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ANALYSIS AND DESIGN OF A SMALL
GAS SAMPLING PUMP

INTRODUCTION

Problem Statement

Current air exhaust analysis procedures have created a need

for a small pump for use as the prime mover in the analysis equip-

ment. The pump must draw samples of hot, corrosive stack-gas and

push them through the analysis equipment. The pump and related

equipment are portable and are used by individuals engaged in emiss-

ions testing.

For an application of this typ , several prerequisites have

been established. The pump must be capable of withstanding both the

corrosive and the abrasive nature of the sample as well as tempera-

tures up to 500 F. There are restrictions placed on the pump by

the flow requirements of the analysis equipment. Furthermore, in

getting the sample out of and away from the stack, a partial vacuum

is created at the pump inlet. Diaphram pumps are being used but

the valves and diaphram fail due to the nature of the gas sample.

The composition of the stack-gas is known to vary widely among

different industries. Corrosive elements can be expected in most

effluents. Particulate matter is commonly encountered as is moist-

ure in significant levels. Temperature becomes important when it

exceeds the operating capability of the construction materials.
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In an attempt to satisfy this need, it was proposed that the

feasibility of a vane-type pump be determined. The pump must be

chemically inert, leak-proof, and unlubricated. If such a pump is

feasible, a design should be made for a prototype model.

Definition of Requirements

The general requirements imposed by the pump's application

broaden when stated in terms of operational requirements. The design

proposal included the following specifications.

A. Wetted components must be chemically inert. This require-

ment demands materials such as Teflon, Kel-F, glass, or

titanium.

B. The pump must be valveless. For this requirement, a

sliding-vane type pump shall be stipulated.

C. Pump capacity must be at least 4000 ml/min (72 F, 1 atm),

8.47 SCFH.

D. Pressure capabilities must permit pressure increase from

15-in. Hg. vacuum on inlet to a minimum of 25.5 psig

pressure at the outlet at the above flow rate.

E. Pressure pulsations must be minimized.

F. No reactive lubricants can be used in wetted area.

G. Inlet gas temperatures will range from 40 F to 212 F.

Because of the requirements for chemical inertness and absolutely

no leaks, the following tentative pump design features were proposed.

(23)
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A. The wetted portion of the pump will be constructed of

Teflon, Kel-F, glass and/or titanium. Bearings will be

lubricated by moisture in the gas stream which will norm-

ally be 30 percent by volume.

B. Wetted portion will be completely enclosed and will include

an inert rotor in which have been embedded a number of

permanent magnets whose currie points are above 212 F.

C. The pump rotor will be driven, via magnetic coupling, by

permanent magnet outer concentric rotor which contains

magnets that couple with each magnet in the'internal rotor.

These requirements and specifications are merely a starting

point. Further specifications and requirements, such as size require-

ments, will be presented as developed.



PROCEDURE

Problem Background
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The design proposal calls for a small, chemically inert, leak-

proof pump capable of delivering a pulse-free flow of high tempera-

ture stack gas from a 15-inch Hg vacuum at inlet to 25.5 psig at

outlet. No reactive lubricants can be allowed in the pump. A vane-

in-rotor type pump was proposed because there are no valves which

could be fouled by particles in the gas stream. The gas sample must

be pumped with minimal mixing of the gas stream such that analysis

can be conducted on the gas as it originally existed.

The analysis equipment requires a standard flow rate of 4000 ml/

min (72 F, 1 atm) delivered at 25.5 psig pressure with minimized

flow pulsations. To enable the constituents measured to be placed

on a mass of constituent per unit mass of sample, the flow rate must

be accurately determined. For preservation of accuracy, it is essen-

tial that the pump not leak any of the sample. The sampling tech-

nique involved requires that the sample be taken such that the gas

velocity be adequate to keep the particulate matter entrained. A

vacuum as high as 15-inch Hg, may be required at the pump inlet to

maintain adequate gas stream velocity. It is desirable that the

pump be produced economically and be servicable for a period of at

least four months.

A chemically inert material is required on all wetted surfaces

in the pump to prevent contamination of the sample and to extend the
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pump life in the presence of highly corrosive stack gas. The pro-

posed materials, Teflon, Kel-F, glass, and titanium, as well as

many other available materials were considered for servicability in

the application. Appendices A and B discuss the servicability of the

materials.

The determination of feasibility includes use of available

literature on current technology and material properties as well as

preliminary calculations and designs. The pump can be divided into

its major components for individual study. During preliminary studies

the most difficult problems can be identified and separated from the

easily solved portions of the design work. The recognized problem

areas can then be individually investigated to determine whether they

can be solved.

The pump, as shown in Figure 1, can easily be separated into

the components; motor, coupling, and compressor. Although these

divisions can be maintained for analysis purposes, they are all

compared to the same basic requirements and special attention is

given to the areas in which the components overlap. Prior to any

in-depth study of individual aspects of the proposed pump, a prelim-

inary investigation of the general concept of the proposal was made.

None of the major components are new. Vane-type pumps have

been in use many years as air compressors and vacuum pumps. The

existing technology on electric motors is sufficient for this appli-

cation. Even the relatively uncommon magnetic coupling is available

on the market in small pumps for liquids. The materials being pro-
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posed are not new or unknown. They all have many desirable qualities

and appear to be serious contenders for selection. All-plastic

pumps are currently available as are pumps for corrosive liquids,

pumps which run without lubrication, and pumps that are leakproof.

There do not appear to be any severe departures from convention in

the proposed pump.

Problem Area Identification

Although all difficulties cannot be foreseen, many become

rapidly apparent. Special effort can be given to location of infor-

mation related to recognized problems.

For the electric motor selection the problems are primarily

deciding size and type to fit the pump's requirements. Even though

this pump will require only a fraction of a horsepower, there are

several basic types available. Insulation grade and motor speed

must be chosen. The insulation requirements depend upon the opera-

ting temperature of the motor. The motor speed must be determined

in conjunction with the limitations of other components of the pump.

The magnetic coupling raises several questions. What is the

effect of temperature on the magnets? Can the magnets be protected

from the corrosive elements? Can the magnets be effectively sealed?

Are couplings available off the shelf or must one be designed? And

of most concern, can the magnetic coupling transfer sufficient

torque to drive the vane pump?

The vane-type pump is the primary difficulty. It is unknown
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whether a sliding-vane pump can be made which will deliver the

desired flow. Furthermore, it is unknown whether a vane pump can

run without lubrication using the proposed chemically inert mater-

ials.

It must be determined whether the proposed materials will be

suitable. The operating temperatures and corrosiveness of stack gas

are known detriments to many materials. The stipulation that reac-

tive lubricants cannot be used places a greater importance on coeffi-

cient of friction and wearing properties. In some cases, the base

cost of materials may be prohibitive. The choice of materials for

this pump is as critical as any other aspect.



FEASIBILITY STUDY

Component Performance
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Adequate information is available to indicate that the power

components are either obtainable off the shelf or can be custom

designed to the desired specifications. An induction motor with

permanent split phase windings should provide satisfactory torque.

This motor could be built with either four, six, or eight poles and

be within the realm of practicality for the turning speed of the

pump (see Table 1 for operating speeds). A two pole motor would

turn at 3600 RPM which is too fast for the pump. A motor having

more than eight poles would turn too slowly. The electrical insula-

tion required is of the highest temperature rating. And the power

output must be commensurate with the pump and coupling requirements.

The magnetic coupling questions were readily answered by a

single source, reference 16. Custom designed couplings are available.

With the aid of Gaster (16), size requirements of a magnetic coupling

were determined. (Appendix E) No question of torque transfer capa-

bility remains. Also, couplings are availabe with ceramic magnets

which are capable of operation under the expected temperature condi-

tions. For corrosion resistance and leakproof sealing, the coupling

can be coated and enclosed in a shield of the same inert material as

the pump.

The vane-type pump appears feasible from both a leakproof and

corrosion resistance standpoint. However, conventional vane-pumps



Table 1. Pump Displacements

Induction Motor
(60 cyc. a.c.) Pump Volume Requirements in Milliliters

# Poles RPM Per Cycle Per Vane

4 vanes 5 vanes 6 vanes 8 vanes

synchr. 4% slip intake discharge , int dschg. int. dschg. int. dschg. int. dsch.go

4 1800 1730

6 1200 1150

8 900 864

7 1.457

10.5 2.191

14 2.917

1.75 0.380

2.62 0.548

3.5 0.729

1.4 0.291

2.1 0.438

2.8 0.583

1.167 0.243

1.75 0.365

2.335 0.486

0.875 0.182

1.312 0.274

1.75 0.365
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are not capable of producing the required pressure differential.

Sliding vane pumps possess two inherent limitations. Compress-

ion ratio, a direct function of the ratio of the diameter of the

pump stator to the diameter of the pump rotor, is severely limited.

The problem can be seen in Figure 2. And pumping efficiency is

hampered by the lack of any natural pressure against the sides of the

vanes to effect a seal.

The compression ratio required to increase the pressure from

15-inch Hg vacuum to 25.5 psig exceeds the design capabilities of a

conventional vane-type pump. Vane pumps are known to be capable of

pulling a vacuum of at least 29-inch Hg or of pumping to 50 psig from

atmospheric. Apparently, however, no vane pump is available which

can pump from the vacuum to the elevated discharge pressure. Pulling

a vacuum is primarily a function of sealing unless a flow rate is

specified. The problem with the proposed design lies not so much in

sealing as in achieving an adequate compression ratio with a vane-

type pump. Adiabatic compression would require the lower compression

ratio and isothermal the greater. Actual conditions lie somewhere

between, although probably closer to adiabatic. For compression

from atmospheric to 50 psig, an inlet to outlet volume ratio of 2.89

is required. For the proposed pressure rise a ratio of 3.71 (at 100

percent efficiency) is required. This is a substantial increase.

At a more realistic efficiency of 75 per cent, the required compress-

ion ratio is 4.8. Two stages may be required if the proposed design

fails to achieve the required compression ratio.



Figure 2. Schematic of a Simple Vanes-in-Rotor Pump
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The wide variation in flow rate induced at the inlet by differ-

ent inlet pressures and temperatures may have to be accommodated by

a regulator external to the pump. The varying inlet conditions do

cause some difficulties in the pump design. Actually, the condi-

tions require a variable displacement pump. A second stage could

be used whenever it is necessary to pull against a vacuum. Or, a

15-inch Hg vacuum can be regulated into the flow upstream of the

pump, so that the pump will always see the same inlet conditions.

Material Properties

From a materials standpoint, the proposed pump is a very

demanding application. The demands are such that the weaker charac-

teristics of materials often become critical shortcomings. It is

important that when a material is considered for this severe pump

duty that the characteristics of the material be fully understood.

In searching the literature, emphasis was placed upon compil-

ing the most up-to-date, pertinent information available. The prim-

ary sources were periodicals, while reference and other books were

used as background material. The periodicals were searched for

corrosion data and for material properties. A fairly wide range of

periodicals included these topics. Some articles were closely

related to this problem, but none were concerned with an identical

application.

A detailed examination of the pump design revealed requirements

for certain characteristics in the construction materials. These
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requirements determine which materials might be considered suitable.

The pump proposal specifies that all surfaces in contact with

the pumped fluid must be as corrosion resistant as possible. Other

important characteristics are ability to be cast and machined to a

16-micrometer surface, wear resistance, low coefficient of expansion,

availability, strength, hardness, adequate temperature (500 F)

capability and reasonable cost.

One question was whether fluorocarbons could be effectively

used as part of the wetted surface inside the pump. Appendix A is a

thorough investigation of fluorocarbons. If there are any metals

capable of supplying all the desired characteristics, their identi-

fication is the object of Appendix B.

The factors which limit the choice of polymers are identified

as follows: operating temperature may exceed 450 F; the gas will be

corrosive, wet and abrasive; rigidity is required as well as suffi-

cient strength to withstand the operating pressures; no lubricant

can be used except the moisture in the gas; friction is encountered

between all moving parts; wear will occur on rubbing surfaces;

material under stress may creep; fatigue failure is possible in

parts which flex; and thermal expansion may change the shape or size

of critical parts.

Among those limiting factors which will prove to be critical

the first and most obvious is the temperature range within which the

material must operate. Not only are temperatures of about 250 F

known to exist at the stack but also the gas, as it is compressed by
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the pump, increases in temperature at the rate of 200 F per atmos-

phere of pressure elevation. Thus, peak temperatures in the 500 F

range will occur in the pump. If the material is rendered unservic-

able at less than 500 F, the material cannot be used.

Also of great importance, is the quality of corrosion resis-

tance or chemical inertness. The stack-gas can be extremely corro-

sive and a wide variety of stack gases are expected to be sampled.

Thus, it becomes apparent that the pump must be capable of with-

standing an equally wide range of corrodents. Any corrosive gas

which might be encountered must be expected and planned for. A list

of the more readily perceivable environments include acids such as

acetic, boric, chromic, formic, hydrochloric, nitric, phosphoric,

sulfuric; bases and salts such as ammonium hydroxide, calcium

chloride, copper sulfate, ferric chloride, potassium hydroxide,

sodium carbonate, sodium chloride, sodium hydroxide, zinc chloride;

and chemical including ammonia, bromine, freon, hydrocarbons, hydro-

gen sulfide, sodium hypochlorite, sulfur dioxide, and particulate

matter from a diverse range of effluents.

The lubrication limitation is critical. No water soluble

lubricants may be used. It is desired that the moisture in the gas

act as a lubricant if one is required. Water is not normally consid-

ered a suitable lubricant.

Through the investigation of the design requirements of the

stack-gas sampling pump and the physical and chemical properties of

polytetrafluoroethylene in all of its varied forms, it can be con-
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cluded that PTFE can be varied adequately to ensure a suitable

material for this application. A broad range of information is

presented in Appendix A concerning fluorocarbons. The information

is supported with tables and graphs, and is well documented.

Appendix B contains information on a wide selection of metals

used in anti-corrosion applications. The information is applicable

to the selection of a metal or alloy for use in a vane-type stack

gas sampling pump.

In order to broaden the area of search and to avoid overlook-

ing an important possibility, the general categories where corrosion

resistant metals or alloys exist were identified. These categories

were systematically checked for information to substantiate either

the dismissal or acceptance of each selection. Most metals are

shown to be sufficiently lacking in corrosion resistance and are

therefore unsuitable.

A few metals and alloys exhibit an impressive resistance to

corrosion. Among the existing alloys and metals some are considered

natural metal-corrosive combinations and represent the maximum

amount of corrosion resistance and least cost. The following list

illustrates this point:

1. Stainless steels-nitric acid

2. Nickel and nickel alloys-caustic

3. Monel-hydrofluoric acid

4. Hastelloys (Chlorimets)-hot hydrochloric acid

5. Lead-dilute sulfuric acid
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6. Aluminum-nonstaining atmospheric exposure

7. Tin-distilled water

8. Titanium-hot strong oxidizing solutions

9. Tantalum-ultimate resistance

10. Steel-concentrated sulfuric acid

(15, p. 195)

There are, however, so many types of corrosion and so many corrodents

that no metal is highly resistant to them all. It is fortunate that

some types of corrosion are mutually exclusive for a given applica-

tion. This fact renders an impossible situation just barely possible,

i.e., finding a suitable metal for a pump casing which is sufficient-

ly resistant to all corrodents found in stack gases. The primary

contenders are nickel and its alloys, copper and copper alloys,

stainless steels, high silicon steel titantium and zirconium.

Many corrosion resistant metals and alloys were considered in

the search for an ideal stack gas pump casing. An ideal metal does

not exist. There are, however, several metals which should suffice

in this application. Two alloys could be recommended, titantium and

high silicon iron. Both metals are difficult to work with and this

fact will nullify the effect of base metal cost differences. That

high silicon iron is brittle probably will not matter from a mechan-

ical standpoint, but its susceptibility to thermal shock could cause

difficulties. In addition, its lack of resistance to sulfurous acid

is of significance. Titanium is the preferred metal. It can be cast

and machined. High silicon iron might be successfully used in
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components which can be cast.

Preliminary Design Work

Preliminary designs have been made for all components of the

pump drive system. Figure 1 is a conceptual view of an assembled

pump. The power will be provided by a fractional-horsepower single-

phase induction motor. The motor will operate on 110 volt, 60

cycles/second, alternating current. It will have a four-pole

stator and permanent capacitor split-phase windings. The four-pole

stator reduces the angular velocity of the motor to one half the

cyclical speed of the alternating current. The split-phase windings

will provide greater torque and positive directional control. (7)

The insulation, class H, is for duty up to 180C. The rotor in the

electric motor will be the squirrel cage type with aluminum windings

cast in the iron core. No insulation is required on the rotor wind-

ings. (4) The motor is attached to the outer magnet of a four-pole,

radial gap, synchronous magnetic coupling. The inner magnet is

attached to the pump rotor. The magnets are concentric cylinders

with a one-eight inch gap between. (16) In the center of the gap is

a thin Teflon cylinder which remains a stationary part of the pump

case and completes the leakproof pump casing. (See Figure 1) The

pump portion of the system consists of a cylindrical rotor, a

movable sideplate and a three-piece case. The rotor is supported

and sealed about its circumference at both ends by Teflon bearings.
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Preliminary pump models
1

(Figure 3) demonstrated that sealing the

periphery is more effective than the rotor end. The bearings are

housed in the pump case. One bearing and sideplate must be capable

of moving slightly along the rotor cylinder in order to provide

pressure against the sides of the vanes. The vanes are attached to

the rotor and must slide into the body of the rotor and provide a

continuously decreasing volume as they rotate from the intake port

to the outlet port. The sides of the pump cavity seal the sides of

the vanes and the stator seals the ends of the vanes. The gas is

drawn into the space between two consecutive vanes and trapped there

as it is simultaneously compressed and moved around the inside of

the stator to the outlet port. (See Figure 2)

The methods for providing pressure against the sides of the

vanes fall into three basic categories. Pressure from the high

pressure side of the pump can be allowed to act against the external

side of the movable side wall. Similarly, springs can provide the

force against that side wall, pressing it against the vanes and in

turn the vanes would transfer the pressure to the opposite side wall.

Or a third and significantly different method would be to make the

vanes in such a way that they can expand to provide the seal. The

first two methods are employed in existing vane pumps and one or a

1
The vanes in the models are a type of folding vane, rather

than vane-in-rotor. The reason they appear in the preliminary
models is that folding vanes were simpler to construct, plus at the
time folding vanes were being considered as an alternative design.
This design was not used. It represented too great a departure
from convention.



Figure 3. Preliminary Pump Test Models
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combination of both will probably be the most workable method for

the proposed design.

The size of the internal components were calculated to satisfy

the flow rate requirements. (See Appendix C) The dimensions are

determined by the internal requirements.

The estimated size of the pump rotor is a 3.6 centimeter

diameter. The thickness, if the rotor is viewed as a disc, is 0.50

centimeters. Any variation of rotor thickness changes only the

pump flow rate, not the pressure. Since the number of vanes in a

rotor can vary, flow rates were calculated using motors with four,

six, and eight poles in combination with four, five, six and eight

vanes. These flow rates are listed in Table 1.

Calculations of magnetic coupling dimensions were made for

couplings capable of delivering a minimum torque of one and two inch-

pounds. (See Appendix E) Coupling dimensions for one inch pound of

torque are 2.642 inches outside diameter and one inch axial length.

For two inch-pounds of torque a diameter of three inches is required

and one inch axial length.

Feasibility Summary

From a corrosion standpoint Teflon, Kel-F, glass and Titanium

are satisfactory. Regarding the moisture for lubrication, it should

be noted that water will not lubricate the titanium. In fact, water

is avoided in conventional vane pumps and nonsoluble lubricant must

be used or extreme wear results. (39) The TFE and KEL-F require no
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lubricant. Additionally, the Teflon will satisfy the need for a

lubricant if it is used against glass or titanium.

When the inlet temperature reaches 212 F the maximum outlet

temperature can exceed 450 F. Teflon is good to 500 F in contin-

uous use (26); motor windings can withstand temperatures equally

high (4); and magnets are available for service in such high temp-

erature environments. However, the KEL-F is capable of withstanding

temperatures up to only 400 F and is therefore not suitable. (6)

Glass is available in forms capable of operating at elevated temper-

atures as well as absorbing thermal shocks. However, its use is

limited by its relatively low tensile strength.

The rotor can be made inert and in different forms. A rotor

with vanes sliding into the rotor will be quite complicated to

construct, especially from inert materials but it can be done.

Although Teflon has the potential for fatigue failure, proper design

should avoid the problem. (26)

The magnetic coupling can be accomplished in several ways;

metal magnets cast in TFE, ceramic magnets, or a squirrel cage rotor

of aluminum cast in iron coasted with Teflon.
2

The latter seems

most desirable. In no case is the currie point of the magnet in

danger of being exceeded. Complete enclosure is feasible and is in

2
As a refinement it could be determined or shown that the

magnetic coupling consisting of two concentric rotors can be elimin-
ated and that the rotor of the electric motor can easily be encased
in an inert, non-magnetic shell and still be driven by the stator.
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use in recent pump designs. To seal the concentric rotors from each

other with a thin shield of non-magnetic, inert material, it is

necessary to attach the shield to the pump case in order to effect

the complete seal. This seal is shown in Figure 1. Both rotors

will rotate in close proximity to the shield one inside and one

outside. This requires two air gaps plus the shield. Alternative

designs can reduce the requirement to one air gap and no shield. A

thin film of TFE on the inside and outside of the concentric coupling

surfaces would suffice.
3

The distance which the surfaces of the

magnets are separated is important as it influences the amount of

torque which can be transmitted through the coupling.

Both Teflon and titanium are available in a variety of shapes

and sizes. Both cost approximately three dollars per pound. (10)

However, since the density of titanium is about twice that of Teflon,

the cost of the Teflon is half as much per cubic foot. Since the

prototype shape must be machined, Teflon should be used because of

its machinability. In considering casting to form prototype parts,

titanium is capable of being cast locally and the TFE is not. If

titanium were used, machining would be required to obtain a surface

with imperfections of about 12 micrometers (microns) for minimum

friction and Teflon wear. Because of the need to machine titanium

for a production model, a cast Teflon insert is recommended with a

die-cast aluminum housing. The pump case can be cast with fins on

3lbid.
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the outside for cooling. The inside surface of cast Teflon should

be smooth enough for use without machining. In order to avoid

tensile and compressive creep in the Teflon a creep-resistant PTFE

such as Halon G-700 is recommended. The TFE can be cast in produc-

tion but due to the degree of difficulty and the equipment required

it is not possible in prototype construction.

It is intended that the design of the prototype shall consist

primarily of design of the pump mechanism. Nothing new has been

added in the driving portion of the pump, hence no prototype work on

the magnetic coupling would be beneficial until the pump portion is

proven. In concentrating on the pumping mechanism, attention should

be focused on the shape of the inner surface of the stator, the

construction of the rotor, and the method by which side pressure

shall be applied to the sides of the vanes for sealing.

A significantly improved stator shape is ready to be incorpor-

ated in the prototype design. This stator is theoretically capable

of producing an adequate compression ratio. As for sealing the

sides of the vanes, various methods exist for imposing pressure upon

the vane sides. The most workable method will be incorporated in

the prototype design.
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The prototype design is limited to the pumping mechanism. The

driving portions of the pump (the 110-volt, four-pole, induction motor

and four-pole radial magnetic coupling) were sufficiently described

in the preliminary design. The pump prototype is constructed of a

pure PTFE (polytetrafluoroethylene) casing and titanium vanes. All

wetted surfaces are chemically inert to stack gases and are capable

of operating continuously in temperatures up to 500 F. The flow

characteristics are a pump capacity designed to be 4000 ml/min (72

F, 1 atm) with inlet pressure of 15-inch Hg vacuum and outlet pressure

of 25.5 psig. The designed speed of rotation is 1730 RPM. Pump

dimensions were calculated (Appendix D) to produce the required flow

at 75 per cent pumping efficiency. The rotor diameter is 3.6 cm.

Vane width is 0.5 cm and length 1.6 cm. The amount of vane which

extends from the rotor is 1.0 cm during intake and 0.25 cm during

discharge. The compression ratio is 4.8:1. Figure 4 demonstrates

the effect of vane length and rotor radius on the pump capacity.

In the prototype casing there are three Teflon plates

sideplate, stator and endplate - held together at the corners by

machine screws (Figure 5). Inside the casing are the rotor with

four vanes and the movable sideplate. The inlet port is machined

into the stator plate and the outlet port is in the sideplate.

Calculations are shown in Appendices C, D, E, F, and G.
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Figure 4. Pump Capacity Versus Vane Length and Rotor
Radius
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Shaft to Power

Teflon Plates: 3 x 3 x 3/8 inches
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Pump Rotor

The rotor of the pump is 3.6 cm in diameter and contains four

vanes, each 1.6 cm long, 0.5 cm wide and 0.1 cm thick. The vanes

are extended by centrifugal force, however, to aid in the extension,

a supplemental force could be provided by a spring acting at the base

of the vane, or by gas pressure from the high pressure side of the

vane. Both methods are commonly used. It is anticipated that

springs will be needed to extend the vanes rapidly. The rotor is

uniform in cross-section throughout its length. It contacts the

bearing surfaces which support the rotor and seal the pump cavity.

In tests performed on preliminary pump models, Figure 3, it was dis-

covered that the rotor can be sealed more effectively around its

periphery than across its end. It is very difficult to effectively

seal between two rotating flat surfaces.

The rotor makes contact with the stator and both side plates

between the outlet and inlet regions to seal the high-pressure

from the low-pressure portion of the pump. The rotor, as shown to

scale in Figure 6, consists of two PTFE disks with slots for the

vanes cut fully into one. The disks are 3/8 inches thick and are

held together by four #6 machine screws. The vanes, also shown

in Figure 6, are made as long as possible (mass is important in

determining centrifugal force). Length is most important for an

equitable balance between the amount of vane extending from the

rotor, when fully extended, and the amount remaining in the rotor

slot. Since the rotor is a relatively low-strength polymer,



Figure 6. Pump Rotor with Vane
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Two disks 0.953 cm thick, 3.6 cm diameter

Vane
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it is desirable that about one-third of the vane length remain with

in the rotor. Since the vane is 16 millimeters long, six millimeters

remain in the rotor when the vane is fully extended.

Pump Casing

The casing of the pump consists of the stator and two side

plates. Each is machined in a three-inches square piece of 0.375 -

inch PTFE (teflon) plate. Each side plate provides a surface to

seal the sides of the vanes and the stator seals the ends of the

vanes. An additional plate is used on one end for a semi-permanent

seal on the casing and to hold the movable side plate which can be

pushed against the vane sides to effect a seal. Figure 4 shows the

external appearance of the pump prototype. Figure 7 shows the plate

which seals one end of the pump and acts as one side plate for the

pump cavity. It also is the bearing surface and seal for one end of

the rotor. The passage for the outlet of the pump is cut into one

side of this plate. Port size calculations are included in Appendix

F. The port does not intrude upon the space reserved for sealing the

high pressure discharge from the low pressure intake. (Figure 10)

The other end of the casing, Figure 8, is a plate used to form a

semi-permanent seal. In production models, this plate would be

removable for access to the interior of the pump and to the magnetic

coupling. Additionally, the thin walled case of Teflon enclosing

the coupling rotor (see Figure 1) would be joined to the pump case

with this plate. In the prototype, however, the piece is machined to
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Figure 7. Pump Side Plate with Rotor Bearing and Seal
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Figure 8. Pump's Sealing End Plate
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allow the movable side plate to be recessed into it. A hole is

located opposite the low-pressure side of the pump to allow a set

screw to act on a spring against the movable side plate. With this

screw, variable pressure can be applied to the sides of the vanes.

Also in the prototype a hole is located on the pump centerline to

allow a shaft to protrude for driving the pump rotor.

Pump Stator

The portion of the pump which contains most of the unique

design features is the stator. Figure 9 is a true-size drawing of

the stator. The stator contacts the ends of the vanes and, while

providing a seal with each vane, it also provides a path for the vanes

to follow. The vanes, after extending fully during the intake

process, are forced back into the rotor slot by the continuously

decreasing radius of the stator. Except for the transition from the

outlet to the inlet section, the stator consists of three circular

arcs. The intake section of the pump is formed by a 60-degree circu-

lar arc which is concentric with the rotor for maximum utilization

of space. The discharge section is also a 60 degree circular arc

concentric with the rotor. The discharge arc radius is determined

by the compression ratio requirement. Its size is not dictated by

the intake arc as is the case with simple vane pumps. After the

intake and discharge arcs are determined they can be joined at points

of tangency by a circular arc which is eccentric to the rotor. The

eccentric arc effects the compression process just as in simple vane



Figure 9. Pump Stator with Intake Port
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pumps. The eccentric arc subtends 180 degrees. The remaining 60

degrees are occupied by the transition area between exhaust and

intake. It is there that the most extreme pressure difference occurs.

Since it occurs within the space between two vanes, the stator must

provide the seal. The stator and both rotor bearings contact the

rotor in a continuous axial line for approximately ten radial degrees

in order to seal the high pressure outlet from the high vacuum inlet.

(Figure 10) Two additional functions are performed in this section.

At the end of the exhaust process the vane must be forced fully into

the rotor. It is desirable that the termination of the exhaust

process occur rapidly, both to conserve space for compression and to

minimize pulsation. To get the vane quickly into the rotor a small

diameter circle is used to accelerate the vane radially inward and

place the vane on a straight path 32 degrees from tangent. This

straight path will intersect the rotor surface after approximately 20

degrees of rotor movement. The vane is then under the seal provided

by the stator and, upon emerging, the vane must be accelerated outward,

radially, until it is fully extended for the intake process. To

allow rapid acceleration, the stator surface changes abruptly to a

straight surface 60 degrees from tangent. For rapid deceleration of

the outward moving vane a small - diameter circular arc is located

between the straight surface and the circular intake surface. The

transition section from the concentric exhaust surface to the concen-

tric intake surface, subtends 60 angular degrees. In simple vane

pumps the transition is approximately 150 degrees. Here, the vane
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begins to compress a charge in front and draw in gas behind almost

immediately upon contacting the stator surface. Side pressure is

supplied to the sides of the vanes as soon as the vane is past the

intake port. Side pressure is not needed in the vicinity of the

ports as communications is allowed past the vane via the port.

The inlet port is located along the straight surface at the

beginning of the intake section. The inlet passage is sized (0.25 -

inch ID) so that the gas velocity is about the same as the vane velo-

city. See Appendix F for calculations. The outlet port is sized

similarly. However, the vane tip is moving more slowly during

exhaust than intake. The lower velocity causes the port size (5/32

inch ID) requirements to be proportionally larger than would be

expected from a comparison of pressures at outlet and inlet.

The stator shape, as described, is only as thick as the vane

width. The remaining 0.1786 inches of the 0.375-inch plate is

machined such that a narrow ledge exists in the transition section.

The sideplate is pressed against the ledge, thus forming a semi-

permanent seal between the stator and the sideplate. No pressure is

applied to the vane sides in the transition section to facilitate

radial movement of the vanes. The ledge prevents the pressure appli-

cation in the transition section but the sideplate is allowed to

pivot on the edge of the ledge so that pressure can be exerted on the

the sides of the vanes throughout the remainder of the cycle. The

vane experiences side pressure as soon as it clears the transition

sections.
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Movable Side-Plate

The last part of the pump to be considered is the movable side-

plate shown in Figure 11. This side-plate fits around the rotor as

a seal and a bearing. Its perimeter fits against the stator well

enoughtto maintain a semi-permanent seal. However, all of the side

plate, except the part which rests on the ledge, is able to move

axially. This allows pressure to be applied to the sides of the vanes.

The side pressure will be produced by a combination of forces. Gas

pressure on the outside of the side plate will be higher (although

it is not known how much higher) than on the inside of the cavity.

The area inside the cavity which is subjected to very low pressures

is much greater than the area under high pressure. A spring, which is

adjustable by means of a set screw through the pump casing, helps

push the side-plate against the vanes in high pressure part of the

pump.



Figure 11. Pump's Movable Side Plate and Rotor Bearing
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Design Discussion

The rationale behind the pump design took shape as follows:

the Teflon surface was desirable not only because it is chemically

inert and capable of withstanding the high temperatures, but also

because of its very low coefficient of friction and ability to oper-

ate without lubrication. Teflon is easily machined or can be cast.

It can be filled with other materials to improve its poor charac-

teristics such as creep and wear. The vanes, however, require

greater strength and stiffness so titanium was selected. Titanium

appears to offer sufficient corrosion resistance for this applica-

tion. Springs, though not actively included in the design, should

be of either type 316 or 18-8 stainless steel. Stainless is not as

corrosion resistant as springs coated with Teflon would be, however,

the coating requires additional space which is not available. The

stainless steel springs are suitable for use in temperatures up to

500 F.

The use of a vane-type pump was stipulated in the original

proposal. However, individual aspects of the design were determined,

as necessary, to satisfy requirements. Since some method of sealing

the sides of the vanes is necessary, the movable sideplate was devel-

oped peculiar to this design. Some type of movement of one or both

sides is almost universally used in vane pumps since no natural force

exists to effect sealing. The significance of this particular design

is in the transition section (discharge to intake) and is twofold.

First, since it is very important to provide an effective seal
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between the high pressure discharge cavity and the high vacuum

intake cavity, the rotor surface should contact the stator surface.

The stator surface becomes a continuation of the rotor bearing

surfaces and extends uninterrupted across the pump cavity between

the outlet and inlet sections. (Figure 16) This leaves no room for

the movable sideplate to exist as a continuous piece through the

transition section. If the stator surface touches the rotor, the

sideplate must have a break at that point. A broken sideplate would

be less effective at its own tasks of sealing the rotor peripheral

and as a bearing surface for the rotor. Since it would also be less

manageable to produce, an alternative design was sought. No pressure

on the vane sides is necessary or even desired in the latter part of

the discharge section or the early part of the intake process because

the ports allow communication around the vane. And, the vanes are

completely contained within the rotor at the point where rotor and

stator touch. This combination of events precipitated the final

solution of cutting away the stator shape in the transition section

except for an amount equal to the vane width. The sideplates contact

the rotor at the sides of the pump cavity and are pressed tightly

against the statorplate forming semi-permanent seals between the

sideplates and the statorplate. With this design, a better seal is

produced and the ledge formed on the stator holds the movable side-

plate away from the vane sides allowing greater ease of vane ejection

from the rotor slot. The remainder of the movable sideplate is of

little significance because its shape is dictated by the stator shape.
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The sideplate must seal against the rotor, the vanes, and the stator,

while retaining the ability to transmit pressure axially. It is

necessary to provide pressure to only one side of the vanes as that

pressure is transmitted through the vane to the other side-wall.

The intake and discharge port sizes were calculated to allow

the velocity of the gas stream to match that of the pump vanes. Port

location was designed to improve performance. The gas stream is

unobstructed on intake. The gas flows into the cavity in the same

direction in which the vanes move. The discharge port is in the

sidewall. This leaves the full face of the stator intact for the

rapid calming of the vane into the rotor. The amount of pump cavity

utilized for intake and discharge was held to a minimum by careful

locating and sizing of the ports. The port size calculations are

given in Appendix F.

One step in the calculation of the port sizes was the determin-

ation of vane lineal velocity. The lineal velocity is necessary

also for estimating the PV (pressure times velocity) level of the

Teflon bearing load. It is obvious that the tip of the vane will

experience the highest lineal velocity owing to angular velocity.

The maximum vane-tip speed attained is 998 ft/min at 1730 RPM (see

Appendix F). This speed occurs during the intake portion of the

cycle while the vane is fully extended to a radius of 2.8 cm.

However, sliding also occurs as the vane moves in and out of the rotor

slot. Appendix G shows the calculations for this maximum radial

sliding speed. The approximate maximum is 1272 ft/min and occurs
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as the vane is ejected from the rotor. This speed does not exceed

the operating capabilities, but is high enough that a force in

addition to centrifugal will be required to move the vanes out.

0.2-pound force will result from the pressure under the vane being

higher than above it. A helicoil spring offering about 0.15-pound

force should be used under each vane. Preliminary calculations have

shown that the spring requirements can be met.

The flow rate calculations, given in Appendix D, started with

the standardized flow of 4000 ml/min and which was corrected for

temperature to give the flow in terms of 250 F stack gas. Since the

stack gas is at one atmosphere, no pressure correction was needed.

The flow in the stack was reduced in pressure to a 15-inch Hg vacuum

to give the flow as seen at the inlet of the pump. The gas pressure

was raised to 25.5 psig for the flow rate at the pump discharge.

Actual computations and theory are shown in Appendix C.

The pump size was calculated using the actual flow rates

required at inlet and discharge. Both differed drastically from the

quoted standardized flow rate. In order to ensure that the pump

actually drew in the required flow, a nominal pump efficiency was

introduced prior to calculation of the pump size.

When the required volume of the space between two vanes is

known, calculations can be made to show what size pump will have the

required space between vanes. The volume of the pump cavity is

determined by three variables: rotor radius, stator radius, and vane

width. The number of vanes does not alter the pump cavity except for
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the space occupied because of vane thickness. Table D-1, D-2, and

D-3 contain pump capacities corresponding to varying rotor sizes and

exposed vane lengths. The exposed vane is the amount of vane from

the rotor surface to the stator surface. Calculation of pump dimen-

sions is relatively simple when finding the area between the concen-

tric circles in this design as opposed to the eccentric circles in

a simple vane pump. (Figure 2) However, with three variables, many

calculations of possible combinations had to be made, the results

of the size calculation are shown in Tables D-1 and D-3. (Appendix D)

Two unique features of this pump, are the compression ratio,

4.8, which is quite high (for vane-type pumps), and a nearly pulse-

free flow at both inlet and outlet. The pump, because of the unique

stator shape, is capable of still higher compression ratios than

were required for this application. The stator shape consists of

three circular arcs. The fact that these arcs are circular is signi-

ficant. First their circular nature simplifies machining immeasure-

ably. Second, the arcs are joined at points of tangency to insure

a smooth transition. Third, and of most importance to the compres-

sion capability of this pump, the division of the pumping cycle into

more than one circle eliminates the dependence of compression ratio

on the rotor radius to stator radius ratio. Since this dependence

has traditionally caused a severe limitation in the compression

capability of vane pumps, the significance is obvious. In a simple

vane pump, Figure 2, the volume of the intake space is related to

the volume of the outlet space by the ratio of the stator and rotor
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sizes and by the number of vanes. Both size ratio and vane numbers

are limited. Since the vane must fit inside the rotor, its length

is normally limited to the radius of the rotor minus any space

requirements at the rotor center. The diameter of the stator can

only be as great as the diameter of the rotor plus the length of the

vane. However, if the rotor is to hold the vane rigid, some of the

vane must remain within the rotor and the size of the stator is

restricted further.

Thus, an obvious upper limit on a simple vane pump rotor-to-

stator-radius ratio can be derived. Assume that it is possible for

the vane to be of length equal to the radius of the rotor and addi-

tionally, that it can extend to its full length out of the rotor

slot. The stator diameter is then equal to the rotor diameter plus

the vane, one rotor radius. Therefore, the stator diameter equals

three rotor radii and the maximum ratio of rotor to stator is two-

thirds. It can be shown that if more than one arc exists in the

stator, the discharge size can be independent of the intake. As a

result, greater compression ratios can be achieved. See Appendix D

for calculations.

A fourth feature of the circular arcs designed into the stator

is very important and may be unique to this design. The arcs which

comprise the intake and discharge portions of the cycle are concentric

to the rotor. The third arc which joins them is eccentric to the

rotor and provides the compression process. There are two advantages

to the concentric circular arc on intake. One, the concentric arc
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yields a larger intake area than the eccentric for a given rotor and

length of extended vane. Two, the flow of fluid being pumped is

nearly pulse free. The latter advantage is shared by the concentric

arc in the discharge portion. In conventional vane pumps the flow

is highly pulsed. The reason, as can be seen in Figure 2, is that

on both intake and discharge the area swept during the first few

degrees of the process is dramatically different than the area swept

during the final few degrees. The flow of fluid being drawn in

or being expelled is continuously changing. With the introduction

of the concentric intake and exhaust arcs, the areas swept during

most portions of the process are equal, and a nearly constant flow

is delivered. Constant flow is the ideal situation, and can only

be approached in actual design. However, the flow rate is expected

to be much more stable with the concentric arcs than with existing

designs.

The eccentric compression arc subtends 180 degrees and joins

the concentric intake and discharge arcs at points of tangency.

Although the eccentric arc could be made different than 180 degrees

and still be joined tangent to the concentric circles, to do so

would increase the complexity of the design. Not enough advantage

is gained by the use of an arc other than 180 degrees to outweigh

the simplicity which the 180 degree arc lends.

Problem Areas

Some problem areas such as those which follow may arise in an
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operational model of the pump.

In order for the pump to compress gas, it is required that

the vanes seal along their sides and across their ends. This is a

problem in any vane-type pump. In this pump, a movable sideplate

under the force of a spring was designed to provide the seal against

the vane sides. It is possible that some alterations in the design

will be necessary to ensure that the seal is made. The ends of the

vanes must seal against the stator. In vane pumps, it is often

possible to depend upon the centrifugal force developed by the angu-

lar acceleration of the rotor to get the vanes out of the rotor

slots and into contact with the stator for sealing. It is shown

in Appendix G that angular acceleration is not enough to keep the

vanes on the stator surface as the vane extends for intake. A spring

is required to provide sufficient acceleration. However, in the

prototype, it is not necessary for the vane to make continuous

contact with the stator during vane ejection. Acceleration will be

adequate for satisfactory vane ejection if the vanes do not encounter

any obstructions during extension.

Since space in the rotor is minimal for springs, and because

springs are not availabe, the existing design should be used with-

out springs. It is possible, however, that friction on the vanes

will be too high for the centrifugal force to overcome and, if so,

springs can be designed to eject the vanes. Preliminary spring

design work has established some prerequisites and eliminated some

possibilities.
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Aditional problems may arise from the thermal expansion proper-

ties of TEE. The bearing surfaces of the pump must have adequate

clearance to allow for expansion. Inadequate clearance will result

in high friction and result in higher temperatures. The bearings

require approximately 0.005-inch clearance at room temperature to

ensure adequate clearance at higher temperatures.

Synopsis

The need for a small gas sampling pump has existed for several

years. The several available models of small air compressors have

been found lacking in various respects. A diaphram pump works fairly

well except the diaphram deteriorates and the valves can be fouled

by particulate in the gas stream. Reciprocating piston-in-cylinder

compressors are not completely sealed, hence leakage occurs. Vane

type compressors are limited in compression ratio. All types of

compressors suffer under the corrosive nature and high temperature

of stack gas.

The prerequisites facing a pump in the stack gas analysis

application include several difficult ones in combination. All

wetted surfaces, must be chemically inert, sealed leakproof and lub-

rication free. Operating conditions may include temperatures as

high as 500 F and moisture content as high as 30 percent. The inlet

pressure will be a 15-inch Hg vacuum and the outlet pressure 25.5

psig, thus requiring a compression ratio of 4.8. A pulse free flow

of 4000 ml/min (8.47 SCFH) is desired.
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Each of these conditions has been met by a pump at some time;

however, never has a single pump met them all at once. In essence,

the purpose of this analysis and design was to determine whether a

vane-type pump could be made to satisfy all of these requirements.

In arriving at a decision as to the feasibility of such a design,

substantial weight was given to the fact that nearly every require-

ment had been satisfied by available pumps. No radical departure

from existing pumps has been required.

The furthest departure from convention came in the request

for a vane-type pump which is capable of a 4.8 compression ratio.

For that requirement, a basic change in the vane-pump design has been

necessary. Additionally, the basic change resulted in a reduction in

flow pulsation. The requirements of the proposal have been met and,

after actual machining instructions, the pump will be ready for the

next step into prototype form and possibly then on to a manufacturer.

This pump contains not only some design innovations but also puts

to use some of the impressive materials available. The fact that

the pump's basic design is capable of higher compression ratios than

this design, qualifies vane-type compressors for applications in

which they were previously unsuited.
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CONCLUSION

The conclusions from the analysis and design of a small gas

sampling pump are as follows. It is feasible to construct a

vane-type pump from materials such as Teflon and titanium and

power it with a magnetic coupling. A pump can be designed which is

leakproof, lubrication free, and relatively pulse free. It can

operate in moisture, corrosive elements, and high temperature and

be capable of the required pressure rise. The magnetic coupling

and motor are completely practical and should cause no particular

difficulties. And, although conventional vane pumps are not pulse

free or capable of adequate compression, the vane pump design pro-

posed is theoretically capable of performance in excess of the

requirements.

The pump design, though basically sound, will undoubtedly have

some unforeseen problems, It is anticipated that the thermal expan-

sion of Teflon will cause clearance problems. Also, finding springs

for the vanes is certain to be a problem in the prototype stage. A

prototype model may show also that the size of the pump should be

altered slightly to better fill the design requirements. It is

recommended that a prototype pump be constructed and tested to eval-

uate the adequacy of the proposed design and to explore possible

problem areas.
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Fluorocarbons are divided into two major categories in which

the mers have either three or four fluorine atoms. Mers which have

only two or one fluorine atom also exist but in such cases the fluo-

rine can be thought of as an additive. The trifluorethylene has the

fourth position filled by a chlorine atom, hence, it is polytrifluoro-

chloroethylene and is called CTFE or Kel-F. Although Kel-F has

excellent physical and chemical properties, it is limited by its

maximum service temperature of 380 F. The polytetrafluoroethylene

group has two different materials which are commercially predominant:

TFE (teterafluoroethylene and FEP (fluorinated ethylene-prophylene).

FEP, unlike TFE, is a true thermoplastic. FEP possesses virtually

all of the desirable properties of TFE resins except, as shown in

Table A-1, FEP has a maximum service temperature of 400 F. The

fluorocarbon which is considered satisfactory is TFE.

The monomer for the polytetrafluoroethylene is
made by pyrolysis of chlorodifluoromethane as
shown in the equations below:

1 (a) CHC13 + 2HF CHC12 + 2 HC1

chloroform chlorodifluoromethane

Pyrolysis
2 2

1 (b) 2CHC1F
2

F C = CH + 2 HC1

chlorodifluoromethane tetrafluoroethylene

1 (c) nF
2
C = CH

2
(polymerize at 60-80°C/200-400 psi)

--(-CF
---

tetrafluoroethylene 2
-CF

2
-)n

polytetrafluoroethylene
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Table A-1-Properties of General Purpose

TFE and FEP Fluorocarbons

Property TFE FEP

Physical

Specific gravity 2.14 - 2.19 2.12 - 2.17
Melting point (deg F) 525 to 563
Water absorption (per cent) none 0.01

Mechanical

Tensile strength, 73 F (psi) 2500 to 6000 3000
Elongation, 73 F (per cent) 250 to 400 300
Flexural modulus, 73 F (psi) 50,000 to 90,000 95,000
Impact strength, -65 F

Izod (ft-lb per in.) 2.3 2.9
Tensile (ft-lb per cu in.) 105 365

Impact strength, 73 F
Izod (ft-lb per in.) 2.9 Sample bends
Tensile (ft-lb per cu in.) 320 1020

Fatigue resistance (cycles to failure
1000 psi stress
1400 psi stress
1450 psi stress
1500 psi stress

Durometer hardness
Rockwell hardness

20 million
7 million
12,000
1200
D52

R58

7 million
7.2 million

1300
960
D59
R25

Abrasion resistance, weight loss
(gm per sq in.) 0.337 0.174
ASTMD1242-56 test (mg) 0.35 0.30
Taber abrasion test, 10 cycles

100 cycles 2.2 1.1
1000 cycles 8.9 7.5

Deformation under load, 75 F, Load =
1000 psi for 24 hr (per cent) 2.4 1.8

Electrical

Dielectric strength, 10 mil (v per mil) 1000 to 2000 2100
Dielectric constant, 60 to 109cycles 2.1 2.1
Dissipation factor, 60 to 109 cycles
Vol. resistivity, -40 to 440F (ohm-cm)

010.0003

18
0.0002 to 0.0007

1012
Surface resistivity, -40 to 440 F

(ohm per sq) 10
18

10
16

Thermal

Coefficient of linear thermal expansion
per deg F, 73 F 5.5 x 10

-5
4.6 x 10

-5

Thermal conductivity (Btu/hr/sq/deg F) 1.7 1.4
Specific heat (Btu/lb/deg F) 0.25 0.28
Continuous service temperature (deg F) 500 400
Heat distortion temperature (deg F)

66 psi stress
252 158264 psi stress
132 264
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The tetrafluorethylene monomer must be exceedingly
pure and this requires the separation of the pyrolsis
product from the by-product HC1, and the unreacted
chlorodifluoromethane by absorption and low tempera-
ture distillation. The polymerization is carried
out in a water dispersion, using a diazo type
catalyst, and the stringy white polymer is washed and
chopped to form the granular molding powder. Using a
different emulsion system, a fine white powder is
formed and this may either be used in a suspension
solution, or coagulated by heat and agitation for a
free-flowing molding powder (42, p. 1370.

Characteristics of Teflon

TFE resins are opaque, crystalline and malleable at temperatures

below 621 F. When heated above 621 F, they become transparent,

amorphous and relatively intractable and will fracture if severely

deformed. TFE and FEP resins have extremely good chemical and

physical properties such as chemical inertness, high temperature

stability, (Table A-2) anti-stick characteristics and low coefficient

of friction. Table A-1 is a tabulation of these properties. It is

necessary to understand similarities between metals and plastics in

order to interpret the table of properties. Fontana (14) compares the

two materials and points out some important differences as well as

similarities. "Plastics are resistant to pitting in chloride solu-

tions. In fact, and early impetus to the development of nonmetalic

pumps was the pitting of metals by ferric and cupric chloride." (14,

p. 71). In general, metals are heavier, stronger, more temperature

resistant, more solvent resistant, more fire resistant and not perme-

able. Thermoset expoxies are similar to steel in caustic solutions as

they will crack under stress (stress corrosion) but will not crack



Table A-2 High-Temperature Properties
of TFE Resins

Property

Tensile strength (psi)
Yield strength (psi)
Ultimate elongation (per cent)
Flexural modulus of elasticity (psi)
Flexural modulus of elasticity

35% glass-reinforced (psi)
Compressive stress: 1% strain (psi)

5% strain (psi)

5% strain, 15% glass-reinforced (psi)
Linear expansion (percent)
Linear expansion

35% glass-reinforced (per cent)
Coefficient of friction 0.04 over temperature range

80 F to 621 F for static
loads; or up to 2 ft per
min speed and loads to
2.9 lb.

Temperature

72F 212F 500F

2790 1470 575

1600 700 220

236 278 236

80,000 28,700 6,500

208,000 113,000 25,900
400 200 60

1,600 750 260
2,600 1,300 320

0 0.7 2.6

0 0.15 1.0
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if they are stress relieved. Polyethylene will crack in some environ-

ments. TFE can fail when flexed just like a metal in straight fatigue.

Many plastics are strengthened by stretching while strength and

brittleness increase with hardness for both classes of materials (14).

To determine material properties as in Table A-1, ASTM test methods

have been established and might be clarified in some cases by brief

explanations of some of the tests. Water absorption is measured

after 24 hour immersion at 73.4 F. (ASTM D-570) The IZOD Impact

Test (ASTM D-256) is not a reliable indicator of overall toughness

or impact strength since some materials are notch-sensitive and the

comparatively new Tensile Impact Test (ASTM D-1822) eliminates the

notch and records whether the failure was brittle or ductile. The

hardness tests for some plastics have been shifting from Rockwell

(ASTM-D-785) to Durometer (ASTM D-1706) because Rockwell is affected

by elastic recovery and creep. The Durometer registers indications

on a dial indicator as it occurs, thereby eliminating the effect of

creep (22).

Frictional Properties: Fluorocarbons possess a remarkably low

static coefficient of friction, Figure A-1. This coefficient also

responds well to increased loads, Figure A-2, and increased speeds,

Figure A-3. The friction coefficient does not change with increased

temperature, Table A-2. For load increase the coefficient gradually

falls - indicating fluorocarbon bearings will not seize, even under

extremely high loads. Due to exceptional anti-stick properties,

virtually nothing can adhere to the slippery surface of fluorocarbon
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components. As might be expected, this leads to some bonding dif-

ficulties.

Problem Areas

Fluorocarbons have physical properties which cause difficulty

in certain applications. The problem areas include wear rate, thermal

expansion, fatigue failure, and compressive creep.

ae,FEP

TFE

1000

Load (lb)

Figure A-1. Static coefficient of friction of TFE and FEP
(at 73 F). (26, p. 78)

2000
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Friction coeffic_e

swear

_ .

...............

Applied load, psi
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Figure A-2. Optimum operating pressure of a woven-Teflon bearing
(where friction is reduced and where the rate of wear
is still relatively low at 3000 psi). (8, p. 137)

.06

4J

.04

4-1

0
C.)

.02
0

0 10 20 30
Surface speed, ft./min.

40

Figure A-3. Coefficient of friction with increase in surface
speed. (8, p. 137)
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Abrasion and Wear: There exists in fluorocarbons an interest-

ing lack of parallel between abrasion and wear characteristics.

Virgin TFE is very resistant to abrasive-type wear but does not

demonstrate commendable resistance to rubbing-type wear. In non-

lubricated bearing applications many factors affect wear rate. Slid-

ing speed and load (PV, pressure-velocity) (Figures A-2, A-4, and A-5)

ambient temperature, surface finish (Figure A-6), bearing material

(Table A-3), and shaft hardness all have a pronounced effect on the

wear rate of TFE. Maximum wear rate is expected at the limiting PV

value. Above the maximum PV value wear is unpredictable. The solu-

tion to the poor wear characteristic is normally reinforcement and

this problem will be considered in the section discussing variations.

TABLE A-3. Effect of Shaft Material on Wear of TFE Bearings

Shaft. Material
1

Relative Wear

Carbon steel 1

Cast iron 1 to 2

Stainless steel 1.5 to 3

Hard chrome plate
2

10 to 20

Bronze
2

1 to 2

Aluminum alloy
2

20 to 50

1
All materials have 16-mu in. finish.

2
High rate of shaft wear.
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160"
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Time (hr)
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2.0

1.0

0

Figure A-4. Effect of time, temperature, and load on nonlubricated

TFE bearing. (Cold-rolled carbon-steel shaft with 16

mu in. finished with 1 in. by 1 in. bearing -- surface

velocity 100 fpm, PV limit = 12,000) (26, p. 77)
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Figure A-5. Typical PV limits for bearings of TFE. (26, p. 77)
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Figure A-6. Effect of shaft finish on
wear of TFE bearings.
(26, p. 77)
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Thermal Expansion:

Linear expansion of

TFE and FEP is shown in

Figure A-7. TFE resin drops

in volume about 1.5 per cent

between 65° and 77°F. Final

operating temperature of

precision parts must be

assessed and allowance made

for this volume change.

Thermal dimensional stability

can be improved by the

addition of reinforcing

fillers.

Figure A-7. Effect of temperature on linear thermal expansion.
(26, p. 81)
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Fatigue: Under cycling loads, failure can result from stress

much smaller than the ultimate strength (Table A-1). The use of

fillers can improve this property if necessary.

Creep: This is the total deformation while under stress for a

period of time. This is in addition to initial strain due to the

loading. Materials which creep or cold flow are subject to stress

relaxation in applications such as gaskets. Resistance to creep

can be improved by means of fillers as well as other techniques

(Figure A-8) and will be discussed later.

Fabrication Techniques

There are various ways to use TFE as fair size pieces which are

cast or extruded, as thin films, and as coatings. TFE requires

special techniques however it is formed.

Coatings and Linings: Many factors are involved in attaining

effective coatings or linings of plastic. "Permeability is probably

the most crucial limiting factor in the life of plastic linings"

(5, p. 133). Any corrosive fluid which permeates the lining will

attack the substrate. TFE's permeability to most chemicals is quite

low although thicknesses of 30 to 60 mils or greater are recommended

for barriers against highly corrosive media. Permeability, like

absorption, is related to porosity (26). In some applications TFE

linings have been prestressed to avoid difficulties due to thermal

expansion differences (37). PTFE coatings may be applied by spray

or dip coatings, although dip coating is not popular due to extreme
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coat thickness and the resulting cracking. Spray coating may take

two forms. An aqueous dispersion of TFE can be sprayed on to a clean,

or for better results, a primed, surface and the baked dry in an oven

at 180 F or sintered at 720 F for a short time. "Because of the

almost complete chemical inertness of PTFE it is virtually impossible

to chemically bond the PTFE to another material" (20, p. 1109). The

bond, then, between the coating and the substrate is purely a

mechanical one. This has been found to be greatly dependent upon

proper surface preparation (Table A-4). An acid etch is usually best

on metalic surfaces. A more popular method of metal pretreatment is

grit or shot blasting (6). In some cases the metal surface is

blasted followed by the application of a ceramic substrate with a

thin primer coating of TFE and a final top coat of TFE (40). Sputter-

ing (vapor deposition in a vacuum) a more sophisticated, close toler-

ance method, can be used to coat any material onto any substrate.

The newest method and most direct way to coat with TFE, although

still a mechanical bond, is by means of a plasma gun. A fine TFE

powder is sprayed through a 10,000-15,000°F ionized gas and onto the

substrate. No baking is required, hence the substrate can be incap-

able of withstanding the sintering temperature and still get the

same coat. Uniform coatings as thin as 0.0001 in. can be achieved

and the cost of coating with the new gun is approximately 15 cents per

square foot.

Fabrication: Due to an extremely high melt viscosity TFE resins

cannot be processed by conventional extrusion and molding techniques.



Table A-4 - Cleaning Procedures for Surfaces
to be Bonded

Steels

Degrease-chlorothene, or naptha

Descale-sandblast, dustblast
or wirebrush

Acid pickle-20 minutes in 4
pct H2SO4, 4 pct HC1 in water

Acid etch-15 minutes in 12
pct HNO3, 2 pct HF in water
(18 to 20 Be)

Rinse-water; dry

Stainless steels
Degrease-trichloroethylene

Acid pickle-20 minutes in 4
pct H2SO4, 4 pct HC1 in water

Acid etch-15 minutes in 12
pct HNO

3'
2 pct HF in water

Rinse-water; dry

Aluminum and its alloys
Degrease-vapor degrease or
soak in Chlorothene for 10
minutes

Acid etch 5-10 minutes at 155 F
in water solution with 6 oz
per gal of Sprex "AN"
cleaner

Rinse-clean water

Air dry-at 80-150 F.

Zinc and fresh galvanized
Degrease-vapor or solvent
degrease

Acid neutralize-water with 5
pct acetic acid in water

Rinse-clean water

Acid Chromate pickle-3-6
minutes at 100 F in solu-
tion with

20 pct H2SO4 and 10 pct
sodium dichromate

Rinse-clean water, dry

Magnesium and its alloys
Degrease-10 minutes in trichlor-
ethylene

Clean-10 minutes at 160-190 F in
water solution with 3/0z/gal
sodium metasilicate, 1.5 oz/gal/
tetra sodium pyrophosphate, 1.5
oz/gal Nacconol NR (ninrefined
sodium alkyl aryl sulfonate).

Rinse-water distilled water at
160-190 F

Chromic acid pickle-10 minutes
at 150 F in 20 pct chromium tri-
oxide CR03

Air dry-5-10 minutes at 80-90 F

Titanium and its alloys
Degrease-10 minutes in trichlor-
ethylene

Acid chromate etch-15 minutes at
120 F in bath of 35 ml water
solution saturated with Sodium
dichromate to 1 liter of H

2
SO

4

Rinse-in water 150-160 F

Rinse-in distilled water 150-160 F

Air dry-5-10 minutes at 80-90 F

Copper, brass and copper
Degrease-10 minutes in trichlor-
ethylene

Acid chloride pickle-15 ml FeC1
(42 pct solution), 30 ml con-
centrated HNO

3
in 200 ml water

Rinse-distilled water

Air dry-at room temperature

67
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Special screw extruders and compression molding are required or a

process called sintering, in which particles are compacted into a

mold and then fused by heating. Tolerances as close as + 0.002in./in.

can be achieved (26). Table A-5 shows common methods and uses.

Welding: TFE requires a contact heater at a temperature of

700°F, under pressure of 35 psi, and a two hour after-treatment some-

what above the maximum anticipated service temperature. TFE film

cannot be heat-sealed because of its lack of flow below decomposition

temperature.

Machining: TFE can be machined by any standard machining

technique and tools to tolerances of + 0.0005 in., although stress

relieving is necessary (below 621 F, 1 hr./in. thickness, cool

slowly) both prior to machining and after making a rough cut. Sur-

face finishes better than 16 mu in. are possible (26). The warm up

and cool down rates for TFE are limited to 90° /hr from 535 to 715F

as TFE undergoes large dimensional changes and too rapid temperature

change can result in cracking. Slow cooling produces a large degree

of crystallinity which improves creep resistance and lowers gas

permeability (33).

Variations of PTFE

Whenever the demands of an application exceed the capabilities

of conventional, virgin PTFE methods of strengthening the weak pro-

perties come into being. These methods can be merely new or more

refined (and therefore more expensive) ways of producing the necessary
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Table A -5 - Fabrication of TFE and FEP Resins

Resin Fabrication Method Major Uses

Granular TFE

Fine powder

Aqueous-Dispersion
TFE

Extrusion FEP

Molding FEP

Aqueous-Dispersion
FEP

Compression molding
Ram or screw extrus-
sion

Compression molding
Ram or screw extru-
sion

Past extrusion

Dip coating
Impregnation

Melt extrusion

Injection and compres-
sion molding

Dip-coating
Impregnation

Sheet, rod,
tubing and
molded components

Sheet, thin-wall
moldings; molding
cylinders to pro-
duce skived tape

Thin-wall tubular
goods, tape, and
wire-coating

Coating of glass
cloth, impregna-
tion of asbestos,
and compounding

Wire insulation
and jacketing,
tubing

Molded shapes

Impregnation of
glass, yarn, cable
braid, and glass
fabric
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item from pure TFE or certain alloying elements (fillers) may be

added or the same PTFE might gain from simple mechanical support.

In one such case of the latter, an "0" ring was cured of creep by

the addition of a spring to supply the compressive force (9). A

second good example is the case of a structural bearing in which

grooves in the substrate mechanically hold the PTFE from cold flow-

ing. A variation of fabrication, without fillers is also found in

the structural bearings. The TFE resin is fabricated into a high

modecular oriented fiber which has 25 times the tensile strength of

the molded resins, and 30 times the compressive strength (31). Or

in another case of woven-Teflon bearings (8) a compressive strength

of above 80,000 psi is reported. Another improved PTFE, Halon G-700

(38) a so-called creep-resistant PTFE, even in a non-woven state,

claims to be equal or superior in compressive creep and stress relaxa-

tion resistance to 25 per cent glass reinforced PTFE (Figure A-8).

10

6

4

25% Glass-fille
standard PTFE

d

.01 .1 1 10 100 10 0

Time, hr.

Figure A-8. Compressive creep of PTFE (at 200 F.) 15, p. 144)
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Filled PTFE: At present, four or five fillers used singly or in

combinations generally meet the requirements of most applications.

Those fillers are glass fiber, graphite, powdered petroleum coke,

and bronze powder. Molybdenum is also used but there is some doubt

as to its value. The properties which are most changed are as follows:

Resistance to compressive stress --- increased by
2-5 times

Wear resistance

Thermal expansion

Thermal conductivity

Electrical conductivity

increased by up
to 1000 times

reduced by
2-3 times

increased by
to 5 times

increased by
1000-10 times

One other type of filler, metal oxides, give particularly good wear

properties but have the tendency to react with PTFE during sinter-

ing. PTFE is fairly reactive above its melting-point. Some current

work suggests that some of the advantageous properties of filled

PTFE are due to these interactions (52). In general, filled PTFE

retains most of the strong material properties of virgin PTFE; how-

ever, the coefficient of friction increases somewhat and chemical

inertness is compromised in some areas with fillers. Filled PTFE

can operate continuously at significantly higher temperatures than

other plastics bearing materials, and it is likely to have a lower

wear rate than other plastics materials at relatively high loads

and rubbing speeds (52).
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APPENDIX B

METALS CONSIDERED AND ANALYZED

Metals Rejected

All metals under consideration should be mentioned briefly

and then, if necessary, dismissed. Some metals which are commonly

found in corrosion situations but were easily rejected include the

following:

Aluminum: In general, pure aluminum is more resistant to

corrosion than alloys of aluminum. However, since aluminum is a

reactive metal, galavanic corrosion is a potential problem if it is

used in complex structures as it is anodic to most of the common

construction materials as iron, stainless steel, titanium, copper,

and nickel alloys. In addition if the cathodic half of the reaction

forms Hydrogen gas, hydrogen cracking may occur in an adjacent

steel structure. A most important limitation is that aluminum alloys

lose strength rapidly at temperatures of 350°F and higher.

Beryllium: Beryllium is rapidly attacked by hydrochloric acid.

Furthermore, beryllium is relatively expensive, about 70 dollars

per pound.

Cadmium: Cadmium is utilized primarily as an electroplated

coating and has the ability to react with steel at temperatures

near its melting point of 610 F (15).

Carbon Steels and Cast Irons, Plain: Carbon steel and cast

iron would rust and destroy the surface finish necessary for sealing
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pump vanes.

Chromium: This metal is rapidly attacked by hydrochloric acid.

Cobalt: Cobalt is only moderately resistant to sulfuric acid

at room temperatures.

Columbium: (See Rare Earth)

Gold: (See Nobel Metals)

Lead: The following summation of lead as a corrosion-resisting

metal is given by Evans:

For liquid containing sulfuric acid, lead is often a
quite suitable corrosion-resisting material, and is
largely used for the lining to tanks at chemical works.
Where a harder material is needed, alloys containing
antimony as well as lead can be employed; type metal
pumps have been installed in some works for liquids
of this class. It should be noticed, however, that
lead-antimony alloys, although resisting dilute sul-
furic acid, are by no means immune from attack by
distilled water (12, p. 194).

Because lead is too soft to resist erosion corrosion it is disqualified

as a vane sealing surface.

Magnesium: While magnesium exhibits good resistance to ordinary

inland atmospheres due to a protective oxide film, it is one of the

least corrosion resistant metals and is often used as sacrificial

anodes (15).

Molybdenum: Although molybdenum resists hydrofluoric, hydro-

chloric, and sulfuric acids, it is readily attacked by nitric acid.

Also, molybdenum's melting temperature is 4730°F and makes casting

virtually impossible.

Noble Metals: While some nobel metals exhibit remarkable

qualities, notably platinum, the cost of all is high. Silver is
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relatively inexpensive at 23 dollars per pound, gold 510 and plati-

num about 1800 dollars per pound. Rhodium is twice as expensive as

platinum: these are precious metals. In addition, in the pure

state all are too soft to resist erosion corrosion. The 70-30 gold-

platinum alloy manages a Brinell of 130 which is more than triple the

Brinell of platinum and five times that of gold.

Rare Earth Metals: All metals in this class are costly and

many have a melting temperature too high for casting. However,

several have exceptional corrosion resistant properties. Columbium

exhibits good resistance to organic acids but is poor in alkaline

solutions. Tantalum, often referred to as the ultimate in resist-

ance, has properties almost identical to glass. A few exceptions

to its resistance are alkalies, hydrofluoric acid, and hot con-

centrated sulfuric acid. The cost of tantalum is approximately

50 dollars per pound and might be worth the expense if it could be

easily cast.

Steel, Low Alloy: Low alloy steels are defined as

"carbon steel alloyed singley or in combination with chromium,

nickel, cooper, molybdenum, phosphorous, or vanadium to a total of

about 2% maximum" (10, p. 162). Strength is increased and resistance

to atmospheric corrosion is better than plain carbon steel. These

steels are, however, still susceptible to corrosive action by

several constituents of the effluents expected to be encountered -

especially sulfurous acid.
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Tin: Although tin finds varied applications as a casting,

it is too soft to be used in a corrosive situation. It is not

resistant to strong acids, alkalies, or acid salts.

Zinc: Fontana describes zinc as, not a corrosion resistant

metal, but rather as a sacrifical metal for various other high

strength metals.

Zirconium: This metal has excellent resistance to alkalies

and acids including hydriodic and hydrobromic, but not hydrofloric

or hot concentrated hydrochloric and sulfuric acids. Cupric and

ferric chlorides cause pitting (15, p. 180), and require techniques

for working similar to titanium. The cost of zirconium for other

than nuclear applications exceeds the bulk rate of titanium by

five or six times.

The metals which follow warrant careful consideration but will

not be included in the ultimate recommendations for this application.

Copper and copper alloys:

Copper exhibits good resistance to urban, marine,
and industrial atmospheres and waters. Copper is
a noble metal, and hydrogen evolution is not
usually part of the corrosion process. For this
reason it is not corroded by acids unless oxygen
or other oxidiying agents (e.g., HNO3) are present.
For example, reaction between copper and sulfuric
acid is not thermodynamically possible; but corrosion
proceeds in the presence of oxygen, and the products
are sulfate and water. Reduction of oxygen to form
hydroxide ions is the predominant cathodic reaction
for copper and its alloys. Copper-based alloys are
resistant to neutral and slightly alkaline solutions
with the exception of those containing ammonia, which
cause stress corrosion and sometimes rapid general
attack. In strongly reducing conditions at high
temperatures (300 to 400 C), copper alloys are often
superior to stainless steels and stainless alloys
(15, p. 172).
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There are approximately 300 copper alloys commercially available.

These can be broken into three basic groups - zinc, aluminum, and

nickel alloys. Zinc actually decreases corrosion resistance but

does improve erosion resistance. Aluminum gives increased resistance

to erosion and stress-corrosion cracking. The cupro-nickels (10 to

30% Ni) are the most corrosion resistant copper alloys. With small

iron additions these alloys are superior in erosion corrosion. The

serious draw-backs are noted in the following statement of con-

ditions applicable to all alloys high in copper content:

Brasses containing less than 15% zinc can be used to
handle many acid, alkaline and salt solutions, pro-
vided:

1. There is a minimum of aeration, and oxidizing
materials such as nitric acid and dichromates
are absent.

2. There are no compounds present that form soluble
complex ions with copper (e.g., ammonia,
cyanides).

3. There are no elements or compounds that react
directly with copper (e.g., sulfur, hydrogen
sulfide, mercury, silver salts, acetylene) (19,
p. 117).

Since these conditions will probably be violated, cooper must not be

used.

Nickel and Nickel Alloys: Nickel and nickel alloys have good

resistance to many chloride-bearing and reducing media. Resistance

to reducing media is further enhanced by molybdenum and copper.

However, resistance to oxidizing media is poor. With the addition

of chromium alloy C (Ni-15Cr-15Mo-5Fe) is obtained. This is resistant

to a wide range of oxidizing and reducing media with excellent

chloride-pitting resistance. It should be noted that all high-nickel
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alloys are resistant to transgranular stress-corrosion cracking in

elevated temperature chlorides.

There are several nickel alloys that have popular resistance

characteristics. Inconel is resistant to nitric acid and ammonia

solutions while nickel is not. Monel is resistant of hydrofluoric

acid. Chlorimet 2 is not resistant to even trace levels of nitric

acid, however, chlorimet 3, (60Ni-18Mo-18Cr) solved the oxidizing

environment problem with chromium. Hastelloy D (85Ni, 3Cu, 10Si),

is very brittle and has excellent wearing properties, as in high

silicon iron, but is not resistant to oxidizing acids. Nickel in

cast iron forms several good alloys, Ni-hard and Ni-resistant. Both

have very good resistance. However, nickel and its alloys are

attached and embrittled by sulfur bearing gases at elevated tempera-

tures. Such attack is frequently catastrophic, with rapid inter-

granular penetration by a liquid sulfide product and metal disinte-

gration. Table B-1 illustrates relative resistance of various

metals to sulfur containing gases. Unfortunately, nickel is the

least resistant. While some specialty alloys are very resistant

to one type of sulfur, none are resistant to all forms of sulfur

while still remaining resistant to oxidizing meda.

Stainless Steels: "The main reason for the existence of the

stainless steels is their resistance to corrosion" (15, p. 163).

However, the fact that they are designed against corrosion does not

mean they cannot be misapplied. Numerous stainless steels are

available and their properties vary widely, so it is necessary to
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TABLE B-1. Resistance of Various Metals and Alloys to Sulfur-cont-
taining Gases.

H
2
S S SO

2

Ni, Co Ni, Cu Ni

Mild steel Mild steel Fe

Fe Fe Cu-10Mg

Fe-Mn Fe-14Cr Fe-15Cr

Inconel Cu-Mn Ta

Cu 80Ni-13Cr-6.5Fe Cu, brass

Fe-15Cr Mn Al alloys

Fe-25Cr Cr Mo, W

Cr Fe-17Cr Fe-30Cr

Fe-18Cr-8Ni Fe-18Cr-8Ni Fe-18Cr-8Ni

Fe-22Cr-10A1 Hastelloy Inconel

Cu-10Mg Al, Mg Cu-12A1

Fe-12A1, Ni-15A1 Zr

Ta, Mo, W

Al, Mg

(Materials are listed in order of increasing corrosion resistance)
(15, p. 374).

specify exactly the stainless steel required. The primary alloy

elements include chromium, at least 11%, which enables stainless

to resist oxidizing media; molybdenum added, to 3%, enhances general

corrosion resistance, stabalizes passivity under weakly oxidizing

conditions, gives good resistance to sulfurous and acetic acids and
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more resistance to pitting when exposed to mild chlorides. "It has

been observed that sulfurous acid corrodes steel much more rapidly

than does sulfuric acid" (7, p. 20).

Pitting is a form of extremely localized attack
that results in holes and performation. The
chloride ion is the chief offender here. Ferric
chloride and cupric chloride are most aggressive.
Pits tend to form at inhomogeneities such as grain
boundaries and precipitates in the metal. Pitting
is insidious in that a pump fails when the first
leak develops. Pitting is related to crevice
corrosion because stagnant solutions are usually
involved (14, p. 67).

While the pitting problem may be controlled, the wide range of

corrodents renders specific choices impossible. A more recogniz-

able problem is galling. Stainless steel castings are prone to

galling and seizing. The surfaces can be nitrided to ensure hard-

ness and wear-resistance. Nitriding, however, reduces resistance

to concentrated nitric or mixed acids. Other properties are not

impaired except they are no longer resistant to halogen acids or

salts, nor to any corrosive medium that will attack the untreated

alloy (28). Durimet 20, an exceptionally resistant alloy is severely

corroded by hydrogen sulfide in dilute acid at 180 F (14).

METALS FOUND SUITABLE

The long list of metals which find applications in the anti-

corrosion field has been reduced to only two which appear capable

of satisfying the requirements.
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High Silicon Iron

Among the non-corroding alloys containing silicon
the valuable acid-proof irons must be mentioned.
These are essentially cast irons containing a large
amount (12-19 per cent) of silicon. Owing, no
doubt, to the fact that a protective film of silica
forms upon the surface, such material is remarkably
resistant towards nitric and sulfuric acids even
when diluted (ordinary cast irons resist concen-
trated sulfuric acid). Silicon iron is somewhat
less resistant towards hydrocloric acid. The
material has the disadvantage of being exceedingly
brittle but is nevertheless largely used at the
acid factories. Centrifugal pumps can now be
produced in silicon iron, and have proved valuable
for the lifting of acid liquors at chemical works
(12, p. 193).

A trade name for high silicon iron is Duiron. As stated it has good

resistance to oxidizing and reducing acids, and performs particularly

well in slurries because of its good erosion-corrosion resistance.

An addition of molybdenum increases this corrosion resistance of

Duiron, especially to pitting. At 17% silicon and 3.5% molybdenum,

Duiron exhibits a very high resistance to boiling sulfuric and

nitric acids in nearly all concentrations, is adequate against low

concentrations of hydrochloric acid, is useful with solutions con-

taining copper salts or free, wet chlorine, and are very resistant

to any concentrations or temperatures of organic acids. Duiron is

not resistant to hot caustics, alkalies, hydrochloric or sulfurous

acids and has poor mechanical properties shock resistance, casti-

bility, and machinability (28). The corrosion resistance displayed

by this alloy, if combined with careful use, could allow Duiron as

an acceptable choice.
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Titanium: As in the case of stainless steels, titanium is not

a cure-all for every corrosion problem. Since its introduction

(commercial) in the 1950's, titanium has become an established

corrosion resistant material. Increased production and improved

fabrication techniques have reduced the cost so it can compete

economically with some nickel-base alloys and even some stainless

steels.

Like stainless steels, it is dependent upon an
oxide film for its corrosion resistance. There-
fore, it performs best in oxidizing media such as
hot nitric acid. The oxide film formed on titanium
is more protective than that on stainless steel,
and it often performs well in media than cause
pitting and crevice corrosion in the latter (e.g.,
sea-water, wet chlorine, organic chlorides) (19,
p. 117).

Titanium has some outstanding characteristics which might be listed

as "resistance to (1) seawater and other chloride salt solutions,

(2) hypochlorites and wet chlorine, and (3) nitric acid including

fuming acids" (15, p. 177). And an interesting uniqueness of tiannium

is that

Titanium is an exception as far as metals are con-
cerned in that ferric chloride acts as an inhibitor
of corrosion by hydrochloric acids. It seems that
the more contaminated the environment, the less
corrosion of titanium (14, p. 70).

There exists a variety of elements which can be alloyed with titanium

to help improve resistance. "The addition of 0.2% palladium greatly

improves resistance in hydrochloric acid and other reducing media"

(19, p. 117). Many elements alloy with titanium - aluminum,

chromium, iron, manganese, molybdenum, tin, vanadium, and zirconium
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(15, p. 177). The characteristics due to each alloying elements are

similar to the effect found in most alloys by that element. Some

weaknesses of titanium include hydrogen absorption and sensitivity

to chlorine in the presence of a floride ion. Although titanium and

its alloys have corrosion resistance properties, higher temperatures

cause difficulties. Due to the short duration of pump use the effect

of higher temperatures will not be significant. Therefore, this

metal should be acceptable.
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APPENDIX C

Flow Rate Calculations

Flow Rate required - 4000 ml/min (72 F., 1 atm)

Inlet Pressure - 15 inches Hg vacuum

Outlet Pressure - 25.5 psig

The gas must be converted from standard conditions to actual. The

following principles apply.

For the Reversible Polytropic Process:

PV
n

= constant

n-1 n-l]
. n . vl

T1 P1 V2

n = 0 Isobaric Process

n = 1 Isothermal Process

n = K Isentropic Process

(K = C /C
oa

)
po v

n = Isovolumic Process

Since the gas in the stack is at one atmosphere pressure, only

temperature correction is needed. To find the flow rate of the

gas sample at the stack the constant pressure conversion is applied.

Assume the usual temperature to be 250° F. at the stack.
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n = 0 Isobaric Process

T1 = 72° F.

T2 = 250° F.

V1 = 4000 ml/min

IL n-1 [V' V2]
-1

T2 [V1i V2

V2 = V1T12. 4000 ml/min (250 + 460)°F 4000 x 710
ml /min

Ti ( 72 + 460)°F 532

Flow rate from the stack V2 = 5340 ml/min

As the gas is pulled through tubing from the stack to the pump, the

pressure drops until at the inlet pert the pressure is approximately

15 inches Hg vacuum. The flow rate of the sample at the inlet port

can be determined by any of three ways. It can be assumed that as

the pressure drops in the tubing, the temperature of the gas remains

constant in which case n=1. This would require that heat be added

along the tube,or, it can be assumed that the pressure drops adiabatically

(no heat transfer to or from the gas) and n = K (in the case of air

K = 1.4). Since both of these extremes are probably impossible, and

further, since heat will probably be lost from the high temperature

gas along the tubing, the value of n is probably higher than the

K value moving toward the isovolumic process. However, since the

value of K for stack-gas is not known and since heat will be added

to the gas as it enters the pump, the value of K for air will be
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assumed and the value of n will be assumed to be less than

adiabatic throughout the calculations. Assume for the intake

process that n = 1.3.

1/n
1/2. I p

132

i 1

1/n 1/1.3
[14.7 psia

V2 = = 5340 ml/min
r2 7.34 psia

= 5340(1.707) ml/min

The flow rate at the inlet port is:

V2 = 9100 ml/min

The temperature of the gas in the inlet port is calculated similarly.

n-1
T,

T
[Pl P

. n

sia7.34 p
.3

[
T1 = 710° R

7.
1.3 = 710(.499)

.2307

14.7 psia
]

0

710(.852) = 605° R

The flow rate at the outlet port is calculated using the same value

for n. Because n=1.3 is being assumed for the entire process the

flow rate at the outlet port can be calculated from either stack

conditions or inlet conditions.
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= Vin. [Pin 1/n
9100 [40.2

1r 7.34
1/1.3

V
out should =

Pout

1/1.3
5340 [40

2
14'7] = 2455 ml/min or = 2470 ml/min

.

The flow rate out of the pump at 25.5 psig (40.2 psia) is 2455 ml/min.

The temperature at the outlet port is calculated as

out in [
P.

1

T = T. oPut n = 605 [4
0.2] 1.3

7.34

n-1
0.3

in

= 605(5.485)
0.2307

T
out

= 605(1.481) = 895° R = 435° F

The flow rate through the pump corrected for temperature and pressure,

was found to be

Inlet = 9100 ml/min, @ 15 in. Hg vac, T=135° F.

Outlet = 2455 ml/min, @ 25.5 psig, T = 435° F.

by assuming the gas in the stack is 250° F @ 1 atm and that n = 1.3

and calculated to give a standardized flow of 4000 ml/min @ 1 atm,

T= 72° F.

At this point, ie., after the desired flow rate has been established

and prior to calculating the necessary pump displacement to effect
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that flow rate, the internal pumping efficiency must be considered.

The commonly accepted approximate value for vane pumps is 75%. To

find the required displacement to give the proper flow rate the design

pumping efficiency of 75% is used.

9100 ml/min
Displacement of intake

750
12,100 ml/min

To find how the application of efficiency effects the displacement

of the discharging section, the pressure term must be considered.

The pressure term is to then power such that

Displacement out = (Disp. in) Pin
1/n

[
P out/.75

Disp. out = (Disp. in)
1 1/1.3

[7.34

40.2/.75]

= (Disp. in) [7.34
1/1.3

(0.75)
1/1.3

40.2

where

and

(0.75)
1/1.3

= 0.801

Disp. in = 9100
0.75

such that

Disp. out = [9100] [7.34
1/1.3

(0.801)

0.75 40.2
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= 9100 [7.34]
1/1.3 r.801]

40.2 [0.75

[

= (desired volume flow rate) 0.801
0.75

= (2455 ml/min) (1.07)

Displacement out = 2520 ml/min
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APPENDIX D

Pump Size Calculations

Since the inlet and outlet areas are comprised of sections between

two concentric circles, the equation for area is

Area = 7 (stator radius squared rotor radius squared)/

number of vanes

such that for a stator radius of 2.8 cm and a rotor radius of

1.8 cm and four vanes the intake area is

Ain = 3.141593 (7.84 3.24)/4 = 3.612831 cm2

The area which is occupied by the vane (one centimeter long and

0.1 centimeter thick) is 0.1 cm
2

. The intake area is then 3.513 cm
2

.

Since an intake volume of 1.75 cm3 is needed the vane width can be

determined as volume/area = 1.75 cm
3
/3.513 cm

2
= 0.498174 cm or

0.5 cm. These values for a number of pump sizes are tabulated in

Table D-land are shown plotted on Figure 4.

The rotor radius of 1.8 cm and vane length which extends out of the

rotor of 1.0 cm were chosen because of the combination of desirable

characteristics such as compact size, vane length to width ratio, and

low surface area to volume ratio in the pump cavity.
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TableD-1 Pump Intake Size Calculations
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a)

cd

0

z°

cn $-o

O 0
ri d-1
O 0
gt4

4-4 CD

O ,4
4-)

Z.H
g

8 3.50 0.354832
4.0 4 11.041922 4 1.75 0.158487

6 2.62 0.237278
8 3.50 0.316974

1.6 2.5 4 8.133803 4 1.75 0.215152
6 2.62 0.322113
8 3.50 0.430303

3.0 4 9.39044 4 1.75 0.18636
6 2.62 0.279007
8 3.50 0.372719

1.7 2.5 4 8.775683 4 1.75 0.199417
6 2.62 0.298555
8 3.50 0.398833

5 6.986553
6 5.793793
8 4.302842

3.0 4 10.11086 4 1.75 .0.173081

6 2.62 0.259127
8 3.50 0.346162

3.5 4 11.446036 4 1.75 0.152891
6 2.62 0.22890
8 3.50 0.305783

1.8 3.0 4 10.846988 4 1.75 0.161335
6 2.62 0.241542
8 3.50 0.322670

1.9 3.0 4 11.598824 4 1.75 0.150877
6 2.62 0.225885
8 3.50 0.301755

2.0 3.0 4 12.366368 4 1.75 0.141513
6 2.62 0.211865
8 3.50 0.283026

3.5 4 13.937164 4 1.75 0.125564
6 2.62 0.187987
8 3.50 0.251127

4.0 4 15.50796 4 1.75 0.112845
6 2.62 0.168945
8 3.50 0.225691

2.1 3.0 4 13.14962 4 1.75 0.133084
6 2.62 0.199245
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0
g
W U

c4-4 cn
O g

a)

in F-4O 0
r-i
O 0
¢, F1

4-4 0
O X

gZ

a)

X
4J "0
84 "-I

8 3.50 0.266167
5 10.477706
6 8.696419
8 6.469810

2.2 3.5 4 15.676456 4 1.75 0.111632
6 2.62 0.167130
8 3.50 0.2232652.4 3.5 4 17.478579 4 1.75 0.100123
6 2.62 0.149898
8 3.50 0.2002452.5 3.5 4 18.403203

5 14.772576
6 12.185476
8 9.076601

4.0 4 20.366698 4 1.75 0.085925
6 2.62 0.128641
8 3.50 0.1718492.9 4.0 4 24.536431 4 1.75 0.071323
6 2.62 0.106780
8 3.50 0.1426453.0 4.0 4 25.618134

5 20.434527
6 16.978767
8 12.659067
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The outlet volume is known, as are the rotor radius and vane width.

The area between rotor and stator necessary to accomplish the volume

must be calculated. These values for a series of vane widths are

tabulated in Table D-2.

Area = volume/vane width

At = 0.365 cm
3
/0.5 cm = 0.73 cm

2
,

Adding the vane area yields Aout = 0.74 cm
2

. The required stator

radius can be calculated. From the above equation,

Stator radius squared = Area out + rotor radius squared
7/# vanes

See TableD-3for computed discharge areas.

Stator radius squared = 0.74 + 3.24 = 4.184 cm2

0.785

The stator radius is 2.045 cm or 2.05 cm in the discharge section of

the pump.



TABLE D-2 PUMP DISCHARGE SECTION AREA

V)

o g
0
cd

o

0

Vane width
(cm)

Discharge Section Area required to
give necessary discharge volume

0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

Discharge
Area

Required
(cm)2

4 44

55

66

8

6 4

5

6

8

4

5

6

8

1.57333 1.34857 1.180 1.04889 0.9440 0.85818 0.78667 0.72615 0.67429

1.25833 1.07857 0.94375 0.83889 0.7550 0.68636 0.62917 0.58077 0.53929

1.04867 0.89886 0.78650 0.69911 0.62920 0.5720 0.52433 0.4840 0.44943

0.78667 0.67429 0.590 0.52444 0.4720 0.42909 0.39333 0.36308 0.33714

2.370 2.03143 1.77750 1.580 1.4220 1.29273 1.1850 1.09385 1.01571

1.89833 1.62714 1.42375 1.26556 1.1390 1.03546 0.94917 0.87615 0.81357

1.58167 1.35571 1.18625 1.05444 0.9490 0.86273 0.79083 0.730 0.67786

1.1860 1.01657 0.88950 0.79067 0.71160 0.64691 0.5930 0.54739 0.50829

3.230 2.76857 2.42250 2.15333 1.9380 1.76182 1.6150 1.49077 1.38429

2.58333 2.21429 1.93750 1.72222 1.550 1.40909 1.29167 1.19231 1.10714

2.150 1.84286 1.61250 1.43333 1.290 1.17273 1.0750 0.99231 0.92143

1.61667 1.38571 1.21250 1.07778 0.970 0.88182 0.80833 0.74615 0.69286

rn
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Table D-3 Pump Discharge Size Calculations

a)

cad

4-4

.4c

O

a)

ca

O

Oz
0.1 1.5 4 0.233473

5 0.184779
6 0.152316
8 0.111737

2.0 4 0.312013
5 0.247611
6 0.204676
8 0.151007

2.5 4 0.390553
5 0.310443
6 0.257035
8 0.190276

3.0 4 0.469093
5 0.373275
6 0.309395
8 0.229546

3.5 4 0.547633
5 0.436106
6 0.361755
8 0.268816

4.0 4 0.626172
5 0.498938
6 0.414115
8 0.308086

0.2 1.5 4 0.482655
5 0.382124
6 0.315103
8 0.231327

2.0 4 0.639734
5 0.507788
6 0.419823
8 0.309867

2.5 4 0.796814
5 0.633452
6 0.524543
8 0.388407

3.0 4 0.953894
5 0.759116
6 0.629263
8 0.466947

3.5

4.0

4

5

6

8

4

5

6

8

1.110973
0.884779
0.733983
0.545487
1.268053
1.010443
0.838702
0.624026

0.3 1.5 4 0.747544
5 0.622036
6 0.523599
8 0.388722

1.8 4 0.944

2.0 4 0.983163
5 0.810533
6 0.675443
8 0.506582

2.5 4 1.218783
5 0.999027
6 0.832522
8 0.624391

3.0 4 1.454402
5 1.187523
6 0.989602
8 0.742201

3.5 4 1.690022

5 1.376019
6 1.146682
8 0.860011

0.3 4.0 4 1.925641
5 1.564514
6 1.303762
8 0.977821

0.4 1.5 4 1.028141

5 0.854514
6 0.712095
8 0.534071

2.0 4 1.3423
5 1.105841
6 0.921534

8 0.69115
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i .9>v
q-4 ta0
o 0

44-1

V<
w

cn

r-1
"d
cd

t.

4f)
43)

g
M>

0z

at
a)
c-i

4-tt

0
tO
f-RNI

,
cza

0 t---

cd 0
> ,---'
4-I bb0 0

44-4

..T W4

.1-I'0
cd
c4

a

m
a)
g
M>

0Z

M
o
$4

4ct

o
bo
$4.1

. .....,
.,,
al

2.5 4 1.65646 4.0 4 3.287942

5 1.357169 5 2.670356

6 1.130974 6 2.225296

8 0.848230 8 1.668971

3.0 4 1.970619
5 1.608497
6 1.340413
8 1.005309

3.5 4 2.284778
5 1.859824
6 1.549853
8 1.162389

4.0 4 2.598936
5 2.111152
6 1.759293
8 1.319469

0.5 1.5 4 1.324447
5 1.099558
6 0.916298
8 0.687223

2,0 4 1.717146
5 1.413718
6 1.178098
8 0.883573

2.5 4 2.109845
5 1.727877
6 1.439897
8 1.079922

3.0 4 2.502544

5 2.042037
6 1.701697
8 1.276272

3.5 4 2.895243
5 2.356196
6 1.963496
8 1.472621
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APPENDIX E

Calculation of Torque Requirements

The power requirements were computed in three separate steps. Power

is necessary to overcome the friction between the vanes and the

pump casing. That friction combined with bearing friction requires

about 0.67 inch pounds of torque. Also, significant friction is

found as the vanes slide into the rotor slots. This slot friction

requires approximately 0.5 inch pounds of torque. The third major

power requirement is overcoming the pressure differential acting

on either side of each vane. Approximately 0.52 inch pounds of torque

are needed for the pressure rise (3). Thus a minimum of 1.7 inch-pounds

of torque is required to drive the pump at an angular velocity of

1730 revolutions per minute. This is the speed at which a four

pole electric motor operates on 60 cycle current.

The calculations for torque requirements are shown divided into the

three steps.

Bearing friction occurs at a radius of 1.8 cm with a coefficient

of friction of 0.04. The estimated load is two pounds on each

of two bearings.

Torque = 2 bearings x 2 lbs x 0.04 coef x(1.8/2.54)inch

= 0.1135 in lb.
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At the vane ends, the friction is the sum of all the vane tips.

Torque = 2.8 in + 2.425 in + 2.05 in + 1.8 in
2.54 2.54 2.54 2.54

x 2.5 lb x 0.04 coef = 3.574 in x 0.1 lbs

= 0.3574 in lb.

The sides of the vane contribute to friction as follows:

Torque = 2 sides x 2.1 in + 1.925 in + 2.3 in
2.54 2.54 2.54

x 1.0 lb x 0.04 coef = 2.491 in x 0.08 lb

= 0.1993 in lb.

The total for the casing friction is 0.6702 in lb.

The torque required to overcome the pressure difference acting on

the vanes can be shown as the total pressure difference from inlet

to outlet acting on the average vane area at a radius to the middle

of the average vane area.

AP = 32.85 PSI

Average area = (maximum + minimum)/2 = (1.0 + 0.25)

x 0.5/2 = 0.3125 cm
2
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Average radius = 2.1125 cm = 0.832 in.

Torque = 32.85 PSI x 0.019 in
2

x 0.832 in =

0.5195 in lb

The friction of the vanes in the slots requires approximately

the same torque as the pressure difference. Therefore, the slot

friction is estimated at 0.5 in lb.

The total torque requirement is the sum of the three steps which

is 1.6897 in lb or 27 ounce inches. A radial magnetic coupling

capable of two inch pounds of torque (32 oz in) has the dimensions

of three inches in diameter and one inch axial length. For greater

torque, the axial length can be increased proportionally (16).



APPENDIX P

Calculation of Port Sizes
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It is desired that the inlet and outlet gas velocities be nearly

the same as the lineal velocities of the pump vanes. The port sizes

which will cause the gas to maintain the desired velocity are determined

by dividing the volume flow rate by the desired velocity. The lineal

velocity is determined by converting the angular velocity, RPM, to

centimeters per minute. To do this, multiply the revolutions per

minute by the feet traveled per revolution (which is the circumference

of the circle being considered).

Velocity = 1730 rev/min x it x Diameter

At the inlet the vane velocity is

Vel = 1730 x 3.14159 x 5.6 cm = 5434.9559 x 5.6 cm/min

Velin = 30,435.75 cm/min

At the outlet the vane velocity is 5434.9559 x 3.8 cm

V
out

= 20,652.83 cm/min
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Since the volume flow rate at inlet is 9100 ml/min or cm
3
/man,

the area of the inlet port should be

9100 cm
3
/min = 0.29899 cm

2

30,435.75 cm/min

For a circular area the diameter is 0.616997 cm or 0.2433 inch.

The outlet port is calculated similarly.

2455 ml/min
20,652.83 cm/min

= 0.11887 cm
2

Diameter of a circular area is 0.389037 cm or 0.154 inches. These

sizes are closely approximated by standard size tubings of 1/4 inch

inside diameter and 5/16 outside diameter for the inlet port and

3/16 inch ID, 5/32 inch OD for the outlet.



104

APPENDIX G

Maximum Vane Sliding Speed

Maximum sliding speed for the vane tip against the stator is

encountered during the intake portion of the cycle while the vane is

fully extended to 2.8 cm radius. This velocity has been calculated

as 30,435.75 cm/min for the inlet velocity. In FPS units it is 998

ft/min. The maximum sliding speed for the vane in or out of the

rotor slot occurs during the transition from exhaust to intake as the

vane slides outward radially from fully compressed to fully extended.

The distance traversed radially is one centimeter. The extension

occurs during 30 angular degrees. The average velocity of the radial

motion can be found easily.

1 cm x 360° x 1730 rev = 20,760 cm = 682 ft
300 rev min min min

= average velocity

The velocity during the extension varies from zero radial velocity

to a peak velocity then back to zero. Therefore, depending on the

acceleration and deceleration of the radial motion, the peak velocity

can be ascertained. In the case of the pump stator being considered,

the acceleration and deceleration are not easily defined. An

approximation can be given by considering the case of a piston and

crank shaft (reciprocating to circular motion). In this case, the
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maximum velocity of the piston is approximated by the lineal

velocity of the crank.

In the case of the sliding vane, one centimeter represents the

stroke of a piston (which is the diameter of the circle through which

the crank swings). The circumference of a one centimeter circle is

3.14159 cm and in completing one stroke the crank would turn one-half

of a revolution of 0.57079 cm and the time for that half revolution

would be 0.00289 seconds. The maximum velocity is

1.57079 cm or 1.571 x average velocity.
0.00289 sec

The approximate maximum velocity is 32,580 cm/min or 1272 ft/min.

Thus, it is obviously desirable that the vane should suffer no

encumbrance from the side plates during this extension process.

The design allows that the side plate shall not pAss against the

vanes during the vane extension process. The actual maximum velocity

should be less than the approximate value owing to the method of

approximation used.


