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INTRODUCTION

Compressed Air like electricity, natural gas, water, special gases and
telephone service is a utility to the industry. It is also like these because it
costs money. The need to recognize this can become compelling if the
cost per year reaches the amounts determined in this study.

We must think of a yard Compressed Air System as a” power plant” which
contains capital machinery, a distribution system, a fuel source and
supply, an operating plan and strategy, and an operating / maintenance
budget. When this vital utility is put into this perspective we can start to
deal with the considerations of systems engineering, planning,
performance evaluation, cost control and preventive maintenance; the
same as any power plant operator.

Do we know what the Air costs that our system produces? This is one of
the very first questions that Scot Foss asks when conducting his seminars
or engineering consulting projects.

We shall be referring to information found in various publications that were
authored by Mr. Foss and will use his very well developed approaches to
analyzing compressed air systems, just as was done for NASSCO. The ex-
perience with that specific yard system covers some 12 years, identifies
key milestones in system improvement, as well as maintenance practices
and related costs.

The approach in this study to evaluating maintenance costs determined
very early on that the maintenance and operation of most, if not all,
shipyard compressor systems are inseparable. At NASSCO, the
Maintenance Department is responsible for directly operating and
maintaining the air compressors and distribution system. Therefore it was
necessary to explore the best thinking in air systems, including
engineering, planning, operational strategy, and preventive maintenance
strategy.

This report is intended to trace the NASSCO compressed air system
evolution through a number of years of history, showing the impact of the
changes on costs and operational strategies. These changes mark
milestones which relate to specific issues developed by Scot Foss in his
programs for improving system performance.



IT"S ONLY AIR!

A BACKGROUND TO THE PROBLEMS OF MANAGING
COMPRESSED AIR SYSTEMS.



IT'S JUST AIR!

Wrong! The air we generate to operate the machines and tools of our yards
may often be passed off as being free like that of our atmosphere and not
command our attention so long as the “ flow is good and the pressure is
sufficient”. However, this is simply not the case.

Compressed air is a utility which carries a cost per cubic foot just as
electricity has a price per KWH. Since yards operate their own systems that
cost can vary from installation to installation. Factors will be quite
different:

* Electricity rate in a given area.

* System configuration.

* Compressor equipment age and capacity.

* Condition of the distribution system.

* Regulation of the system.
There are others, but one can see that the cost will be system specific.

Therefore the economics of a system deserves early evaluation and
analysis, and sets the stage for the other steps which may follow in order
to change and improve a system. How many yards know how much air is
being used and what that air costs? How many yards have made an
engineering evaluation of their system in terms of productive efficiency?

Even if the maintenance costs for a specific system are recorded and
accounted with great detail and accuracy, these costs are not meaningful if
the efficiency cannot be accurately evaluated. As a result, system improve-
ment may not be planned and engineered.

Scot Foss in a series of three articles in Maintenance Technology
magazine sets forth an excellent overview for Managing Compressed Air.
The articles are titled Economics of Compressed Air, Auditing Compressed
Air Costs, and Controlling Demand in Compressed Air Systems.

SUPPLY CONTROLLED SYSTEMS.

If the system under review consists of compressor(s), distribution (piping),
and the connected equipment and tools but has no regulation, the system



is as basic as can be found in the smallest of shops. This is a SUPPLY
controlled system, in which the user operates his equipment and when that
equipment demands more pressure and flow than the system can supply
“more capacity is obtained” in order to meet the increased demand. The
supply is creating the demand. This is a vicious cycle and can victimize the
best operated yard.

Another way to look at the problem is Uncontrolled Demand which creates
a cycle where system pressure is increased, via the application of greater
amounts of energy, until the resulting air flow exceeds the capacity of the
distribution piping and the delivery pressure drops. Back to “the need to
add compressor capacity”.

Additionally, where controls are absent or inadequate the user demand as
well as line leaks become a function of supply pressure. As the supply
pressure rises the flow rises proportionately.

All of this builds toward the issue of cost.
COST EVALUATION.

For the moment, look at the basic question of the right way to measure
cost and return to the system configuration question at a later point. The
supply system makes it difficult to measure or calculate costs since the
lack of a truly controlled system forces the necessity to evaluate parts,
such as the compressors on a stand alone basis. The operating cost of
the compressor(s) can be calculated based upon HP rating and therefore
(calculated) electric power consumption. These can be metered over a
period of time and therefore an even more accurate consumption of power
may be determined. The capacity of the compressor(s) can then be related
to the consumption of electrical power and the cost / 100 CFM can be
derived.

The problem with this method is that even if performed with great skill and
accuracy it does not relate to the various demand loads of the system, but
at best to the efficiency of the compressor(s).

The proper method and unit of measure should be production demand or
cost/hour/1 00 CFM. Scot Foss puts this into the following equation:

TOTAL SYSTEM COST/HOUR

COST/HOUR/100 CRMs=tw---rmremrorammrormemsomneo s
DEMAND/100 CFM



The full engineering calculations needed to support the complete working
analysis of all the contributing factors is contained in the appendix.

The components of Compressed Air Costs are:
* Power (Electricity/ other)

* Cooling

* Drying

* Maintenance

* QOperation

* Depreciation

Other (i.e.. G&A, Insurance, etc)

*

The tasks required for any complete evaluation are:
* |dentify the complete system.

* Quantify the Air Supply (Demand and Leakage).

* Quantify the operating cost to sustain the supply.

Production Demand is the ideal, true measure of use. However, Total
Demand is what is found in most yard systems and is made up of the
following:

1 Production Demand (the real requirement).

2 Artificial Demand (caused by having a supply pressure that is higher
than is required at point of use, thus delivering more air than the use
requires).

3 Line Leaks.

HOW TO PUT THE COST UNDER CONTROL.

The ideal operating system with the optimum cost/hour/100cfm is one in
which the “on line” compressor capacity exactly equals the “real”
production demand. This is a system with no “artificial” demand and
without “leaks”, and uses “off line” compressor capacity for standby
purposes.

Good Operating Practice uses the rule that----
(1) All compressors that are on line run “flat out”, with one additional
compressor for “trimming”, and
(2)  All other compressors are off line,
----This is regardless of demand variations.

When determining accurate system costs, both AIR FLOW and POWER
CONSUMPTION must be measured.



MANAGEMENT VERSUS ECONOMICS.

All of this leads to the understanding of cost, and hopefully the best cost
for a specific system: determining what the cost is, determining what to do
to attain improvement, and how to maintain the improvement.

Scot Foss prescribes the MANAGED SYSTEM as the fundamental solution
and building block to solving this. Managing a system consists of
CONFIGURATION PLANNING, ENGINEERING, and IMPROVING. Since most
yard systems change with time, increasing and decreasing work loads, the
management practice will be a constant responsibility, the same as system
maintenance.

The over view of a Compressed Air System is made up of five functional
components:

* DEMAND

* DISTRIBUTION

* STORAGE

* REGULATION

* SUPPLY

Demand was well defined previously. However, detailed evaluation of the
production demand by large users with in the yard is necessary in order to
determine the maximum compressor capacity. The work schedules for
areas of large demand when integrated into the planning and engineering
activity will help determine the number, capacity, and power of the
compressors.

Distribution at this point in the discussion centers on several concerns:
piping sizing must be engineered to the ultimate flow needed to satisfy the
true demand; does piping figure into the Storage factor?; have the fittings
and connections been evaluated for best application?; etc. Most important
in large systems, as most yards must have, is_the continuous loop of the
Header or Pipe Main.

Storage is the balancing act of a properly configured system. Without
storage, the compressors alone service the extremes of the demand. If the
compressors are set to supply the peak demand all the machinery
(including the ancillary equipment) will run during the less than peak
periods. Storage is used to handle the peak and thus allow the machinery
to be run at the level to supply the mean demand, a far more cost effective
and efficient operating method.



Regulation is the method for controlling the system and permits the
system to remain in balance. Intermediate control(s), placed down stream
of the compressor and storage vessel, provides management of the
demand (including leaks), controlling of storage, and unloading of the
compressor power. Regulating the intermediate pressure and the

compressor control pressure dictates the weight flow of demand* and
significantly the way in which the system performs. Intermediate control is
the most important control point in a system. With proper, high quality
devices the upstream and downstream conditions can be analyzed and
controlled.

Supply and the cost of providing it is obviously the beneficiary of the
completeness, thoroughness, and quality of the other component parts of
the managed system.

The best cost of operation cannot be obtained unless the yard commits to
managing air as a Utility.

WHAT IS THE COST?

When accurate costs are developed and all aspects have been considered
(reference page 4), the cost of air will be 1.5 to 3 times that of electricity.
The Scot Foss approach is to make a full audit of the system which
encompasses engineering configuration and economics.

Again, if the” compressor operation alone is evaluated and costed from a
load (electric power usage) point of view, the efficiency of the system and
demand control are not addressed and there is no way to identify the
ultimate source of cost control and reduction.

It is certainly in the realm of common sense estimating that if 20% loss to
leaks, 20% loss in uncontrolled demand, and 10% loss to artificial demand
is creditable, 1/2 of every $1,000,000.00 in power consumption for
Sompressed air generation is attributable to system inefficiency.

This is explained in detail in the Appendix.



A CASE STUDY

NASSCO: A COMPRESSED AIR SYSTEM EVOLUTION



THE NASSCO EXPERIENCE

Like many yards and plants throughout the country Nassco’s compressed
air system started out as several systems which grew to meet production
growth, a classic response to need. In 1980, faced with the need for a
better understanding of the technology of compressed air systems, the
commitment to improving the engineering and configuration of the system,
and a realization that the problem had a large dollar impact the Facilities
department engaged Scot Foss.

What happened from that point makes for an interesting case study.
However, the best place to start is an overview of the system history:
configuration, operations, maintenance, and engineering redevelopment.

1978 Started conversion from sub-system configuration to single system
configuration.

1979 First common piping construction projects started.
1980 Scot Foss engaged to review system needs.

1981 Extension of common piping to the building dock and outfitting
areas.

1982 Common piping extended to Floating Dock.

1982 Initiation of system controls and monitoring and automatic
controlling of the compressors.

1984 Energy Conservation Project adds management focus to
compressed air as a Utility.

1984 System Looping completed.
1988 Installation of point of use regulating begun.
1990 Second Foss engagement. Blast area review and experiment.

1992 Balancing of the complete system through point of use control and
use of 18,000+ Lin Ft of 8" diameter piping distribution as storage.

The decisions, the relationship to the Foss approach, the impact of the
improvements, the lessons learned, the advantages, and the disadvantages



will be discussed in order to give a detailed picture of this case study
process.

THE EARLY PERIOD

Sometime prior to 1978 NASSCO had five separate and distinct
compressed air systems. This condition was due directly to the fact that
the National Steel and Shipbuilding Company was actually an
amalgamation of several shipyards and other water front facilities. Each of
these had its own supporting utilities, including compressed air.

There was probably a second reason for these individual systems to
remain after the amalgamation and that was the prevailing view of
Compressed Air. This was identified as a secondary facilities requirement
to be dealt with after space, buildings, electric power and water, etc. There
is little doubt, among the current yard Informed, that the planning was put
in a compressor and pipe and let's get going.

The exact time that NASSCO started to link some of the of the systems is
not known but was sometime prior to 1978. Therefore, as of the earliest
date of this case study the unification work had already begun, but for
these intents and purposes, 1978 marks the beginning of the commitment.
That commitment was probably not as clearly defined as a formal
statement and plan outline. However, it was a distinct change on the part of
facilities engineering influence and the initiation of a yard wide air supply
system.

If the classic Scot Foss book approach had been followed from this point,
a complete audit, master plan, and supporting engineering would have
been done. This was not the case due to the difference of priorities and
most pressing issues. as seen by the production / maintenance
departments versus those of facilities engineers.

This case study is classic, in that the prevailing philosophy was to
maintain a Supply System while unifying and developing the larger nature
of the utility. There were some pretty smart people who did not see the
nature of the problems of the system beyond the fact that it made good
sense to have one system rather than several small ones.

* Calculating compressor capacities showed that certain compressors
could be working while others were not working.

* This possibility was viewed as an important aid in reducing the
maintenance impact on production, since the compressors would be
operated in a more efficient manner.
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* The combining of compressors could increase total capacity of the
unified system in order to meet more DEMAND.

These highly logical reasons go another step in arguing the Scot Foss
point for knowing the cost of AIR This hind site error is in no way unique
and it is not intended to embarrass nor to detract from the effective
improvement program which followed.

THE GROWTH OF ONE COMPLETE SYSTEM

No sooner had the unification of the system been undertaken, than the
need for expansion was recognized. Up until this time portable
compressors were utilized to supply production at the building dock and
outfitting areas. In 1979, 80, and 81, the new system piping was extended
to cover these functions as well as new “on-block” areas that were being
utilized.

In 1982, NASSCO had acquired a new floating dry dock and piping
extension to this new facility was undertaken. At this same point in time, a
very important step was taken. The engineering and maintenance group
introduced a Westinghouse PC 900B programmable controller with 256
input / output capacity.

This control has evolved along with the system, however, it was utilized
from inception for displaying system status and permitting remote control
of the compressors. The introduction of this layer of sophistication was
not without problems and an associated learning curve. After some
experience and study the complete system was reprogrammed in order to
make it more effective and efficient.

NASSCO formed an ENERGY CONSERVATION PROJECT in 1984 which
looked into all energy use issues. Among these was the compressed air
system since it had such a high use of electric power. This caused a
Management Awareness never quite like it before. The power consumption
of the compressors put new stress on the control system and the
advantages of a looped header were identified. This helped the project and
added emphasis to the completion that year.

During the next few years, the production demand caused the changes in
the system to wait for priority treatment and it was not until 1988 that a new
push was made. Regulation for control and balance was the objective of
this phase of the project and included:

1. PRESSURE VALUE WORKING STANDARDS for each end user.

11



2. BALANCING OF THE SYSTEM.

3. TEMPERATURE AND VELOCITY CONTROL.

4. PROPER DRAINAGE SYSTEMS.

5. DELTA PRESSURE FEED BACK AND MONITORING.

t should be noted that the PC 900B was reprogrammed in order to tighten
the pressure band width that would afford closer control for the delta P
required in the system balancing. The system itself was now a storage
component that added 6300 CF (free air) to the receiver storage already in
the system.

The completion of this work was accomplished in 1992 with the installation
of the final group of regulators.

THE PREVAILING OBJECTIVES.

Remember, the NASSCO goals were driven by the primary desire to lower
energy usage while improving the system effectiveness and maintenance.
One very specific objective was to lower energy costs by shifting loads to
off peak hours through the utilization of high pressure storage, demand
control, and compressor control.

The Foss involvement early on had made the key players realize that there
were four areas of system configuration improvement that can significantly
reduce power cost:

1. Minimize waste.

2. Control demand.

3. Control the compressors.

4. Utilize storage.

The efficiency of the system, the ability to shut off the compressors, is far
more important than the efficiency of the compressors. )

The looping of the 8" header, the installation of the PC 900B, and
installation of the regulation effected each of these desires. Pressure Value
Standards for each production area impacted the waste conditions
(primarily leaks and equipment) immediately. The regulation controlled the
demand. The automatic control system managed and controlled the
compressors load, unload, and trim status with planned parameters. And,
the loop in combination with the regulation provided the storage. The
waste condition was the least satisfactory of the improved targets, this will
be discussed in detail in a later section.

12



THE DETAILS.

Now that the history of the system has been traced, and it may be very
similar in part to other yard system evolutions, a look at the details is in
order. How well does the NASSCO experience fit the Foss Program? What
have been the benefits of this effort for production? . ... ... maintenance?
....... cost effectiveness?

In order to do this, the 1988 effort needs to be looked at more closely. What
had happened prior to this point had been largely the necessity for
amalgamation with an emphasis first upon a single system configuration,
then an expansion to meet new production and facilities needs, and finally
the looping of the header. The latter was the bridge to the Foss based
program which set the stage for truly creating a Managed System.

A complete Industrial Engineering study was conducted by the

Maintenance and Facilities Departments in 1988. This was the main thrust

of the system survey advocated by Scot Foss. This included the following

work:

1. Setting Pressure Standards with the users.

2. Balancing the system with P2 (Compressor discharge) controlled to
117psi, P3 (Entry to header from the ancillary equipment discharge)

at 105psi, and P4 (farthest point in the header) at user standard.

Note: This is a greater differential than recommended by Scot Foss and
represents a practical decision, through specific system experience.

3. Review of all Drying and Filtering Equipment for best operation.

4. Re-evaluate operating and maintenance procedures.

5. Evaluate Slave Coolers to enhance drying performance.

6. Evaluate drainage and waste disposal.

7. Evaluate Ventilation of each compressor station in order to assure
positive ambient pressure, exhaust to the external atmosphere, and
ambient clean air.

8. Establish Delta pressure and temperature monitoring

9. Evaluate compressor and ancillary equipment lubricants to determine

operational and cost effects.

13



It was necessary for the users and providers to agree on the pressures that
would be delivered by the system for each production area or sector. This
is a vital step in any system management program and not always an easy
step. Firstly, the providers, in this case the Maintenance Department, had
to accept themselves as the vendors and Production as the customers.
Secondly, an education effort had to be made with key players on both
sides since the misconceptions concerning costs and management of a
Compressed Air system were universal. Some of these misconceptions are
still alive and well at the yard. The main issue was naturally pressure. The
prevailing idea that more is better and the highest is best is not easy to
eradicate from the thinking where the system history had been Supply
Controlfor so many years.

In spite of the problems, the NASSCO team was able to negotiate Pressure
Standards which have formed the basis for system operations since.

DEPARTMENT/FUNCTION PRESSURE (psi)
Paint 85
Portable Blast 100
Stationary Blast 100
Flame Spray 95
Respirable Air 90
Water Front 90
General (Shops) 85
Steel 85
Navy 85

Balancing the system is accomplished by setting the Sector Regulators
(see the system plan) to the standard delivery pressur. es; utilizing the
storage in the 8" piping loop; running the on line compressors flat out; and
utilizing one compressor for trim. The ability to automatically control the
compressors to respond to pressure windows and time windows is also
vital to maintaining the balance.

A pressure window consists of settings that tell a compressor control to
turn on and turn off, or to throttle up or throttle back in the case of a
trimming compressor. The time windows control the delay period that
might be necessary prior to the control response to any given pressure
change. This prevents unnecessary starts and stops, jerks and glitches to
the equipment due to momentary pressure readings at the critical window
edges.

14



the equipment due to momentary pressure readings at the critical window
edges.

The operational history of the system is captured in the following chart:

PRESSURE (psi)

Year Ins tituted[ Control Method] P2 P3 P4
1978 [Manual] 120* 110* 100
1982 [Automatic/unbalanced] ***' 115 105 85
1990 [ Balanced/Automatic] 117 108 **

*What ever was needed to maintain 100 psi at the user
station. This was a Supply Controlled System di ct at ed
by Demand.

** pressure value Standard shown above.

*** This system Still had to operate as a Supply system
since the regulation was not conpleted until |ater.
However, the controls allowed for a greater degree of
pl anning so that conpressors could be brought on line
and taken off line as changes in pressure down stream
of the conpressors were detected.

The maintenance aspects of the program were in most respects a
reflection of how the operations were going. If the compressors and
ancillary equipment could be run flat out or shutoff, and not start and stop
---- start and stop, there would be an obvious advantage and
improvement in the machinery wear. Preventive maintenance for filters,
lubricants, bearings, and peripherals has always been a key to the
NASSCO practice. The maintenance costs for normal preventive
maintenance dropped by 12% simply by the reduced operating time ,which
was 33%. However, this did not take in the additional savings in lubrication
costs of about 10% reduction.

The overhaul costs for compressors could not be properly analyzed
relative to the new operating practice because of age. Several units were
due for complete or major overhaul and no history could be established.
There are two new Leroi compressors now coming into full service and
early maintenance cost returns are positive. While these can not be

15



There was a negative impact on maintenance costs due to the increase of
coverage for new coolers and regulators. However, it is estimated that this
is only a fraction compared to the cost reductions.

COSTS.

The Foss formula for true system cost measurement was stated early in
this report ... cost/hour/100cfm. A review of the information in the
Appendix will show that this is not something arrived at without a certain
degree of effort. The CFM out put of the system as well as each
compressor is required along with a myriad of engineering and accounting
details; however, it appears from the NASSCO experience to be very
valuable and worth while, even if some values must be arrived at on a best
estimate basis. The latter was true in this case. The out put for specific
compressors was measured, along with cost calculations for the specific
units. System usage was estimated and proofed with several different
calculations.

The resulting cost factors were developed and can be applied very usefully
to future system projects.

NASSCO
Compressed Air System

Cost Analysis

$/Hour/100CEM %
Old Unit New Units Reduction

Supply Controlled

System 5.773 N/A
Balanced/Managed

System 3.810 2.020 34.0%
Without Leaks 3.193 1.693 16.2%

The older compressor equipment has a higher cost simply because of the
out put per KWH and relative maintenance cost ( overhaul, etc.). The new
unit cost includes amortization of the capital cost, not necessary with the
older equipment.

The percent reduction was calculated by taking the difference between the
pre-improvement value and improved value, dividing by the pre-
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improvement value and correcting to a percent ( the more conservative
method ).

A most important cost consideration is this:if the yard demand is 6000
CFM for 5000 Operating Hours per Year, the cost ( applying these
experience factors ) will be between $1,730,000. and $510,000. ( using the
worst and best costs as an example ). THIS CLEARLY SHOWS THAT THE
COST OF OPERATION or THE COST OF AIR CAN OUT WEIGH THE
INVESTMENT COSTS OF NEW COMPRESSORS AND ANCILLARY
EQUIPMENT. This is so even if a single unit installation can cost $300,000.

or more. Depending upon the improvement potential for a given yard,
capital investment justification may clearly point to new equipment
installation, as well as system improvement.

17



CONCLUSIONS.

This case study shows great success, but also has been a source for
discovery and definition of future project objectives. In order to summarize
the accomplishments and the to be accomplished a score card was made
to indicate these conditions.

NASSCQO’'S FOSS PROGRAM SCORE CARD

PARTIALLY NOT
FOSS RECOMMENDED ACTION COMPLETE COMPLETE COMPLETE

System Configuration Revamp/Looping X

Regulation X
Storage X

Balance X

Cost/Hour/100CFM X

Line Leaks X

From this, and having developed a better understanding of the costs

related to systems operations and maintenance, a plan has been made to

accomplish the following objectives:

1. Repair Line Leaks.

2. Replace poorly performing, high maintenance cost compressors.

3. Re-evaluate Blast Area to improve nozzle performance, peah to peak

problems, and storage assessment.

Complete the Lubrication Study now in process.

Make a Cost/hour/100cfm evaluation for each compressor, and total

system at various levels of demand.

Conduct a bearing vibration analysis.

7. Conduct user training in order improve sector management of
equipment demand, leak correction, shutdown procedures, and cost
awareness.

Sl

o

Beyond the details of this case study the general rule appears to be “once
the effort begins to show real return and promise, the next areas of

improvement should become obvious”.
not

AFTER ALL ------------- IT'sAJUST AIR!!
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Managi ng efficient conpressed air systens

By Steve Gahbauer
Erggreesirng  Editor

ITII MUCH confusion aboundi ng
Wabout plant air systems. we need
to learn how to manage conl -

pressed air nore efficiently. There are
three aspects to learning: Confusion-
what’s going on? Mbtivation—a desire to
find out. Experience-so that 's how it is
done!

When it cones to experience and to
“how it's done" in conpressed air sys-
tens, there is probably no nore conpetent
authority than Scot Foss, president of
Plant Air Technology, in charlollc North
Carolina. Foss does financial and configura-
tion audits of systems to deternine their
cost and efficiency. He is reducing the
overal | cost of operations of t hc systcmin
many plants by 35% to 60% and, at the
same time. hc inproves performance at
the production end.

through storage. The volume of storage
and the weight flow of demand will deter-
nne the amunt of energy which nmust be
applied.

0 Maintain a maxi mumcontrol pressure.
0 Slow down the rate of decay in pres-
sure.

oControrl the expansion of the gas at |east
twice to the point of use to differentiate
bet wecn supply and demand.

oAl ways operate a demand-controlled
rather than a supply-controlled system

Sol ving Problens: Foss also has some
grind advice for problcm solving. He says
what ever you think the problemis. it's
probably not that You are Iikely Iooking at
the effect. not the cause. And whatever
you think the solution to the problemis,
there are probably at least three better
ways to do it. In other words: don't lank at
the situation. look at the system Al ways
think in terms of pressure. volume. stor-
age. time. and speed of transmission.

It also helps to draw a picture. If you
can't. you probably donut understand the
problem Foss says.

What are some of the typical and recur-
ring problcms in conpressed air systens?

One 1sair leaks. They ran come from
sources anywhere m your plant -hose
teaks and worn disconnect plugs: aban-
doned cquipment with air left on: mechanic-
cal failures on valves and cylinders: pipe
connections and stem valve packings m
shut-off valves.

Aleak islittle nore than an unregulalrd
hole mthe conpressed air syst em through
which you blow air with pipe scale, iron
oxide and other contaniuauls. Wthout any
effort on your part. the hole- will get larger.
And increasing operating pressures speed
| the process.

Costly Leaks: Foss talks alxout indus-
trial and process plants in which he dirt an
audit. In 15% of them |eaks wasted more
then $500 000 a year. | Half of them would
have turned a profit if they had controlled
their air |eaks.

That proves that it can he done. So what
can we learn? How nuch does plant air
really cost you? How can you stop bl owing
noney out thc window?

Foss says inmproving your conpressed
air system starts with rcalizing some fun-
damental facts. and that there are better
ways than throwing energy at it. He is a
great proponent of using commpn sense.
Consi der this:
| If you forget thc air. you can forget the
results: but you'll never forget the cost!
| Statistical data is fine but coupled with
no statistical thinking gives you poor re-
sulls.
| An “on”. conpressor is an indication of
cost: but not necessarily an indication of
need.
| only half of the demand in - typical
uncontrolled systemis the result of real
production demand.
| Compressors set to supply thc highest
demand are wasting energy.

“Leaks made up 20% to 35% of demand
in almst all the plant air systems sur-
veyed." says Foss. "That neans that one-
third of all compressors, associated costs
and electricity expenses served no other
purpose than to increase the cost of the
product manufactured. "

Consultant Peter Stern puts the real
cost of air leaks into perspective. He says
the average corporation's income is 5% of
the gross sales. Thus. when a conpany
loses $200 000 a year from conprecsscd air
leaks. the organization nmust increase its
sal es vol ume by $4 nillion to neke up fur
the loss.

The easiest method for finding individ -
ual leaks is with a nicrosonic or ultrasonic
leak detector. Once leaks are locatcd, they
should be marked and fixed. To deal effec-
tively with leaks. you need to:
vDeternine the operating cost for your
conpressed air system
tAeasure the flow requirenments for
I'eaks under various conditions.

vEstablish the total annual cost for
| eaks.
vFix the |eaks.

vReport the reduction in system operat-
ing cost.

v“Educate personnel about the inpor-
tance of leak and pressure managenent
and reporting procedures.

Tricky Nomenclature: Another prob-
lemisthe CFMtrap. Different rating con-
ventions for conpressed air power make it
confusing. Do v know what capacity you
arc really talking about? CFM ran mean
ICFM ACFM SCFM or FAD. depending
on 1 the supplier.

There arc at least three different abbre-
viations for virt ually t he sane rat ings for
industrial air service to describe intel air
free air. or anbient cubic feet of air com
pressert. There is an addition neaning
when you deal wth European systens
wherer delivery isdelined as the actual an

delivered by a conmpressor in t hc system
when the performance does not include

pover |osses due to inlet filters. oil filters,
cooling systens. or oil separators.

The "safest " termis SCFM standard
cubic feet per ninute-meaning the vol-

+ Lowpressure at the point of use does
not necessarily mean inadequate power in
the systcm
+ You must cont rol the weight flow of the
gas despite the varations in pressure. tem
perat ure and flow the closer you can do
this to the production demand, the nore
efficiently you will control the results and
the energy.
+ Every unit of pressure demand gener-
ated by systcm conponents adds energy
cost to the system

For a cost effective conpressed plant
air systcm Foss suggests that you:
o Use air as cfficiently as possible and
make usage decisions based on t he operat-
ing cost.
O Service demand with potential energy as
mich as possible.
0 Meler the recovery for cnergy savings.
O Never satisfy demand at any cost. Com-
pressor controls are to refine the response
to a controlled demand interpreted

uom of flow of conpressed air m one- mm
ute related hack to a standard set of inle
condi tions. Mre and nmore. FAD-free air
delivered-is becomming a tcrnnol ogy
standard. It unanbiguously neans the
amount of air available fromthe unit bcfore
the aftercool er.

What really concerns you as a user of
conpressed air in your plant when you are
trying to match supply and demand effi
ciently is how much usable air is available
at the discharge end and what the power
cost is to deliver that air.

Action Plan: Qut of all this cones an
action plan to inmporve compressed air sys-
tems in your plant. Here is what Foss rec-
ommends:

Control demand by intermediate or sec-
| or controls. point of use controls. estab-
lishing appropriate operating pressures.
and dcvcloping control and overhead stor-
age systens.

g Reduce demand by correcting poor ap-
plications. developing a |eak managenent
program and reducing abandonce equip-
nent.

g Reduce horsepower by unl oadi ng unnec-
essary conmpressors, refining part load and

trim load, and operating at the best power
flow.

O Reduce ancillaries b
ment, doing preventi
automating whet
ator expense

ty.
To sty on the winning side of your plant
aipsystem requires constant vigilance. You
te_never a loser until you quit trying.
Don’t give up: there are rich rewards in

maintaining a cost efficient compressed air
supply. <&

caning equip
maintenance, and
ible to reduce oper-
improve quality/reliabili-
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EXECUTIVE BRIEFING:

Economics of
Compressed Air

It is time to get compressed air out of the

unassigned cost category so

rational

decisions

can be made about maintenance and production costs.
An expert examines the problem.

By Scot Foss
hc vast ma- have on the qual-
T jority of fa ity and landed
cilities cngincers WHO IS AN AUDIT CANDIDATE? costs of your
and maintenance manufacturcd
manager s have no Every plant isacandidate for a  creases system pressure and de- goods?
idea how much compressed air system audit. It is  mand. Not until the flow created Typically. ro-

compressed air
they usc or what
it costs. They are
not sure ifthc sys-
temis efficient or
what alternatives
they have.

If you were
challenged by
managemcnt to
rcducc energy or
cxpensc for main-
tcnancc by 25
pcrcent over the

not. however. the plant that feels
it has thc most problems that is in
greatest need. Facilities that fedl
they have overcome their prob-
lems may have the largest prob-
lems. They may have managed
only to overpower problems
without applying controls, audit-
ing. or other investigation. These
plants have learned to tolerate the
expense of satisfying the Black
Hole of uncontrolled demand.
Each increment of energy in-

exceeds the capacity of the pip-
ing and the pressure begins to
drop geometrically will anyone
show an interest in altcrnative so-
[utions. If you have enough capi-
tal and your management does
not find fault with escalating
power and maintenance costs.
this is one of the ways of dealing
with the system. Despite its pop-
ularity, it is without a doubt the
least effective approach of the has
many alternatives.

tating equipment
represents 50 to
60 pcrcent of a
plant”s mainte-
nance budgct.
and compressed
air represents 30
to 50 pcrcent of
that figure. Man-
tcnance on rotat-
ing equipment
incrcascd
gcomctrically for
thc past 10 vcars.

next 2 years.
should compressed air bc on the
priority list of inanimate opportu-
nity cxpcnscs?

Auditing and value cnginccring of
compressed air arc difficult when
there is an abscncc of operating
convention. configuration technol-
ogy. systems management hard-
ware. or a method of costing this vi-
tal utility. Despite this situation,a duce
growing trend for the past 15 years
has been to throw energy at all sys-
tcm problems. while operating
COMPpressors at ever greater pres-
sures.

When dcmand controls in the sys-
tem arc inadequate. thc demand. as
well asloss from leaks. becomes a
function of supply pressure. and

volumerises on a straight line. The
guestion then is, How much of a
systcm”s input energy is being
wasted?

In larger facilities it is not uncom-
mon to be able to rcducc waste en-
ergy and its attendant costs from
$500.000 10 $1,000,000 a year.
Typically, input energy can be rc-
duccd 15 to 25 percent. although in
many cases a 50 pcreent reduction
is possible. But electricity is just
one of eight general areas and many
subordinate areas in compressed air
where there is a tremendous oppor-
tunity for cost reduction. efficiency
improvements. or both. The real
guestion to ask is, What impact
dots this less than efficient system

The opcrating
cost for compresscd air in'the first
year alone is 1.5 to 2.5 times the
capital investment for the basic
equipment. And these figures do
not include depreciation expense.
Thercfore, adding horsepower to
solve a poorly defined problem has
to be avery difficult decision.

In 1973, energy activists made us
take a hard look at automobile fuel
efficiency. Since that time wc have
doubled and in some cases tripled
fud efficiency while the cost of fuel
has only doubled. The net econo-
mies have been substantial. Other
areas have been targeted in industry.
such as quality of manufactured
goods. effectiveness of receivables
administration, and purchasing and
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inventory man-
agement We have
rcsponded to
these areas with
statistical process
controls. just in
time (JIT) manu-
facturing. materi-
als rcsource plan-
ning (MRP) | and

COMPRESSED AIR COST COMPONENTS

There are many variables to a
compressed air system. Finding
what you have and its cost at vari-
ous conditions will greatly help
to develop the appropriate action
plan toward optimal efficiency.
There are eight cost compments:

Electricity or aternative en-

egy | .
Water or air cooling
Contaminant control equipment
(dryers, filters)
Preventive maintenance
Breakdown maintenance
Operators
Depreciation
Miscellaneous (interest on inven-
tory, insurance, supervision,

tion, inventory aging to de-
struction, etc.)

For most facilities, finding the
costs in any form maybe difficult
because data entry on the item
does not identify it as a com-
pressed air expense. The fact that
accounting does not identify
these items as compressed air
does not mean that they are not
real components of the cost i f
compressed air. Each of the. e
components is essential to inves-
tigating and tuning the systcm.
The way that you understand this
utility and the decisions that you
make will be greatly influencd
by your configuration audit of the

bc found to deal
with it. However.
in the area of
compressed air.
wc have yet to
deal with a num-
ber of factors:

Z A lack of sys
tem standards
against  which

1. automacted rc-
ccivables. quality

general administration, educa

component items.

performance can
bc measured

assurunce pro-
grams. and othcr programs.

What is the rclationship of thcsc
management issues 10 mismanaged
compressed air? The purpose of
these programs is to make you more
competitive in your industry. If you
arc doing ajob with aiT and arc not
looking at your less than optimum
compressed air system. it is possi-
hic that thcy cancel each other out.
Both affect thc bottom line geomc-
tricaly.

In the Far East and Europe indus-
trial and process managers know
precisely what compressed air costs
and how it affects them. At a recent
workshop in Northern California. a
Eurocan facilities manager told the
group that when you thoroughly in-
vestigate the burdened cost of this
utility. you can no longer overlook
configuration inefficicncics or incf-
fective management philosophics.
In most systcms. morc energy can
mean more waste. When a leak
costs $5000/year. you cannot afford
to make it a $7000 leak by adding
compressor capacity to solve an-
other problem in the system. You
must consider the aternatives.

It is possible that compressed air
falls 27 Icdger columns behind cn-
tertainment expense in the fiscal
plan. Maybe it smply represents 5
to 25 percent of many categories, all
lost in the name of burden. With
plants moving or being shut down,
and utility cost afactor in the deci-
sion, perhapsit is time to address
this important issue.

In scminars around thc country |
have asked facilities and mainte-
nancc professionals the same ques-
tion. Would you put in ancw hoilcr
each timc you rcccived persistent
point-of-usc complains? Y ou know
the answer. Is it possible that you
deal with compressed air in this
manner? Part of the problem is that
you know what a pound of steam
costs. Altcrnatives can be measurcd
in money and presented to manage-
ment along with specific action
plans. Without a reasonable method
of fiscal measurement. compressed
air problems must reach crisis pro-
portions before managcment reluc-
tantly responds.

It is aways the same
The scenario is aways the same.
Someone complains about low pres-
sure somcwhcrc in the plant. You
assumc responsibility whether you
should or not. You make sure all
compressors arc on. and you may
rcnt a compressor. Then you make a
half hearted attempt to investigate
system configuration or technologi-
cal alternatives. Sooner or later you
wind up with a prc-cnginccred,
packaged. capital cxpcnditurc to
solve the problem until, in the near
future, you again step over that neb-
ulousline. It isnot difficult to un-
derstand why management is reluc-
tant to support this pattern of
behavior.

Whenever a problem becomes
painful enough, effective ways can

I Insufficient
configuration technology to define
problems or solutions properly

» Poorly detined levels of rcsponsi-
bility and authority for comprcsscd
air in most facilitics.

We simply have not yet dcvcloped
a thorough method for the costing of
this vital utility. The bottom line is
that we don’t know how painful it
might bc. Wc only know that wc
don’t know.

From time to time, discussions
arise concerning various parts of the
system. However, the compressed
ar system is typically not dealt with
as a system. The first step is to iden-
tify how to quantify the gas and its
operating costs. All other system-
atic methodology will follow.

what unit of measure?

The quantitativc unit of measure for
compresscd air cost analysis should
bc consistent with standard units of
compressed air. The unit should be
smal cnough that it will accommo-
date the largest or smallest facility.

The two most common units cur-
rentl y in use are cost/1000 cu ft and
bhp/ 100 cfm. Neither accommo-
dates the constituents of cost or the
variabics of part load that influcncc
cost. They are used to evaluate parts
of the system, such as compressor
efficiency, but not the system at var-
ious demand loads.

All the components of cost can
easily be broken down to dollars,
cents. and roils per hour. Because
supply can create demand, and op-
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eraling equipment dots not neces-
sarily have any correlation to de-
mand. the unit of measure should be
production demand. The unit of
measur e should also be easy to ap-
ply as a multiple or fraction at vari-
ous demand conditions.

On the basis of this information.
the cost/hour/ 100 ¢fm is the most
appropriate unit of measure. This
unitis Calculated by the formula:

Cost/hour/ 100 ¢l =
total system cost/hour

demand/ 100

When the cost of electricity. de-
preciation method. and other varia-
bles are considered. the cost/hour/
100 cfm can vary from $1.10 to
over $5.00. On a 1000 cfm system
the cost/shift/year could range from
$32.120 to $146.000. With a fixed
cost of electricity. configuration ef-
fectiveness and operational effi-
ciency can cause the cost/hour/ 100
cfm to remain constant or increase
inversely to rcduction in demand.

Supply or demand

The amount of flow and its varia-
tions must be determined before
cost can be determined. It is impor-
tant not only to differentiate be-
tween supply and demand. but also
to determine whether supply creates
demand or vice versa. If you at-
tempt to use compressor controls to
control point-of-use pressure. it is
reasonable to assume that supply
creates demand. In that case. you
will need to determine not only
what the flow is. but also what the
demand should be in order to main-
tain the maximum demand control
pressure in the header. at the sec-
tors, or at the point of use. which-
cver ismost practical.

Demand has three components:
the real production requirement, ar-
tificial demand created by supply
pressure that is higher than required
at the point of usc. and leaks. Sector
management maintains real demand

Low pressure
at the point
of use does not

necessarily mean
inadequate power in
the system.

while climinating artificial demand
and minimizing leaks. If you get
flow to a minimum and do nothing
about the system. you reduce the
volume but increase the cost/hour/
100 cfm amost proportionately.

The lowest cost/ 100 cfrn is pro-
duced when you can precisely
match “on equipment” with de-
mand and minimize “off equip-
ment" for standby. The philosophy
that matches this reasoning is that
all compressors and ancillary
equipment that need to be on run
flat out. except one compressor for
trimming. and all other equipment
is off. regardless of loading or de-
mand variations.

When attempting to determine
flow. do not .assume that because a
compressor is on that it is using its
capacity for the system. Capacity
varies as afunction of inlet condi-
tions. although it may or may not in-
fluence input energy. Different
types of compressors deal with this
rule differently.

Even if you were to measure
watts. which is the best measure-
ment of power. it is not likely that
you would be able to acquire a per-
formance chart from a manufac-
turer to show flow against power.
Y ou need to measure both flow and
power to get an accurate picture of
cost. Depending on the systcm’'s
configuration. you need to deter-
minc whether you arc measuring
supply or demand. The compressor
controls arc there to refine the re-

sponse to a controlled system. not to
centrol the system.

When approaching this problem.
it isimportant to be clear on the op-
erating philosophy used for your
system. The reactive mind set that
dominates most situations asks.
“How many compressors and ancil-
lary pieces of equipment do | need
to have on so that no one from pro-
duction calls about low pressure?’
There are two things wrong with
that type of thinking.

First, it is usually the same per-
son complaining about low pres-
sure, forcing you to establish an op-
eration convention for him. All too
many maintenance people begin to
think of that person as representing
“production.” and his needs repre-
senting system needs. Perhaps he
has a problem rather than the sys-
tem. Low pressure at the point of
usc dots not necessarily mean in-
adequate power in the system. It
may mean a configuration problem
or excess demand in that sector.

Second, the low-pressure situa-
tionisvalid only at peak demand.
The balance of the time you are de-
stroying the cost/hour/ 100 c¢fm. You
could have served the peak with
useful storage and articulated the
"on" power the balance of the time.
holding your cost/hour/ 100 cfm
rather flat. The more constant the
cost/ 100 cfm. the more efficient
and cost effective the system.

A subsequent article Will examine cost component

inchivudually

Scot Foss. PE. Charlone. NC. has
been involved in the design and anal-
ysis of compressed air systems for 22
years for several major compressor
manufacturers. As an independent
consultant, he directs system auditing
and balancing studies and presents
public and inplant seminars on com-
pressed air system analysis.
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Compressed

EXECUTIVE BRIEF/NG:
Auditing

Ailr Costs

The first step in controlling compressed air costs
is finding out what you have and how much it costs.
Here is a review of the procedures for auditing a system.

E\cr_\' plant is a candidatc for a
compiessed an sestem audit —
even faalities that seem to hine
overcome thar proablems Otten,
these faahties hune managed only
ta overpower problems without ap-
plying controls,

The basis for audit caleulation is
cost/how /100 chme o compressed
an Husumtas caleulated by Bqua-
ton | Because supply can aeate
demand. and operating cquipment
doces not pecessarily hine any cor-
iclation to demand. the umt of
measute should be producnon de-
mand.”

Eight primary cost components
must be imvestigated:

Flectieity o altetnative energy

Water or air cooling

Contammant control cquipment
(dryers, lilters)

Presentine mamtenance

Breahdown mantenance

Operators

Depreaation

Miscellancous (interest on inven-
tory. msurance. supcrvision,
general adnumistration, cte.)

Finding the costs may he difficult
because these items usually are not
identified as compressed air cox-
penses. Although the accounting
department may not identily these
items as compressed air. they arc
still real components of the cost of
compressed air. Each component is
esscntial to investigating and tun-
ing the system.

*Ihe relanonstup bemeen supply and demand
and orher ssatent control tactors was discusaed m
a previons article ("Leonomies of Compressed
Air™)

By Scot Foss

EXAMPLE A: AIR TREATMENT
COST SUMMARY

System Air reactivated dryer with 10.000 cfm capacity. 750 cfm system
flow, 5850 hr operation annually

Purgeair: Assume 12 percent of dry capacity, SO.06/kWh. 0.92 compr essor
motor efficiency. and 4.55 cfm/bhp compressor efficiency

10.000 > 0.12 cfm purge  0.746
455 X100
0.06

X TEO00 - $0.1711/hr/100 cim purge air

Breakdown maintenance:

$1500 annual breakdown 1
5850 hr service annually * 7501100

= $0.0342/hr/100 cfm

$3.10 » 1068 + 8 » 20 1 - $0.0395/mrs .

T 580X 2 “7HOP00 o /100 ctm
Depreciation expense: Assume $13,500 dryer purchase price and a 5 yr
straight-line depr eciation method.

$5:§é?)(f)1(r)15x 7.50}&@@ = $0.0615/hr/100 cfm depreciation

Summary:

Purgealr Cost . .. .. ... ... $0.1771/hr/100 cfm
Breakdown maintenance . . ... 0.0342
Desiccant change pluslabor. ..., 0.0395
Depreciation eXPense ......ooiiiii i 0.0615
Total $0.3063/hr/100 cfm

Hourly cost: $0.3063 x 750/100 = $2.297
Annual cost: $2.297 x 5850 = $13,438.92

Desiccant change: Assume desiccant al $3. 10/Ib and 534 Ib per tower times
two. labor to change at two people for 4 hr at $20/r. one change every 2 years.

Electricity costs

Electricity is the largest component
of the cost of compressed air. It
represents 45 10 70 percent of the
total unit cost. depending on the
glectricity rate structure. In the
United States. the cost ranges from
$0.025 to $0. 16/kWh. The electric-

ity cost for compressed air can
range from $0.50/hr/100 cfm to
$3.82/hr/100 cfm. Therefore. cost
savings that can cut demand or
unload horsepower are important.

Four areas of configuration im-
provement significantly reduce
clectricity cost: 1. minimizing
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CALCULATING COMPRESSED AIR COSTS

For most facilities, finding the costs may be difficult because data entry on the [tem
does not identify it asa compressed air expense. If the cost factorsarenot available
directly, they can often be estimated from broader cost factors. The physical factors
such as flow and electricity usage can be measured directly. The following equations
are basic to a system audit.

Overall cost of compressed air

Equation 1: Basic comf:)ressed ar cost

_ total system cost/hour
Cost/hour/100 cfm = demand/100

Electrical component

Equation 2: Electrical cost (KWh) o
0.746 compressor power rating x electricity rate

Electricity cost = motor efficiency
Equation 2a: Electrical cost (kVA) o
Electricity cost = .746 compressor power rating x electricity rate

motor efficiency x power factor

Equation 3: Electrical cost of con;{Jressed air

. o ectricity cost
Electrical cost of compressed air = compressed air fIow/100

Cost of compressor cooling

Equation 4: Cooling water flow
compressor power rating x 2545 x 60

temperature out - temperature m) x 500

Cooling water flow = 0

Equation 5: Cooling water cost
cooling wafer flow X water rate

Cooling water cost = 1000 actual air demand/100

Units of measure:

demand = cfm

cost = dollars

overall cost = dollars/hour/100 cfm

motor efficiency = decimal fraction
electricity rate = dollarskWh

compressor power rating = brake horsepower (bhp)
power factor = ratio

compressed air flow = cfm/hour

electrical cost = dollarshour/100 cfm
cooling water flow = gph

temp out = deg F

tempin = deg F

water rate = dollars/1000 cu ft

cooling water cost = dollarsthour/100 cfm
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waste, 2, controlling demand, 3.
controlling compressots, and 4.
utilization of storage.

The ¢ihaeney of the system (the
abihity 1o shut off compressors) s
far more important than the cffi-
cieney of the compiessors,

In measuring cleetriaty. the hl-
owatt is the only appropriate wtit
of measure for most apphcations.
The electrical component of com-
pressed an s caleulated osing
Lgtntion 2.

The varables of power consump-
tion. motar cllicieney. and power
factor arc not on a stiarght hine with
compressor capacity. Optimum cl-
ficieney s neitt, but not necessarily
at. flat out operatton of the com-
pressor All other conditions of part
load affect the variables negatnely
to some degree. Because it is ofien
difficult to get performance data
from supplicrs. and vadues vary with
the load. 1t 1s best to measure and
record clectric power consumption.
Once clectric power consumption
has been determined. you can cal-
culate the clectrical component of
compressed air with Lquation 3.

Cooling costs

I your facihity has air-cooled com-
pressars, the cooling fans may be
mounted on the compressor motot
shaft o1 diven by separate motor.
In both cascs the horsepower rating
and attcndant costs must be deter-
nuncd. A cooling fan. howcver, is
not a variable-spced device. It op-
crates flat out regardless of the load
condition of the compressors.

Even when unloaded. the com-
pressar generates heat that must be
removed. If it is unioaded at the
same time that another unit is sup-
plying the system, the air or water
cooling media must be added to
the aperating cost of the system.

For cxample. a 1(X) hp compres-
sor capablc of 470 c¢fm is opcrating
in a systcm with another similar
compressor that is runming flat out.

Every unit of
pressure demand
generated by system

components adds
energy cost to the
- system.

The clectrical cost is $0.00/KWh.
Cooling cost for the compressor
running flat out is $0.158/hr. which
reduces to $0.0336/hr/100 ¢fm.
When the seccond unit is running at
S0 pereent of capacity, its cooling
cost is the same as for full output.
The cost for the sccond compres-
sor’s cooling increases to $(.0687/
/1K cfm. When the combined
cooling cost for operating both
compressors in these modes is di-
vided by system output (470 + 235
cim). the system cost becomes
$0 045/he/100 cfm.

I your facility has a water cooled
machine or system. the cost of
watcr 1 gal/hr/I0) cofm must be
obtaincd. Many plants know the
cost of HKN gal of water for city
well, and tower water. Usually
these costs range from $0.55 (o
SEROION gal. To caleulate the
water flow across the compressor
when data at various iniet temper-
aturcs arc not available. usc Equa-
tion 4: cooling watcr cost can be
calculated with Equation 5.

For a closcd loop or tower with
glycol. the factor of 5(X) in Equation
4. which is uscd for a once-through
system. must be reduced to account
for the tower heat-transfer rate.
Factors that contribute to thc cost
of cooling water include makcup
watcr, sewage cost, pumping cost,
fan cost, maintcnance. clectricity
for the system. and depreciation.

Furthermore, if the cooling water
is allowed to run for a compressor

producing no flow, its cost must he
calculated into the cost/hour/ 1K)
cim. An average cost would be
$0.30/hir/100 cim although costs
can run as high as $0.75/hr/100 ¢fm
on once-through systems,

Air treatment costs

Cleanup cquipment such as dryers
and filters are a necessary part of
most plant o1 process air systems,
Unfortunateh, the sclection and
mstallation of this cquipment tends
to be experiential, Clearly defined
problems and well conceived con-
figuration technology seem to be-
come the victim of the common
philosophy: “If it’s worth doing. it's
worth overdomg.™ Without the au-
dit function of mcasuring rcsults
and costs. perhaps this approach
can bc justificd.

Many types of drvers arc availa-
ble including refrigerated. direct
expansion, heatless and hcat rcac-
tivated. thermal mass. and dcli-
quecscent. Most dryers in current
usc arc the refrigerated noncycling
or the heatless regenerative types.
The cffcctivencss of these units s a
function of inlct temperaturc. ve-
locity. ambicnt conditions. part
load condition of the system. and
drainage design.

Forauditing purposes. both types
ol dryers hine the same character-
istics: without cnergy management
controls that consider heat load.
both opcrate flat out regardless of
input. As the volume of com-
pressed air being processed gocs
down. drying cost/hour/100 cfm
and maintcnance costs risc.

When cvaluating refrigerated
dryers, remember that most arc
cquipped with hermetic and semi-
hermetic compressor/motor com-
binations. Motor efficiency and
power factor are much lower than
that of thc average industrial motor.

With regencrative drying. it
takes purge air. clectrical heat cn-
crgy. or a combination of the two
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EXAMPLE B: MAINTENANCE
COST SUMMARY

Assume that we have a 100 hp compr essor grotary screw). 2000 hr
preventive maintenance (PM) including Tubricant, a 5 year air end failure.
wg%gglhabor of $40/hr. and outside labor including travel time and expense
0 r:

1.2000 hr pm including partsand labor ... $750
2. Annual maintenance. partsand labor ......... ... $657
3 Breakdown maintenance expensed over 5yearsat $6720. ... .. $1344
4 Qutsdelabor at 125 hr/yr . ... ol $750
Total annual COSt . ..o $3501

Note The above figures were supplied by two compressor service compa-
niesand two end usersin various locations. and averaged.

Assume a 470 cfm. 100 hp compressor at 100 percent of capacity for 5850
hr operation per year”
$3501 annual maintenance' 5850 hr
470 cfm flow/100

Less than optimum outpul of " On" compressors could significantly increase
the cost/hour/100 cfm in addition to Increasing real Maintenance expense.

= $0. 1273/hr/100 cfm

EXAMPLE C: TOTAL SYSTEM
COST SUMMARY

System. Two 100 hp compressors and one standby 100 hp compr essor
producing a system capaciy of 1000 cfm cagacng.but operating at an
aver age system demand of 750 cfm. Wwater codling. regenerative air
reactivateddrying. electricity al SO 06/kWh. motor efficiency of 92 percent.
5 yr straight-line depreciation. and average burden

Component of cost Cost/hour/100 cfm
ElECHICitY . ... $1.2765
Water cooling. once through, $1.35/1000 gal «- -« -+ vvvevvvenninn 06321
Ancillary equipment
DIYING . .t vt 0.2932
CRilters . 0 .03%4
Maintenance
Preventive maintenance. . .......vuere e 0.0892
Breakdown maintenance . .......coooeii 0.0860
Outside abor .. ... 0.0476
Operators, iNSPECHION, BLC. .+« v vevererviaie e 0.0640
DEPIECIALION ...ttt 0.5059
Total hourly cost/200 Cfm ... .o $3.0339
7.5 units (100 cfm) x $3.0339 for system flow................. $22.75/hr
5850 hr Of Service X $22.75 ««-vvvverrerireiriiiin $133.112 36lyr

an average of 12 to 14 percent of
the mput cnergy to operate

The constituents ol drying cos
are clectrcity (i any). purge an (1
any). water or air cooling (if any)
breakdown maintenance  (includ
mg Labor), desiccant chimge (m
cluding Libor), and depreciation

Caleulations for diyving costs e
illustrated in Example AL "An
Treatment Cost Summan ™

The abality 1o match cleanyg
caquipment to the systent's foa
largely mfluences unit cost cih
cieney. At MLOKAWHL refnpeiate
drymg can cost between $0 07 ang
$O13/hr/100 ¢fm. Regenetating
diving at the same clectricity e
can cosd between $0 22 mind $0 36
hr/1i0 etm. Considering these cos
variables. a4 wise business decisior
comes from defining the problen
and systems technology:

Filtratton should be seleceted o
the basis ot wet load differential
capacity to hold dirt. and applica
bility to the system. Every unit o
pressure demand generated by ¢t
ther wet load clean or the amoun
of dirt allowed to accumulbate add
cnergy cost to the system.

Filter clements <hould b
changed when the cost of energy
maintain the system’s pressure
cecds the vatue of the replicemen
clement. Initial selection shouk
account for these issues. The con
stituents of cost for liltering an
maintenance (including dramag
and clement changes) and depre
ciation. Power costs will show up
clectricity. but should not be over
looked for audit purposcs.

Maintenance costs
Three distinet categories of main
tenance should be audited: preven
tive maintcnancec. brecakdow
maintcnance, and outside service
You should know the differenc
between the cost of outside fabao
and full-burdened inside labor.
There can be a substantial diffcr
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c¢nce between mimimum piesentine
nuantcnance and qoaliny preven-
e nnantonance programs gand
then influence on hicakdown
naintenance (and the conse-
quences thereol) Mamy facthties
have found that records of these
capenses e Jostm the sweounbing
swtem Approprate data Lmhng
catt mathe auditing as well as lutie
decisions mudh easier regandimg the
A saslome ats cost o cdhaenos, s
umt cthaonaes, and  Cgipment
retiement issues Mauntenance
cont caleulations e outhined m
Fxampie B, “Mamtenance Cost
Summuary

Operator costs

Whether operators are emploved
depends upon the size and manage-
abihty of the svstem. union agree-
ments the presence of compressor
controls to manage the system cf-
ficienthy. and scheduled data collec-
tion for momtoring maintenance
and performance. A number of
companies sunveyed used an aver-
age of S percent ol an operator’s
annual cost of $40.000 for monitor -
mg. The operator cost factor can
greatly influence the need and se-
lection of automation munagement
and dater collection cquipment.

Depreciation and installation costs
Although depieciation s not nor-
mally assigned speatfically to the
system operating data for account-
ing purposes, stoas aoacal cost to
audiing purposes. There arce as
many mcthods for depreciation
scheduling as accounting conven-
tions. Investigate the method used
by your company.

The cost of depieciation on @
10(K) cfm capacity systcm operating
at 750 cfm. with a capital cost of
$72.04K) and an installation cost of
S$1S.XK). operating 5850 hr/yr is
$0.396/hr/1{X) cu ft using the S yr
straight linc method.

Although many pcople would

The cost of
“apreventive
~maintenance,
“3breakdown

‘maintenance, and
outside service must
zsbe included.

muumiye the depreciation cost Lae-
tor, auditing should show whether
you are recenving full value for the
caprtal mvestment. Whether the
compressons are part loaded. tully
loaded, olf. o standing by, depie-
ciation expense must be factored
simply because they are there. The
condtion of loading in the system
will give you an idea of the value
bemng received.

Miscellancous costs

Many costs can be used in the
nuscellancous cost category or, in
maost cases, be factored into other
categories, These costs include in-
terest on inventory (value x prime
interest rate x 1.7)imentory aging
to destruction (7 to 9 pereent of
mventory annually ): insuranee cx-
pense: supervision eapense: pur-
chasimg expense (a pereent of pur-
chasc valuc): and administration (a
pereent of total cost).

The type of cost iaccounting sys-
tem used determines how these
costs arc handled: however, these
items arc all rcal costs that cannot
be ignored. Other costs may have
been averlooked. However, we arce
only sctting up guidelines for a
conveation that will realistically as-
sist the uscr to analyze cfficiency
and cost valuc cffectivencss.

All of these factors can be called
burden or be applicd to the individ-
ual catcporics. Once the annual
costs have been computed. divide
them by the hours of operation and

then divide that fipure by the s
tem’s low divaded by 1K) 1o pet the
cost m dollars/houri HK) clm,

Suminary

When you consider the multitude
of vartables and the infinite config-
urations poassible, it s no supise
to lean that costs for 100 ¢l ol
compressed i can vary ftom §1 10
to over $5.(0/hr.

Overall costs ine outlined in P
ample O, lotal System Cost Som-
mary.” This example provides nu-
merous opportunitics o mmprove
cfficiency and reduce cost. A com-
bination of demand and supph
nanagement controls, with & more
articuiated trim confipuration such
as onc 1M hp and two or three 50
hp units. could reduce unit costs by
20 to 25 pereent and annual costs
by 30 to 45 pereent.

There arc many ways to reduce
demand and unit cost while im-
proving production guality. Where
should you begin? The first step is
a configuration audit with value
analysis. The most cfficient equip-
mentin a poorly configured system
will produce mediacie results.

If improvement in production
guality. reduction in downtime. and
mpioved costs are important (o
you. get compressed air out of the
arca of unassigned cost. It is doubt-
tul that any other system in a mod-
crn facility can offer as many vari-
ables of cost or opportunitics for
expense reduction.

Scot Foss, PE, Charlotie, NC, has
been involved in design and analvsis
of compressed air systems for 22
Years for several compressor manu-
fucturers. As an independent con-
sultant, he directs system auditing
and halancing studies and presents
public and inplant seminars on
compressed air system analysis.
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Controlling Demand In
Compressed Air Systems

Half of the energy used by most systems is wasted by

uncontrolled demand. Attention to system control

and balance

can pay significant dividends—more than $1390 per shift

per year

ver the past 1510 20 years.
o responsibilily for the end results
in compressed air systems has been
shifting to comprcssor room equip-
ment. Driven by the development of
packaged air compressors. thus ap-
proach isresponsiblefor considerable
waste of energy and a numher of
Consequetal problems

The desired result of a compressed
AT SVSICn IS paeumatic powet at the
pomt of use debvered at sufficient
volume and pressure to do the job.
When difficulties occur. most owner
operators throw prepackaged engi-
neered solutions at pootly defined
problems with little thought given to
configuration technology The pre-
packaged solutions seldom produce
more than mar?inal improvement for
short periods of time.

Most perceived system problems
can be solved by overwhelming them
with energy. However. this solution is
certainly the most costly. from both
capital and operating viewpoaints. In-
testingly. it is not the user who
believes he has problems (that is
pleased by such a “solution.” but the
one who has “soived” these problems
by wasting 30 to 50 percent of his
input energy. He feels pleased be-
causc management has supported
him with capital to overpower the
problems. This approach takes away

in a typical

one problem and | eaves others.

The common requirement of |(K)
cfm at 80 pseié; is an expression of
what isdesired at the point of use. If
all of the resposibilit for that result
isassigned to compressor room

~QOnly half of
-¢he demand in a
typical uncontrolled

system is thi result
of real prd@uction
- .«demarld.

equipment. you have joined the mul-
titude of users who have begun the
endless journey of filling the bottom-
less pit of unconntrollled demand.

All compressed air systems have
three fundamental elements. de-
mand, distribution and storage. and
supply. These three factors must be
controlled for the system to work at
optimum energy and quality levedls.
A properly designed and operated

stem can be described as* rerinigg
the energy response to a controll

uncontrolled 25 hp system.

By R. Scot Foss, PE, Plant Air Engineering

demand through a controlled storage
system.”

OnaIP/ half of the demand in a
typical uncontrolled system is the
result of real production demand
The rest goes for artificial demand.
poor applications. and leaks.as illus-
trated in the accompanying chart.

» Artificial demand. which repre-
sents at least 15 percent of typical
System demand.is generated by an
application where the operation has
adjusted the pressureto a higher level
than ncccwarye (often wide (open) In
lieu of appropriate control pressure
maintenance. It is also representative
of applications where a regulator was
not installed because if was not con-
sidered essential to the application

Regulators. however. are essential to
system control because demand is a
function of supply pressure. A de-
mand of 100 cfm at 80 psig. if not
regulated at 80 psig. will increase to
120) cfm at 100 psig. If aI(K? cfm
compressor at 100 psig is installed to
handle 100 cfm at 80 psig. it cannot
deliver. The pressure will drop to less
than 80 psi. and the system will usc
33 percent more energy than neces-
sarytodoapoor job.

| Demand from poor applications is
generated by using compressed air
for keeping workers cool during the
summer. open air lines for parts below

10

MAINTENANCE TECHNOLOGY/APRIL 19X



TYPICAL SYSTEM DEMAND

Artificial
Real demand

production

_ — v
demand - ¥ - %5 abandoned - -3
1. . equipment 7
-
-~
\\~

Poor applications

Only half of the demand in most compressed air systems goes for real
production work. The rest is lost through mismanagement

EXAMPLE 1—TYPICAL UNCONTROLLED SYSTEM

Supplly
capacity
100 cfm Leaks Original
110 psig 20 cfm production
r— 110 psig demand
i 100 cim
ey 80 psig

Less than total demand
controls system response

No demand controls
therefore no storage

6351b No _ 12.71b 50.81b 117.7 ctm
110psig  ©~  storage — 110psig © 70psig O 70psig
100% load Leaks Demand Drawdown

This typical system oniy “secs™ the 70 psig demand and “thinks” it needs
another compressor.

ACTION PLAN T0 IMPROVE
THE COMPRESSED AIR SYSTEM

1. Control demand (weight flow) 3. Reduce horsepower

Install intermediate or sector con-  Unload unnccessary machinery
trols Refinc part load and trim load
Install point-of-usc controls Opecratc at the best power flow
Consider operating pressure of the
COMPICssors

Develop storage systems

2. Reduce demand Preventive and breakdown main-
Educate hourly workers and sys-  tcnance with predictive diagnos-
tem operators tics )

Correct poor applications Automate where possible to re-
Eliminatc Icaks ducc opcrator expensc

Shut off abandoned equipment

4. Reduce ancillaries
Watcr and air
Clean up cquipment

off, clcaning the fioor. and other in-
appropriate applications. Most of
these applications require impinge-
ment encrgy. calculated as: Impinge-
ment energy = Y2 mass x velocity®.
Mass is a function of volume. so
impingement cnergy is a function of
half the volume. However, impinge-
ment cncrgy is a function of the
squarc of the velocity. Thereforc.
high-velocity or high-thrust nozzles
can reduce the demand for these
applications by 60 to 70 pereent and
mprove the end result. These de-
vices, like all air equipment. must be
applicd rather than “thrown™ at the
problem.

® [ caks arc an cver present prohlem
for all users. They are never dealt
with becausc they are not identificd
by location. quantified by volumc
and pressurc. or expressed in dollar
cost. When they are properly identi-
ficd. management will respond
yuickly. There arc three types of
lcaks: abandoned equipment leaks.
where opcerators walk away from their
work stations. Icaving the compresscd
air on: mechanical operational lcaks
in valves and controls requiring main-
tenance: and plumbing leaks in pipe.
hosc. disconnccts. and fittings.

Uscr cducation is nceded in the
arcitof unproductive demand factors.
Furthermore. there is equipment
available for dealing with these issucs.
including controls that automatically
shut off abandoned cquipment and
ultrasonic detectors for locating leaks
in the system. These devices produce
an attractive return on investment
considering the rcal cost of com-
pressed air.

Both cnds of the distribution sys-
tem must be controlied. At the points
of usc. demand is controlled by au-
tomatic filter-regulators. At the other
cnd of the distribution system. the
discharge from the compressor room
should be controlled with an inter-
mediatc mass flow controller or sce-
tor control. All capacity to storc air
between these two locations is a func-
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WEIGHT OF AIR AT VARIOUS TEMPERATURES AND PRESSURES

Weight of air, Ib per cu ft

70 psig 80 psig 90 psig 100 psig 110 psig 120 psig 130 psig

60F 0.4482 0.4927 0.5547 0.596 0.649 0.700 0.752
70F 0.4316 0.4824 0.5332 0.584 0.635 0.686 0.737
80F 0.4234 0.4729 0.5224 0.572 0.622 0.673 0.723
90 F 0.4154 0.4639 0.5122 0.561 0.611 0.660 0.709
100 F 0.4897 0.4555 0.5033 0.551 0.599 0.648 0.696
110F 0.4811 0.4481 0.4950 0.542 0.589 0.637 0.685
120F 0.3944 0.4403 0.4866 0.533 0.579 0.626 0.673
CONVERSION FORMULAS

Atmospheric volume flow (ACFM) to supply capacity:

Formula: )
ACFM x wt at control pressure + wt at use pressure = supply capacity

Example:
100 ACFM x 0.635 b at 110 psig and 70 F ~ 0.4824 at 80 psig and 70 F = 131.6 scfm at 80 psig and

70F or6351b

Standard volume flow (SCFM) to demand required:

Formula:
SCFM x wt at use pressure < wli at control pressure = demaz#d required

Example:
100 scfm x 0.4824 Ib at 80 psig and 70 F + 0.635 Ib at 110 psig and 70 F = 75.96 icfm at 110 psig and

70F

inlet volume flow (ICFM) to atmospheric volume flow (ACFM):

Formula:
ICFM x actual psia + 14.69 x 519 F + (ambient temperature + 460 F) = ACFM

Temperature effects on summer and winter flow conditions may be significant.

Summer example:
100 icfm x 14.2 +~ 14.69 x 519 F + (95 F + 460 F) = 90.39 acfm

Winter example:
100 icfm x 14.5 + 14.69 x 519 F + (40F + 460 F) = 102.46 acfm

12
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BALANCE + STORAGE = REDUCED HORSEPOWER

_

i,

i

1000:0 of 17.5 bhp
demand loaded
must

be regulaled to 7.5 bhp
80 psig by 48.24 1b 48.24 1b unloaded
point of use. 80 psig 100 psig

sector, or 20cuftin
intermediate 45 sec on storage at
control L 15 sec oil 100-110 psig

tion of the controlled differential
pressure and the compressor’s oper-
ating pressure.

For cvery batometne pressure ri-
tio (14 5 pua. for example). one
capacity of air can be stored. For
example. a 400 gal tank has 53.5 cu
ft of physical storage capacity. H the
difference between the maximum
control pressure at the point of use
(80 psig) and the intermediate con-
trol pressure upstream of the tank
(90 psig) 1s 10 psid. the controlled
differential pressure is 10 psid + 14.5
psta harometric pressure = .6Y of
physical capacity This ratio repre-
sents 0.69 x 53.5 = 38.9 cu ft of
storage at 90 psig. In mass units. the
storage capacity is 38.9 cu ft X
0.5332 Ib/cu ft at 90 psig "19.7 Ib
of air in storage.

Typically there is little storage
value in piping for meeting (demand
peaks. but each system Should be
evaluated on its own merit. Dedi-
cated storage should be used for high-
surge applications. Check Valves up-
stream of the dedicated storage iso-
late the surge load from the rest of
the system. Several intermediate con-
trols should be used as sector con-
trollers If there are sectors in the
system such as various buildings. dif-
ferent pressure requirements. or ar-
cas where usage must be determined
for accounting purposes.

Point of use controls and interme-
diate controls are essential to con-
trolling storage. which in turn in-
creases the capacity of the system
and reduces the brake horsepower
needed to power it. Storage also
affects the load/unload cycle of the
compressors. The more storage. the

This application requires at least 25
percent of demand to have a 50 per-
cent duty cycle or less to be sucessful.

longer the load mode and the longer
the unload mode. Rcduced cycling
will significantly extend the useful
life of the equipment even if the
output is the same.

Without storage. compressors
must serve every peak and valley of
demand. If compressors are set to
supply the highest peak. the ma-
cilines and accessory equipment will
run during nonpcak demand and
thereby waste energy. Storage could
be used to handle the peak and keep
the compressor off. With pressure-
only controls on the compressor. it is
not uncommon to have 30 cfm of
added demand drop the pressure be-
low the set point for two 200 hp
compressors and load a third.

As can be seen in the second
cxample system diagram. interme-
diate controls arc the first priority for
balancing the system. managing de-
mand (including leaks). controlling
storage. and unloading horsepower.
Control of the inlermediate pressure
and the compressor control pressure
can change the storage and the
weight flow of demand and signifi-
antly change the way the system
operates.

Intermediate control is the most
important control point in the sys-
tem. Because the system can tolerate
no hysteresis or failure. the controller
should be a proven high-reliability
unit (that can analyze upstream and
downstream conditions and control
both. This control point is an excel-

lent place to evaluate flow. dew point.
storage volume. and minimum and
maximum pressures. The controller
Should have tamperproogf controls
and failsafc circuits. Witiout this fea-
ture. a control failure would cause a
system faiiure.

The third system example shows
the effects of intermediate controls
plus improved point-of-use demand
and leak repair. Intermediate con-
trols will affect all (downstream de-
mand regardless of the presence of
demand controls and possible oper-
ator tampering to increase the maxi-
mum control pressure. The controls
must create a pressure differential:
The intermediate pressure must be
lower than the lowest compressor
pressure for the system to work prop-
erly.

The fourth system examplc of the
series illustratrs a fully balanced sys-
tem. with automatic demand controls
installed at all points of use to control
the maximum pressure at which air
can be removed. This point-of-use
control will create storage in the
header. subheader. and branch pip-
ing.

The example shows that only 5.25
cu ft of storage will reduce horse-
power. Therefore. the reduction in
overall storage is not particularly crit-
ical. The 2 psid pressure drop be-
tween the intermediate control and
the demand should be ciiminated.
And enough storage should be cre-
ated in the piping to prevent draw-
down from surge at the point of use.
To accomplish this. intermediate con-
trol pressure must be increased.
which will reduce the tank storage by
31 Cu ft.
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An intermediate control downstream
from storage vessel controls leaks and
demand of Example 1, boosting de-
mand pressure 1a 80 psig and unload-
g 25 percent of compressar horse-
power.

By fixing leaks and improving use
applicanons in Example 2. supply
horscpower is reduced 1o 56 percent
of the original load. The additional
58.75 cu ft of storage will extend load!
unload t0 95.5 percent. The life of the
compressor hus been increased sigmif-
icantly. Supply pressure could he in-
creased or a compressor of half the
size running flat out coudd be installed.

By adding full demand control 10 8)
psig. the 82 psig intermediate control
pressure of Example 3 is increased to
90 psig 1o further balance the sysiem.
Cycling 1s increased shighily, but surge
is chinunated with pipe storage.

Uncontrolled System A costs mare
than one third morce (o operate than
controlled System B. a penalty of
$820/shift/vear for clectricity only at
$0.07/kWh.

EXAMPLE 2—INTERMEDIATE CONTROL ONLY

Supply ) Original
capacity Tank Intermediate Leaks production demand
e 240 gal  control <z 15 CIm T i00ctm

~ 82 psig lset 82 psig 80 psig

64 cuft

63.51b Less than total demand
Demand controls storage controls system response
ohee +  Gcuft 74b ., 403b . 100cm
loaded storage 82 psig 80 psig 80 psig
15.8 b {(12.5cuft Leaks Demand Demand
unloaded actual usage)
81b
110 psig
EXAMPLE 3—INTERMEDIATE CONTROL, NO LEAKS,
Supply IMPROVED APPLICATION
capacity Tank  Intermediate Produ-tion
oty 240 qal  control Leaks demand
1 : fixed 85 cm
100 cim 2\ 82psig 80 psig
110 psig
) Or;gm?l dgmalnd reduced
- cim by eliminating
63.51b 64 cu ft
Demand controls storage poor applications
35751
64 cu ft 411b 85 ¢im
1l1()gg:c‘lg storage No feaks + 80 psig or g0 psig
27.751b (5.25cu ft Demand Demand
unloaded actual usage)
EXAMPLE 4—FULL DEMAND GONTROL
Supply Leaks Demand Onginal
capacity Tank Intermediate fixed control demand
] 240 gal  control 80 psig 100 cfm
95 psig Storage n piping 80 psig
411b Current
. 10.6 cu ft daesm?;nd
5350 33coft 80 psig
Horsepower same Storage in tank Demand contro! at 80 psig
as kExample 3 and header plus solid apphcations
35.75 1
33 cu {1 tank 411b 85 cfm
1,1’%’:&9 *  10.6 cu it pipe Noleaks  +  ggpeg O 80 psig
27.751b Storage (5.25 cu ft Demand Demand
unioaded used for horsepower)
100[-'{X;¢IMPI.E 5—COMPARISON OF UNCONTROLLED AND
cim
63.5 b CONTROLLED SYSTEMS
27.5hp No
g storace 131 cfm
7 psid without controis 78.8 psig
" capacity
110 psig 0lb 63.51b
f Original 100 cim
100 Ctmy 4var demand 80 psig
27.5hp storage
45 cu it Control Control 148 cfm
@ 0 psid with controls 80 psig
8 ——@— capacity
110psig  28.61b 90 psig 80psig 714110b
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Thie condition will not pnprove o
teduce hotsepower af the compres-
sor, bl o will shorten the Toading
wddes o denpthon the ovades, ane
other storage vessel could be added
and the compicssor pressure mam-
tuncd at the current level, o the
compressor pressaute conild be e
acascd (f possble) The final bai-
ance of the example svstem does not
seem o be a problem Obvioushy, a
consrderably spaller compicesson
could be usad of ot comld run lat out

The advantape of control i dem
onstrated by the st example, which
compaes iwosystems featuring wlen-
tical cqquipment, piping, and demand
apphestions, exeept that one system
has ntermediaie and demand con-
ol System A s a typacal uncon-
trolicd system System Bas properly
configurcd with contiol. Point-of-use
regulators alone do not nccessarily
indicate that demand s being con-
trodled at that pomnt All points of use
must be controlled 1o a mavmum
pressure lower than the lowest com-
pressor pressuic to une balance, As
the demand pressure rises, so also
dacs the demand

Without contiols, demand m Sys-
tem A ncreascd to 131 cfm at 103
psig. exeecding the capacity of the
campressor As g result. the pomt-of-
use pressure will fall as demand ex-
cecds the capacity of the compiessor
The compressor wili tun flat out and
create 131 cfm at 789 psye at the
pomt of use is a function of the mital
supply pressute (o a demand. which
il controlicd at 80 psig would have
consumed 100 ¢fm.

The pomt of use and intcrmediate
controls m System B will manntam
demand at {0 cfm or 48.24 b,
Assumng that at least 25 pereent of
the demand has a use factor of 50
pereent aness, 12,5 cu ft of the usclul
storage will reduce what the com-
pressor “sces” as demand (12.5 cu ft
at 80 psig 15 6.03 Ib). The compiessor
will intcipret demand as 48.24 1b —
0.031b = 42.21 Ib. or 87.5 cfm at §0

If compressors are
:set to supply the
highest demand,

they will run during
-nonpeak demand
‘and thereby waste

L -energy.

paig. or 6047 clmoat 110 pag. The
werpht flow of demand has now been
balanced with the weght flow of
supply interpreted thiough storage.

The neat problem s to reduce
clectiic power to match system 1e-
quuements System 13 has a per-
ceived demand cqunalent that as
about two-thirds of the full load
power of the compressor. An cquiv-
alent amount of hilowatts should be
unloaded In System B, the 45 cu {t
of storage would scive the demand
before the compicssor aperates. The
campressor would then have to sat-
iy the demand and acplace the
storage before it wounid unload. Stor-
age s 45 cu ft at 110 psig or 28.6 1b
of air. The compressor would cyele
02 sce loaded and 35 sce unloaded
for a total of 97 sce. If full load is
223 kWh and unload 1« 6 4 KWh,
the overall usage 15 16.56 kWh o
$1 16/l for clectnerty at $0.07/AWh,
AL 2040 hi/shuft/year, the system
would cost $2364/<hift/ycar and
would haold a steady point-of-usc
pressurc of &0 psig.

System A would fluctuate up to 20
psid and requite its 27.5 bhp com-
pressor to run flat out at 22.3 kWh
or $1.56/hr for a total of $3184/shift/
year or 34.6 pereent more than Sys-
tem Ban clectrictty for the compics-
sor alone. That penalty would be at
Icast $1390 of burdenced cost per shift
per year or more than $6000 on a 24
hour basis.

If the desipn capacity of the com-
pressar in System B s lugher than

FHO peap at the same flow; the presance
of supply could be increased, thus
maorcasing the wepht flow of suppiy
almost ducady proportonate to the
risc in paessuie. he horsepower
would also mercase. but at half the
rate of the pressuie tise by total
pereentage “Thete would be o sub
stantial mprovement e the mass
{weight) flow (o input power cfh-
viency. In System B this merease of
cificieney would cause mcreased un
load time and teduced load e It
s always approprate to ran the com
pressor at its optimum mass flow to
power point once the system 1s bal-
anced and demand is contiolled.

The cxamples have heen cicated
with a demand-supply relationship of
100 ¢fm at 80 to 10 psig so that 1t s
asy (o relate to the effeet of these
issucs in cxisting systems. When a
full audit is performed an a system.
it will find that the cost of air 1s 1.7
to 3 times the cost of the clectrianty
whicn the costs of water or air cooling.,
drycrs and filters. accessories, labor
(inside and outside). depreciation.
running and brecakdown mainte-
nance. inventory. agmg to destiue-
tion, insurance, administration, clc..
arc included.

Without auditing the system fiom
an cagincering configuration as well
as a financiat point of view, 1t is
difficult to get the attention of man-
agement. You may not get managce-
ment’s support until the next tme
that you scem to run out of air (or
have excess demand) and. in desper-
ation, everyone rushes for a prepack-
aged enginccied power package to
throw at the problem.

R. Seon Foss, PE, is the principal of
Plant An Isngineering, Charlote, NC

He directs system audinng and bal-
ancing studies and presents public and
inplant seminars on compressed air
system analysis.

© Apnil 1990
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Mr. Foss is an independent consultant who has audited
more than 750 compressed air systems in his 27 years in the
business.

Compressed Air is
Free.....Isn't It?

R. ScotFoss
Plant Alr Technology
Charlotte, NC
Copyriiht 1892

It's a tough choice when a maintenance professional has to
solve a poorly defined problem with a solution that will cost
more to operate in the first year than itcosts to buy. Thisisthe
difemma you are faced with when you have to buy another
compressor 1o quict the typical complaints rcgarding this
misunderstood utility. There are a few things that are true
about the vast majority of compressed air systems.

1. We have no idea how much we use or what we really
need.

2. We can not make good business decisions about com-
pressed air because we don’t know what it costs us.

3. No formal or informal education is available about
compresscd air.

4. Expericncc is our only teacher and experience is usually
what we got when we didn't get what we wanted.

5. The telephone is the instrument of choice in the com-
pressed air system.

6. There are no standards for the use of compressed air at
the point of use.

7. Production has the authority 1o demand more volume or
pressure with no responsibility for how they apply or use
the utility.

8. Maintenance has responsibility for how well production
equipment works at the point of use with no authority
except to apply more power to solve all problems no matter
how misunderstood.

9. The requirement for compressed air will increase at a
faster rate than any other ulility regardless of any produc-
tion increase. Most systems can reduce their on board
power by more than 40% with a significant improvement
in the quality of the production.

10. As you force the system 0 work by applying more
power, you will get less and less for more and more. The
last time you added 25% more supply did youeven get 5%
more results. Despite these unpleasant facts, more is
considered better.

11. Systems that have problems are found to waste enox-
mous amounts_of the utility. Sysiems that don't have
problems have been willing to spend an unlimited amount
of money to force the system (o operate. They waste more
than systems who have problems.

Too Much Demand Supporting Too Much Supply

Demand Supply
80 psig 100 scim isaks $Spsg
N CP 5o -
S w @

200 sctm demand 300 scim

Should we add s compressor 10 incresse demand 10 psl

As long as items 1,2, and 6 exist, we have littlc choice bt
to live with the other nine items. If we operated any of ot
ome{ utilities like we operate compressed air, we would hav
continuous problems. Let's take a minute (o sec what w
would have to do in order to operate our electric system base
on the same principles that we apply to the operation of th
compressed air system.

1. W - would have to remove all thc nameplates from th
motcrs and electrical devices. We normally have no ide
what volume or pressure is required of air using device
other than by trial and error.

2. We would buy electrical using cquipment wizi no regar
forvoltage, amperage, orthe effect thatitmight have onth
system assuming that the local wtility would compensat
for whatever the results were on the system.

3. We would remove all the circuit breakers, transformer:
capacitors. and starters from the system and use oni
primary power regardiess of need. If a panticular use
required control, we would put reostats on those applica
tions and nothing on the balance of applications.



4. We would use one or two sizes of wireand connection

components on all electrica applications regardless of
voltage or amperage and expect maintenance and local
utility to correct the system to compensate for how the
production works. The size and selection of those compo-
nents would be detemnined by the stores department rind
purchasing based on price, availability. and minimizing
inventory. Example use 1/4 hose and fitting on all
applications regardless of flow or pressure. Once the
connections are made, if the application doesn’t work you
simply increase the pressure supplying the equipment until
it works the way we want it to. Wouldn't thatbe interesting
to do with electricity?

5. Give every operator and supervisor the phone number of
the local utility. If the equipment in production isn’t
working the way that they want it to regardless of any
changes in speeds, feeds, faults or any other problem, they
simply call the loca utility who will alter the way they are
supplying electricity to the plant to correct that single
problem. If they can not correct the problem with more
whatever, they will simply buy more whatever or build
another power plant and try again to solve the problem
which was reported over the telephone. After dl . . . . elec-
tricity is free! Well. . . ..certainly compressed air is free....itn't
it?

Some of you probably thought that this example was
ridiculous. Actually it would be arelatively close paralel to
the way that most compressed air systems are operated. The
sad part of thisisthat there are limited resources available to
learn more about compressed air.

We have avery interesting way of finding out if problems
in the system create a diminishing supply. We find out when
the last compressor can no longer hold pressure in the system.
The probecm will begin to consume supply at the bottom of the
capacity of the last compressor and not be noticed until you
have exceeded the full capacity of the entire supply system.
Depending on the relative size of the last compressor com-
pared to the total supply system. this problem could go
unnoticed for ycars. The bigger the percentage that the
compressor represents, the longer the problem will go unno-
ticed.

You would think that you would be able to notice a change
in pressure as this occurred. Based on the hypothetical way
that most people look at compressed air, you should notice
sooner. The fact is that the vast mgjority of systems are supply
controlled with 30-70% of dl the volume of consumption
represented by leaks, users with no regulation,regulated users
that arc adjusted wide open. Since the volume of demand a
these users is a function of supply pressure, as the demand
volume increases and the compressor preasure drops, the
demand volume drops to hold the systems pressure. when the
regulated demand drops, the compressor pressure rises and
the unregulated demand increases to hold the pressure down.
It's a self-fulfilling situation. Supply creates demand while
unregulated demand supports supply. You have to either
significantly increase or reduce demand in order to see any
change at al. What is more unfortunate about al of thisis that
the compressors seem quite happy with nothing much chang-
ing in the compressor room while production is experiencing

95 peig
Ak using oevice
-  1/4° hose § RINNGS
20t awm
5
T~ 75 ceig aricia prevmsrs
When the lon is skgg! b we qe the hose and IRtIngs of 3d SUpPply
and L the entire sys p 7 Soth wifl generste the same results.

an almost constant change in volume with fluctuating pres-
sure. The fluctuation at the point of useis due to speed of
transmission. The pressure flattens out at the compressor
room, while fluctuating at a higher rate as you get closer to the
production user. The farher the production user from the
point of supply, the more the fluctuation. If you try to solve
the problem with more supply, the problem may get worse. As
you elevate the pressure by applying more volume to the
system, you force more air through the existing piping. Since
differential pressure is exponential, you increase the speed of
transmission while increasing the differential pressure. The
results are less and less for more and more.

Twenty five years ago it was unusual to find a plant air
compressor which operated at more than 100 psig. Compres-
sors and piping were job engineered to minimize 10sses in the
system. We had no problem holding pressure at 90 psig.
Systems were relatively well balanced. In a recent workshop
| asked 140 maintenance managers and plant engineers “how
many of you can hold 90 psig al day, every day without the
presure dropping”? Only two hands were raised. | then asked
how many people had compressors rated at between 115 psig
and 125 psig. Over 110 raised their hands. More than half of
the participants had another compressor proposed in some
stage of appropriation or proposal. Most of them hoped that
the increased supply would solve the problem, yet few if any
could define the problem. What's wrong with this picture???
Over the past twenty five years we have been operating at
higher and higher supply pressures, while it becomes more
difficult to manage pressures which haven't changd at the
production end of the system. Perhaps if we put as much effort
into problem definition as comparing the redceming values of
pre-packaged solutions, we might bespending lessmoney and
resolving more problems.

There are numerous technical areas involved in the air
system which arc never discussed or evaluated. Some of them
are leak benchmarking, control storage, speed of transmis-
sion. initial to artticle pressure diffeenntial. dedicated metered
storage for short cycle applications, mass flow control, tem-
perature management for increased capacity, and load shap-
ing just to name a few. These are some of the areas that offer
more for less. . . . improved production at a lower cost.

At $.06per kwhr compressed air costs arc between $1 .60 to
$2.25 per 100 scfm per hour of operation including typical
water. dryer/filter, maintenance, depreciation, and operator
costs. A 300 hp system operating 3 shifts a day, seven days a
week, will cost over $225,000 per year. The prospect of a 30-
50% reduction of this opportunity expense is no doubt attrac-
tive. Perhaps a more significant question is "how much
revenue must the company generate in order to support this
Waste?’




COMPRESSORS & AIR SYSTEMS

Some common

alr system

problems

Production uncontrolled use of compressed air

R Scot Foss plant Technology, Charlotte, N.C.

m The classic compressed air problems
are low pressure and water at the point of
use in production. The entire air system
winds up being run for the sake of these
complaints. Low pressure means insuffi-
cient supply--- does it? Water in the sys-
tem must mean that the air dryer doesn't
work-or maybe not.

Every time there is a complaint about
quality or pressure, maintenance or plant
engineering turn on whatever is perceived

to solve that problem. If that doesn't stop
the complaints, then more is
purchased and added until the
complaints stop.

The idea that al problems
in production can and must be
solved by atering supply is
ridiculous. We wouldn't think
of this approach with electrici-
ty, steam, or water. In each of
these utilities we would go to
the point of use and figure out
what the problem is. If the
lights flicker, we don't call the
local utility. We look at capaci-
tance. When we can't maintain
water temperature, we don't
double the heater output. We
look at demand management.
If an application problem aris-
es with steam, we don't rush
out and install another boiler.
We check the problem.

Y et, somehow, over the
years, we have missed these
straightforward paralles with
compressed air. We assign dl
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responsihility for the workability of pro-
duction equipment and applications to the
supply end. Production has authority to
demand what it wants, with no responsi-
bility for its actions. Plant engineering and
maintenance have responsibility for pro-
duction’s results, but with no authority.
From the simplest management principles
this makes no sense. Yet virtuadly every
plant is faced with this dilemma.

There is seldom any communications
regarding compressed air between the

people using it and the people supplying
it. In fact, it is not managed as a system. It
IS a system, however, and should be dealt
with accordingly. Despite this there are
never any standards for its use, which
would assure that it performs as expected.
There are no limits to what production
can do with compressed air and no costs
too high to solve the most poorly defined
problem.

It's hard to believe that we would act in
such an irresponsible way in light of glob-
a competition. On the other hand, 99% of
the facilities that use compressed air have
no idea how much they use, what it costs,
or if it is working efficiently. They only
know if it meets an undefined minimum
level of acceptability based on the opinion
of the users. And generally these users
never have received any training in the use
of the utility.

In the hierarcheology of al organiza-
tions various levels of management are a-
lowed to make certain financial decisions
before approval must go to the next level.
in most plants a decision involving more
than $10,000 is approved at a number of
levels. When it comes to compressed air,
these rules of prudent management
seldom apply. In the average
plant with a cost of $.06 per
kwh, compressed air costs are
more than $1.70 per 100 scfm
per hour of operation. A 1/4-
Inch open air line, whether it
Isin the form of leaks or poor
applications is a $10,000+
business decision-and any-
one can make the decision
with no discussion. In fact,
in most plants more than 25%
of the total compressed
ar usage is from leaks, often
costing well into six figures.
In most of those plants there
IS a requisition circulating to
buy more power, which will el-
evate the pressure and in-
crease the waste.

The use of compressed air by
workers on a prodution line
should be an eucated use.
Otherwise, the plant's air sys-
tern can never be efficient




Let's look at some more specific prob
lems that are neither understood nor
dedt with.

Leak%e -

A leak that forms atube, hose, fitting or
disconnect will cause the volume to'in-
Crease in a particular ingtallation. The re-
sult is an increase in differenual and 2
drop, in the articl gaﬁreswre to the using
equipment As the | (r;ets hig-

er Fthat’sthe nature of alesk

the article pressure continues

to drop, reducing the perfor-

mance of the item using air. If

it's part of a control System. the

whole system eventually will
malfuncfion,

We will increase the regulator pressure
until the arucle pressure rises. As we do
this the leak volume increases. As the lesk
volume will increase linearly and the dif-
ferenual will increase exponentialy the
increase in pressure will have to be sub-
stantial to compensate.

Eventually this application will cause
other use points in the same supply line to
do the same thing. In time we will add
more power. | am fascinated that the re-
sults of this leak can justify a capital ex-
penditure to add more supply which Will
cost more to the first year than what
it costs to buy. This could easily be afive or
SX flqure decision. Yet the problem s cor-
rectable in 2 minutes with a $3 part.

Air leaks are not a part of any manage-
ment agenda. Even when they are known
to be substanual, nothing is ever done, In
most plants the procedure for assemblin
point of use air and the components u
Bropagate the eventua |eaks. |t's bard to

dlieve that any knowledgeable mange-
ment person would encourage the tool
crib to buy the cheapest compressed air
components possible if they understood
the consequences on the production
equipment.

Water in tire lines
Here's a Here's a fascinating anomaly We dry the
compressed air to say 45 Fdew poinit p-
sure in the compressor room. We don't
want water in the production
equipment Weall learn in engi-
neering school that vapor seeks
the lowest vapor pressure. The
vapor pressure is lower in the
compressed air lines than at a-
mosphere. As leaks increase in
_ the system, the remaining vapor
in the balance the system causes the dew
point o rise. , N
Evenually, as leaks increase sufficient-
Iy, the vapor content per cfm will rise to the
paint where water will form downstream
Inthe system. This Can happen on a plant-
wide basis or at a particular paint of Use. A
leak on a critical application that becomes
equal to the volume of air in she using de-
vice will cause water vapor to coalesce in
the air-using device. The common solution
isnot to fix the leaks. It isto add a drver or
changeto alower dew point dryer.

New equipment . o
Anew piece of production eguipment isin-
stalled. No one Knows how much air val.
tuneis required. production enginegrin
never considered whether the reguir
Pressure inappropriate or not It is nomra
0 select equipment based on the hl?hest
achievable pressure in the air .ssystem. If we
did that with electricity. the light bulbs
would be 13,000 Volts. .

_There are a growing number of indus-
trid companies that have pressure stan-
dards for the selection of air-using devices
that are well below the lowest compression
B(e_swramthe plant. This requires flexi-

ility on the part of suppliers, but that is
what airisall aabout.

This standard will, aways quarantee that
the production equipment will function
properly. Despite this obvious fact, thou-
sands of pieces of equipment are specied
ever% day in groductl on'that either will not
work, can't e_ad!]usted to higher speeds
or feeds. and will have problems when the
first leak shows up. If the cycle runeisin-
creased, the volume of air-increases and
the pressure drops. .

e common solution is to call mainte-
nance and plant engineering and request
that something is done—i.e., the produc-
tion eguipment is not responain ﬁfoperly
because of the compressed air. While that
phong call is bei nﬁ made, someone else is
planning for another future problem to be
installedin the facility,

Wewould go on with various exarnples
for quite some time. Undersized compo-
nents in the installation of compressed air
insufficient storage a the point of use, an
improper metering of surge applications
aejust afew examples. It is not these spe-
cific problems, but education and assign-
ment of responsibility that really needs to
be corrected. .
~ Production maintenance and,en?meer-
ing needs to assume responsblhgl or un-
derstanding compressed air and its use.

Standards need to he developed and con-
formed to if the quali%y and reliability of
prodcnon~unfmrtam The system needs
to be operated as a Process not as parts
operated independently.

Ongoing predictive maintenance, such
as Ultrasonic leak benchmarking, must be
established. Education and standards for
compressed air must be a regular and nor-
mal part of the production and facilities
a?enda Demand must be considered part
of this dynamic process with al of the
comunications necesary to maintain its

integrity, operating cost, and quality. 7

More information on this subject is
aailable on request
To learn more. Circle 260

In most plants morethan 259% of the
total compressed air usage isfrom
leeks, often costing well into six figures.
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R. Scot Foss Plant Air Technology. Charlotte. N.C.
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Compressed air usage shouid be reviewed. Production may need education about air
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& Since compressed air is our least
understood utility. it should be no sur-
prise that most uf the time we throw
power at poorly defined prohlems.
Problem solving using brute force is
extremely expensive from 2 capital and an
operating cost point of view.

Phone calls from irate users provide
the best information about problems.
Users demand what they think is lacking
on the supply end. A large part of this
problem stems from inappropriate
assignment of responsibility.

Users in 99% of the systems are not
responsible for conlrolling how they use
C(‘)m;‘)fESSEU air or HO“ mucn U]E\ use.
Users have no requirement to appl} rea-
sonable engineering to amy installation
Often. a user has no idea how much ar
an application needs or even if the appls-
cation is appropriate. Please remember
that it 1akes at least = horsepower of
electricity to generate 1 horsepower of
compressed air power.

| The compressor room

is not the demand. It's

lnef :nnfhnr stane n{
f Aad v Uy

ssee me ok

[llllll\'\l\‘ dat Ill\ ll\lll,. illlllll Are
allowed 1o adjust the reguliators to a

madmum pressure or not use one if the

see fit Enisting Ieaks can conuinue o
grow at an unmanageable rate Am
worker on the floor can apph an open wr
line wath five-hgure consequences
Producuon can insall a pece of equip-
ment with catastrophic consequences for
other vsers. Applications can be instlled
with critical pressure requirements tha
can’t work All this can be done without
discussion hetween the user and the
COMPressor raom Ooperators
Sooner or l.llcr am one or gl the
K¢ ‘llllJllUll\ \\lll IllUll\dll a lkl"l AT
¢ of production to use the instrument
ice in the compressed air vtibn
system. This instrument of choice 1s, of
course. the telephone. The magical word
is spoken that expresses the sundard for
compressed air. The standard is “more ”
But more uhat?
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point thereis no recourse but to aban-
don the confines of the compressor

! room. We must seek demand-side solu-

tions, despile the lack of interest and the
protest of the user.

Think of the last lime you applied
power to solve a systems problem.
Suppose you had three compressors and
you added a fourth. Simple math says
that you added 33% more capacity. When
you ruined on the unit, did the pressure
risc 33%? Did it rise even 10%? It prob-
ably did not. Did you try to reduce
demand or reengineer installtions with
high pressure differentials?

Maybe you could use an air storage
unit with metered recovery. Storage and
metered rccovery can reduce the horse-
power that supports demand surges. The
storage and metered recovery combina-
tion reduces the rate of flow and spreads
the surge demand requiremems over a
longer period of time.

Employees at the

using point can adjust
regulators as they see
fit. Any worker on the
floor can apply an open
air line with five-figure
consequences with

no discussion.

The speed of air transmission may be
the problem. A demand surge causes a
pressure decay in an under-capacity sys-
tem. In this case. you can increase the
transmission capacity instead of the dif-
ferenval pressure for improved service.

Increasing the pressure requires a
substantial amount of power and increas
es leaks and unregulated demand.
Careful engineering reduces the impact
of demand surges without adding power.

What if your production department
increases its operating rate? This means
that all the installed hosg, filters, regula-
tors, etc. will see higher flow. The elevated

. flow rates result in higher differential pres-

sure. Increased differential pressure
reduces specific pressure to the equipment.

Should you increase the flow capabili-
ty to increase the specific pressure. or

COMPRESSORS & AIR SYSTEM:

add power to increase the supply pres-
sure for the same result? In most sys-
tems that | audit and reconfigure, 20 10
40% of the total demand usage has no
value to production.

One of the major congtituents of waste
is leaks Another wasteful congtituent is
excess air volume consumed at work sta-
tions. Wide-open regulators indicale

waste. |f another compressor is added 1
increase the system's pressure. it wi
increase waste also.

Without standards for compressed ¢
usage. it should not be surprising th
these situations are commonplace £

utility costs escalate. the effects of dec

ing with compressed air waste become
major concern..



CONSTITUENTS OF DEMAND

Real Demand
(Good and Bad Applications)

Onc of the most insidious forms
of industrial waste 1n America
is compressed air leaks.

About 20 percent of all power used
in American industry for compress-
ing air is wasted because of leaks.
That waste represents between 6 and
7 milhion kWh of electncity or about
36 billion Btu/hr of energy —enough
encrgy to heat and awir condition ap-
proximately 134.000 homes for a
year. The encrgy bill is even greater
if support equipment such as water
pumps. dryer motors. and fan motors
is included. And these figures do not
include compressors of 10 hp and
less.

Far too many people in American
industry view compressed air as 2
free commodity. Your plant is prob-
ably using more compressed air than
in the past. and the rate of increase
in air use probah’s was greater than
the increase in productivity. Operat-
ing pressure and leaks also may have
increased during this time.

A leak is a hole through which is
blown pipe scale. iron oxide. and

Leaks
(Volume Inverse with Real Demand)

By R. Scot Foss, Plant Air Technology

Total demand is made up of real
demand from work applications.
leaks, and aruficial demand caused
by too high supply pressure.

other compressed air contaminants.
Abrasion from the contaminants will
cause the size of the hole to grow as
long as the system 1 pressurized.
Adding to the loss from leaks is a
growing interest in wcr  ng oper-
ating pressure. Not co iong ago.
standard pressures were 90 to 100
psig. Today. they are 125 psig for
larger compressors and 150 to 175
psig for smaller industrial models.
Unfortunately. it is generally be-
lieved that anything that goes wrong
in the compressed air system must
be corrected in the compressor room.
When production personr.| com-
plain about low pressure at the point
of usc. the operating pressure is
jacked up in the compressor room.
Increasing the pressure is not an
sppropriate diagnosis of the problem
or the solution. Demand will increase

Artificlal Demand
{Created by High Supply Pressure)

Dealing wi h
Air Leaks

A single Ya In. hole in a compressed air system
can waste $3000 to $10,000 per shift per year.
How much are leaks costing your plant?
Here is how to get the figures and approach the problem.

as a function of the increase in pres-
sure. and additional energy will be
used to overcome the geometric ef-
fect of mass flow restriction or diffcr-
ential pressure created by the in-
creased flow in the piping and
ancillary equipment.

By increasing the pressure. the
amount of air blowing through the
leak increases significantly. and the
Jeak hole is enlarged because of the
increased velocity of the abrasine

Justifying repair work
Can you ask for funds to fix the
system if you are unaware of whai
compressed air costs in your plant?
Perhaps there has never has been an
audit. When problems are poorly de-
fined, configuration technology 1
nonexistent, and database measure-
ments are not expressed in money.
management will postpone repairs
until situations become desperate
“Desperste” in an air system
means not enough pressure. dirty and
wet air. and al} compressors contin-
vously loaded. What is the solution

MAINTENANCE TECHNOLOGYMAY 1991



to a desperate situation? Install an-
othct compressor? Leaks will in-
crease Unregulated demand will in-
crease with no real improvement in
production after leaks and artithaal
demand arc satisfied Each addi-
tional compressor will serve Jess and
less productise uses Carried 1o an
extreme, the increase 1n flow and the
resuling pressure drop 1n the piping
will exceed the capacity of the new
campressor As a result, the pressure
will fall below the onginal pressurc
instead of increasing When you con-
sider that 1t casts more to run a
compressor in the first year than the
ongmal purchase price. such a result
could be embarrassing

When was the last compressor in-
stailed 1n your facility? Compare the
percentage of new power the unit
represented  1f Mr Bernoulh was
night. the increase 1n system pressure
should be hnear with the power 1n-
crease  Most likely. the increased
system pressure was not linear with
the power increase. and the rate of
increased pressure probably was less
than half the rate of power increase

A group of industrial and process
plants were audited mn 1990. and 20
percent had leaks costing in excess
of $500,000. These facilities were pay-
ing no more than $0 065/kWh for
electniaity. Therr full burdened cost
of compressed air ran between $1.10
and $2.56/100 cfm/hr at operating
pressures berween 80 and 110 psig
Half of these companies would have
turned a profit if leaks had been
controlled. One plant manager com-
pared this cost to hiring 35 bourly
workers to stay at home on sick leave
for a year.

Identifying and fixing leaks and
installing demand controls for a sys-
tem usually produces a payback of a
few months. Nevertheless. most
maintenance and faciliies managers
consider leaks an unfortunate cost of
business. unworthy of their attention

One fact remained consistent dur-
ing the 1990 audits. Leaks were re-

Contrary to
popular belicf,
compressed air

Jeuaks are not.
a constant demand
. on the system.

sponsible for 20 to 35 percent of
demand in most of the plant air
systems surveyed. Therefore. onc-
third of the expenses incurred for all
compressors. dryers, lubricant. parts.
outside and inside labor, water. de-
preciauon. and electricity served no
uscful purpose The plants partici-
panung 1n the survey werc aware of
the problems Other plants unaware
of such problems. overpower leaks
and other deficiencies so the leak rate
mayv be much higher than plants
reporting low pressure.

The largest motors in many plants
drine compressors As such. they
have a dramatc influence on the
demand and time use charges for
plant electricity Therefore. if leaks
were idenufied and fixed and air
demand were controlied. the electric
bill would be reduced significantly
The plant reduction in total electrical
cost could be 10 to 15 percent, de-
pending on the size of the compres-
sors and rate structure.

Tbe full burdened cost of com-
pressed air is 35 to 100 percent more
than the cost of the electricity nec-
essary to operate the system. De-
pending on the rate structure and the
efficiency of the system. total cost
could run between $1.10 and $3.75/
100 cfm/hr. A Ve in. hole that con-
sumes 34 cfm at 100 psig will cost
33019 10 $10.293/shifuyear.

Conirary to popular belief. leaks
are not a constant demand on the
system. Demand from leaks in-
creases and decreases as 2 function

of the supply or operaung press
of the compressors Because o
PTCSSQr Operating pressuic 18
versely proportionate to real prod
tion demand. loss through le¢;
increases as production drops off

When production drope off
sure nses in an cfforr 10 vnl
horsepower. The elevated press
causes an increase 1n leaks and ot
untegulated demands The arufi
increasc in flow cauvses a reduction
pressurc. reducing demand  wi
causes pressure ta rise. which cau
the demand 1o increase. etc ]
oscillaung influence on pressure .
flow tends to prevent compres:
from unloading If lcaks and o
unreguiated demand arc la
enough. compressors might never
load. regardless of the produc
requirement One maintendnce I
ager noted that all compressors
main loaded during shift breaks
was not difficult to track the probl
in his svstem. The accompanving :
tion "Costs Add Up Fast” illustr:
how much money such a system c¢
be wasting

ldentifying amount of leakage
Obwiously. 1t 1s important 1o 1der
feak locations. Major sources of le
are noted in the accompanving
tion. To justify correctine act
managers must know the opera
costs for their compressed air
tems. and the total amount of le
It would be a shame 1o take
action on the basis of reason:
guesswork and then not be abl
take credit for the savings that
be applied to other budgetary ne
Determine the total amaount
Jeaks during a period when no
duction is on-line and when a |
minimum of pressure is requi
Then put only the necessary px
on-line to support the leaks at
production pressure you have t
maintaining Where there are di;
ent Joads at different shifts, load
test conditions to each opera

36
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pressure to determine the flow and
power required for cach shift, pres-
sure would be higher as production
flow requirements dropped off.

The most acar “ate measurement
mecthod is to prt on just epough
power s0 pressurc cannot quite be
beld and then interpolate the addi-
tiona) required iniet airflow peces-
sary to bning the pressure up to the
desired test pressure. This “not quite
enough™ condition is called “draw-
down™. it is 8 dynamic condition
the system wbere the flow of the
compressors will be accurate for ma-
chines that are 1n service The inter-
polated volume is added to the base
load information to produce the vol-
ume of leaks minus the known minj-
mum other load that may be on, such
as agitators or HVAC.

It may be pecessary to eliminate
various demands one by ooz, while
identifying the required power during
the process of climination. If the
compressors are too large to unload
and put the system into drawdown,
the machines that must be opera-
tional must be timed in the load-no
}oad operating condition.®

The cycling of the last machipe put
into 8 load/no-load condition must
be monitored to establish the volume
of trim to add to the base load. This
“positive displacement™ condition,
unlike drawdown wbere a firm pres-
sure is beld, will pot give bard infor-
mation when demand is pot coo-
trolied with intermediate cootrols,
and pressure is rising and falling. The
demand would rise and fall as &
function of supply pressure. An in-
termediate control pressure lower
than the lowest compressor operating
pressure in the throttling band would
produce constant demand pressure

°In most ems. and andliary
aquxmncn'!y:m are nﬁ on the bams of
pcak demand only The consequences are
that less than full Joad alweys puts you in
the msddic of a ~too la suactune.” The
machine msy hawe part-load power
char;?m but systemn part joad is
sermnble.

An ultrasonic leak detecior can locaie deaks in all sypes of piping sysiems.
(Casrtesy SDT USA)

MAJOR SOURCES OF LEAKS

Hose leaks and worn disconnect
plugs.

Abandooed equipment with air
left 0o,

Mechanical failures on valves,
cylinders, and cootrols such as

scals, seats, gaskets, and O rings.
Leaky traps and motorized
drains that blow morc air than
effluent.
Pipe conpections and stem valve
packing in shut-off valves.

ACTION PLAN FOR DEALING WITH LEAKS

1. Determine the operating

cost for the compressed air sys-
temm.
2. Mcasure the flow roquire-
meats for lkeaks at various produc-
tion and monproduction condi-
tions.

3. Establich the otal annual
cost for leaks. .

4. Ideatify the locations of the
caks and label with paint.

5. Fix the Jeaks

6. Install automstic shutoff de-
wvices for sutomatic machinery that
tly abandooed.

7. imermediate controts
and point of wsc contobs at all
Jocations to costrol 3 “maximum™
pressure that & Jower than the
compressar opersting pressures.

8. Report the reductioo in sys-
tem operating cost

9. Minimize the possible points
of potential leaks such as discon-
mects or excessive bose Jengths.

10. Educate bourly workers
and maintenance personnel to the
inportance of leak and pressure
znanagement, ss well as reporting

ures. Incentive programs

with T shirts, etc., have proved
effective in ing awarenets.

-11. Tkst the syrtem for leaks on
8 regularly scheduied basis as part
of a good ive maintenance
program. Sctan achievable beoch-
mark for maintenance to manage
«an a weekly besis, such as 100 fm.
Once you get to the goal, it is easy
20 manage.
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Examine the costs associated with
a plant that has 750 cfm of leaks
during pormal production with an
sverage operating pressure of 90
psig. only 15 t0 17 leaks at ¥e in.
on the sverage. The plant operates
three shifts, five days a week, from
7 a.m. Mooday to 11 pm. Friday
The system tben maintains pres-
surc over the weekend.

Compressors arc operated at a
conservative 110 psig in order to
bhave 90 psig at peak production.
Demand is pot managed except
for equupment where the manufac-
turer specifics a minimum pres-
sure be beld. That includes leaks.

Intermediate cootrols between
the compression equipment and
the distnibution piping will control
all demand to a maximum control
pressure. Without a maximum
control pressure, you cannot
maintain a minimum pressure at
the point of usc.

To keep the example simple,

COSTS ADD UP FAST

assume that leaks are at 90 psig
on production and 110 psig off
producdoo. That represents 750
cfm at 90 psig (0.5332 Ib/cu ft)
and 893 cfm at 110 psig (0.635 Ib/
cu ft). Assume a cost of $1.11 per
100 cfm/hr based oo $0.06 per
kWb plus 50 percent burden (la-
bor, water, depredatios, ancillary
power, etc.) for ap additional
$0.57 per 100 cfm/hr. Normally.
when the total air requirement
goes down, the inefficiency of part
Joad for the system causes the cost
per 100 cfm per bour to rise in-
versely proportonal to the reduc-
tion in flow Again, to keep the
example simple, the cost per 100
cfm per bour will be assumed
constant, although off production
should be much higher.

Where 1 upit of compressed air
equals 100 cfm/br and costs $1.67,
and production time is 112 hr/wk
(5824 hr/yr) and off production
time is 56 hr/wk (2912 hriyr), 7.5

units of air x $1.67 per upit x 5824
bours = $72.945.60/y1 and 8 92
units of air x $1.67 per unit x 2912
bours = $43,426.95/y1, for a total
cost of leaks per yecar =
$116.372.55.

This figure does pot include the
influence that the 150 kWh has on
demand charges to support the
leaks, or the power factor penal-
tics. This example represents a
real plant that was recently au-
dited with a total producuon load
of 3000 dm.

Noise reduction is an additional
benefit derived from cootrolling
leaks. When air demand 1s re-
duced, poise is significantly re-
duced. A plant engineer n the
Northeast fixed the leaks in his
facility and controlled all other
air-users so pressure would oot
exceed 85 psig He reduced air
sysicms operating costs $379.271/
yr and reduced plant noise level
4.5 dBA.

regardless of the effort of the com-
pressors to unjoad horsepower.

Flowmeters would be the obvious
method to test volume. However, if
the system is pot balanced, where
compressor controls refine the re-
sponse to 8 “100 percent controiled
dcmand” interpreted through stor-
age, the flowmeter would not deliver
accurate data. In ap unbalanced sys-
tem (99 percent of all air systems)
the temperature, velocity, mass flow,
demand, and pressure are changing
cootinually 1t is only in 8 balanced
system that demand can be accu-
rately maiched with the minimum

uired power. The many variables
‘I;qvc an effect on cach other. When
demand, distribution and storage,
and compressios equipment are pot
cootrolied, the results are less than
desurable, Jeaks included. Once the
tota) amount of the lcaks bas been
determined, you must identify the
operaung cost of the leaks.

The casiest method for finding in-

dividual leaks is with a microsonic or
ultrasonic leak detector. These direc-
tional hearing devices can even locate
leaks in overhead piping from 2 floor
location. They are good devices for
checking new or corrective installa-
tions. Most leaks begin at an inaudi-
ble level and accelerate to audibility.

Managers may have to identify the
total amount of leaks first to justify
acquisition of Jeak detection equip-
ment. Once leaks have been located,
mark the spot with fluorescent paint.
A memo should be sent indicating
the average cost per painted spot.
Whben corrective action is accom-
plished, the spot can be painted black
or the oniginal color.

If leaks are pot fixed immediately,
workers will jack up the point-of-use
pressure in response. Volume of air
at the point-of-use station will in-
crease and cause s reduction in pres-
sure in adjacent workstations. Adja-
cent workstations will respond by
increasing the pressure, and the borse

race is on. In a few weeks. when you
have run out of compressor capacity.
you may attribute the problems tgo
“insufficient power,”™ and start shop-
ping for another compressor Haw-
ever, most systems problems are not
caused by insufficient power, but ex-
cessive, uncontrolled demand. and
leaks are at the top of the hist

Furtber information on managng
compressed air systems can be found
in the author’s previous arucles “Ec:
onomics of Compressed Air™ (M1
11/89), “Auditing Compressed Axn
Costs™ (MT 12/89). and ~Controlhng
Demand in Compressed Aar Sys
tems™ (MT 4/90).

Scor Foss, senior consultant, Plant A
Technology, Charlontie, NC, direct
system audifing and balancing studie,
and presents public and inplan: sem
inars on compressed air managemen

Rer a complimentary copy of this article
Circie 107 om Resder Service Card
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Helpful maintenance information and probiem solving case studies from suppliers of plant equipment and services.

Stopping Air Leaks
Saves $150,000

Pal Lyons. maintenance manager
of Conley Frog and Switch Co.,
Memphis. TN, is a careful magazine
reader. Always alent for new technol-
ogy (0 use in his plant, Lyons was
mitluenced by Scot Foss™s arhicles
MAINTENANCE TECHNOLOGY maga-
zine on the benelits of auditing air
leaks [“Economics of Compressed
A MT 1/R9, pe 41z “Auditing
Compressed Air Costs.” MT 12/89.pp
39: “Controlling Demand m Com-
pressed Air Systems.” MT /90, pp 24:
*“Dealing with Air Leaks,” MT 5/91,
pg 35}

By applying the information he
gamed from the Foss articles. Lyons
has saved his company more than
S150.000. Approximately 10 percent
of these savings can be attributed 1o
products supplied by Loctite Corp.
through Motion Industries in
Memphis.

Conley Frog and Switch is a track-
work assembly supplicr for U.S. rail-
roads and a commercial forging sup-
plicr specializing in antomotive
forging. The plant has 300 cmployees,
22 ol whom are in the maintenance
department.

How he did it

Lyons read the articies in July 1991
and was “astonished at how much air
costs.”

He started monthly air audits to de-
tcrmine the plant’s air feakage rate.
The plant’s capacity of 19K clm at
100 psi requires 3175 hp 1o produce.
Electricity for the air system costs

Packing glands on an SO00 1h Cham-
hersburg power drop hammer are
cliecked for leaks by Pat Lyons and a
member of the maintenance staff.
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Sealant is applied 10 pipe threads of
air inlet to actuator cylinder.

Primer is applied to clean threads to Treated fitting is assembled.

speed cure of sealant.

MAOABENARNINALLI M SE1FN AANYTA
- 1 1 [ of I R LUS IO
August 1991 and June 1992
Annual Annual Annual
Amountof  Electrical slecirical slectrical electrical Total annual
leakage, demand, consumption, consumption demand elactrical Cost per day,

Condition Year cim kw kWh cost, dollars  cost, dollars  cost, dollars dollars
All valves open 1981 3745 584 2,455,000 74,632 66.576 141,208 606

1992 g25 i44 665,000 20,216 16,416 36.632 157
One hammer isolated 1991 3285 512 2,165,000 65.816 58.368 124,184 533

1992 750 109 500,000 15,170 12,426 27,596 118
Two hammers isolated 1991 2385 369 1,505,000 45861 42,066 87.727 377

1992 875 100 400,000 12,160 11,960 24,130 104
Three hammers isolaied 1831 1656 258 1,100,000 33,370 29.412 62.786 269

1992 525 89 334,000 10,254 10,146 20.300 87
Four hammers i1solated 1991 1196 187 830,000 25,182 21,318 46,500 199

1892 430 67 250,000 7,600 7.630 15,230 65
Five hammers isolated 1991 1104 172 770,000 23,361 18,608 42,969 184

1992 200 31 130.000 3,852 3.534 7.486 32
All hammers 1solated 1991 920 143 660,000 20,024 16.302 36,326 156

1992 90 14 55,000 1,676 1,596 3,268 14
Air costs August 1991 $202,208

June 1952 $46,632

Total reduction $155,576

about $750.000/ycar; wher

ddo.t ot
costs arc added, power cost

$900.000.

Lyons’ first air audit. conducted in
August 1991, revealed leaks of 3745
cfm, nearly 20 percent of the plant’s
capacity. It required one 200 hp and
two 250 hp compressors just to satisfy
the leaks—at a cost of $157,130 for

electricity and $60.000 in operating

rating

c
Z3

costs (including labor, parts, and lubri-

oant)
L.

The next step was isolating the
leaks. Lyons found six major leaks.
plus many small leaks, and set out to
correct them.

A month later, thrce major icaks had
been climinated, along with many mi-
nor leaks; however, three new major

leaks had beendctected. “We are mov-

ing in the right dircction, but we still
have a long way to go.” he iold his
staff.

Lyons says the most difficult partof
controlling the leaks was getting asso-
ciates (o report them. “They thought
the leaks were normal and did not re-
port them,™ he says.

A series of weekly plant meetings
was staried to enlighten everyone as to

44
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the extremely high cost of air leaks.
These meetings were very success-
ful.” Lyons reports.

In thefirst 6 months, air leaskage
was reduced from 3745 cfm to 1050
cfm. representing savings of $107.820
in eectricity and $40.000 in operating
costs.

Leaks go back Up

Soon. however. air losses from leaks
began to rise again. Lyons attributed
the increase to a  combination of recur-
ring Icaks and failure to stress the im-
portance ol the numbers. In January
1992. Conley began implementation
of a total quality management pro-
gram that inciuded total quality main-
tenance.

As part of the program Lyons asked
Duncan Campbell of Motion Indus-
tries to set up training sessions fur the
maintenance department and other
staff. Severa sessions were held on
beaarings, chains, and couplings. and
then a series of four sessions on leaks.

MAINTENANCE LOG

: @n the first’
. 33546 months, |

~

24mir leakage

~ <mvas reduced
J4from 3745 cfm
01050 cfm. .

e

Loctite’s PST Pipe Scalant 565 and
Locguic Primer N were used to scal
pipe joints and other plumbing in the
plant. “Before using these products.
we had recurring leaks. Lyons says.
“We. dfix aleak on Monday and it
would beback on Thursday due to the
vibration caused by our big air ham-
mers. Since we started using these
products. no leakshaverecurred.”

Major Icaks were attributed to parts
with mechanical scals. Minor Jeahs
occurred in threaded parts such as pipe
fittings that were casily sealed with the
pipe scalant. About 10 percent of the
savings were attributed to use of the
Loctite products.,

As ol June 1992, Lyons tepotts thin
his plant had recuced major com.
pressed air Jeaks e 925 cfim and minos
leaks to 100 cfm. In less than a year.
he and his staff have brought costs
down $155.576.

The development of the ain audit/
leak prevention program s just one
examiple of how Lyons has changed
his maintenance depantment from an
overhead cost (or necessary evil) 1o a
valuable profit center.

Information supplied by Steve Ten-
hundfeld of Loctite Corp.. Newington,
CT.

For more information
Circle 131 an Reader Service Card




Nmerules of
ﬂwmb when
odding o new mr )
compressor fo the
plant’s (ompresseﬁ

air system.

Compressor Options:

Locatmg the best
type and brand of
air compressor for
an application
uill depend on
key criteria such
as energy cost,
operating tune
and system
compatability.

JaNuArY/FEBRUARY

PLANT PRODUCTIVITY

Evaluating, Sizing and
Selecting Air Compressors

By R. ScoTt Foss
’ I ! he fact that compressed air1s a utility does not

makc 11 as casy to obtain as electricity, water,

gas. ctc. It 1s not pracucal to transport the
energy of compressed air over long distances: other-
wise, 1t could be purchased from a central station.
Yer 1t 1s vital to every plant engincer. With very fow
cxceptions, plants must operate their own compres-
sors, which are the heart and the supply of a rather
compley system.

The use of compressed airin the U.S. is increasing
rapidlv. Thic s important to every plant because the
mcreasing use of compressed air deviees goces to a
company’s bottomhine as increased operanng cost.
Mast production personnel have noidea how much
air they use or what it costs, so s application has no
known business conscquences. Consequently. many
plantsarc plaving catch-up in regards to this technol-
ogy. With hutle knowledge about demand manage-
ment, most plant engineers feel the resulung low
production pressure must be corrected by adding
compressors. There should be a relationship between
productivity and compressor power, so plant per-

sonncl find themselves in a dilemma when the next
compressor 1s requested and there has bheen no
increase in production to warrant 1.

When it comes time to select the type and brand
of compressor for a compressed air system, whether
for a necw system or to correct a problem in an
existing onc, the deciston can be confusing at hest.
Sizes and types of plant air compressors (90-15 pag)
cover a wide spectrum. Size selection and numcerous
opimions regarding product features can make the
choice a confusing exercise in many plants, where
machines of different sizes and types may be operar-
ing together. All compressor types can be driven by
prime movers other than electric motors with more
or less ease. Turbine, steam, o1l or gas arc the
primary alternatives.

NARROWING COMPRESSOR OPTIONS

At this point in the discussion, one would expect a
biased suggestion as to which of these compressar
types 1s best. Let's examine this issuc from a variery
of paints of view. In gencral, a number of 1ssucs must
be examined first in order
to hone m on this difticult

REGPROCATING
Single Acting

Double Ading
tontoct cooling)

Centrifugel
Axial

Positive Displocement Type:

Types of Air Compressors

1- ond 2-stoge, lubritated or non-lube (no contect tooling)

1- ond 2-stage, lubricafed or non-lube: 2-, 3- and 5-step controks {no

Dynomic Type:

2., 3- ond 4-stage, non-lube (no contact cooling)

1-, 2- ond 3-stoge, non-lube (no contact cooling)

subject:

Energy Cost: The cost of en-
CrEy (O OPLTate a COMPres-
sor, depending on the
number ol shitts and cost
per kilowar, 15 so sigmfi-
cant that in almost cvery
casc at 1s the most impor-
tant sclection critena.
Equipment Interfoce: Devpue
Item " A.” the charactens.-
tics of the system and the
way the compressors will
work togetherin all shifts,
loads and conditions will

Sliding Yone 2-stoge, lubricated (no contodt cooling) easily outwergh individual
machine performance or

Flooded Yane 1-stoge (no tontod cooling) unique feature offered in
any one type of machine.

Dry Screw 2-stoge {no contoct cocling) Inappropriately applied,
the most efficient com-

Flooded Screw 1-stoge (with contodt cooling) pressor will be a costly
mistake. Too httic consid-
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eraton is given to the interface of existing
machines and the application. Generally,
emphasis is placed on test cell data, peak
load only,and hypothetical performance.
Recently, the president of a major com-
pressor manvfacturer said that to buy the
most efficient compressor and putit in a
poorly-configured and managed system
would be like buying a Corverte and
driving 1t with the handbrake on.

Operating Time: The best way to operate
acompressor, fromcvery point of view, 1s
off. If load vaniations can justify it, espe-
aially across shifts, you are better off with
smallcr, more efficient machines capable
of shutting off and turming on rather than
larper machines which are more efficient
enther at full load, part load or both.
Entrrely too many jobs are evaluated only
on peak and first shift - consequently,
most compressors arc oversized, incfficient
(regardless of hypothetcal efficiency) and
pronc to mamtenance problems, Many
people aversize the compressor based on
projccted demand n the future, fecling
they will avend the need to ger another
machine 1n a year or two. Despite these
good intentions, the added cost for energy
and maintenance for one year will out-
weigh the intended savings 1n capital and
significantly reduce the useful life of the
machinc.

Demend Event: The volumetric size of the
demand cvents that occur in the system
should be examined carcfully as a criteria
for size and type sclection. If you have a
2000 scfm peak, and the demand ramps
up to that point with the largest single
demand cvent berng 200 scfm, twao 1000
cfm compressors will be a problem. You
will waste a great deal of energy and will
probably have a difficult ume controlling
pressurc swings n the system. With cen-
tnfugal compressors, you may have
problems with surge because of the size of
the initial response to the small size of the
demand cvents ~ resulting in the need to
run both compressors all the ume, using
either controls or overhoarding to reduce
problems caused by the dissimilar size of
supply and event size.

Compotidility: Although virtually all air
systems have two Of more cOMPressors,
installation and operations manuals as-
sume the unit will operate independently.
Always consider what you have, how 1t
will interface and what needs to be done
to the new and old equipment to achieve
the best systems performance for all con-
ditions.

Base Lood, Trim Lood: All base load ma-
chines should be the same type. All trim
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machines should be the same type. All
basc load machines should not necessar-
ily be the same as all trim machines. In
selecting base load, energy 1s the most
important issue. In trim load flexibility,
control speed, maintenance, sizing and
the ability to start and stop automatically
are more critical. Although it is not nor-
mally the case to mix types of compres-
sors in larger systems, 1t 1s practical in
order to get the best of all worlds in terms
of energy and maintenance. Only where
you have a relanvely predicta®le load,
such as a process application or where
much planning has gone into “balanc-
ing” the system, 1s this not necessarily
true.

Engineering: All or part of every per-
ceived sysiems problem can be solved
through an engineering effort and pa-
tience. The same problem can usually
also be solved by compensating with ad-
dinonal compressors. Corrective action
in the system always yields the best return
on investmcent and 1t usvally requires less
orno addinonalcompressor horsepower.

System Design: X'hen the compressed air
system 1s designed from the compressor
out to the using devices, unless a signifi-
cant factor 1s assumed for either volume
or pressure, the resufts will be less than
desired.

Application: In virtually every case where
an individual or company has biased
themselves against a type of compressor,
the compressor or compressors have been
inappropnately apphied. The most com-
mon mistakes, 1in order of priority, are:
® Incorrect sizing - pnimarily too large

and occasionally too small.

o Asigmficant absence of “point of use”
regulation or intermediate pressure
control and the inabibity to maintain
an adequate control differenuial be-
tween supply and demand. This should
be a controlled delta, not onc created
by flow restriction pressure drop in the
piping.

® Operating all compressors on their
independent controls where all units
are producing less than full capacity.
Just because they are running does not
mean they are fully loaded.

® Poor compressor room ventilation.

COMPRESSOR LIMITATIONS

In all of the above instances, numerous
problems will show up six to 12 months
after start-up. Despite good maintenance
practices and periodic troubleshooting,
problems will persist - and not always the
same way. In addition, the compressor(s)

will be inefficient. Although not dii
related to the compressor(s), it shou
noted that because of velocity and
perature variations inherent with
above conditions, it would be diffic
provide clean, dry compressed air cc
tently. When the above issucs ar¢
considered, frequently you will find
self adding new compressor horsep
in unreasonably short periods of
Pleasc note: this does not suggest th
of “fudge factors.” Proper design reg
understanding demand at the por
use, design losses, control encrgy co
erations such as rate of decay, spe
transrmussion and control speed fromss
to re-ponse. Also, everything shou
exarmned in terms of pressure, vol
storape and real time — not compr
time. Once these 1ssues have been n
down and you have selected piping.
trols and contaminant removal e
ment, then you may sclect the tyy
types of compressor(s), size accordt
the encrgy issucs alrcady mentionee
determince how you intend to usc
{esther basc load. trim or both).

Mostsalesmendon't wanrtatalk
the downside of theirequipment, hov
all compressors have limitations. !
are extremcly flexible and low in 1
tenance, but mefficient. Other type
hypotheucally very efficient but ar
pensive in terms of maintenance
run flat out. When oversized to unlo
part load a reasonable part of the
these very efficient compressors fose
attracuveness with Jlarger motos
achieve the unloading. Some arc exce
interms of a balance of efficiency an
part load only in a limited portion ¢
uppermost range of the machine. !
types have such slow control specd
do not fit well in many systems for
service, regardless of other benefits.

Since limitations arc not discusst
most manufacturers, 1t 1s hard to 1de
what’s what. In most cases, knowled
these limitations will prove to be !
important than benefits.

Scot Foss, president of Plant Air 7
nology in Charlotte, North Caroln
an indcpendent consultant wha sp
izes in troubleshooting compressc.
systems. He is a member of AIPE's
cation & Training Commuttee. Thisa
is excerpted from bis forthcomumg (
pressed Air Systems Workbook.

For more icformution o this artide,
drde Resder Service No. 117.
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compressors, their
ratings and

features.

PRODUCT/ SERVICE REVIEW

Guide to Air Compressors

oday’s compressed air systems play a centra
role In facilities operations, accounting for up
to 30 percent of total energy usage in Ameri-
can industry. Virtually every plant and facilities
engineer is Involved in the purchase, design and/or
maintenance of this critical equipment. Frequently,
decisions about sizing and selecting air compressors
can be difficult. For that reason, AIPE FACILITIES
has compiled this guide.

Aswith past Product/Service Reviews, this“com-
parison study " 1s based on surveys complered by arr
compressor manufacturersand OEMs. In develop-
ingthcimital survey, AIPL FACILITIES polled plant
engineers as well as manufacturers and distributors
about the basic criteria required to make a purchase
decisioin for air compressors. In particular, plant
engineers responded that they needed comparison
data to help evaluate the factors affecting life cycle
costs and the features and benefits of each product
line.

COMPARING EQUIPMENT PARAMETERS

Both huyers and suppliers noted three distinct diffi-

cultics in comparing cquipment:

| Theair compressor industry has not established
univer sally-accepted standards to compare air
compressors. This can create problems for buyers
in making valid comparisons between air com-
pressors from a range of manufacturers. In our
survey, we attempted to avoid ambigunty in re-
sponses to some questions by carefully defining
the most important equipment parameters.
However. many distributors and manufacturers
warned that extreme care is needed to ensure the
buyer is“comparing apples to appleswhen

_ selecting a compressor.

Z * The number of key parameters to be evauated, in
fact, is vast, so AIPE FACILITIES requested in-
formation based on limited scenarios, e.g. BHP/
100 scfm under full load conditions. When
evaluating compressors, facilities engineers need
to com;:mre equipment parameters within the
range of full- and part-load operating conditions
anticipated.

@ Most product lines consist of a wide range of units
varying in pressures, capacities and motor horse-
power. To keep this review compact, AIPE FA-
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CILITIES covers only broad product hines witl

numerical ranges of values across these hines.

Although many product features and equipmen
parameters were considered, the final hst was nar
rowed to only a few key areas. The review isclf v
divided into four major compressor categories
“Reciprocating™ (Single and Double Acuing), *Ro
tary Screw,” “Centrifugal™ and “Other.™ This las
catcgory includes Rotary Lobe and Rotary Scrol
compressors. Also included is sub-category infor
mation, such as whether the air compressor 15 “oil
free,” the horsepower range and the number o
stages. The range for maximum scfm at 100 psigh
reported for the product linc.

BEYOND THE RATINGS

To provide a rough esumate of scveral hfceyel
factors, supphers were asked to report paramcter
such as: the BHP/100 scfm range for the product hine
the expected overall longevity 1in operaung hours
the approximate cost of spare parts to be stocked
and requirements for special lubnicants. Parucula
carc should be exercised 1 using these figures fo
purposes of comparison. For example, the longevit:
of equipment can vary significantly, depending o1
assumptions madc about parameters such as pressure
specd and operating environment. Also. it should b
noted the cost of mamntenance to attamn longevitr
was not requested.

Another important factor in determining hfecycl
costisthe maintenance cost to keepthe air compresso
running at peak operating conditions. Becausc ther
are so many aspects of maintenance, we chose not t«
report this data. When comparing compresso
maintenance, remember to consider the expecte:
time required for regular maintenance and repairs
the cost of major parts needing regular replacemem
and the complexity of maintenance relative to you
staff’s capabilities.

Our first product review of air compresse
featuring 54 different product lines available frc
14 manufacturers and OEMs, begins on the nex
page. For additional data on product lines, regiona
offices and distributors, and the availability of fac
tory engineering support, contact the supphers histe:
in the “Company Index™ on page 41.
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: !
RECIPROCATIN

Compony Atlos Copro Industrsal { Atlas Copeo industual Atlas Copco Industrial Blackmer,
(ompressors Compressors (ompressors A Dover Resources (o.
Produst Line D-Series 1-Series LEN-Series HD 142, HD 362, HD 602
Subtype Docble Acting Single Acting Single Acting Single Adting, Oil-Free
Motor Horsepower Ronge 3 |4 E t
f=tleanc Moior Driven 125 3-20 [&1] 2.1%
N=Hotura! Gos Driven :
1=Steam Turbine Driven |'
Number of Stoges 2 } lond 2 1 ‘ 1
Max. SCFM ot 100 psig” (Ronge} 312635 i $-61 2613 } 10-28
BHP/100SCFM"* (Range) 18.3-19.0 253-28.6 nyn7 ‘
Special Lubriconts Needed No Ko ) Ko
Approx. Cost of Spare Parts 0 0 0 I
Owner Must Stock |
Expected Ovarall Longewity 100,000+ 30,000+ 30,000+ |
in Operating Hours ;
[ Do You Monufodture Yes Yes s i Yes
Basic Compressor/Auend?
Spediof Features 4ir- ond Woter-Cooled Cool Running V-Belt or Ditect Ol-Less Ax Cooled V-Bettor | Oil-Free, Air-Cooled
Drive Direct Drtve

(ompony : Blockme:, Blackmer, ‘ Fuid Energy Koeser (ompressors Ing
, A Dover Resources (o A Dover Resources (o
 Produd Line ! HD 372, HD 612 ! HDL 372, HOL 612 OHT Secies | Americomp
Subtype i Single Adting, Air-{ooled 1 Single Aching, Woler-(ooled | O5-Less ! Single Acting
Notor Horsepower Range | £ i t t . £
E=Electnic Motor Driven | 315 i 315 ! 1-30 5
N=Notural Gos Driven X ; : .
1=Steom Turbine Driven ; ' i
Kumber of Stages 2 : 2 1 1
Hax. SCFM o1 100 psig” {Range) 19.39 19-39 1.2 18
BHP/1005CFM"* (Range) | %3 Yories
Specic! Lubriconts Keeded No No No No
Apptox. Cost of Spore Parts $250
Ownar Must Stock
Expectad Ovecoll Longevity H-fm-uh scheduled 10,000
in Opetoting Hours mainienonce
Do Yeu Monufocture Yoes Yes o, Hetochi Yes
Basic (ompressor/Airend?
Soatiod Fegtures 0i-Froe, Air-{ooled 0il-Free, Ait-(ooled Aic(ooled, Odl-Less

“Sagrsers conditnm detred o 14.7 i, 36% oty 63°F
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Company

Quincy Compressor

RECIPROCATING ’
Quincy @ Saylor-Beall Mig (o.

]
Broduxt Line .25 QRD Dil-Less ar 7‘ 700 Seties
Subtype Single Ading Single Acting Single Acting |
Motor Horsepower Range 3 £ £ i 13
E=Elactric Malor Driven 1/325 5-15 330 110
N=Notural Gos Driven
T=Steom Turbine Oriven i
Number of Stoges fond2 i 2 i 2
Mox. SCFM o1 100 psig” {Range) %5 - 40 120 . 35
BHP/100SCFM** (Range) Yories Yaories Voris 244
Specal Lubricos Needed ™ GirLess ™ i Ko
Agorox. (ost of Spars Parts S0 s15 S10 : S100
Owner Must Stock |
Expectsd Overall Longevty 80,000 50,000 50,000 : 10,000
in Operaning Hours |
Do You Monufocture Yes Yes Yes Yes
Bosic Compressor/Airend?
Specai Features Pressure Lubriated Spin-On Ot Qil-Less, Single Sioge, {msi lion, Sphash Lubixated
Filtes, (ost iron 2 ond 3 Cylinder wo-Stoge |
REQPROCATING
Company Saylor-Beall Mig (o Saylor-Beall Mig Co. Scoles Air ompressor 1 Scoles Aur (ompressor
hoduct Line 9000 Saties (D Series Sak , SRR
Subtype Single Acting ] Double Acting Oil-Free
Mator Horsepower Ronge £ £ 4 : £
E=Elartric Motor Driven 1530 115 1/325 20500
N=Natural Gas Drven
T=Steom Turbine Driven
Numbes of Stages 2 1 1ond?2 i 1.5
Max. SCFM of 100 psig* (Rongel 102 51 » : 2700
BHP/100SCFM"* (Ronge) 244 44 231 | 19.0
Specic! Lubricants Nesded ¥o Ko % i No
Approx (ost of Spare Parts $250 175 w/k i #/A
Owner Must Stock !
Expected Ovarall Longevity 10,000 10,000 20,000 : 100,000+
in Opesating Hours !
Do You Manufocture ) Yos Yes No, Yarious Monufoctorers ¢ No, Yorious Monufocturers
Sexic Compressor/Airend? !
Special Fegtutes Complete Aur System with Dryer, | Pressure Lubricated, Cost lron, Lorge Cylinders, Slow Speed,
Fitters, Compressors Slow Speed Oil-Free

36 AIPE FAcCILITIES
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Fites, st iron

2 and 3 Cylinder

{Company Quincy Comptessor Quincy Compressor Quincy Compressor l Saykor-Beall Mg Co.
§
Product Line 25 QRD Dil-Less ar ‘ 700 Seies
Subtype Single Ading Single Acting Single Acting |
Motor Horsepower Ronge 3 3 £ £
E=Electric Mator Driven 1/3-25 5-15 330 1-10
N=zNaturol Gos Driven
T=Steom Turbine Driven .
Number of Stoges lond2 ] 2 i 2
Max. SCFM ot 100 psig” (Range) %5 | 120 . 35
3
BHP/100SCFM° (Range} Yories Yories Vorixs 244
Specxl Lubriconts Needed [ Onl-Less o I No
Approx. (ost of Spote Parts $20 15 sS10 ! S100
Owner iust Stock I
Expected Ovarall Longevity §0,000 50,000 50,000 . 10,000
in Operonng Houns |
Do You Monufocture Yes Yes Yos Yes
Basic (ompressor/Airend?
Specai Features Pressure Lubriated Spin-On Oil Oil-Less, Single Stage, i Cost Iron, Sphash Lubneoted,

Two-Stoge

REAPROCATING
\ Scales Au Compressor

ompany Saylor-Beall Mig (o Saylor-Beall Mig Co. Scoles Air (ompressor
hroduct Line 9000 Series (D Series SaR \ SORR
Subtype Single Acting Double Aciing Oil-Free
Motor Horsepower Ronge £ £ 4 1 £
E=Electnc Motor Driven 15-30 1-15 1/3-25 : 20-500
N=Naturol Gos Diwven
T=Steom Turbine Driven
Number of Stages 2 2 lond?2 i 1-5
Max. SCFM o1 100 psig* (Ronge) 102 51 L} ! 2700
$HP/100SCFM"* (Ronge) 244 244 231 | 190
Special Lubricants Nesded Xo Ko %o i o
Rogrox Costof Spare Farhs 5250 SYE WA i W
Owner Must Stock 1
Expected Ovarall Longevity 10,000 10,000 20,000 ! 100,000+
in Opesating Hours II
Do You Monufocture Yes Yes No, Voriows Monwfoctwers ' No, Yorious Manufocturers
Reic Compressor/Airend? !
Specal Features Complete Aur System with Dryer, Pressure Lubricated, Cost fron, Lorge Cylinders, Slow Speed,
Rhers, Compeessors Slow Speed Oil-Free

“Sammpard condoters dotwed w5 14.7 pun, 343 humainy, $8°F
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(ompony Aths Copeo Industrial Atlos Copeo Industrial Atlos Copco Industrial ! Gardner-Denver IMD

(ompressors Compressors Compressors .
Product Line GA-Secies GR-Series IR Series | Bectro-Saver
Subtype Fooded Flooded Odl-Free
Motor Horsepowe: Ronge £ 1 E 13
E=Elactric Motar Driven 15200 175-300 100-1000 100-500
N=Haturol Gos Driven
1=Steom Turbine Driven
Numbe: of Stoges i 2 2 1
Fax. R at 100 psig” {Range} 4-1000 500-850 61 290 sig 400-4100 i 4702580
i
BHP/100SCFM"° (Range) 214.236 36.8-37.6 a1 290 psig 199215 ‘ 194.22.6
Specol Lubricants Nyeded b No L ' N/A
Approx Cost of Spare Parks 0 0 0 . 5
Owner Must Stock :
Expacted Overoll Longewity 40,000+ 60,000+ 100,000+ ! 40,000+
m Operating Hours .
Do You Monufacture Yes Yes Yes . Yes
Bosit Compressor/Airend? l
[ Spaciol Feotures ~ Water- ond Ait-Cooled, Watet- ond Air-Cooled, Woter- and Air-(ooled, ,  Micro-Processor {100 150 hp)
Low Sound Endosure High Pressure Onl-Free, Low Sound Endosure  ; Constant Speed Control (200-500
* bp), Turn Volve, Capacity Control
(ompany Gardner-Denver IMD Gardner Denver IKD Gardner-Denver [MD Hitochs Amenito 1td
Produd Line Bectra-Saver il Blectro-Srew Twristoir Hitoch-DSP
i
Subtype Od-Free i Oil-Free
Motor Horsepower Range E £ 3 I 4
£=Clecing Motor Driven 40-150 15.200 50.75 ! 20.400
N=Notural Gas Drven i
T=Steam Turbine Driven | i ..
Number of Stoges 1 1 i 1 i lend2
Mox. SCEM ot 100 psig” (Range) 186-760 $0-950 ‘ 225-340 i 1700 -
BHP/100SCFM"" (Range) 20.4-22.5 225-215 22-24.1 . 20-32
: | |
Special Lubricants Needed R/A N/A I L1 ‘ No
Approx Cost o Spore Farh $50 550 ' S i 5200
Ownar Must Stock . .
Expected Ovatoll Longevity - 40,000+ 40,000+ | 40,000+ ! 50,000+
in Operating Hours | i
De You Monufocture Yes Yes ] Yos : Yes
Rasic Comptessor/Airand? !
Special Features Ixtensive injaction Lubricotion Beht-Driven {15-50 hp) Odl-Froe, Dicact Drive, Seties Provides Oil-Free Air
System, Micro-Processor Touch Direct-Drive {40-200 hp) Mitro- Micro-Processor,
Pad Contiel Processer, Touch Pod Control Touch Pod Contrel

*Signderd condaom defed 18 14 7 pro, 4N bumadty 43 F
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SCREW 33853 ~ai - T
Company ingersoll-Rond Ingersoll-Rand Koeser Lompressors inc 120! Infemational, Inc
Prodt Line SR Sk Sigro Profile wsS

u -

Hotor Horsapowsr Range E N 1 £
f=Blectric Motor Driven 10450 400 34600 20-500
N=Notural Gos Driven
T=Swom Turbine Driven

Number of Stoges 1 1 1 Tend2

Mex. SCFM ot 100 psig” (Range) 34-2086 1600 mo 15-2600

HP/100SCFR"" (Range) ns7 140 2

Speciol Lubricants Keeded SS& Ultrocoolont $SR Uftrocoolant [ No

Approx (ost of Spare Party S100-1500 S1500

Owner Must Stock

Expecied Overall Longevity 40,000-50,000 40,000-50,000 45,000 30,000

in Operating Hours

Do You Manufocture Yos Yes Yas Yes

Bosic Compressor/Airend?

Speciai Features Water-ond Air-(ooled. Jock Shoft Drive, Variable Speed Ax-ond Water-(ooled

450V 0DP Motex, intelliys Control, Unlooded Stort
Conttrol, Star Detta Storter

Compony Quincy Compressor | Quincy Compressor Quincy (ompressor | Quincy Compressor '

|

Produat Line QMa QM3 Qs ast

Subtype

Rotor Horsepower Rt;n;e 13 B 3 13 £
E=Eleciric Motor Driven 50-150 10-25 50-3%0 1540
K=Noturol Gos Driven
T=Steam Turbine Driven

Number of Sicges i 1 ] ]

Mox. SCFM of 100 psig” (Range} 752 N2 1515 182

BHP/100SCFM"* (Range) Yories Yories Yaries Yories

Spocd Lubriconts Ryeded Yo Yes Yes Yrs

Approx. Cost of Spare Parts S75 S50 $100 S50

Ownet Murst Stock

W %ﬁﬁg ‘Lﬁ‘ﬁl‘y 3@,@ ! mlf'r"".l - 'Q:@ lm’m

in Operanng Hours X

Do You Monufocture Y& s Vs (3

Besic Compressor/Airand?

Specol Factures Siow Speeds, Dirsct Drive, iodulor Design, iorpe katars, Siww Speecs Boli Drive, Large Rotors,

odvior Design Base or Tenk Mount Diract Drive Bese ox Tonk Moun)

“Sharaind condivern defrd @ 14.7 s, 4% ey, 43°F.
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(ompary Solla Selloir Sulo Sulic:t
Svmdds ot | 2na Bl Prasrwre Chnne &S Paresmduted Gunle Cinve Cartar 10,72 Gante Cinne Tamdesn £ ammscareass Tam {
(AL R ] hen ARAL L Bl o g o S IS TR LR g S— baniendbbdd s 2o o4 —uu-wnwulw
Subtype
Motor Horsepower Ronge t 3 £ t
EnBlactric Botoc Driven 10400 $10 25600 100400
R=dzturel Ges Driven
T=Sisam Twrbine Driven
Hurvber of Smpes 1 i i 7
Mo SOM o 100 psig” (Range) 250-945 133 185-2000 515-3100
BHP/1005C-°° (Renge) 7/ %074 215250 19.0-200
Spacnl Libricants Nesded [ ) Soquirsd or acnded varrenty [
dopras (ot of Spare Purty (™) Vo Yorins Yories
Owner Mas? Sinck
fraecied Overal Lanpervity 180,000+ 180,000+ 988,000+ 100,000+
i Operating Hours
Do You Mamsturturs Y T Yu Yot
Sk (ampresmar /Airend?
Specil Fectures Sromurs: to 150 acin facnecidried Pracuurss i 175 mig 2.Your Standerd Warrorty, Teo-Stoge Effiency P!
18-Your Optional Extended ¥alve EHfency
Warrenty

“Somieri andins doinad o 14 puin, 343 bemedey, 42°F

oWlR |

=~Capinn Puchags Aorirmesc enier ind loar @ |00 guly o stoderd e

Ak Copeo Industicl Powsrex

i (ompressors
Product Line T1-Serirs SL-Series
Trpe 08-Free Rotary Lebe Lotery Saroll
Bt Horsepower Ronge £ t

E=Flaomy Matar Driven 25100 310

KeNaturol Gos Driven

T=Steam Turbine Dtivan
Hurmber of Singes 2 1
fox. SCFM ot 100 psig” (Ronge) 100400 X
BHP/100SCFM"° (Range) BN 335
Special Lubricants Needed [ o
Apprez. Cost of Spare Ports ’ [
Owner bt Stock
Expacied Oversl Langevity %,000 + 50,000
i Oporsting Hours
Do You Merufacture (3 Yo
Besic Compressor/Axend?
Specel Festures (ool Lumning (smpect, Of-Free O Lass, Ratery, Low Neise

Low Seund Enclesrs

“Somviord contanss dobennd o 147 pomn. 343 dumuey_ 48°F.

0

AIPE FaciLiTies

“(amphn feckage Nrivrmenc e iud bed & 100 gy o sunderd somdons.

January/Fesruany



—= 8" LINE

8" LINE
COMPRESSOR STATION
= REGULATOR

@) = ISOLATION VALVE

I

=l

e
A ) sogp g o

or—T=3

LAS CHOLLAS CREEK

NASSCO COMPRESSED AIR SYSTEM
COMPRESSOR STATIONS, LOOP,

REGULATORS AND ISOLATION VALVES




—= 8" LINE
= 6" LINE
Bl = COMPRESSOR STATION

@ = DEMCO AUTOMATIC VALVES

LAS CHOLLAS CREEK

[4] g e

orT=—=3

£,
™




NASSCO AIR COMPRESSORS

PORT.| B.10 | B. 11| BUILDING 12 BUILDING 70 BUILDING 26
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COST ANALYSIS
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