Mechanical Forces Developed in Pianola Pneumatic Mars

1. Introduction.

The author started work on this paper some 20sy&go. Recent events have
stirred the author to complete the work and to gabMMD archives is a suitable
place for publishing. As a related problem, thehnautvorked with an Australian
manufacturer of pneumatic cloth to establish aablgt product and manufacturing
specification. This work will possibly be reportatia future date.

2. Basic pneumatic motors.

These items consist of (generally) two piecesmbgr, joined together with an air-

tight flexible cloth. By evacuating air from theside, the resulting difference in air
pressure causes the two pieces of wood to colkagsther. The amount of force
required to prevent the two pieces of wood closoggether depends on the air pressure
difference, the area of the wood, the area oflthelfle cloth, the type of cloth, and the
distance apart of the two pieces of wood.

Square type Motor used
in Ampico intensity
control.

A second type uses two pieces of wood hinged tegelthe force developed is subject
to the same factors again, but for a given aremoafd, the force developed is less.

Hinged type
Common air motor type
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3. Force development by means of ‘Inches of water’.

Low levels of air (and gas) pressure, can be medsuarthe measurement unit, “inches
of water”. Normal atmospheric air pressure is al3iteet of water. That means that
the normal pressure of the air will support a calushwater 32 feet high.



32 feet
high
column

air pressure

Bucket of water

For a normal pianola,
the height of the column only needs to bhadhesto play softly and up td0 inches
for areally loud ffffff.

Because the air pressures are so low, it is coemetmd measure in inches of water.
(Normal household gas heaters etc. run on a gasymeof about 4 to 6 inches of
water).

The pressure developed by a column of water caraloalated:
pressure P x h wherep, is equal to the density of water and in metritsuis
1 gram per cubic cm
h, is the height of the water column in centitrae

So, for one centimetre height of water, the presseveloped is:

Pressure = 1 (gram/cmd)1(cm) = 1 gram per square cm.
This can be converted to pound and inch units by:

Pressure (Lb/fi) = 2.54 x 2.54 x 2.54 | 453
=0.0362 Lb per square inch for each infcwater gauge

For example, taking the minimum pressure that agh&aworks at (5”), we have,
The minimum pressure is 0.0362 x 5 = 0.181 Lb peaee inch (PSI).

4. Force development in ‘Square type’ pneumatics.

L1

Example: Take the Amico intensity pneumatic motor,

This unit has the dimensions; L2
Boards: L1=L2 =1 7/8 “ square

1/8 “ thick
outside span R A
inside span 1Y

The force pressing on the top surface |s:
P xL1xL2=0.181x 1.875 x 1.875 = 0.636 Lb &tveater gauge (WG).




The force development due to the pneumatic clomglar to that developed on the
wood. However, this sideways developed force acptl the moving board closed
through the angle between the cloth and the bddmd.reduces as the pneumatic
closes. When the pneumatic is futlipsed the force developed due to the cloth is
zero.

Section view of bellows cloth

z <«

Length of cloth is k Air pressure at the sides

the inside span F S of the cloth
%

F is the force needed to resist the air pressuteth force:
(In fact, the cloth is curved in the shape of a catenary, but the simplifying assumption
is made that the cloth is straight sided with a sharp crease along the centre line)
Cloth force is equal to (L x inside span x vacuumspure). This force acts on the
wood through the angle ‘z’. WE can express theaags a function of the fraction of
the fullinternal span that the pneumatic is open. When fully ogemangle z is
zero(0). When 90% open, the angle is arcos 0.9.842%egree and tan 25.84 = 0.484 .
(Actually we use half the span and then there dral\Zes along the crease line)
So the force developed by thleth on the moving board at 5" WG is:

F=2x (P xLx(inside span)/2 )/( tan z) = (&11x 1.875 x 1.25)/( tan z)=0.212/tan z
for one of the 4 sides of the pneumatic. Sincectlage 4 sides, the total force due to
the clothis; =1.70 /tan z Lb. at 5"wg

The force developed by the wood top is P x L x0.636 Lb

We can list the forces in a table of values forittiensity pneumatic at a pressure of 5
inches WG.

Force due Degree of tan z Force due to Toteé developed
to the wood opening the cloth

Lb % Lb Lb
0.64 100(full open) 0.0 00 00 *x
0.64 90 0.48 3.54 4.18
0.64 80 0.75 2.27 291
0.64 70 1.02 1.67 231
0.64 60 1.33 1.28 1.92
0.64 50 1.73 0.98 1.62
0.64 40 2.29 0.74 1.38
0.64 30 3.18 0.53 1.17
0.64 20 4.9 0.35 0.99
0.64 10 9.95 0.17 0.81
0.64 0 00 0.00 0.64

** The value of ‘infinity’ is by calculation. Howear it does show that a very high
force can be developed when the pneumatially open.



At the 40 % opening, the force is about half dutheowood, and half due to the cloth.
The force is considered to be developed at the ggantentre of the top board. These
data are for an unhinged pneumatic, like the intgpsneumatics of the Ampico ‘A’
intensity controller. The tabulation of tan z veyercentage of opening is practically
valid for ANY pneumatic

5. Force development in hinged pneumatic§Two deck pneumatic)
The calculation is complicated by the taper arramgy@ of the boards and the side
cloth. Simplifying assumptions are made as forsiipgare pneumatic.

e —
— <7 Width 'w

Length ‘L’

Force due to the wood, calculated at the movingignd
Fvooi= (P XW x L) /2
P is the pressure as before, and at 5” water gauge
Fwood= (0.181 x W x L)/2 Lb force

The force due to the cloth at the moving end id)edere,
Fendcioth= 2 X (P x L x (inside span)/2) / (tan z)
=0.181 x W x inside span) / tan z

The force due to the cloth at the sides is (batbsi

Fsidecioth= (1/3) X (P x L x inside span) / tan z
(The factor 1/3 , is derived from an element otéusing a double integral, integrated
over the length L, and from the centre line towu®d.)
Not all the cloth material is effective. The endthl effectiveness is reduced by the
cloth folds at the end. The folds along the siéesltto prevent the end cloth collapsing
along its centre line. The effective width of theecloth is reduced by the span. We
can take the effective end width of the cloth teehaal to the width minus the inside
span. This is a "fiddle factor" and is an assunmtichis number, however, cannot be
negative.

Taking the note playing pneumatic for an Aeoliaaygk, we have;
L=41/2inch W =29/32 (0.905”) inch
Outside span =1 1/8 inch inside span = 0.71 inch

Force due to the wood (at 5" WG): = 0.181 x 0.906% / 2 = 0.37 Lb.
Force due to the end cloth (at 5" WG) = (0.181 908-0.71) x 0.71) / ( tan z)
=0.03/tanz
Force due to both side cloths (at 5" WG) = 0.338281 x4 %2 x 0.71 / tan z
=0.19/tan z



These calculations give the theoretical forces ligesl. The force development can be
considered to be concentrated at the end edge ehtlving board.
In practice, there will be other ‘closing’ forcesieh will operate tappose the closing
of the pneumatic.
These include:
* The mass of the wood as well as the fabric condectéhe moving board; the
mass of the moving board and cloth has to be stgghor
In practice this is a minor effect
» The stiffness of the fabric. At the moving endlué pneumatic as it closes,
there are SIX layers of cloth. As the moving boelases, these fabric layers
become harder to compress. In the column, ‘cloBingg’, the test data shows
that the cloth material develops significant resise to closing when the
pneumatic is nearly closed. If a bumper is usediéthe pneumatic to prevent
the moving board crushing the cloth, it shouldintgrfere with the folds of the
cloth at the moving end and its size and positieeds to be considered
accordingly. The bumper prevents full closure @f thoving board and
consequent crushing of the cloth folds. Typicalhg minimum % opening
cannot fall to less than 10%. The maximum spam@ioving board is
typically not more than 90% of the maximum insigars.

In another paper (yet to be published), we givectiteria for the design of the rubber
covered pneumatic cloth. Not-withstanding the cttaréstics of this material, at low
vacuum levels, the ‘closing’ forces of the pneumatbtor have a great influence on
the calculated performance. Practical assessmenisstine pneumatic is seldom open
to more than 90% of the assembled span. Furthperence shows the minimum
closure is around 2 to 3 mm (3/32 to 1/8 “). Far feolian pneumatic this amounts to
a minimum closure of 10 %. The table of forceshia table below is given between
10% and 90% of the maximum span.

The table gives the values.

Force due Percent Force due to Total fprcelosify force
to wood opening tangz end cloth side ¢loth vettgped| (cloth effect)
Lb % Lb Lb Lb spap force(Q)
%

0.37 90 0.48 0.0 0.40 0.83 78 0.0
0.37 80 0.75 0.0 0.25 0.66 64 15.6
0.37 70 1.02 0.0 0.19 0.59 25 31
0.37 60 1.33 0.0 0.14 0.53 14 39
0.37 50 1.73 0.0 0.11 0.50 14 43
0.37 40 2.29 0.0 0.08 0.46 6 59
0.37 30 3.18 0.0 0.06 0.44

0.37 20 4.9 0.0 0.04 0.41

0.37 10 10 0.0 0.02 0.39

The closing force was measured on a test samplenpatec of no particular virtue.
Note that the ‘force’ data is in gram. The data plasted, smoothed and interpolated
to give a value applicable at the ‘percent opendaja points. The practical



measurement set-up is best described as 'agrialiltline place of measurement of the
closing force is at the end edge of the moving thoar
The data smoothing combined with the measuremets used, may give some
confusion and for this the author apologises.
The attached graph plots - total force calculated

- closing resistance force measured

- net force calculated (1 — 2)

- measured force on actual pneumatic
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The measured force shows some discrepancy witballcalated value. What is
confirmed is the higher developed force when theupmatic is open compared to that
when closed. These data are taken at a vacuumdé@ehches. The data also shows
the increasing closing resistance force as themaga closes. The closing resistance
force is a significant proportion of the total deged force measured at a percent
opening of 10%. (around two to three mm)

For a manufacturer of pneumatic cloth, the closexistance force is an interesting
concept but unsuitable for product assessmengdtrtte of manufacture, whereas
closing force is a critical factor in assuring hAaigle playing performance at low
vacuum levels. Work done by the author suggestsctbsing force for cloth materials
is typically 50 to 60 gram but poor materials chowg values of 80 to 90 gram whereas
materials designed for low closing force show valirethe 20 to 30 gram range. At 5
inches of vacuum, the gain in force between 'gand''poor' materials is equivalent to
additional vacuum levels of around 1 to 1.5 inciidsese benefits are worthwhile for
those attempting to achieve top performance aMaguum levels.



6. Force development in three deck pneumatics.

Three deck pneumatic boards use wide motors whelyenerally shorter than those
of 2 deck designs. The theory is as above. Whéeatithor has both types of design,
not much work has been done to relate actual éssits with the design theory. The
Simplex unit type is a three deck design.

7. Force development in Angelus type pneumatics.

This design of pneumatic motor is different to ottypes in that the developed force is
entirely due to the surface area of the wood ofihere is no folding of the cloth and
the direction of force on the cloth is parallethe direction of force on the wood.

outline edge of cloth

wood support

Given a size of the outline edge of the cloth Gi&" x 2 %2 " gives a force, at 5"
vacuum of; 0.181 x 2.875 x 2.5 = 1.3 Lb. (590 graBecause the developed force is
ALWAYS perpendicular to the direction of the motjahe force is constant with
respect to the displacement. If this charactenséoce to be drawn on the graph above,
the line would be parallel to the base line at §&m. According to the information in
Durrel Armstrong's catalog, the likely range of rement is only say 10mm. It is

likely that the wire coupling piece gives some nplitation of the movement (and the
developed force) of the pouch board to the finger.

8. Discussion.

This analysis was started in about 1990. The authdireconditioned a Simplex unit
pneumatic player with a cloth made by Archer in B&husetts. This was the authors
first rebuild. Next, a H.C. Bay action was recoiugtied, this time using an Australian
made cloth. Unaware of the requirements of lightgivepneumatic cloth, the
reconditioned machine was almost impossible to piegause the pneumatic cloth was
more like hessian sack cloth. It was this expegembich lead to the mathematical
analysis, and further, to work with a local clotamafacturer, to establish a
performance and a manufacturing specification. Wbk largely went astray, because
several of the purchasers of the cloth had diffeirgerpretations of what they wanted
in a cloth. Only recently, the author has lookethatMMD archives to find that
indeed, many people have different perceptionstaitus required of a pneumatic
cloth suitable for recovering note playing pneuswstWithout being too dogmatic, it
is certain that complaints about pneumatic clottoee around the issues of longevity
and ability to play the pianola at low playing léssand to achieve an evenness of
playing notes at low vacuum. What can be saidastlo contributor has been able to
provide a manufacturing and material specification.

This author considers that a pianola should betabiéay evenly at a minimum
vacuum level of half, to one, inch of vacuum, lowean the desired minimum vacuum



level. To achieve this performance requires firsdlWERY lightweight cloth, and
secondly, a lot of careful adjustment effort. Toeér is the closing force due to the
cloth, then the less variation in playing loudnasminimum vacuum level due to the
pneumatic and its adjustment.

There is a discrepancy between the theoreticatt@theasured value of the
developed force for the Aeolian pneumatic. To priypmake this test, an accurate jig
must be built to allow force, span, and vacuumeorbeasured. The vacuum system
must be leak free or else pressure (vacuum) ldsaffdct the measured result. The
value of the work was not to prove to an unceryaait+/- 2%, but rather to confirm
the magnitude of the effects.

This has been well enough achieved, and in paatictie increasing influence of
closing force as the pneumatic collapses has bedirmed. Having arrived at a value
for closing force, the next step was to determiow to manufacture a cloth to achieve
the required maximum permissible closing force.

In essence, the cloth weave determines the quarititybber to be used to achieve a
satisfactory pinhole level. Having determined tkiig material is assessed for closing
force against rubber thickness. If the force ishih (say > 70g) then the cloth weave
is too coarse, and a higher thread count of fineratd (more expensive) is required.
Using finely woven cloth, (>100 threads per inchB®TH DIRECTIONS), with a
rubber thickness measured in gram per square mato&)th with closing forces in the
25 to 45 gram can be produced at will.

Paul Rumpf.
Melbourne , Australia,
November 2008.






Cos X

1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

0.00
0.45
0.64
0.80
0.93
1.05
1.16
1.27
1.37
1.47
1.57

tan x

0.00
0.48
0.75
1.02
1.33
1.73
2.29
3.18
4.90
9.95
16331239353195400.00



