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A B STRAC T 

A general description of the need for hospital flow meters 

is given along with an analysis of some common flow measurement 

methods. 

The design criteria, establishment of the basic configuration 

of the instrument, and the evolution of the final design are presented 

in detail. The ability of the magnetic crossover mechanism to 

extract the square root of an input is explaineq, and design curves 

are presented. The action of the flow totalizer is described in 

relation to the rest of the instrument. A complete set of manu

facturing drawings for the instrument and its tooling is included in 

the thesis. 

In conclusion, an evaluation of the completed instrument is 

made, and improvements and modifications are indicated. Mention 

is made of the adaptability of the magnetic crossover mechanism to 

other instrumentation. 
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Chapter I 

INTRODUCTION 

There is a need in industry for a reliable and accurate gas 

flow meter which can measure small flow rates, and also totalize the 

amount of flow through the instrument. This need is evident in 

present day hospital applications, where oxygen is no longer admin

istered to the patient from a bedside cylinder, but is delivered from 

a central, high-pressure source through a system of supply lines 

maintained at 50 psi. Flow rate must be set r e1notely, i.e., at the 

surgery room, the recovery room, or the ward, depending on the 

usage, such as for masks, tents, catheters, cannulas, or incubators. 

Breathing flow rates vary from 5 liters per minute for children to 

10 liters per minute for adults. The totalized amount of flow is 

necessary so that the cost of oxygen used can be allocated to each 

patient. 

Determination of the rate of oxygen delivery may be quite 

critical, such as when oxygen is being supplied through a nebulizer 

to atomize liquids for inhalation. Therefore, the flow meter must 

indicate the rate of flow accurately and totaliz e the amount of flow 

while located in a position remote from the main line regulator. 

A throttling device must be located downs tream of the calibrated 

measuring device in order to vary the flow rate. Furthermore, the 

instrument requires protection against fluctuations in back pressure 

on the measuring device that may cause variations in a predetermined 
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flow r ate. S1:,ci1 flu.ctuations may b e e ncountered, for exan1ple·, when 

a n ebulizer is inserte d in a line downstream of an orifice. Fina~.ly, 

the very n a ture of the applic ation dictates that the flow meter be 

compact, portable, and acc urate with a minimum of maintenance. 

A cce pted Flow Meas\irement T echniques 

All presently availa ble hqspital flow meters suffer from a lack 

of a ccuracy. In order to d evelop a more accurate instrwnent, it is 

helpful to examine some existing methods of monitoring low flow 

rates. T h e a dvantages or disadvantages of each to the design of an 

inst:rurnent for hospita.l applica tion can then be noted along with the 

requirement for in expensive production and profitable rnarketing. 

A generally accepted flow meter design us e s the moment-of-

mome ntum principle, where the torque on an impeller in t h e line of 

flow is m easured and r e lated to the m a ss flow rate, or to the volu-

metric flow rate for fluids of constant density. The impeller has 

many blades, each r a dial a t its exit section, so that the applied 

torque, T • is determined by 

T • 2 
=n1.tur, 

where rh is the discha rge inas s rate, w is the speed of rotati on, and 

r is the impeller outer radius. By hold ing the speed fixed by adjusting 

the torque applied, the m.ass rate can be computed as a function of the 

measured torque and its correction for losses in the bearings and for 

disk friction. 

To totalize the flow, howeve:;:, a h.ydrodynamically balanced, 
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low-mass, paddle-bladed rotor, requiring no thrust bearing, is used 

in the line of flow. In operation, a magnetic pick-off coil, located 

externally to the duct, but adjacent to the rotor, has generated within 

it an electric current whose frequency is directly proportional to the 

rotation of the rotor, which, in turn, is proportional to the fluid flow. 

These generated pulses are fed directly into any of many r ecording, 

indicating, or control devices commercially available. The cost of 

these devices eliminates this method from further consideration for 

hospital application. 

If instead, a mecha nica l counter is d r iven by the rotating 

rotor at a constant torque output, the rotor speed w ould indicate 

the through flow. This principle is pre sently us ed by some hospital 

flow meters, but the low p ower available at small flow rates 

(0 - 15 lpm) limits accuracy to ± 15% of total flow. 

O ther accepted flow meter types show similar disadvantages, 

namely low accuracy for small flow rat es, or high cost. For example, 

the electromagnetic type flow met e r, used to measure flows of molten 

corrosive metals, sets up a magnetic field across a non-conducting 

tube through which flows a conductive fluid, producing an induced 

voltage across the flow which may be measur ed if e lectrodes are 

embedded in the tube walls. The voltage is a linear function of the 

volume rate passing through the tube . A disadvantage of the method 

is the small signal rece ived and the large amount of amplification 

needed, which is costly. 
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The bellows - type orifice meter, prominent in the natural gas 

industry, mea s ures the differential pressure across a res.triction 

placed in the flow line. A modern bellows.:.type orifice meter is com

posed of a center plate connecting two bellows, the interiors of which 

are completely filled with a liqu id which can pass through an orifice in 

the center plate. This system consti tutes a sort of frictionless piston, 

free to move from one side to the other as pressure is applied to the 

outside of the bellows. Pressure applied to the exterior of the bellows 

causes its volwne to decrease; liqui d is moved through the orifice to the 

opposite bellows, which increases in volwne, resulting in linear move

ment along the axis of the bellows. This motion, proportional to differ

ential pres sure applied, is picked up by a drive arm and transmitted to 

a square root d e vic e , and then to a pointer, pen arm, or other indicator 

or recorder. In order to obtain popular differential ranges used in flow 

measurement, additional spring l oading of the bellows unit is necessary, 

which can cause nonlinearities of o u tput if the instrument is not cali

brated or maintained proper ly. Of course, this meter merely indicates 

flow rate and makes no attempt to totalize the flow. 

This brief look at several flow measurement techniques has 

pointed out weakne sses in their adaptation to low flow rate flow meters. 

Further study leads to the following design guides . First, for overall 

accuracy an orifice must be employed and designed not only to deliver 

specified flow, but constructed in such a way that gaseous expansion 

on the downstream side will not affect the measurement. Secondly, 

the bellows, or diaphragm capsule, provides a very adequate 
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way of transferring pressure changes in to l inear motion if the 

inherent nonlinearities can be controlle d. And last, the n1agnetic 

cro ssover i s an excellent method of transmitting iniormation from 

a h r"! rme tica lly sealed chamber to the outside of t h at chamber, if some 

amplification of the inform ation can be obtained i n order to power 

a counting devi ce, or to provide an indicating l evel against which an 

externally powered counting device can compare. It is de emed 

necessary to keep the counter mechanism exte r ior to the hermetic ally 

sealed oxygen container because of its need for periodic lubrication, 

which would not only contaminate the oxygen but could produce a 

combustible mixture. 
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Chapt er II 1 

GENERAL DESCRIPTION OF THE DEVICE 

T h e resulting d e sign will now b e described genera lly, with 

detaile d d es c r iption s b e ing p resented in the f o llowing chapters and 

appen dices. R eferring to Figure 1, flow enters the instrument from 

the wall at the inlet port (1) and passes into the diaphragm cap sule 

chamber (2) and then through the orifice at (3) into the diaphragm 

capsul e (4 ) and out th r ough the throttling valve (5) to the ox y g en use r . 

Magnet chamber (6) is also maintained at line pressure, and supports 

a p e r m anent magnet (7) which is fr ee t o rotate about a horizontal 

axi s, being controlled by a linkage (8) from the diaphragm capsule 

below it. Mounted exterior to the hermetically sealed chamber i s 

t he crossover ring assembly (9), whic h rotates about a vertical axis 

with amplificat ion very nearly proportional to the square root of the 

excursion of the permanent magnet within the chamber. Attached to 

this assembly is a pointer (10) which may be held against a calibrated. 

anvil, inte gral to casing (11 ), by clamp (12) which is actuated for a 

period of e a ch cycle of ball c a m (13 ), driven by gear motor (14). The 

m e chanical counter h ousing (15) and counter drive wheel (16) are also 

driven by the gear motor th rough the ball cam by a slot arrangement 

in the counter housing base. However, as the counter drive 

strikes the crossover assembly pointer, an overrunning slip clutch (1 7) 

engages the lower counter disk while the counter housing and other 
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Fig. 1. Schematic Diagram of the Instrument. 

1. inlet port 
2. diaphragm capsule chamber 
3. orifice 
4. diaphragm c apsule 
5. throttling valve 
6. magnet chambe r 
7. permanent magnet 
8. linkage 
9. crossover ring assembly 

1 O. pointer 
11 . anvil casing 
12. clamp 
13. ball cam 
14. gear motor 
15. counte r housing 
16. counter drive 
1 7. slip clutch 
18. enclosure 
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counte r disks continue rotating, putting a count into the meter. After 

the lower counter disk has turned through a full revolution, a p awl 

is engaged which actuates the upper disks to keep count, in typical 

odometer action. Both .the anvil scale and meter counter can be read 

through the transparent e nclosure (18). 

Therefore, this instrument employs orifice metering through 

a diaphragm capsule linked to a magnetic crossover mechanism, 

allowing indication of both fluid flow rate and totalization of flow. The 

accuracy of the instrument suffers only from fr'iction in the bearings 

of the crossover ring suspension and nonlinearities in the diaphragm 

capsule and linkage arrangement, which are designed to be minimal. 

Resolution is dependent upon the construction of the magnet and 

magnetic crossover assembly, and on the angle of tilt of the tilted 

ring, which determines the angular scan of the pointer on the anvil. 

Commercial manufacture is possible as shown by the manufacturing 

drawings of all components, Appendix IV, and the pho tograph of the 

working model, Figure 2. The exact shapes, dimensions, and 

materials of each component were determined on the basis of design 

calculations for strength and rigidity where applica.ble, with due con

sideration to the machining operations necessary for construction, 

the availability of materials, and overall instrument cost. 
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Fig. 2. Photograph of the Completed Instrument. (The closure 
plate t o the magnet chamber has been removed.) 
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Chapter III 

THE CAPSULE SECTION 

The purpose of the capsule section of the instrument, which 

includes the diaphragm capsule, the valve casing, and the anvil casing, 

is to provide a means for transforming a pressure drop through an 

orifice to lineal motion. To do this, a sharp-edged orifice plate is 

used as the center pad of the upper diaphragm of a diaphragm capsule 

mounted within a chamber maintained at line pressure, 50 psig. In 

accordan ce with e quation 21 of Appendix I, a pressure differential 

occurs across the orifice plate as a function of t he orifice diame ter, 

the flow rate, and t h e p r op ertie s of the gas. Since a diaphra gm is 

a pressure-responsive e lement which is movable in a direction sub

stantially perpendicular to its flex ible surface, motion parallel to the 

cylindrical axis of the diaphragm capsule results. This motion may 

be made a linear function of the applied force by proper design of eacp 

of the diaphragm's cor rugations and is transmitted by means of a 

linkage to a pivoted permanent magnet within its support chamber, 

located above the diaphragm capsule within the instrument. 

The Orific e Design 

The design of the orifice meets three specifications: 

1. The pressure differential across the orifice must not 

collapse the diaphragm capsule. 
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The diameter ratio, 
d .f. 

P. _ ori ice 
.... - d . , must be chosen 

reservoir 

such that the contraction coefficie nt, C, and the expansion 

factor, Y, of equation 20, Appendix I, Q =CA Y~Z,6.p, 
o P1 

remain reasonably constant for the Reynolds nurnbe rs in 

the operating range. 

3. The orifice plate must be designed to allow a connection 

with the linkage which will not disturb the flow on the 

upstream side of the orifice and will permit joining in a 

manner not susceptible to fatigue failure. 

The following values for oxygen will be used in the subsequent 

analysis: 

.. c.: e rvoir pres sure, p 1 = 50 psig = 64. 7 psia 

1 ;. l>solute viscosity, µ = 4 x 10-7 lb. sec/ft
2 

Kinematic viscosity, v = 1.7 x 10-
4 

ft
2
/sec at S.T.P. 

Specific heat ratio, k = 1. 40 

Density, p = ~ = 7. 56 x 10-
2 

lb/ft
3 

at S. T.P. 

Specific weight at reservoir, 

l/k 
_pS.T.P.(pl ) p - -

l g Ps.T.P. 
6 -3 2 4 

= • 7 8 x 1 o 1 b. sec I ft 

Upstream Reynolds numbers, 

3 
-{2. 03 x 10 for Q = 
- 3 

6. 08 x 10 for Q = 

where D 1 = • 375" 

5 lpm 

15 lpm 
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To satisfy specifications 1 and 2, the orifice type must be 

selected before any stipulation is made as to the diameter ratio, 13. 

Then the orifice area will be chosen to provide a small pressure 

differential over the diaphragm capsule, leaving a larg er ,6.p over the 

throttling valve. It has been shown experimentally (reference 13) that 

for large Reynolds numbers, laminar flow influences are small con-

trasted to inertial influences, and the exact geometry of the orifice 

opening is not iinportant as long as the upstream edge is sharp and the 

throat thickne ss small enough, s o that the jet remains free of the 

influence of the orific e throat bounda ry. Howe ver, for low Reynolds 

numbers, such a s those of concern in this design, the c ombined dis-

charge coefficient, K =. CY, is a function of the flow patt ,~ rn through 

the orifice, which is d e scribed by the exact geometry of the boundary, 

particularly the boundary in the vicinity of the orifice opening. 

Velocity gradients with corresponding shear stresses will vary between 

orific es with thick throat sections and thin throat sections. The angle 

of the beveled downstream edge also produces discernible differences 

for small variations. The choice of orifice plate type must present 

stable, nearly consta nt value s for K for a specified geometric config-

uration and the range of Reyn old s number th rough the orifice. 

It is helpful to look at com.pleted exp erimental work to eliminate 

some design choices. Grac e and Lapple (reference 11) have made 

extensive calibr ations to determine the discharge coefficients of small 
II 

diameter orific e s, i . e ., orifices with d $ • 7 50 • Their results, 

conducted on 'sharp edg ed orifices with 45° bevels on the downstream 
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faces, show that thick throated orifices, throat lengths ~ , 032 ", do 

not give reproducible results at low Reynolds numbers, even with 

calibration. Spreads of as much as 30% in discharge coefficient were 

obtained for a given Reynolds number. However, they were able to 

determine discharge coefficients for thin-throated, sharp-edged 

orifices within ±0. 5%, as a function of the Reynolds number, when the 

precision of fabrication and measurement of the actual orifice diameter 

was held at ±0. 002 mm. For d = • 093'', throat length ~ , 001 ", 
O · 

3 13 = . 05, gives K = O. 635 to 0, 615 for Reynolds numbers 2. 03 x 10 to 

6, 08 x 10
3

, respectively. For comparison, a VDI orifice (as given by 

reference 18), with d = , 084", throat length ~ • 007 ", [3 = • 05, gives 
0 

K = O. 618 to 0, 605 for the same Reynolds number range. The VDI 

orifice specifies a 30° bevel for the downstream face. 

It is evident, then, that the orifice could be designed with an 

approximate diameter of 5/64", throat length • 005", and downstream 

bevel taking the angle of the deburring tool, giving discharge coeffi-

cients that are constant within ± 1 % for the desired Reynolds number 

range. Careful calibration of the orifice, mounted within the instru-

ment, would then be necessary to design the calibrated scale mounted 

on the anvil casing. The plenum chamber upstream of the orifice 

will generally cause smaller coefficients than those calculated. It is 

noted that ~p across the orifice, as calculated by equation 21, 

Appendix I, is only 3, 35 psi, well within the pressure-deflection 

characteristics of many commercially available diaphragm capsules. 

This satisfies specification 1. 
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Spe cificati on 3 calls for the attachment of the linkage to the 

o r ifice p late in suc h a way as not to disturb the upstream flow and not 

to be subject to fatigue failure. These conditions require, first, that 

the linkage not be locate d on the cente rline of the orifice, and second, 

that the linkage not be anch ored by a soldered butt joint which might 

experience fC!-tigue failure. The use of solder in making the joint is 

also q u estionable because the orifice plate may become unsoldered to 

the upper diaphragm in the joining process. Fabrication of the linkage 

to the orifice plate before joining the latter to the diaphragm capsule 

is thought to be unwise as orientation problems might arise when 

assembling the capsule to the instrument casing. Therefore, a 

mechanical joint, tacked with an epox y resin, is indicated. A , 020" 

stainless ste el wire, chos e n for its stiffness and nonmagnetic prop

ertie s, is formed to spring fit into a cylindrical int ernal groove on the 

periphery of the orifice plate. The other end of the .wire fits into 

a b r acket which slides on the magnet to allow adjustment of the zero 

point and/ or the leverage rat~o. The bracket is then glued to the 

magnet, leaving that end of the linkage to pivot about a fixed point. 

Elastic preload of the wire take s out any backlash existing between 

the magnet and its pivot. 

The Diaphragm Capsul e D e sign 

The design of the diaphragm capsule, the center pad of which 

is the orifice plate, is quite complica ted. Its design is somewhat lik.e 

that of a mechanical spring, only with a great many more variables 
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to affect the performance. There are five principal characteristics 

which have importance, and any changes affecting one often affect 

others: 

1. The pressure constant 

2 . The s afe pressure or deflection 

3 . Th': lin e arity of the pressure deflection c urve 

4. Th•) energy available 

5. The temperature effects . 

Some general comments can be made concerning diaphragm 

materials, diaphragm configurations, and the assembly of diaphragm 

capsules. The modulus of elasticity of a materi al has a direct effect 

on the stiffness of the diaphragm and, therefore, on the pres sure and 

force consta nts. T h e h a r dness of a material affects manufac ture and 

pe r formance. If the material is too hard, it cannot b e formed w ithout 

fracturing; if it is too soft, it will form easily, but the . resulting 

diaphragm will have high hysteresis and drift. Figure 40 of refer

ence 1 determines the pressure and deflection for various percentages 

of hysteresis for several materials. From this curve the available 

energy per square inch of effective diaphragm area can be derived, 

showing berryllium copper, for example, to have 80 times more 

available energy than stainless steel. The thickness of material 

affects the pressure and force constants , the linearity of deflection, 

hysteresis, and available energy. 

Diaphragm configurations are quite varied, but, generally, 

the effectiv·e area determines the pressure constant. The pad 
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diameter and gap width, h e tween the pad and the periphery, affect the 

pressure and force constant s, the effective area, linearity, and avail

able energy. Large pad diameters usually produce nonlinearity with 

large deflections. T he gap width is corrugated to reduce or e liminate 

nonlinearities in a given deflection range. Usually these corrugations 

are in the form of single arcs of a circle, with the high pressure 

applied to the concave side. The number of corrugations and their 

depth can be traded off to produce t he desired linearity. 

Diaphragm capsule assembly involves connection of the periph

eries of the diaphragms by any of several methods . Joints may be 

telescoped, flanged, nested, or grooved. The type of solder used and 

the technique of application greatly affect hysteresis and drift because 

of the sti ffening contribution to the outer edge • . Pulsation and baking 

can be used along with n a tural aging to reduce hyste resis and drift 

after assembly. 

Most of the useful equations for diaphragm design are 

empirical, and assembly and testing of capsules require specialized 

equipment and technology. Since capsules are produced commercially, 

for such instruments as altime ters and barometers, it was decided to 

purchase one for this flow meter design which would meet the 

following specifications: 

1. Maximum differential pressure = 5 psi 

2 •. Approximate 2 11 diameter 

3. ± 0.10 11 linear deflection (to allow for sufficient 

rotation of magne t) 
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4. Suitable mounting fitting in lower diaphragm 

5. Approximately 1/2 11 center pad diameter (to allow 

for the orifice). 

The Throttling Valve Design 

The design of the throttling valve meets two requirements: 

1. Loca tion must be downstream of the orifice plate 

so that the orifice plate always sees constant upstream 

pressure. 

2. The throttling valve must provid~ back pressure 

protection for the instrument; that is, it must protect 

the calibration against fluctuations of downstream 

pressure. 

Condition (1) is easily met by designing the throttling valve 

into the diaphragm chamber casing downstream of the orifice, as 

shown in the instrument schematic, Figure 1 • . Condition (2) is sat:i.sfied 

by making us e of the fact that the discharge of a gas from an orifice 

will increase as the downstream pres sure decreases, reaching a 

maximum when the velocity at the throat equals sonic velocity. Any 

further reduction in downstream pressure will not increase the flow 

rate, nor will any downstream pressure fluctuation be seen upstream 

of the orifice hecause of the shock wave formed. Equation 13 of 

Appendix I s tates that sonic flow occurs when L :S O. 528. Therefore, 
P1 

C e s igning t h e valve to .inovide sonic velocity at the maxi.In um 
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instrument flow rate of 15 lpm protects the diaphragm capsule against 

downstream b a ck pressures up t o 34. 1 psia.',. The valve diameter is 

chosen so that the pressure dro p over the valve is 27.25 psi, allowing 

the desired 3. 35 psi drop over the diaphragm capsule. The diameter 

must also be large enough to allow calibration of the orifice plate after 

assembly to the casing by passing a reamer through the valve seat. 

This requires the valve to be designed with a constant area plug fitt ing 

inside the valve seat. 

Diaphragm Capsule Chamber Ca.sing and Anvil Casing Design 

The diaphragm capsule cas ing is designed to contain the 

diaphragm capsule and the throttling valve, a nd to hold a seal with the 

anvil casing. Since t b e flow into the orifice must be axi-symrnetrical 

for proper instrument calibration, this casing is also designed to 

eliminate swirl of the inlet flow by inserting it into the chamber where 

the diaphragm capsule itself acts as a baffle. Both casings are designed 

with an eye towards easy assembly and adjustment of adjac ent parts. 

Son1e mention should be made of the sealing of the diaphragm 

capsµle chamber to the anvil casing. Any relative motion between the 

two brass die castings would appear to the magnet as direct diaphragm 

movement because of the nearly-straight linkage between them. There-

fore, care was taken in the design of the sealing arrangement so that 

no possible relative movement could exist. A first attempt was made 

to latch down the transparent top cap by means o f the same sealing 

clamp. This idea was later discarded because the top cap might be 
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removed after calibration of the instrUinent to adjust the point er or 

counter, releasing the seal of the capsule chamber, which could 

necessitate recalibration. In the present design, the top cap is 

screwed to the anvil casing, while six other machine screws hold the 

chamber seal. 



-20-

CHAPTER IV 

MAGNETIC CROSSOVER ASSEMBLY SECTION 

The purpose of this section of the instrument is to take 

lineal motion from the diaphragm capsule, to transmit it through 

the hermetically sealed magnet support chamber wall, and to produce 

a rotation proportional to the flow rate. These ends are achieved by 

t he use of a tilted iron ring mounted to rotate freely about an axis 

orthogonal to the axis of rotation of the permanent magnet which is 

linked within the chamber to the diaphragm capsule. The angular 

dis p lac ement of '(he tilted ring will be shown to be proportional to the 

square root of the arc of magnet excursion, which, in turn, is pro-

portional to the deflection of the diaphragm capsule, resulting from 

the pressure diffe rential a cross i t . 

Theoretical Considera ci o!ls 

1. Determination of the Flux Path 

For a singly excited magnetic system it is well known that 

for c es, due to rnagnetic flux, are established which tend to move 

· mechanical parts towards the configuration of minimmn energy 

stored in the field, or the position of minimum reluctance. 

Since reluctance is determined by 

P. 
R = µ:A arnpere-turns /weber, 

and the resulting force is determined by 
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F = 

where 1 = length of the flux path 

µ = magnetic p e rmeability 

A = cross sectional area of the flux path 

<p = magnetic flux in t he air gap, 

the length of the flux path will be minimized for any particular 

mechanical configuration, and this minimization will certainly occur 

in the air gap if the adjacent mechanical configuration is rigid. By 

designing a magnetic circuit where the air gap is variable, the 

developed torque will drive a properly mounted tilted ring to seek 

a position of minimuin air gap. 

Now consider this torque acting upon the ring of Figure 3, 

tilted at an angle, er , to the horizontal equatorial plane of 

diamete r d and pinned at points 
T 

E and G , where F = d ·· 

If the magnetic force is applied perpendicularly to the tilted ring 

at point A, components will exist in both the x- and y-directions, 

and the subsequent torque about the z-axis will rotate the ring 

an angular amount to conform to .the position of minimum reluc-

tance of the ring with respect to the permanent magnet within the 

chamber. If, however, the magnetic force acts at point B, the 

position of maximum tilt from the horizontal equatorial plane, no 

resultant torque about the z-axis will exis t because there is no force 

in the x-dire ction, as shown in Figures 4 and 5. At position B, 
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z 

y 

Fig. 3. Torque Analysis of the Tilted Ring. 

(The horizontal equcitorial plane is shown dotted. ) 
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,z 

Fig. 4. Torque Analysis of the 
Tilted Ring. 
Forces acting on the ring 
at point A cause rotation 
about z axis . (F is 
develope d perpen~icular 
to the page. ) 

y 

F F 
-~y 

Fig. 5. Torque Analysis of 
the Tilted Ring. 
Forces acting on the 
ring at point B cause 
no resultant torque 
a bout z axis. 

Fig. 6. Torque Analysis of the Tilted Ring. 



-24-

incremental angular motion could occur clockwise or counterclock

wise unpredictably. This fact must be borne in mind when designing 

the tilted ring and support frame so as to avoid this location within 

the angular limits of their rotation. 

Another way of considering this phenomenon is to look at the 

degree of tilt from the vertical, or z-axis, of an incremental segment 

of the ring. As shown in Figure 6, any force perpe ndicular to the ring 

at point A must give rise to a component acting in such a direction as 

to rotate the ring. However, at position B, the incremental segment 

of the ring is virtually horizontal, and a force perpendicular to it at 

that point can give no rotation about the z-axis, but only a torque 

about the x-axis, which must be absorbed by the bearings of the 

support frame at C and D. 

2. Tilted Ring Calculations 

It is obvious that some tilt must be given to the ring so that 

a variable air gap can be developed. The next question to be answered 

is how much tilt should be provided so that sufficient angular output 

is realized for the limits of angular excursion of the p e rmanent 

magnet. It would also be helpful if the angular rotation of the ring 

versus the indicated flow rate were linear so as to aid in the cal

ibration of the instrument scale. This property is mandatory if a 

stepwise integration of flow is to be made by referring to the angular 

location of the pointer from a known zero position. 

The configuration of the tilted ring is again presented in 

Figure 7 with arcs a and b of two vertical equatorial planes inter-
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secting the tilted ring perpendicularly at point A and obliquely at 

point B, forming a right-spherical triangle, ABC, with respective 

included angles a, {3, -y • An orthogona l view of this triangle is . · 

presented for clarity in Figure 8. 

By Napier's rules for right spherical triangles, 

cos "/ = cot a tan b 

where the angle of ring tilt 
0 

CT = 90 -b, or 

cos "/ = cot a cot CT 

Therefore, the angle of rotation of the tilted ring and its support 

frame is directly proportional to the angle of tHt and the arc length, 

in an equatorial pla ne, from the spherical apex to successive positions 

of minimum air gap between the ring and the magnet within the 

chamber. By holding fixed various angles of tilt, CT , and varying 

the arc length, a, the resulting angular displacement, -y , can be 

calculated. Since the magnet rotates through an arc length a-b, 

which is directly proportional to the pressure differential, .6p , over 

the diaphragm capsule, it is handier to plot the results for -y versus 

that parameter on a logarithmic scale as shown in Figure 9. Figure 

10 shows an expanded scale for magnet excursion angles of 1-10°. 

(The calculations for these curves are presented in Appendix III.) 

Table I, developed from Figures 9 and 1 O, shows an interesting 

result, namely, ·that the tilted ring rotation angle , -y , is propor-

tional to the square root of the magnet excursion angle, a-b, for 

angles of tilt between 15° and 45° for a large range of "/ • Since flow 

r ate is proportional to the square root of the pressure differential 
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x 

Fig. 7. Geometrical Configuration of the Tilted Ring 
within the Sphere. {The horizontal equc:t:orial 
plane is shown dotted. ) 

c 

a 

j3 i B 
G 

D 

Fig. 8. Orthogonal Projection of the Spherical Triangle ABC. 
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across an orifice, by equation 20 of Appendix I, it is also propor-

tional to "'( • 

Table I 

linear range of 
ring tilt, er ring rotation angle, "'( 

15 7-49° 

30 5-50° 

45 4-55° 

60 5-28° 

70 6-30° 

75 6-30° 

80 7-25° 

85 10-45° 

Forl5° <er< 45°, 
log"'( 2 - log "'( 1 

Therefore 

or 

"'( 2 
log(-) 

"'( 1 

a 2 -b 0.5 
= log ( a:::-:1) ) 

1.,. 

= 

slope, 
.6. (a-b) 

ZS "'( 

1.9797 

. 2.0594 

2.0145 

2.0778 

2.1543 

2.0778 

1. 8887 

2.5517 

0.5 

Intersections of the curves with the tilted ring rotation 

angle axis determine k, the magnification or scaling factor. 

For 

er = 15° k = 23.0 

er = 30° k = 1 7. 5 

er = 45° k = 15. 0 
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Essentially, then, a mechanism has been devised which will 

not only transmit information through a hermetically sealed chamber, 

but it will also magnify that information linearly and extract its 

square root. As used in this instrument, the angular displacement 

of the tilted ring indicates flow rateo The linear scale permits step-

wise time integration of total flow. 

Design of the Magnetic Crossover Assembly 

The form of the magnetic crossover a s sembly will now be 

described. As shown in Figure 11, the permanent magnet is 

supported within the chamber by a horizontal pin, mounted at an 

angle of 30° to the horizontal when the diaphragm capsule is 

unstrained by a pressure differential across it. The crossover ring, 

which is also tilted at an angle of 30° with the horizontal, is mounted 

in a support bracket pivoted to the exterior face of the chamber. As 

the magnet excursion changes, the crossover ring and support fra1ne 

rotate to keep the air gap at a minimum, thereby rotating the pointer 

mounted on the support frame, which gives an indication of the flow 

rate through the orifice. 

To avoid that point on the ring of ambiguous direction of 

rotation, the ring is oriented in assembly through a 
0 

'I of 22 t 

corresponding to an {a-b) excursion of 2°, and restrained from 

returning to the point of minimum reluctance for the zero flow rate 

condition. This suppression of the indicating scale does not allow 

instrument accuracy below 3 lpm, but is necessary for proper 
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Figo 11. The Magnetic Crossover Assembly. 
(Scale = twice full size) 

e--e- BB 
"'{ 1 

Fig. 12. · Comparison of the Configurational Aspects 
of the Tilted Ring to the Magnet for Circular 
and Square Cross Sections. 
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design use of the curves in Figures 9 and 10. 

Although any angle of tilt for the .crossover ring between 

15° and 45° wonld provide a rotational output approximately propor

tional to the square root of the magnet excursion angle, as shown by 

Table I, the angl e 30° was chosen as it provides an adequate range 

of oscillation for the magnet and does not cause excessive non

linearities to develop due to bending of the linkage pivoted at the 

magnet but rigidly joined to the bellows. 

Alnico V was chosen as material for the magnet because of 

its high coercive intensity, which is about 870_ ampere-turns per 

inch, almost twice that of 36% cobalt steel. Because of its higher 

maximum available energy, . an Alnico V magnet can be designed with 

smaller volume than a nother magnet material for a given amount of 

energy in the air gap. It is also very stable as regards decrease in 

magnetization due to vibration, superposed alternating fields, or high 

temperatures. Although relatively weak and brittle, a cast or 

sintered Alnico V magnet can be ground to size· and elox drilled. 

For production quantities, the magnet would . either have necessary 

holes cored into the casting, or soft steel inserts cast in for further 

machining. The magnet cross-section is necessarily a body of 

revolution about its longitudinal axis, perpendicular to its pivot axis, 

so that the configuration seen by the tilted r ing is constant for all '{ 

This aspect would not r en1.ain constant -if the magnet cross-section 

were square, for example, as shown in Figure 12 . The flux path 
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dimensions are obviously altered for the squa1·e cross-section, 

while the configuration remains the s ame for the circular cross

section. 

The design and construction of the chamber, the crossover

ring, and the crossover-ring support frame show compromise be

tween precise tolerances where necessary and concessions made 

for production 1nachining and easy assemb ly of the components. 

Tolerances on the magnet length, magnet location within the chamber, 

the crossove r ring, and its relation to the chamber, as determined 

by the pivots of the support frame, are held quite closely bec a u s e 

a n y air gap· variations directly affect the reluctance of the flux path 

and, therefore, the accuracy, or resolution of the instrument. The 

chamber design features a . 002 11 ''skin" in the pathway of the magnet 

rotation arc, requiring a fine-grained material such as tobin brass 

to insure that the spe.cial milling cutter does not gouge through the 

section. Brass is also non-magnetic and possesses the necessary 

strength to withstand 50 psig line pressure within the chamber despite 

the thin walled section. 

The crossover ring is designed of a soft, ferro-magnetic 

steel, • 005 11 in cross section and creased for strength. A swiss-die 

set, shown in Figure 13, was designed to maintain close tolerances 

and to allow for accurate reproduction of this component. The cross

aver ring is joined to its support frame by melted polyanide cement 

applied at 200°F. 
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1:,;,'.,lu':1.'l' '' l' ':l'11 1., .1, ,, 1,1;.\1 111111 1111t 1'\\' ' 'l'''I. 

Fig. 1 3. Swiss-Die S e t U sed in the Fabrication of the Tilted Ring. 

l .'~~'~:~ I I t I I 1 • I ! I ' ' I j 111 11 I 111 I~ 11' I\ I 11 \I 1 I 111~\11 1 \I l 1 '· 

Fig. 14. Stretch Former Used in the Fabrication of the 
Support Frame of the Tilted Ring . 
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The cros sover ring support is d e s igned of n on-magnet i c, 

light weight aluminum, stretch-fo rnH:d t o sha p e for rigidit y a n d clo s e 

t olerance by another die s et, shown in F i gure 14. The pivot bearings 

a re punched into the frame, and the pivot holes pierced through in the 

same die set. Jewelled bearings were conside.red for the pivots, but 

it was later felt that this added expense was unnecessary because only 

small oscillations of the tilted ring and its support frame occur. For 

hospital application, b r eathing flow rates are normally set and main

tained without alteration. Aluminum against bra.ss p rovides suitable 

b e aring surfaces for these c onditions. 

It s hould be notice d t h at the m a gnetic crossover assembly 

adds seve ral calib rat ion features to the instrument. The variation 

in ring t i l t , kinking the linkage to the m agnet to a l t e r its length, 

varying the c onnection point of t he linkage on the magnet, and bending 

the flow rate pointer, all provide sui table methods of a d justing t h e 

linearity during different stag es of assembly. Overall calib r ation of 

the in strument is made, however, by varying slightly the diameter of 

the o r ifice by reaming through the valve port after as sembly. Sup

pression of the scale zero is nec essary ·because zero flow r a te can 

only be indicated by that position on the tilted ring whic h offers an 

ambiguous direct ion of subsequent rotation. The zero set adjustment, 

however, is not necessarily critical since calibration can be made at 

mid-scale whe re, du e to t he parabolic shape of the response curve, 

an error in zero setting causes a much smaller corresponding error 

fo.; higher flow rates, which is clearly shown by Figure 15. 
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CHAPTER V 

FLOW TOTALIZER ASSEMBLY SECTION 

The purpose of the flow totalizer assembly is to provide an 

accurate count of the total number of liters of oxygen that have passed 

through the instrument. The indication of flow rate on the linearly 

calibra'ted anvil by the pointer, connected to the tilted-ring support 

frame, has already been described. The angular location of this 

pointer from a known zero point also permits stepwise time integration 

of the amount of through flow, i.e., the angular distance from true 

scale zero is directly related to the number of liters flowing through 

the orifice' in a discrete length of time. Similar to other m e thods 

discussed in Chapter I, the magnetic crossover assembl y produces 

insufficie nt power to accurate ly drive a mechanical counter; conse

quently, an auxiliary power source is necessary. The pertinent 

feature of this section of the instrument is, therefore, the desig11 of 

a mechanism whereby the counter is driven only as much as is 

indicated by the position of the crossover assembly pointer. 

Operation of the Totalizer 

A 110 volt, 60 cps, synchronous, AC timing motor provides 

a reliable method of driving a counter at a constant speed. Mounted 

atop the assembly, Figure 16, a Hayden gear motor (1 ), picked for 

its small size, rotates a crank, on which is mounted a ball cam (2) 



Fig. 16. The Flow Totalizer Assembly. 

I. gear motor 
· 2o ball cam 

3. counter housing baseplate 
4. counter housing 
5. counter disks 
6. lowest counter disk 
7. counter drive 
8. clamp 
9. hair spring 

IO. pawl 
11. overrunning clutch 

I 
l.N 
():J 
I 
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Diagram of Quick-Return Mechanism. The ball crank 
:i;otates at a constant speed of 1 rpm producing 38° of 
scan for the slotted baseplate to the counter housing. 
The ratio of scan time to return time, determined by the 
length of the crank, is 142° /218° = O. 65. 
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which travels in the slotte d base plate of the counter housing (3) at 

1 rpm. The slot is so designed as to provi de a quick-return scan for 

the counte r housing (4) of 40 degrees of the calibrated anvil, as 

explained by Figure 17. A slow scan rate is possible because the 

instrument is protected from any fluctuations in back pressure by the 

throttling valve; therefore, few changes in the indicating level will be 

experienced. 

The motor is allowed to run continuously, driving the counter 

housing which contains the four counter disks (5). By stopping the 

lowest counter disk (6) with respect to the rotating housing, a count 

is put into the meter. This counter disk is stopped by linking it to 

the counter drive (7) which strikes the end of the eras sover assembly 

pointer. To keep the pointer from moving on impact, a clamp (8) is 

held against it on the calibrated anvil for one-half cycle of the counter 

housing by two tors i on springs (9), and is then rele ased when the ball 

cam b e gins the quick return portion of i ts cycle. The other counter 

disks ar e actuated by pawls (10) d riven in step by the lower counter 

disk in typical odometer operation. 

An overrunning friction clut ch (11 ), built into the counter 

drive, engages so that while the housing and other counter disks con

tinue their rotation, the counter drive and lower counter disk remain 

stationary. As the s c an reverses, however, the clutch slips so that 

the counter drive and the lower counter disk rota~e along with the 

housing. Counter drive alignment with the housing is achieved at the 

end of the cycle by pin-stoppi ng it against the .casing. No further 
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count is put into the meter until the rotation again reverses, and the 

counter drive seeks out the position of the crossover assembly pointer 

on the anvil. 

The motor fulfills another important function that has not 

heretofore been mentioned. Due to its 60 cps operation, slight 

vibrations are set up in the entire casing which help to reduce the 

friction coefficients in all pins and bearings, thereby increasing the 

accuracy of the instrument. This is just one more added convenience 

in using readily available AC power. 

The totalizer assembly must be align.ed in the instrument so 

that the counter shaft, on which the counter drive is mounted, has the 

same axis of rotation as the crossover frame assembly, on which the 

flow rate pointer is mounted. This permits both parts to use the same 

angular scale on the anvil. 

Brass is used for the ball cam, the slotted base plate to the 

counter housing, and the clamp, because of the relative wear these 

parts endure with no forced lubrication. Brass and aluminum are 

also used elsewhere in the assembly because of their workability 

and non-magnetic properties. The counter disks and pawls are 

made of delrin and purchased commercially from Veeder-Root. 
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CHAPTER VI 

INSTRUMENT EVALUATION 

From the full scale design layout, Figure 1, a complete 

detail drawing was prepared for each component of the instrument. 

These drawings, located in Appendix IV, are up to date with respect 

to all ' de sign changes made and represent the instrument in its present 

form. The flow meter was evaluated during and after assembly with 

emphasis placed on d etermining the accuracy of the crossover ring 

assembly in indicating flow rate and the success of the orifice-drilled 

diaphragm capsule in actuating the magnet. The findings of these 

tests will now be presented. 

Test of the ·Magnetic Crossover Assembly 

A depth micrometer was attached to the magnet in such a way 

that the geometry between the attachment position and the location of 

the magne t pivot allowed accurate dete rmination of the magnet excur 

sion angle. By varying the micrometer setting, the magnet would 

rotate through a defined angle and a corresponding rotation of the tilted 

ring would be observed and measured. Figure 18 shows the result of 

this test, which illustrates that there is a definite relation existing 

between the magnet excursion angle, (a-b), and the tilted ring rotation 

angle, "I{. The discrepancy between the theoretical and experimental 

curves may be attributed, in part, to the following prototype 

deficiencies: 
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1. The prototype tilted ring does not lie in an equatorial 

plane due to inaccurate location within the support frame. 

Sophisticated assembly jigging will be necessary to properly 

locate the ring in the frame before gluing. Further exper

imentation with the cross-sectional configuration of the ring 

is also deemed necessary so that this component will not 

only provide the response required of the crossover assembly, 

but also can be blanked and handled without unreasonable fear 

of warpage. 

2. Excess friction exists between . the formed bearing 

surfaces of the support frame and the surfaces of the magnet 

chamber near the pivots. A r e design of the support frame 

may be necessary to facilitate easier assembly, eliminating 

the raising of burrs on these surfaces. The method of press 

fitting the pivots into the magnet chamber might be altered, 

and smalle r diameter pins could be used. At the least, care 

must be taken to avoid scratching the bearing surfaces, even 

if this means using thin mylar washers for protection. 

3. A further zero adjustment is needed to aid in the 

calibration of this assembly. Setting the zero magnet excur

sion angle accurately by means of a depth micrometer alone 

is a very laborious process which could be made easier by 

designing such an adjustment into the magnet chamber and/ or 

the linkage. 
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Overall Test of the Instrument 

The final instrument calibration has been delayed due to th e 

abnormally long lead time required to procure the diaphragm capsule 

specified in Chapter III. The test procedure, however, has been 

e_stablished and a test run was made using, instead, an installed 

diaphragm capsule with insufficient stroke to rotate the magnet more 

than ten degrees. The tilted ring did respond to changes in flow rate, 

but no full- scale calibration could be made. The stepwise integrator 

performed as designed. 

As shown in Figure 19, air passes through the flow meter 

and displaces water from the reservoir to a weighing tank. The 

weight of water collected in a specific time period is directly related 

to the flow of gas through the instrument in liters per minute. 

Conclusions 

1. The concept of passing information through a hermetically 

sealed wall by ro tating a ring according to a monotonic function of the 

excursion of a magnet, mounted within the sealed chamber, has been 

explored and shown to be useful. 

2. The flow meter design has been partially successful 

because all the components were built according to detailed drawings, 

and the instrument assembled as expected. The tooling for the ring 

and its support frame adequately provided prototype parts. Every 

indication points towards future success in calibrat ing the instrument 

when proper assembly jigging is devised and the specified diaphragm 

capsule is located. 
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3. It should be noted that many outputs besides the squar e 

root of the magnet excursion could be obtained by altering the con

figuration of the high p e r rr1e a bility component suspended exterior to 

the chamber. For example, if a helix is used, instead of a ring, a 

completely different response would be realized as i t rotates to seek 

the point of m .inimUJ:n reluctance with the pivoted magnet. Care must 

be taken, however, to fabricate any such compon e nt .so that the inside 

diameter tolerance is quite small and no warpage exists to destroy 

the desired instrument resolution. 



-48-

APPENDIX I 

ISENTROPIC GAS LAWS FOR ORIFICE FLOW 

Frictionless, adiabatic, or is entropic, flow is an ideal that 

cannot be reached by flow of .real gases, but it is approached, how-

ever, in flow through transitions where friction effects are minor 

owing to s h ort distances travele d, and minor h e at transfer losses 

because the changes that a particle undergoes are slow enough to 

1 
keep the velocity and temperature gradients small. 

where 

For isentropic flow, 

-k k 
p = P1p1 p 

k = ratio of the specific heats of the fluid 

p
1 

= reservoir pressure 

P 1 = reservoir density 

p = pressure at any other point 

p = density at any other point 

differentiating, 

From Euler's equation 

VdV + d p = 0 
p 

(1} 

(2) 

(3) 

1 H. W. Liepmann and A. Roshko, "Elements of Gas Dynamics"-
John Wiley & Sons, Inc., New York, 1957, p. 51. 
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where V = velocity of the fluid. Substituting and integrating, 

v2 k P1 k-1 
y + K-T ~ P = constant 

P1 
(4) 

or 

VZ P1 1 k 
--z-- + k-1."" p 1 

(5) 

Combining with the perfect gas law, 

p = pRT, (6) 

vz vz 
1 + k 2 + k -z--- k:r RT1 = -z-:- · . K-1 RT2 (7} 

For adiabatic flow from a reservoir where conditions· are given by 

p
1

, P 
1

, T 
1

, at any other section 

vz 
-z- = kR (T - T} 

k-1 1 
. 2 

In terms of local Mach No., VI c, where c = kR T, 

y2 ZkR(T l - T) 2 = CZ = (k-1) kRT 

or 

(8} 

(9) 

But combining the isentropic flow equation with the perfect gas law 

yields 

k-1/k 
p 

= ,_1} 
p 

k-1 
p 

=(-1.) 
p 

(1 O} 
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Therefore, for isentropic flow, 

{11) 

Flow conditions are termed critical at the throat section of 

an orifice when the velocity there is sonic. Marking sonic conditions 

with an asterisk, 

* { _2_)k/k- l = 0 52 8 
k+l • ; k = 1. 40 for oxygen {12) _p_ = 

and for subsonic flow 

Porifice 
2:: { _2_ )k/k-1 = 

k+l . o. 528 {13) 

Combining {l ), (6), (8), the mass rate of flow, rh, is obtained for 

subsonic flow 

rh = pVA 

It is actually easier to develop a relation other than (14) for 

the mass flow rate because pressure differences are more easily 

measured than pressure ratios. 

Writing Bernoulli's equation for incompressible flow between 

an upstream section and the downstream vena contracta without inserting 

head loss or elevation terms, 

(15) 

where the pressures at the upstream section and the vena contracta 

are actual pressures and the velocities, without a loss term, are 

theoretical velocities.. The actual velocity is obtained by multiplying 
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by C , a velocity coefficient. By continuity, 
. v 

qr 

v2 
1 

-zg 
v2 

2 
= -zg· 

Subst ituting in (15) and solving at the vena contracta, 

v2 = 
· actual 

Since the contraction coefficient 

(16) 

(1 7) 

Cc = A 2 I A 0 , where A 0 is the orifice area, (18 ) 

Q = C C A 0 v c 
1 - C 

2 
(D /D }4 

c 0 1 

For compre ssible flow an expansion factor, Y, is inserted, 

which is a function of k, Pz Ip 1 and A 2 IA1 : 

Q · =· C A Y {2L;:p 
actual . · 0 t/ ~ 

or 

( Q 
2 2 
) = 0. 81 5 pl ( C ~ d z } Ap = 

where d 0 = orifice diameter. 

2 
rrd

0 
CY 

0 

(20) 

(21) 
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APPENDIX II 

CALCULATIONS FOR CURVES OF MAGNET EXCURSION ANGLE, 

a-b, VERSUS TILTED RING ROTATION ANGLE, '{ , FOR 

VARIOUS FIXED ANGLES OF TILT, er • 

The following data is taken to satisfy the equation 

. 0 
where b = 90 - er • 

cos '{ = cot a tan b 

Figure 9 shows the resulting plot of maximu.in magnet 

excursion angle, (a-b} , versus tilted ring rotation angle, '{ for 

varied fixed angles of tilt from the horizontal equatorial plane, er • 
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er = 15° 
Angle of t ilt < tari b = 3. 73205 

l b - 75° 

0 cot a 0 
(a-b) 0 a cos 'I 'I 

75 0.26795 1.00000 o.o 0 

75.1 0.26608 0.99302 6.983 o. 1 

75.2 0.26421 0.98604 9.950 0.2 

75.5 0.25862 0.96891 15.833 o. 5 

76 0.24933 0.93051 21. 483 1 

77 0.23087 0.86161 30.500 2 

78 0.21256 0.79333 37.500 3 

79 0.19438 o. 72 543 43.483 4 

80 0.17633 0.65807 48.850 5 

81 0.15838 0.59108 53.766 6 

82 0.14054 0.52450 58.366 7 

83 0.12278 0.45822 62. ,716 8 

84 0.10510 0. 39223 66.900 9 

85 0.08749 0.32651 70.950 10 

86 0.06993 0.26098 74.883 11 

87 o. 05241 0.19559 78.716 12 

88 0.03492 0.13032 82.516 13 

89 0.01746 0.06516 86.266 14 

90 o.o o.o 90.0 15 
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Angle of tilt { 
CT = 30° 

tan b = 1 • 7 3 2 0 5 
b = 60° 

0 'l o 0 
a cot a cos" (a-b) 

60 0.57735 1.00000 o.o 0 

60 . 1 0. 57 503 0.99598 5 . 416 0.1 

6 0 .2 0. 5 72 71 0.99196 6 . 800 0 . 2 

6 0. 5 0.56577 0.98994 11 . 666 0 . 5 

61 0 . 55431 0.96009 16 •. 2 50 1 

62 0. 53171 0.92094 22.933 2 

63 0.50953 0.88253 28 .• 050 3 

64 0 . 48773 0 . 84477 32.350 4 

6 5 0 . 4663 1 0 . 80 767 36.133 5 

66 0 . 44523 0 . 77 116 39.550 6 

67 o. 42447 0 . 73520 42 . 666 7 

68 0 . 40403 0 . 69980 45 . 583 8 

69 0 . 38386 0 . 66486 48.333 9 

70 0.36397 o.63041 50 . 916 10 

7 5 0 .26795 0 . 46410 62 . 350 15 

8 0 0.17633 0 . 30541 72.2 16 20 

85 0 .08749 0 . 15153 81. 283 25 

90 o. o o.o 90. 0 3 0 



-55-

0 
{ <T ~ 4 5 

Angl e of tilt tan b :: ·1 . 00000 
b = 45° 

0 0 0 a cot a cos 'I 'I (a-b) 

45 1.00000 1 . 00000 o. 0 0 

45. 1 0 . 99652 0.99652 4.783 o. 1 

45.2 0.99362 0 . 99362 6.470 0 . 2 

45.5 0.98270 0.98270 10.675 0 . 5 

46 0.96569 0 . 96569 15.055 1 

47 o. 93252 o. 93252 21. zoo 2 

48 0.90040 0. 90040 25.790 3 

49 0.86929 0.86929 29 • . 625 4 

50 0 . 83910 0.83910 32.95 5 5 

51 0 . 80978 0.80978 35 . 943 6 

52 0. 78129 0 . 78129 38. 618 7 

53 0.75355 0.75355 41. 100 8 

54 0 . 72654 0 . 72654 43.403 9 

55 0.70021 0.70021 45. 559 10 

60 0. 57735 0.57735 54 .733 15 

70 0.3 6397 0.36397 68.656 25 

80 0. 17633 0.1 7633 79 . 8 50 35 

90 o.o o.o 9 0 . 0 4 5 
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0 

{ ~ = 60 
Angle of tilt ' · tan b = O. 57735 

b = 30° 

0 cot a 
0 0 

a cos 'I 'I (a-b) 

30 1.73205 0.99999 o. 0 0 

30.1 1. 72512 0 . 99599 5.133 o. 1 

30.2 1.71824 0.99200 7.250 0.2 

30.5 1.69776 0.98017 11. 4 33 o. 5 

3 1 1. 66428 0.96087 16.083 1 

32 1. 60033 0.92393 22.483 2 

33 1.53986 0.88903 2 7 •. 416 3 

34 1. 48256 0.85595 31. 133 4 

35 1. 42815 o. 82454 34. 466 5 

36 1. 3763 8 0.79465 37.366 6 

37 1. 32 704 0.76616 40.000 7 

38 1. 2 7994 0.73897 42. 583 8 

39 1. 23490 0.71296 44.516 9 

40 1.19175 0. 68805 46. 516 10 

45 1.00000 0.57735 54.733 15 

50 0,83910 0. 48445 61. 022 20 

55 0.70021 0.40427 66 . 1 50 25 

60 0.57735 0.33333 70. 516 3 0 

6 5 0.46631 0.26922 . 74. 383 35 

70 0~36397 0 . 21014 77.866 40 

80 0.17633 0.10180 84.155 50 

90 o.o o. 0 90.0 60 
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Angle of tilt 

0 

{ 

(J" = 70 

b = 20° 
, tan b = O. 36397 

0 0 0 a cot a cos 'I 'I (a-b} 

20 2.74748 1.00000 o.o 0 

20.1 2.73267 0.99458 5.966 o. 1 

20.2 2 .. 71 799 0.98923 8.416 0.2 

20.5 2.67464 0.97347 13.233 o. 5 

21 2.60509 0.94817 18 • .?33 1 

22 2.47509 0.90085 25.716 2 

23 2.35585 0.85745 30.966 3 

24 2.24604 0.81749 35.166 4 

25 2.14451 0.78053 38.683 5 

26 2.05030 0.74624 41. 733 6 

27 1.96261 0.71433 44.416 7 

28 1. 88073 0.684 52 46.800 8 

29 1. 80405 0.65662 48.950 9 

30 1.73205 0.63041 50.916 10 

35 1. 42815 0.51980 58.683 15 

40 1.19175 0.43376 64. 3 00 20 

4 5 1.00000 0.36397 68.666 25 

50 0.83910 0.30541 72.216 30 

55 o. 70020 . 0.2548 5 75.233 35 

60 0.57735 0.20285 78.300 40 

65 0.46631 0.16972 80.216 45 

70 0 . 36397 0.13247 82.383 50 

80 0.17633 0.06418 86 .342 6 0 

90 o.o o. 0 90.0 70 
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0 
{ ~ = 75 

Angle of tilt 
b = 15° 

tan b = O. 26795 

0 '( 0 0 a cot a cos'( (a-b) 

15 3.73205 1.00000 o. 0 0 

15 . 1 3.7062 0.99308 6.75 o. 1 

15.2 3.6806 0.98622 9.516 0.2 

15. 5 3.6059 0.96620 14.933 0.5 

16 3.48741 0.93445 20.866 1 

17 3.27085 0.87642 28.466 2 

18 3.07768 0.82 466 34.566 3 

19 2.90421 0.77818 38. ·916 4 

20 2.74748 0.73618 42.600 5 

21 2.60509 0.69803 45.733 6 

22 2.47509 o.66320 48.450 7 

23 2.35585 o.63125 50.833 8 ' 

24 2.2 4 604 0.60182 52. 896 9 

25 2. 14451 0.57462 54.933 10 

30 1. 73205 0.46410 62.350 15 

40 1.19175 0.31932 71. 350 25 

50 0.83910 0.22483 77.000 35 

60 0.57735 0.14934 81 . 400 45 

70 0.36397 0.09 753 84.400 55 

80 0.17633 0.04725 87.291 65 

90 o.o o.o 90.0 75 



Angle of tilt 

0 
cot a a 

10 5.67128 

1o.1 5.61407 

10.2 5. 56713 

10.5 5. 39551 

11 5.14455 

12 4.70463 

13 4.33148 

14 4.01078 

15 3.73205 

16 3 .48741 

17 3.27085 

18 3.07768 

19 2.90421 

20 2.74748 

25 2.14451 

30 1. 73205 

35 1. 42815 

4 0 1.19175 

45 1.00000 

50 0 .83910 

60 0.57735 

70 0.36397 

80 0.17633 

90 o. 0 
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0 j 0- = 80 

l b = l o0 

cos 'I 

1.00000 

0.98992 

0.98165 

0.95139 

0.90713 

0.82956 

0.781 4 0 

0.70722 

0.65807 

0.61493 

0.57674 

0.54268 

0.51209 

0.48446 

0.37814 

0.30541 

o. 251 82 

0.21014 

0.1763 3 

0.14795 

0.10180 

0.0641 7 

0.03109 

o. o 

tan b = O. 1 7633 

'I 
0 

(a-b) 0 

o. 0 0 

8.140 o. 1 

10.994 0.2 

17.933 o. 5 

24.883 1 

33.950 2 

39;600 3 

45.008 4 

48.850 5 

52.050 6 

54.783 7 

57.133 8 

59.200 9 

61.033 10 

67.783 15 

72.216 20 

75.416 25 

77.866 30 

79.850 35 

81.483 40 

84.150 50 

86.316 60 

88.216 70 

90.0 80 
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{:: 85° 
Angle of t i lt 

50 
tan b = O. 08749 

0 'lo 0 
a cot a cos" (a-b) 

5 11.43010 1.00000 o.o 0 

5. 1 11.205 0.98033 11. 383 o. 1 

5.2 10.988 0.96134 15.983 0.2 

5.5 10.385 0.908 58 24.689 o. 5 

6 9.51436 0.83241 33 .650 1 

7 8.14435 0.71254 44.550 2 

8 7.11537 o. 622 52 51.500 3 

9 6.31375 0.55238 56.466 4 

10 5.67128 0.49618 60.253 5 

11 5.14455 0.45009 63. 2 51 6 

12 4.70463 o. 41160 65.683 7 

13 4.33148 0.37896 67.733 8 

14 4.01078 0.35090 69.450 9 

15 3.73205 o. 32651 70.933 10 

20 2.74748 0.24037 76.100 15 

25 2.14451 0.18762 79.183 20 

30 1.73205 0.15153 81. 283 25 

35 1. 42815 0.12494 82 . 816 30 

40 1.19175 0.10426 84.016 35 

45 1.00000 0.08749 84.983 40 

50 0.83910 0.07341 85.783 45 

60 0.57735 0.05051 87.100 55 

70 0.36397 0.03184 88.166 65 

80 0.17633 0.01542 89.116 75 

90 o. 0 o.o 90.0 85 
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APPENDIX . IV 

MANUFACTURING D R AWINGS 
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