower

Specifications of the Manual Blower are as follows:
1) Manual Operation (emergency conditions): 150 CPM, 4=1/2 in. w.
(assuming two 75 CFM filters in parallel): pressure=drop due
to the ductwork: 2=1/2 in. w., (parabolic function of the flow

rate); pressure drop acroes the filter: max. 2 in. w.,

(1inear function of the flow rate).




2) Motor operation: 300 CFM, Pressure drop was rnot speclfied
for this mode of operation tut it is acsumed that the filters
will e btypassed, This latter conditicn set:z the pressure

2
drop of the system at{%%%? X 2.5 = 5.5 in. .

It follows from 1) that thie theoretical power requirements (1007 effizierncy)

are 0.1 HP (approx.) Specific speed (ﬁs) of the tlower will be computec on

the basis of the new specifications as follows:

: NN
M 2 Vll/z . i;%%}i/é 1
s ;;375 " s L.lé;a/* L8.E
0.07
and ‘
Had = $2
where

v, =150 CF
oLp = L5 in. w,

v = 0,07 1b/st>

N: speed in APM

H adiabatic head, ft-lb/lb

ad’
It was pointed out that the best speed obtainable by a human operat

is 50 RPi, apprex. Furthermore, the specific speed range for best efficiency

(80%) for various types of biowers (Fig. 3) designates the N arrived at

above which in turn specifies the speed of the blower based on H, { requirem

N = 48.6 Ngo The actual PPM's will be:

14600 for the axial machine (minimum Ng = 300)

2820 for centrifugale (minimum Ng = 60)

1460 for rotary positive blowers (minimum Ny = -2)

In case of motor drive (300 CFM) the speed has to be twice the above values.
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Lousidering the case of the hurman cperator {1 = o RPE) the fo..owlrs
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-
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speed-changes have 10 be sbrtained: 1:2%.2 for the roiary positive machlre,
for the centrifugal blower and 1:292 for arn axial machine. This latter figure

rules out the axial machine at once: a speed change of 292 would te very in-

convenient. As for the centrifugal machine, a 1:56.6 speed-change coula be

achieved in two steps {e.pg., 7.55 x 7.55), but gearc of 1:7.5% rativ require

careful machining in order ¢ obtain high efficiencies and have 10 be csrefully

aligned. In short, the machine would be more expensive thar a tlower where only

a conventicunal bicycie-chein drive is needed, providing in a couvenient single

step the required 1:l. speed change. This ratio is well within the limite of the

chain drive,
Ir addition to the two-step gear drive there is another consideratlion

connection with the centirifugal blower, The specific speed at the point of bect

3¢

+he pressure versus voiume curve of the blower.

R O

ficiency designates the pecmeiry of the machine, and this geometry wiil determ!.

(Cee e.g. Rer. 2, p.loZ, Fig. <.}

i
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Fig. L was prepared c:. the tas.s of Steperoff's survey, 1t ca:.
te senn tha? certrifugel tlowers with Ms = Lz.5 have a: irherently unstable
part of their characteristic curve. If two or more blowers have to be
used in a shelter working in parallel on the same duct system, the well
known difficulties of "pumping'" may arise quite easily. Ir order to get
constantly rising characteristic curves, at least Es = 75 has to be ap=-
plied, According to the equation quoted above, this means N = 3650 RPM
in the case of the human operator or 7300 RPM for motor-drive. Accord-
ingly, a speed=-change o; 73 would be necessary rather than 56.5 as cal-
culated before,

It should be mentioned here that the expression "centrifugal"
blower in the above considerations included all types of centrifugal
machines regardless of how their blades are constructed (including,

therefore, the so=-called radial blowers with straight blades, provided

the latter operate on hydrodynamical principles,) Having thus con-
sidered the "hvdrodrnamic" type machines the positive displacement
blowers will follow.

Consider first the rotary=-positive blowers. If top efficiency has
to be obtained with the Roots-blower careful manufacturing procedures
are needed: e.g. clearances of %%5 have to be maintained between run-
ners and housings. (This clearance requirement too can be obtained
from Fig. 3: S/D = ez and D_ = 0.8 result in the above &= value.)
In order to have good mechanical efficiency the timing gears of the blower
have to be carefully machined. It is known, finally, that the Roots blower
needs careful alignment if good performance has to be maintained: 4 remote
blast may shake the blower enough to affect its performance.

It seems, therefore, that a reciprocating, positive dicplacement,
slow machine would be the best solution.

Al-1L




The procedure used for selection seems to favor the positive displace=-

ment type machine; it has to be considered, however, that the centrifugal

blower is penalized bty the need of the speed=changer,

It should also be mentioned that the positive=dispiacements pump has

the advantage of a constant=volume characteristic; this
important in an emergency.
It is felt, therefore, that the manual blower

cussed in this Report should be a positive displacement

A1-15
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APPENDIX 2

OUTPUT OF POSITIVE DISPLACEMENT AND CONSTANT DELIVERY SLUWLES

The useful output of a constant delivery rate blower (wcd), such as a
centrifugal blower, can be calculated froz ine pressure difference created
by the machine (4pca) and the delivery rate (V):

Wag = 4pgqV
In the case of a positive displacement blower, however, the time average
(Way) Of the constantly changing, instantaneous powver output (W) will be

more than 4pcgVav: the excess power depends on the resistance law of the
system served c; the blower. Assume a quadratic resistance law (orifice type).

4. Emcess Pover Caused by Variable Delivery Rate (no losses in the blower)

The Scotch-yoke type drive of the blower and the small compressibilty

effects permit the following expression for the instantanecus delivery rate V:

V=V, sinWwt (1)
where
0<¢ < X
’_u) }Vu ) > )
Vov = .?r-t._ :l Vo sin (wWt) 4t = 5 Vo (2
Assuming a quadratic resistance, the instantaneous pressure is
ap = V2 = ¢VS sin2 (Wt) (3)
and :!’/(‘, v2 ﬂ'Z
Dy = V3 L_ J stn? (W)t = e 2 = Lo ovg, (8)
i o 2
From equations 2, 3, and &
C= oApQ.V = 8 Apav
“TNe (5)

o T 2 vg.v
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Of the above derived juantitles, Vg, iz the same for both the constant
delivery rate machine (e.g. a centrifugal blow~r) and the variable
delivery rate machine (such as the positive displacement blower). Cne

cayn see © um Equation (L)
Peq = *J'Ia“g gy (La)

i.e the same flov rate (Vgy) and throttle geometry (¢) will result in
2 lower average pressure (Ap)cd fcr the constant delivery machine.
It should be noted here that a damped manometer, such as the one used
in the test, will indicate Apgy fOr & positive displacement machine.

The theoretical pover requirement (wth) for a positive dis-
Placement mach_ine will be calculated nov.

From Equations 1, 2, L, and 5 the instantaneous power require-
ments will be:

-» 3
Wen = Vap ® cvi sinwt Vg slawt = jppyy Vg, Sin°wt  (6)

The average pover will be 3 o af
Liw cos” 0
L Jf Wepdt = APy Vav =3 }0 - 3 Fav “av

In = constant delivery rate blower, from Equation ha

- 8 v &
Woa = (8P) 4 Vay sz &Pav "av (8)
therefore
“‘v s 2 2

The maximum possible gain using an ideal surge tank will be

AP Vay =~ Wea 2
8 . X

If an ideal surge tank could be built, the theoretical power
requiremerts of a positive displacement machine equipped with the ideal

surge tank would be the same as that of a constant delivery rate blower.
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Because of the fact that the surge tank has to change its volume,
some energy will have to be spent on operating the surge tanks. If
the surge tanks are correctly designed, this energy will not be a
significant percentage of wav. In the case of such & "quasi constant

delivery” blower Wooq®V¥gy:

The theoretical energy requirements explained above for
different blowvers make it necessary to define Lue blower efficiency more
exactly.

Assuming a system with a square-law resistance (as we did
before) the effiriency of a constant delivery-rate blower (e.g. a
centrifugal fan) will be

= v
Nea = —BX— (11)
in

When the same quadratic-law system is coupled with a positive displacement

machine, the damped manometer will show a higher average pressure
(4Pay} at the seme delivery rate: Vavy = V. Apgy Can be calculated
from Equation ka, or, if ap,, i8 known from tests (as was the case in
the investigations reported here) then ,p.q can be calculated from
Equation ba. Therefore, if direct comparison has to be made between
a positive displacement and a constant delivery rate machine, both

applied to the same square-lav resistance system, the efficiency of the

positive displacement machine will be

A/
ns= -—2-_“8 .__A_E%E_!.'- (12)

n
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This v, can be compared directly with the efficilency of the constant
delivery machine (Equation 10). If the factor 8/n° is not used, the

resulting quantity

% . SPav Vay (13)
i win LY

should not be considered as the '"efficiency"” of the positive displacement
machine; in this report, we call it the "effectiveness’ of the blower,
In Table II, this effectivness is shown. This "effectiveness' is less
than the mechanical efficiency (n, ) of the positive displacement blower:

from Equation 7

. 4 Pav Vav

Therefore, from Equations 11, 12, 13 and 14

Na Mgg < T < Mm (15)
In evaluating test results of & positive displacement blower, the
quantity m is very useful: it derives from directly measured quantities
(AP;V is shown on the damped manometer) and shows how good the components
of the machine are: in the case of valves without pressure losses, in the
absence of friction and leakage, ™, would be 100% in a quadratic resistance
system. It can be seen from Equation 13, that "effectiveness" ( n") differs
only by the constant %/3 from mpy. In Figures 15 and 16, q’ was plotted,
as the measured quantities Poy and P, are immediately available on the

graph. Pop is also useful in calculsting immediately Aps (Equation 7):

Poa:
ﬁP‘ = ._.?_ (16)

Note: When power is in other units than HP, the symbol W is

’
used. W or P stands for power in HP.
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R. How Much is the Loss in Efficiency if .Pg Fluctuation is Tolerated?

Some energy has to be sacrificed in order toc make the surge
tank change its volume. This energy comes most conveniently from the
pressure:. a small pressure fluctuation APg Will be allewed. (Of

course, _pg < :iPgy )* The Py pressure fluctuation will cause also a

small fluctuation in the delivery rate: Vg
We can write

p = dp,, + Ap; sin (cot) (17)

V=V, + Vg sin (- "t) (18)

av
From Equation 3 and Equation 17, the instantaneous pressure can be

written

p = oV2 = ¢ [V2ay *+ 2Vay Vg 8in (wt) + (Vg sin (tF1 (19)

where (Vs sin (wt)z will be omitted as a small quantity of secondary

order. From Equations 1T and 19

bpg sin (cot) = p - Mgy = ¢ 2V, Vg sin (cot) (20)
Instanteneous power will be (from Equations 17, 18, and 10)
W Vip = (Vg +V, 8in (wt) (tpgy + ipg sin (wit) = ipgy Vo, +

(Vay g + Vg Bp,,) sin (ct) ¢ apg Vg sin® (. t) (21)
Teking the time average of the instantaneous power, culy two members of

Equation 21 remain, as sin (:ot) has a time average of zero.

t
gy = 5{. Wat = gy Vav + —4— Sy Vs sin® (@t)at
bpg Vg o
2 Apey Vo ¥ -
av "av 2 (22)

#It should be noted that ip,, Will be less than in the case of no surge
tank, but somewhat larger than &p.4.
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Rearranging Equation

fluctuation, Apg:

21 we obtain the power lost becauyss of

FoaB19%3

Jpg Vg N
w&V ~ :pav av "'"é‘*"’“ (c?)
but Vo has yet to be calculated.
Let
2 2 A 1 2L
By + lpg =V, + Vgl ® Vv * T Var's (2b)
from which
- . . 2
Ecvavvs = gy * g~V av (25)
and -
p + pg -~V
vs = _Pav s av (26)
2eVay
If Mg is small (i.e. the surge tank operates fairly well),
> oyl
@av = cVav
and
s o
Vs = —=¥ (27)
2cVay
Combine Equations 27 and 23 2
" e Vay = s s g (28)
- av © LeV
av av 2 2°vav [ av
The decrease in efficiency due to fpg will be
W - A v
A‘?s = _fHav Pa  Vav — j@ﬁ (29)
Pav  Vay cVay 8Py Ly
But
APgv
c =
30
Vav (30)
and therefore
APy )2
A a(—-.—..._.
Te "\ 25,y (31)

It can be seen from Equation 31 that 4p, = 1 in. w. will result in

Ang = 1.23% for 4p, =

.5 in. v,
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Consequently, it should be possible to build a surge tank that
would cause the positive displacement blower to operate with the quadratic
resistance system practically at the same efficiency as a constant delivery
machine.

If the system connected with the blower obeys a power law with an
exponent less than 2, ”7m and ﬂ' vill be closer tol?than in a sgquare-law
system. Filters used in connection with the present application are elements
that have a less-than-quadratic resistance curve. This pcssibility was not

investigcted during the program in a quantitative manner.

3.0 Vclume of Surge Tank

When the instantaneous flow rate (V) is larger than Vg, it will be
stored in the surge tank. The surge tank will release the stored air when
V> Ve

The instantaneous quantity to be stored, s, can be written from

Equations 1 and 2:

Vo Vg = T vy, sin (@) - Ve = (T sin (wt) - 1) v, (32)
The quantity to be stored from t = 0 to t = t4 will be
# A {s
= = - = X sin (wt) -1) a
S s dt (V = Vgu) at = Vg (-3- 8 t
o T] o :
v
LSV 1; (1 - cos (wtg) - v, t, (33)

At t - t', when 8 = 0, no storage 1s needed any more.

ty can be calculated from Equation 32:
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-%;—- sin (¢ tg) ~1 =0

‘" tg = 0.7 rad = L0O° (34)

Therefore

- Ig cos 0.7 - 0.7] = 0.3&"‘&'}' (35)

If Q is the volume of the cylinder, the displaced volume can also be

vritten (for a double-acting machine)

Vay = 2 ‘ﬁir' Q (36)

and from Equation 13
- 0.34 = 0.108 (37)
S B G Q Q

In our case, Q = 0.5 ft3, therefore S = 0.054 ££3 = 93 in3

A2-8
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APPENDIX 3

ANALYSIS OF TEST RESULTS

The results shown in the body of the Report in Tables I and II
vere plotted in Figure 15 for the blower witl the surge tank and in Figure 16
for the blower operating without the surge tank. In the analysis of the
results, the curves of Figures 15 and 16 will be used rather than the actual
test points.

The ultimate objective of this analysis is to find out whether the
hlower really approximates a constant delivery machine to such an extent that
in Table I, it is justified to use "efficiency" instead of "effectiveness'”.
As discussed in Appendix 2, "efficiency"” can be used in the same manner as
for a constant delivery machine if’&Ps is significantly reduced by ihe surge
tanks and A“]s is small (Equation 31).

In order to find AP, , the other losses have to be found first.
The calculation will be performed for the design pressure: sp = 4.5 in. w,
110 rpm (Fig. 15). Assume, that the blower is close to being a constant
delivery rate machine (this has to be proved from the calculations) Ap T Apav'
In this case, the equivalent "positive displacement' performance (i.e. surge
tanks immobilized) vgll be (Equation ka)

gy = -%f—; Bpeg = 1.23.4.5 = 5.5 in. w.

The total amount of losses for fp,, = 5.5 in. w. will be AP = 0.0365 HP,
from Pig. 17. (Figure 17 was prepared from Figures 15 and 16, using the
faired-in input and output curves).

From Figure 16, Pgp for 5.5 in.vw,will be 0.07 HP; therefore, frow

Equation 16, &Py = —(1:',;9-7— = 0.023 HP. AP can be written as P = ip ¢

+ APL + Apr * APV vhere the individual losses are the siausoidal

A3-1
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excess power, leakage loss, friction and valve losses, respectively. As

A PS is known, the losses due to leakage will be calculated now for

V=182.5 c¢fm, and ap = 5.5 in. wv. The volumetric inefficiency, V = Ven - Vo

is caused by air from leakage, but also by an air volume that is compressed

into the "clearance volume" of the blower (the volume in tne box, additional

to the vorking cylinder). This volume of air in the clearance is compressed

at the beginning of every stroke and released at the end of the stroke, there-
fore it does not contribute to the power losses (it acts like a spring). As

the clearance volume is approximately 1L ft3, and the working volume of the
blower 1 rt3, it can be calculated that for a pressure differential of L.6 in. w,
only 90% of the theoretical air-delivery can be expected; ter 6.0 in. w, only
85%. As the displacement for every turn of th: - lywheel was 1 ft3, the volumetric
deficiency due to the clearance volume can be written as V. =n - 0.8Tn for

n rpm and Ap = 5.5 in. w. Consequently, the volumetric losses due to leakage,

AVL, will be:

sV =V, -V -Ve=(n _vy)_(n-0.871a)= (110 - 83.5)
- (110 - 96) = 12.5 ft3/min
{Note: Vth = n numerically because displacement of the blower is 1.0 ft3/turn).
This 12.5 ft3/min. is lost because of leakage, created by a pressure
differential of 4p, = 4p + 4p, Wwhere ip is the vacuum created by the blower in
the suction pipe and Ap, is loat when the flow passes through the valves. At
the present time we 4o not know Low much Apv is, therefore, as a first approxi-

mation, take dp, = 0. For Ap = 5.5 in. w., the pover loss due to leakage will be

apy = 22:2.X3:3  « 0,010 KP

6410
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The next source of losses is the friction between cylinder wall
and piston, 5}1" . {Other mechanical losses were found to be bLelow the accuracy
of the measurements, due to low speed and the use of ball bearings). Average
piston velocity at 110 rpm and 7-in. stroke is 2.14 fps. Considering the
1.6 1b. (approx.) force needed to move the pisten (Section 6.1) the power
lose due to friction , B will be 0.006 HP.

The losses due to pressure drop in the wvalves APv and sinusoidal
operation of the blower A@ will be

AP, + 2P aAP-AP -aR =0021 HP

This value of 0.021 HP is even less than the calculated value of A?s alone:
0.023 HP, which shows that the assumption of APV'O was Justified. The
fact that the valve losses for 110 rpm are negligible is also indicat=d on
Figures 15 and 16 where the extrapolated delivery rate for Ap=0 is practically
the theoretical 110 f‘t3/min: if the inlet valves had an appreciable pressure
drop, some leakage would occur when APsO in the inlet duct. The discrepancy
betvween A.% = 0.021 and 0.023 is too small for the accuracy of the measure-

ments to be traced down.

0.021 + 0.023
2
performance of the blover with the surge tanks will be judged from the decrease

We assure, therefore, that AR = = 0.02” HP; the

in Ag . We assume now, that APf will be the same for the operaticn with surge
tanks at AP= L.5 in w.: 0.006 HP. APL has to be calculated because AVL is

different at AP= 4.5 in.w.
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Ve

avp =n -V - Vo= 110 - 86 - 11 = 13 r¢3/min (V was taken from Fig. 15.)

n - 0.9n for AP= L.5 in. w., therefore V. = 11.0 rt3/min.

ap, = 23X Y5 2 5 009 up
From Figure 17, the total amount of losses will be AP = 0.024 HP,
As 4Py = 0, APg = 0.02h - 0.009 - 0.006 = 0.006 HP

From Equation 29 and taking Py, = 0.06 HP from Figure 15,
. 0.009 :
an_ = — = 0.15.
s 0.06

From the APg value for the operation without the surge tank we

obtained previomnsly that APg = 0.022 HP; the decrease in the power loss due

to the sinusoidal operation is therefore —ging ;22'09 = 59%.

As calculated in Apperd:x 2, a fluctuating pressure difference of

4pg = 1.0 in. w. would cause orlydrng = 1.2% instead of 15%. As 4ng is
not negligible, in this case we are confronted with effectiveness and not
efficiency. A similar calculation for Ap = 4.5 in. w. but 145 rpm, yields
very interesting results. APy is not zero anymore, but 0.0255 HP, equivaleat
to a valve pressure drop of 1.l in. w. This 1.4 in. w. pressure drop is the
sum of the increased vacuum in the casing during inflow because of the pressure
drop across the inlet wvalves, and the overpressure during the exhaust when the
exhaust valves will cause a pressure rise. Assuming that the two pressure
differences are equal, a vacuum of 0.7 in. w, will prevail in the casing when
the useful output of the machine is Ap = 0 (measured in the intake duct).
The amount of leakage caused by the 0.7 in. vacuum can be readily seen from
the 110 rpm runs, where there is no difference between duct pressure and
casing pressure during the inflow: AV = L cfm for the run vithout the surge

tank and 5 cfm for the run with surge tank. It can be seen from the 1k5 rpm
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runs that the L-5 cfm .eakage agrees quite well with the missing cfm-s at
Ap = O for the 145 rpm runs.

Having established 4P, for the case without the surge tank,

the calculation was continued for the operation with surge tanks, similar
to the 110 rpm run explained in detail before. It was found that while '
the valve pressure drop decreases the efficiency in the 145 rpm runs, the
surge tanks operate quite well, increasing the efficiency: aPg is practically
2ero for the 145 rpm run at 4p = 4.5 in. w. As explained in Appendix 2, the
"effectiveness” of the blower at this point is, therefore, the conventional

blover efficiency. Hence the heading "Efficiency or Efectiveness" in

Table I.
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