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ABSTRACT
WASTE HEAT ENERGY RECOVERY FOR NATURAL GAS COMPRESSOR
STATIONS UTILIZING A GAS-LIQUID WASTE HEAT BOILER
by

Fredrick Peter LeGrand

Waste heat recovery is examined for natural gas compresser
stations using three specific prime mover-compresser combinations
found in the Consumers Power Company network as base cases. A total
of 71.6% of the total recoverable waste energy expended (over 1.57 x

]012

BTU per year) at the Consumers Power compresser stations takes
the form of hot combustion exhaust gases. A computer simulation of
an exhaust gas waste heat boiler is utilized for design of energy
recovery equipment. Steam rankine cycles using these exhaust gases
as a heat source demonstrate payout periods of approximately four to
ten years at 25 percent stream factor with capital costs of $425,000
to $955,000. Organic rankine cycles demonstrate an increase in
thermodynamic efficiency but no significant economic advantage due
to capital costs in excess of $1,560,000. Process steam production

is economically favorable (with payout periods of less than two

years) but requires an available outside user.
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1. INTRODUCTION

One of the most heavily investigated areas of research today
is the general category of energy conservation. Energy conservation
is being examined at levels ranging from athletic competition through
common residential heating-cooling and finally on to the frontiers of
space and man's quest into the unknown. The realization that the
immediately available and concentrated solar energy in the form of
fossil fuels is quickly diminishing has compelled us to search for
new sources of energy. Meanwhile, the available fossil fuel supply
must be carefully used for both economic and basic survival reasons.

Interestingly, the energy producers and distributors of the
United States are also very concerned about energy conservation.

The high market value of energy today means that old or energy-
inefficient processing equipment needs to be examined with a new
emphasis on economics. Operating costs associated with processing
equipment are often dominated by the cost of the energy needed to

run it, while in previous years capital costs dominated profitability.

A good example of such processing equipment is natural gas
transmission compressor stations. These stations are essential to
the transport of natural gas from the production fields to almost
all areas of the United States. Natural gas compression requires a
large amount of pressure-volume work which is supplied by large
prime mover-compressor systems. The prime movers provide the
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necessary shaft work to drive the natural gas compressor. Attached
to the prime movers are large multi-stage reciprocating (positive
displacement) compressors or banks of high centrifugal compressors.
Natural gas enters these compressors at a low state of compression
and must often be stepped up 400 to 600 psi to reachieve pipeline
pressure. At storage facilities pressures of up to 1400 psia are
achieved prior to storing natural gas in the underground facilities.
As previously stated, the compression of such large amounts
of natural gas requires a great deal of pressure-volume work. This
work in turn consumes huge amounts of energy. Due to the ineffi-
ciencies associated with both the prime movers and the compressors,
much of this work is lost to the surrounding environment, most often
as heat energy. The quantification of this waste heat and presenta-
tion of recovery schemes for such heat is the purpose of the remainder

of this thesis.



2. TYPES OF WASTE HEAT SOURCES

There are basically two sources of waste heat at most com-
pressor sites. The first is produced by drive motor inefficiency
and the second by natural gas compression inefficiencies.

Drive motors (prime movers) at natural gas compressor sites
are commonly very large, low rpm, two-cycle reciprocating engines
utilizing natural gas as their energy source. Efficiencies for these
two-cycle drivers are in the 25 to 35 percent range (7). Turbo-
charging or air refrigeration of such drivers boosts their overall
efficiency up to approximately 40 percent (2). In addition to
reciprocating drivers, less costly, smaller gas turbine drivers are
also utilized. Again using natural gas as the fuel source, these
drivers produce a very high velocity hot gaseous stream whose energy
is converted to shaft work in a reaction turbine. Such drivers are
inexpensive to install but operate at low efficiencies of between 16
and 26 percent for unregenerated low compression ratio units (2).
Recent technology gas turbines can achieve efficiencies of greater
than 30 percent while high compression ratio, regenerated units
(state of the art) approach 40 percent efficiency (2).

Both of these drive motor types generate large quantities of
waste heat in a variety of forms. The reciprocating drivers produce
primarily three waste heat streams. These streams are hot exhaust

gases which are often in excess of 700°F, hot Tubrication oil
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(approximately 200°F) and jacket cooling water (approximately 150°F).
The gas turbine drivers produce only two streams, the first is a
high volume, high temperature exhaust gas stream (often in excess of
800°F), and the second is a hot lubrication oil stream.

In addition to driver inefficiency as a source of waste heat,
the compression inefficiency of both reciprocating and centrifugal
gas compressors is also a significant energy source. Compression
efficiencies of 60 to 70 percent are common for these types of com-
pressors with the waste energy appearing primarily as heat. Between
each stage of compression, the natural gas must be cooled back to
near ambient conditions in intercoolers or aftercoolers. These
coolers are large air to gas heat exchangers (fan forced convection)
operating at approximately 200°F. A11 natural gas requiring multi-
stage compression passes through these coolers, thereby providing a

large source of waste heat for recovery.




3. IMPORTANCE OF TEMPERATURE QUALITY

Temperature quality is the single most important factor in
determining the usability of any waste energy stream. Low tempera-
ture streams are common at compressor stations but have a number of
disadvantages in utilization:

1. Lower overall quantity of energy per stream unit.

2. Low condensing temperatures needed in rankine cycles.

3. Lower temperature driving force requires more
surface area in heat transfer equipment.

4. More sophisticated working fluids and processing
equipment needed in rankine cycles.

5. Rankine cycle efficiencies are quite low.

Low temperature streams not only provide less recovery potential but
also require more sophisticated equipment to derive usable benefit
from them.

High temperature streams, on the other hand, are also
abundant at compressor stations. These streams have the following
advantages:

1. Large quantities of waste energy per stream unit.

2. High temperature driving forces.

3. More flexibility in the equipment required and
recovery methods available.

4. High condensing temperatures possible.

5. Steam rankine cycles with no unusual processing
equipment needed are possible.
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6. High cycle efficiencies for rankine cycles.

Fortunately, a major portion of the waste heat available at
natural gas compressor stations is of the latter type. This allows
high cycle efficiencies and large quantities of waste heat to be
recovered. Table 1, presented in Section 6, gives a breakdown of
the types and quantities of waste heat available in a typical

compressor network.



4. PROBLEMS INHERENT TO COMPRESSOR STATIONS

Natural gas compressor stations pose a few unique problems
in designing heat recovery schemes for them. The most important and
limiting factor associated with these stations is the timing of their
active operation periods, and of course, their overall stream factors.
Most natural gas compressor stations operate actively (actively
meaning operation as a compressor station as opposed to the "bleed-
ing" of natural gas from storage fields) from mid-summer through
late fall. During this period natural gas from production facilities
is moved into storage facilities in preparation for the winter heat-
ing season. This timing of the active period rules out space heating
as a viable alternative. In addition, the sporadic character of
operation during this period makes the coordination of energy
recovery and consumer usage thereof a difficult problem. Finally,
the overall stream factor of any compressor station site seldom
exceeds 25 percent. Low stream factors detract from overall profit-
ability due to decreased revenues and the large fixed capital costs
associated with any design. These three factors combine to create a
high volume source of energy which is sporadic, short-term, and
unfortunately, less than optimally timed.

An additional set of complicating circumstances is that
natural gas compressor stations are inherently an area where a great
deal of fire safety precaution is observed. Due to their potential
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of explosion and fire they are often placed in outlying areas away
from large population concentrations. In addition, heavy industrial
energy users are usually not in close proximity to these stations.
Most energy recovery schemes are therefore limited to those which
are fire safe and are transmittable over moderate distances to
potential end users.

Finally, natural gas compressor stations are not large energy
consumers in any area other than the production of shaft work.
Process steam, hot gaseous streams or heated jacket cooling water is
of no value in itself to a natural gas compressor station. For this
reason, again, any recovery scheme suggested must produce internally
usable shaff work or identify a cooperative, readily available out-

side user interested in hot process streams.




5. CASE STUDY OF EXISTING COMPRESSOR NETWORK

The Consumers Power Company of Jackson, Michigan, operates a
network of eight natural gas compressor stations for the purpose of
storing, transporting, and distributing natural gas to its customers
throughout Michigan's Tower peninsula. During the 1977 operating
year these eight stations handled over 565 billion standard cubic
feet of natural gas and in the process consumed 2.118 billion SCF of
natural gas as fuel (14). Approximately 81 percent of the energy
contained in this fuel gas was lost to the environment as waste
energy.

The eight compressor station sites are fed via two interstate
pipelines: the Panhandle-Eastern Pipeline connecting at the Freedom
Station, and the Michigan-Wisconsin Pipeline connecting at the White
Pidgeon Station. Through these two lines natural gas from out-of-
state is brought into Michigan. In addition to the natural gas
piped in from other states, numerous gas production and casing-head
gas production fields in Michigan supply the network. Finally,
Synthetic Natural Gas from the now "mothballed" Marysville Reforming
Plant is an additional source of supply.

Five of the eight compressor stations--Ray, St. Clair,
Overisel, Muskegon River, and Northville--operate as both gas trans-
mission and storage facilities. Gas storage is accomplished via the

use of dormant oil fields or geologic formations. During the summer
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months when demand on the interstate pipelines is low, natural gas
is pumped into these fields under pressures of 1000 psig or more.

By early fall the storage fields are "topped off" in preparation for
the winter ahead. During the winter, natural gas demand is met by
use of both the interstate gas pipelines and the bleeding of natural
gas from the numerous storage fields.

The three remaining sites are transmission-only stations.
Two of these three are the previously mentioned White Pidgeon and
Freedom stations which are pipeline origin sites. Natural gas enter-
ing the pipeline at these stations is at a Tow state of compression
and, therefore, requires recompression in order for it to be trans-
mitted throughout the state. As pipeline origin stations all of the
natural gas entering the network from outside the state must pass
through one of these stations. For this reason, the Freedom Com-
pressor Station (at the connection with the Panhandle-Eastern Pipe-
line) is in almost constant operation. The White Pidgeon plant
operates some six months of the year. The final site, the BTU
Stabilization Plant, is a production and air injection facility.

The value of this well-planned system is realized each winter as
Michigan's residents seldom see a natural gas shortage, even during
peak demand months.

Waste energy is generated by four major types of streams at
these compressor sites. Of greatest significance are the waste
streams produced by compressor drive motors as hot exhaust gases,
hot lubrication oil, and, finally, jacket cooling water. In addition,

to the drive motor inefficiencies, waste heat is produced via
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compression inefficiencies. After each stage of natural gas com-
pression, intercoolers or aftercoolers are necessary to cool the
natural gas back to near ambient conditions. Approximately

12

1.57 x 107~ BTU of waste energy was lost to the environment in the

1977 operating year due to these four types of waste streams.




6. RESEARCH METHODOLOGY AND RESULTS

The approach used for investigation of this project was as
follows:
1. Utilizing an existing compressor network, perform
an overall energy balance on the compressor stations
in an effort to identify possible energy recovery
sources.

2. Identify those energy sources which are most promising
(i.e., high temperature and large quantity).

3. Identify typical drivers to be used as base cases
for discussion.

4. Prepare preliminary cost estimates for the base
cases identified and designs for energy recovery.

5. Perform economic analyses in an effort to optimize
designs.

6. Apply these analyses to the specific case of the
Consumers Power network and, more generally, to the
driver type.

Table 1 Tists the eight sites in the Consumers Power Network
and includes information as to the number of and types of drivers at
each site. Also included for the three primary waste stream types
are waste stream temperatures, identities, and quantities for the
1977 operating year. Finally, for comparison purposes, a percentage
breakdown of the waste energy produced for each of the stations is
included (for three major waste stream types).

Of the thirteen driver models listed in Table 1, three

primary driver units were isolated as base cases around which all
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design and economics calculations were performed. These three cases,
listed in Table 2, were chosen because they both encompass the
majority of the waste heat available and provide the variety of
stream flows and conditions necessary for comparisons. Extrapolation
of these cases to similar drivers or waste streams may be carried
out, paying careful attention to the assumptions made specifically
for these drivers.
Five designs were investigated for the three base cases in
the following logic pattern:
1. a. A steam rankine cycle producing shaft work from
the waste heat was investigated for each of the
three cases. The optimum steam pressure for the

individual waste stream maximum temperature was
chosen as suggested in Reference (7).

b. Beginning with the highest BTU output waste heat
source, economic optimization of the waste heat
recovery with boiler approach temperature as the
variable was carried out (at a 25 percent load
factor). Load factor sensitivity was then
determined at the optimal approach for this
driver.

c. Economics for the remaining two base cases were
performed at 25 percent load factor and the
optimal approach temperature.

2. Investigation of the Organic Rankine Cycle was
performed again utilizing the highest BTU output
waste heat source. Once more the load factor
sensitivity was investigated for this design. 1In
addition, the lowest BTU output base case was
investigated utilizing the Organic Rankine Cycle.

3. Finally, production of 150# steam was investigated
for each of the three base cases at 25°F approach
temperature and various stream factors.

The following three subsections contain a brief description

of each of the designs which are treated in detail in the Appendices.
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Steam Rankine Cycle

Figure 1 depicts the simple steam rankine cycle concept
utilized for the first three designs. High temperature exhaust
gases (the waste heat source) are used to generate high pressure
(¥ 600 psig) steam in a waste heat boiler. This steam is expanded
in a turbine producing shaft work. The low pressure turbine exhaust
is condensed and the condensate recompressed to provide feed to the
waste heat boiler.

The shaft work produced by the turbine is best utilized to
compress natural gas since it is after all, the inefficiency of the
drive motors that provided this shaft work initially. Production
and immediate on-site utilization of shaft work eliminates the prob-
lems of finding a user for waste energy and, in addition, shaft work
is produced only when there is an immediate need for it.

In all of the rankine cycle designs, a two driver approach
was used. The waste heat from two drivers is utilized in a single
turbine in order to reduce equipment costs and provide shaft work at
a comparable level to that of an existing gas fueled driver. For
example, using the exhaust gases from two Pratt-Whitney GG-12 gas
turbine compressors to power a single Rankine Cycle produces an
equal amount of shaft work to that of a single gas turbine driven
compressor. This system can therefore increase the efficiency of
the total system (two gas-fueled compressors and one Rankine Cycle
compressor) by 50 percent. This approach could be expanded to more
drivers with an increase in the complexity and a decrease in the

overall usability of the system.
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The exhaust gas waste heat boiler is a key part of all
designs. A detailed description of the computer simulation used for
designs of this boiler and some important design considerations are
found in Appendix I. Appendices II and III describe in detail the

steam rankine cycle design and economics. Appendix II contains a

detailed and more complete description of design considerations for
the gas turbine driver (Pratt-Whitney GG-12) base case, while
Appendix III summarizes steam rankine cycle designs for the two

remaining base cases.

Organic Rankine Cycle

Again, Figure 1 depicts the simple rankine cycle concept
utilized for this design. The only difference between the Organic
Rankine Cycle and the Steam Rankine Cycle is the substitution of an
organic working fluid in place of water. Utilization of an organic
working fluid such as tri-flouroethanol allows attainment of a lower
condensing temperature, thereby increasing the quantity of usable
waste energy.

Some of the advantages and disadvantages of the Organic

Rankine Cycle utilizing tri-flouroethanol are as follows (2):

Advantages

1. Low boiling point allowing low condensing temperature.

2. Low heat of vaporization allowing greater super-heating
of fluid.

3. Good thermal and chemical stability.

4. Moderate expense for fluid.
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5. Fluid is essentially non-toxic, non-flammable.

6. High thermodynamic efficiencies in turbine
expansion (i.e., 80 to 85 percent).

7. High overall cycle efficiencies.

8. Lower cycle maximum pressures are possible.

Disadvantages

1. New technology that is not fully proved.

2. Low condensing temperature results in extremely
large condensers or requires cooling towers (with
120°F condensing temperature).

3. Large organic fluid flow rates result in larger,
more costly pumps, piping, etc.

Again, a two-driver approach was used for the Organic Rankine
cycle. This approach takes advantage of the economy of scale and
provides almost as much shaft work via waste energy recovery as is
produced by the two drivers, effectively doubling their efficiency.

Finally, Appendix IV contains the detailed application of this design

to the Pratt-Whitney GG-12 gas turbine driver.

Process (150 psia) Steam Production

The final mode of energy recovery examined is the production
of low pressure process steam.

The design and utilization of a single waste heat boiler in
conjunction with feed and condensate pumps allows any drive motor
the option of producing low pressure steam. The dual driver approach
is unnecessary in this case, however, it may be desirable in some

cases since the operation of drivers often occurs in pairs.
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Saturated 150 psia steam was chosen as it is commonly used
in chemical and process industry plants. In addition, commercial
laundry facilities and commercial or residential heating could use
150 psia steam. Process steam is not a readily usable commodity at
the compressor stations since many relatively low temperature liquid
and gaseous streams already exist at these sites. The sporadic
operation and remote location of most compressor stations (due to
safety considerations) also make the sale of Tow pressure steam a
less desirable alternative. Appendix V contains the detailed design
and economics for production of 150 psia steam.

Six basic designs are presented in Appendices II through V
with payout periods ranging from 1.0 to 20+ years. These six designs
cover the spectrum of waste stream conditions found at the Consumers
Power compressor stations and can be applied to similar waste streams
in other situations. Appendix I contains a description of the com-
puter simulation of a gas-liquid waste heat boiler used in design

calculations.




7. DISCUSSION AND RESULTS

Examination of Table 1 (page 13) indicates the following:

1.

Compression inefficiency accounts for approximately
10.9 percent of the total recoverable waste energy.

Some 12.0 percent of the total recoverable waste
energy is rejected as jacket cooling water waste.
Comparatively low temperatures of between 150°F and
170°F are common for these streams.

Approximately 5.5 percent of the total recoverable
waste energy is rejected as lube 0il cooling waste.
Temperatures of less than 170°F are specified here.
Waste energy sources, like numbers 1 and 2 above,
are difficult to utilize cost effectively. The low
heat load potential and temperature of these streams
make them less than desirable as stand-alone sources.
They must, therefore, be incorporated into a total
system as pre-heaters or auxillary heat sources.

Some 71.6 percent of the total recoverable waste
energy at the eight compressor stations is rejected
as high temperature gases resulting from the com-
busion of natural gas. These streams are moderately
clean, non-corrosive and are therefore ideal candi-
dates for waste heat recovery. The emphasis of the
remainder of this study is on the recovery and usage
of exhaust gas waste energy since this is a readily
available, high potential waste energy source,

Steam Rankine Cycle

The simple four-stage steam rankine cycle was applied to each
of the three drivers listed in Table 2. Table 3 lists the maximum
steam temperature, optimum approach temperature, and maximum cycle
pressure, chosen for each driver case as well as the pertinent

economic data. Figure 2 presents the payout period versus stream

21
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factor for each of the three driver base cases. The payout period

is calculated using the yearly cash flow after corporate income

taxes (@ 48%) averaged over ten years of operation. A1l capital
costs and operating costs are included as well as interest on work-
ing capital. Figure 3 presents the discounted cash flow rate of
return (3) versus stream factor for the three base cases. A detailed
description of individual economics calculations and assumptions may
be found in Appendix II. For simplicity, discussion of the steam
rankine cycle for each of the base cases is presented individually

in the following three subsections.

a. Pratt-Whitney GG-12 Gas Turbine

The simple four-stage steam rankine cycle approach with
direct utilization of shaft work was applied to the Tow efficiency
Pratt-Whitney GG-12 gas turbines with encouraging results. A maximum
cycle temperature of 800°F and resultant steam pressure of 600 psig
resulted in the production of 2270 Hp. of shaft work for the design
point.

Examination of Table 3 in conjunction with Figures 2 and 3
demonstrates that with a total 1980 fixed capital investment of
$955,000 (excluding construction loan interest) payout periods of
less than 2.6 years are attainable at stream factors of greater than
40 percent. Furthermore, at full capacity the minimum payout period
is approximately one year. Finally, at stream factors of less than
15 percent a rapid rise in payout periods of above seven years is

evident.
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Four separate plants operated the Pratt-Whitney GG-12 gas
turbines in the 1977 operating year. Inspection of Table 1 indicates
that at two of these plants, the Ray Station Plants 1 and 2, stream
factors of approximately 16 percent were encountered for the ten
drivers. At 16 percent stream factor, payout periods of less than
6.6 years could be expected for any dual driver installation. How-
ever, this is the maximum payout period for such an installation
assuming no load shifting. Since the Ray Station plants are two
parts of the same compressor station, load shifting could allow a
two-driver system with a steam rankine cycle to operate in place of
the unmodified gas turbine compressors, thereby increasing the stream
factor of the two-driver system. The maximum stream factor attain-
able by this method (based on 1977 loads) is 53 percent, yielding a
payout period of two years. This requires all gas compression for
the entire year to be performed by one dual driver compressor system
retrofitted with a steam rankine cycle which is unlikely.

In addition, the Ray Station is particularly appealing since
the ten drivers located in Plants 1 and 2 created some 40 percent of
the total recoverable stack waste energy for all of the Consumers
Power compressor stations in 1977. The high temperature and large
quantity of waste energy generated there certainly provided a
probable and profitable source for recovery.

The two remaining plants which operated Pratt-Whitney GG-12
drivers, the St. Clair Plants 1 and 2, both experienced stream
factors of four percent or less in the 1977 operating year. Payout

periods of greater than 15 years would be expected at such stream
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factors making installation of a steam rankine cycle unfavorable at

these sites.

b. Cooper-Bessmer W-330
Reciprocating Engine

The simple four-stage steam rankine cycle approach with
direct utilization of shaft work was applied to the moderately effi-
cient Cooper-Bessmer W-330 drivers with marginally encouraging
results. A maximum cycle temperature of 710°F and resultant steam
pressure of 400 psig resulted in the production of 689 Hp. of shaft
work for the design point.

Examination of Table 3 in conjunction with Figures 2 and 3
demonstrates that payout periods of less than 14 years are attainable
with a total 1980 fixed capital investment of $425,500 (excluding
construction loan interest) at stream factors of greater than 60
percent. A minimum payout period of six years is attainable at 100
percent stream factor. Finally, unreasonably long payout periods of
greater than 14 years are attained at stream factors of 60 percent
or Tless.

Two plant sites, the White Pidgeon Plants 1 and 2, utilized
Cooper-Bessmer W-330's in the 1977 operating year. Stream factors
of 26.2 and 14.8 percent, respectively, were encountered. With such
low stream factors neither plant offers economically feasible opera-
tion of a steam rankine cycle. Attempts at load shifting at these
two sites appears to be unfeasible since sufficient load does not
exist to allow shifting. For these reasons installation of a steam

rankine cycle at these sites appears unfavorable.
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Although only four Cooper-Bessmer W-330's exist at the
Consumers Power compressor stations, numerous other drivers are
similar in operation, design and characteristics to the Cooper-
Bessmer W-330's. The steam rankine cycle design and economics
should be similar for these drivers and with these assumptions in
mind are applied to three additional stations.

The first of these drivers is the Clark TLA-10 Tocated at
the Freedom Plant 2. This single driver operated at a stream factor
of nearly 80 percent and expended 6.3 percent of the total recover-
able stack waste in 1977. With such a stream factor a payout period
of less than 7.8 years could be expected for the dual driver steam
rankine cycle. However, a payout period of greater than 10 years
is estimated since dual driver operation is not possible with this
driver.

Two Clark TLA-10 drivers operate at the Muskegon River site.
At their 1977 stream factor of 38 percent, operation of these
drivers using a steam rankine cycle is economically unattractive.
However, with load shifting at this plant, a maximum stream factor
of approximately 80 percent is attainable yielding a more favorable
7.8 year payout period.

Finally, the four Clark TLA-8 drivers located at the Overisel
Compressor Station operated with a 31 percent stream factor during
the 1977 operation year. Again, the payout period for these drivers
is unreasonably long and even by increasing the stream factor to

maximum of approximately 55 percent via load shifting, a payout
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period of greater than 14 years would be realized. Installation of
a steam rankine cycle appears economically unattractive for this

site.

c. Enterprise HV16C-4

The simple four-stage steam rankine cycle approach with
direct utilization of shaft work was applied to the moderately
efficient Enterprise HV16C-4 drivers with marginally encouraging
results. A high maximum cycle temperature of 960°F and resultant
steam pressure of 1200 psig resulted in the production of 1715 Hp.
of shaft work for the design point.

Examination of Table 3 in conjunction with Figures 2 and 3
demonstrates that with 1980 total fixed capital investment of
$885,000 (excluding construction loan interest) payout periods of
less than five years are attainable at stream factors of over 50
percent. At full capacity, a minimum payout period of 2.6 years is
anticipated. Finally, at stream factors of less than 25 percent,
unreasonable payout periods of greater than 12 years are realized.

Only two plants operate the Enterprise turbocharged drivers,
the St. Clair Plant 2 and the BTU Stabilization Plant. Stream
factors of 13.6 and 35.4 percent were encountered, respectively,
for these plants during the 1977 operating year. Three 4320 Hp.
HV16C drivers (the design case) are in operation at the St. Clair
Plant 2 while two smaller HV12C's rated at 3450 Hp. are in operation

at the BTU Stabilization Plant.
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First considering the design case, at stream factors of
13.6 percent, payout periods of over 14 years would be expected for
the three St. Clair plant drivers. Loadshifting could allow a maxi-
mum stream factor of 14.1 percent for the dual driver installation.
At such Tow stream factors unreasonably long payout periods result.

Finally, considering the two HV12C's located at the BTU
stabilization plant, a maximum stream factor of 35.4 percent results
in a payout period of approximately 8.1 years for the dual driver
unit. Due to the fact that the smaller HV12C's would not produce
exactly the same economic results as the larger HV16C's, some con-
tingency must be applied to this engineering estimation, and slightly

higher payout periods would result.

Organic Rankine Cycle

The simple four-stage rankine cycle design was applied in
detail to the largest potential, most economically feasible driver
(the Pratt-Whitney GG-12). In addition, this design concept was
also applied to the least favorable potential waste heat source (the
CB-W330). A maximum cycle temperature of 625°F (recommended by
Halocarbon Corp. [9]), and maximum pressure of 700 psig, resulted
in the production of 4672 Hp. of shaft work for the design point.

An optimal approach temperature of 75°F was determined for this
design. Figures 4 and 5 present the payout period and discounted

cash flow rate of return as a function of stream factor, respectively.
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Examination of Figures 4 and 5 demonstrates that with a 1980
total fixed capital investment of $1,568,000 (excluding Toan
interest), payout periods of less than two years are attainable at
stream factors of greater than 50 percent. Furthermore, at full
capacity, the minimum payout period is approximately one year.
Finally, at stream factors of less than 15 percent, a rapid rise in
payout periods of greater than six years is evident.

As previously discussed, four plants operated the Pratt-
Whitney GG-12 gas turbines in the 1977 operating year. The Ray
Station Plants 1 and 2 could expect a payout period of seven years
at their 16 percent stream factor for any dual driver installation.
With Toad shifting, a minimum payout period of 1.8 years would
result. Once more, the large potential for load shifting and energy
recovery at the Ray Station Plants 1 and 2 provide a highly probable
site for energy recovery.

Finally, the two remaining plants which operated GG-12 gas
turbines (the St. Clair Plants 1 and 2) experienced low stream
factors of four percent or less, rendering them unprofitable as
recovery sites.

A detailed description of the Organic Rankine Cycle design

and economics is presented in Appendix IV.

Process (150 psia) Steam Production

The production of 150 psia process steam was investigated
for each of the three base cases at various approach temperatures.

Figure 6 presents the payout period versus stream factor for the
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three base cases. A detailed description of design and economics

for the 150 psia steam production design is presented in Appendix V.
Once more, in the interest of clarity, each of the three

base cases is presented individually in the following three sub-

sections.

a. Pratt-Whitney GG-12 Gas Turbine

The production of 150 psia steam via the use of an exhaust
gas waste heat boiler was applied to a single Pratt-Whitney GG-12
driver with very encouraging results. A maximum cycle temperature
of 360°F resulted in the production of 22,320 pounds per hour of
saturated 150 psia steam.

Examination of Figure 6 demonstrates that payout periods
of under two years are easily attainable for stream factors of
greater than 20 percent. Furthermore, a minimal 1980 total fixed
capital investment of $112,800 (excluding construction loan interest)
is needed to provide such a payout period. At stream factors of
less than 10 percent, less desirable payout periods of over four
years are evident. At full capacity, a minimum payout period of
0.45 years is realized.

As stated in previous sections, four plants operated the
Pratt-wWhitney GG-12 gas turbines during the 1977 operating year.

Two of these plants, the Ray Station Plants 1 and 2 encountered
stream factors of approximately 16 percent. At such stream factors,
payout periods of less than 2.8 years could be expected for any

single driver installation. With only minor load shifting, payout
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periods of well under two years could be realized for these drivers.
Finally, with maximum load shifting, a minimum payout period of
approximately .9 years is implied.

Again, the extremely low stream factors for the two remaining
sites, St. Clair Plants 1 and 2, make it unprofitable to install
steam generation equipment at these sites.

b. Cooper-Bessmer W-330
Reciprocating Engine

The production of 150 psia steam via the use of waste heat
boilers was applied to the Cooper Bessmer W-330 drivers with
encouraging results. A maximum cycle temperature of 361°F resulted
in the production of 6085 pounds per hour of saturated 150# steam.

Examination of Figure 6 demonstrates that, with a 1980 total
fixed capital investment of $58,100 (excluding interest on construc-
tion loan), payout periods of less than two years can be expected at
stream factors of 40 percent or greater. A minimum payout period
of .9 years occurs at full capacity and at stream factors of less
than 20 percent payout periods of over four years result.

Two plant sites operated the Cooper-Bessmer W-330's in the
1977 operating year, the White Pidgeon Plants 1 and 2. With stream
factors of 26.2 and 14.8 percent, respectively, payout periods of
3.2 and 6.5 years would be expected. Load shifting does not appear
feasible at these sites, due to the minimal work load at these sites,
therefore, these payout periods are as good as could be expected.

Again, three additional sites operated drivers which are

similar in design characteristics to the Cooper-Bessmer W-330's.
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The first of these is the Clark TLA-10 at the Freedom Plant 2. With
a stream factor of nearly 80 percent in 1977 a payout period of one
year would result. This low payout period combined with the high
stream factor make this drive a consistent, economically feasible
source for steam production.

Two additional Clark TLA-10 drivers operated at the Muskegon
River site with 1977 stream factors of 38 percent. At such a stream
factor, a payout period of two years could be expected. Again, load
shifting could be utilized at this site making it an even more
favorable source of steam production.

Finally, four Clark TLA-8 drivers operated at the Overisel
site with a 31 percent stream factor. A payout period of 2.8 years
could be expected for any single driver installation here. Once more,
Toad shifting could allow a minimum payout period of less than 1.7

years.

c. Enterprise HV16C Reciprocating Engine

Production of 150 psia steam via the use of an exhaust gas
waste heat boiler was applied to the Enterprise HV16C reciprocating
driver with encouraging results. A maximum cycle temperature of
361°F resulted in the production of 11,645 pounds per hour of
saturated process steam.

Figure 6 demonstrates that with a 1980 total fixed capital
investment of $73,000 (excluding interest on construction loan)
payout periods of less than 2.2 years can be expected at stream

factors of 25 percent or greater. A minimum payout period of .6
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years occurs at full capacity and at stream factors of less than 10
percent payout periods of over four years are expected.

Only two plants operated the Enterprise drivers during the
1977 operating year. The St. Clair Plant 2, with HV16C drivers,
encountered stream factors of 13.6 percent. At this stream factor,
payout periods of approximately 3.5 years would result for a single
driver installation. In addition, the BTU Stabilization Plant
operated the smaller HV12C drivers at a stream factor of 35.4 per-
cent. This higher stream factor results in an estimated payout

period of two years, including a contingency for reduced driver size.




8. CONCLUSIONS

Natural gas compressor stations provide a very large
potential source for energy recovery. Clean gaseous waste streams
in excess of 700°F are not uncommon and constitute over 70 percent
of the available waste energy at many sites. The remaining 30 per-
cent potential is of a less usable, lower temperature (less than
200°F) variety. The specific example of the Consumer's Power net-
work of compressor stations lost over 1570 billion BTU's of energy
in the above forms during the 1977 operating year. Only 19 percent
of the energy content of 2.2 billion SCF of fuel gas was actually
converted into useful work. This single example emphasizes the
potential for energy recovery and the need for energy conservation

at compressor stations throughout the world.

Low Temperature Waste Heat Streams (< 200°F)

Low temperature waste heat sources are of little value at
compressor stations. The need for streams of 200°F or less within
a compressor station is minimal and usually the timing of such a
need is out of phase with the availability of such streams. For the
same reasons, outside users of the heat energy contained in low
temperature waste energy streams are probably not interested in
them. A potential outside user would need to solve the problems of
sporadic supply and low energy quality in order to benefit from such

streams.
39
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Steam rankine cycles are not feasible using low temperature
waste heat sources. Using such sources as pre-heaters or economizers
in steam rankine cycles is also not feasible, unless the cycle is
operated with a sub-atmospheric condenser.

Organic rankine cycles can utilize Tow temperature streams
as primary heat sources. However, such streams are usually a supple-
ment to a high temperature waste stream. Organic rankine cycles can
also utilize Tow temperature streams in pre-heaters or economizers
due to their lower operating temperatures. However, depending on
the system, this might or might not be feasible. Stand-alone usage
of Tow temperature streams is not generally beneficial.

In the Consumers Power network none of the designs presented
were able to use these low temperature waste energy streams. There-
fore, some 30 percent of the waste heat generated was considered

unusable.

High Temperature Exhaust Streams

High temperature driver exhaust streams are readily available
at compressor stations. The majority of these streams are in excess
of 700°F and they comprise some 70 percent of the available waste
energy. Direct usage of such streams for sale to an outside user or
usage within the compressor station is again hindered due to the
sporacity and timing of normal operation. Again, an outside user
would need to work cooperatively with utility personnel in order for
mutual benefit to occur. The usage of energy in forms other than as

shaft work is almost non-existent at most stations. Electricity,
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process steam or simply hot gaseous streams are not at a premium and
do not therefore justify large capital expenditures. On-site waste
energy usage 1is limited to that energy which is converted to usable

shaft work.

Steam Rankine Cycles Via High Temperature Waste

Steam rankine cycles offer a method of energy recovery which
is economically favorable and readily usable. The production of
shaft work via rankine cycles allows recovered waste energy to be
used immediately to reduce the horsepower load on the waste-energy-
producing drive motor. There is no significant problem of the timing
of recovered waste energy availability, since it will only be pro-
duced while it is needed. The net effect of steam rankine cycle
shaft work production is an increase in overall drive system thermo-
dynamic efficiency.

The three base cases examined in this study are compared in
Table 4 comparing three performance criteria. These criteria are
the payout period, capital dollars per installed horsepower and
before taxes profit generated per installed horsepower. It is evi-
dent from examination of this table that two factors are of prime
importance when determining the usability of a waste energy stream
for rankine cycle shaft work production: temperature quality and
flow rate. High temperatures allow high steam pressures and thereby
increase rankine cycle thermodynamic efficiency. High flow rates

allow for the effect of "economy of scale" to reduce incremental
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capital costs. These two factors work together to increase the
profitability of waste energy recovery.

It is evident that economy of scale is the predominant
influence in reducing incremental capital costs as evidenced by the
low capital cost per installed horsepower capacity of the Pratt-
Whitney GG-12 steam rankine cycle design. This design realizes a
35 percent reduction in unit capital costs and a 60 percent reduction
in payout period when compared to the Enterprise HV16C base case.

Clearly, waste stream flow rate is of primary importance when con-

sidering base case capital costs and profitability.

In addition to waste stream flow rate overall profitability
is strongly effected by the stream factor. Low stream factors
decrease revenues (or savings in this case) thereby allowing fixed
costs (i.e., capital costs, interest, labor costs) to overwhelm
revenues. However, as incremental capital costs decrease, lower and
lower stream factors remain profitable. Overall profitability is
effected by incremental capital costs and determined by stream
factor.

Finally, the temperature of the waste stream in question is
of moderate importance. High waste stream temperatures produce
higher rankine cycle efficiencies and thereby higher horsepower
outputs. The higher the horsepower output is, the lower the incre-
mental capital cost becomes. Again, lower incremental capital costs
reduce operating costs and increase profitability. Such an effect
is seen in the comparison of the Cooper-Bessmer W-330 and the

Enterprise HV16C base cases. At approximately the same waste stream
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flow rate, these two cases demonstrate a moderate difference in
capital costs and subsequently a difference in overall profitability.
The Enterprise HV16C case realizes a 16 percent decrease in capital
costs and approximately a 50 percent decrease in payout period due
to its higher (1000°F) cycle temperature. The Cooper-Bessmer W-300,
on the other hand, must contend with both a Tower waste stream flow
rate and a relatively low 750°F waste stream temperature.

In general, the waste stream flow rate is of primary import-
ance when determining the usability of a waste stream for rankine
cycle shaft work production. High waste stream flow rates are
necessary to provide a sufficient quantity of waste energy to make
recovery economically feasible. In addition, high waste stream
temperatures are necessary to both increase overall waste heat
availability and increase thermodynamic cycle efficiency. Based on
the content of this study, waste streams with overall heat loads of
less than 5 million BTU per hour are generally unusable for rankine
cycle shaft work production unless a high stream factor of 80 pér-
cent or greater can be expected. Waste streams with heat loads in
excess of 18 million BTU per hour are economically feasible at 25
percent or greater stream factor and become very economically favor-
able at stream factors of greater than 60 percent. Individual
assessments must be made for waste stream heat loads falling between
these two extremes when considering steam rankine cycle shaft work
production.

The Consumers Power Company network of compressor stations

yields two promising possibilities for steam rankine cycle shaft
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work production. These two stations are the Ray Station Plants 1

and 2. The Pratt-Whitney GG-12 gas turbine centrifugal compressors
located in these two plants produced 40 percent of the total recover-
able high temperature stack waste energy in 1977. The low stream
factors of 16 percent allow payout periods of approximately 6.6 years
for any dual driver installation. With load shifting this stream
factor can be increased to a maximum of 53 percent, yielding a payout
period of 2.2 years. Sole operation of two pairs of Pratt-Whitney
GG-12 drivers with accompanying steam rankine cycles would allow
approximately a 27 percent overall stream factor yielding four year
payout periods. Table 5 presents pertinent economic information for
the Ray Station design alternatives. The last alternative is both
economically and technically feasible. It would provide a 50 percent
increase in drive system efficiency and could reduce overall main-
tenance costs. In addition, it would require very little load shift-
ing and would be equivalent to the operation of three pairs of Pratt-

Whitney GG-12 compressor-driver combinations.

Organic Rankine Cycle Via High Waste Streams

Organic rankine cycles also offer an economically and
technically feasible means for waste energy recovery. Similar to
the steam rankine cycles previously discussed, these cycles provide
shaft work for immediate usage in natural gas compression. The
primary difference between Organic rankine cycles and their steam
counterparts is in the size of equipment needed to support the cycles

and in the overall cycle heat duty. Extremely large flow rates of
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organic working fluids demanded by the large heat duty also demand
the large processing equipment. An Organic rankine cycle coupled
with a driver (such as the Pratt-Whitney GG-12) can produce a
quantity of shaft work equal to that produced by the driver, thereby
doubling its efficiency.

One factor is of primary importance to the economic
feasibility of an organic rankine cycle: the waste stream flow rate.
High waste stream heat duty allows the economy of scale to reduce
incremental capital costs, thereby decreasing operating costs.

Since most exhaust gas waste streams are in excess of 625°F, and
therefore exceed the maximum safe operating temperature of the
organic rankine cycle (using Flourinol 85), temperature is of less
importance than it was in the prior example. For example, an 840°F
exhaust gas stream allows a steam rankine cycle to operate at
higher pressures and thereby higher thermodynamic efficiencies than
a 625°F exhaust stream would (at the same heat duty). An organic
rankine cycle, on the other hand, would operate at the same thermo-
dynamic efficiency utilizing either exhaust stream, due to its 625°F
maximum cycle temperature restriction.

The organic rankine cycle, discussed in Appendix IV, is com-
pared to the steam rankine cycle design in Table 4. Both designs
utilize the same waste energy stream as their heat source. However,
the horsepower output of the organic rankine cycle is approximately
double that of its steam counterpart. Due to the low condensing

temperature and high working fluid flow rate, a higher total capital
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cost is characteristic in the organic rankine cycle. However, due
to the higher efficiency, the cost per installed horsepower output
is nearly equal to that of the steam rankine cycle.

The payout period at 25 percent stream factor is 4.0 years.
Although this is slightly better than the steam rankine cycle, it is
not significantly different. The same trend is seen at 90 percent
stream factor with the organic rankine cycle indicating a 1.1 year
payout period.

Utilization of the organic rankine cycle for energy recovery

from high temperature, high flow rate waste energy streams shows no

significant advantage over the conventional steam rankine cycle.
The added system complexity and investment in equipment for the
organic rankine cycles is not justified economically. The added
risk in an unproved technology is also a strong deterrent, when
steam rankine cycles can be used cost effectively.

For the lower temperature, low flow rate streams (such as
CB W-330 exhaust gas) the organic rankine cycle again offers no
significant advantage over the conventional steam rankine cycle.
Although the organic rankine cycle almost doubles the horsepower
output possible when compared to steam rankine cycles, the organic's
are burdened with large capital investments which severely detract
from the economics.

In the Consumers Power network, two plants are again of
interest for waste heat recovery, the Ray Station Plants 1 and 2.

These plants operated their Pratt-Whitney GG-12 gas turbines at a
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16 percent stream factor in 1977 indicating a seven year payout
period for any dual driver organic rankine cycle retrofitted combina-
tion. Again, with minimal load shifting, two pairs of retrofitted
drivers could operate at 20 percent stream factor and effectively
double their thermodynamic efficiency. At such a stream factor a
payout period similar to that seen in the steam rankine cycle would

be realized (approximately four years).
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APPENDIX I
WASTE HEAT BOILER COMPUTER SIMULATION

Introduction

One of the more costly and difficult to design pieces of
equipment in all of the design schemes presented here is the exhaust
gas waste heat boiler. This one component accomplishes all of the
energy recovery via the transfer of heat energy from the hot exhaust
gases to the working fluid of choice. In an effort to more accurately
design the large number of waste heat boilers considered, an iterative
computer simulation of a shell and finned-tube heat exchanger was
utilized. The following detailed description of that simulation is
identical for all of the waste heat boiler designs in theory and
method. Therefore, a general discussion is provided in this Appendix
while specifics are presented in the individual design sections

(i.e., heat transfer coefficients, areas, tube pitches, etc.).

Discussion

Description of Exhaust Gas
Waste Heat Boiler

The waste heat boiler (see Figure 7) is quite simply a cross
counter-flow shell and tube heat exchanger utilizing the hot exhaust
gases on the shell side and the working fluid of choice on the tube

side (2). Serrated fins are used on the shell side to both increase
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Figure 7.--Diagram of Exhaust Gas Waste Heat Boiler.
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the apparent shell side surface area, and to increase the shellside
heat transfer coefficient via the introduction of additional turbulence.
In applications where exhaust gases contain large amounts of particu-
lates and soot, the serrated fins are reported to act as self-cleaning
fins thereby reducing fouling on the shell side of the heat

exchanger (2).

The tube side consists of rows of parallel tubes perpendicu-
lar to the flow of exhaust gases. Triangular tube pitch is used
again to provide maximum turbulence on the shell side. The tubes are
simply carbon steel 40 BWG using 180° elbows on each end to provide
flow between individual banks. A small baffle or dummy tube is
included in each bank due to the assymetry that triangular pitch
imposes.

A carbon steel or galvanized plenum surrounds the tube banks
and acts as the shell. Manifolds are provided at each end of this
plenum to serve as connection points to the driver exhaust inlet and
outlet. Insulation is applied to this plenum to act as both a heat
insulator and a noise deadening medium. The exhaust muffler for each
driver is replaced by the waste heat boiler, which is similar in

accoustic concept to the muffler, thereby accomplishing the same task.

Basic Program Structure

In order to provide flexibility and ease of use, the heat
exchanger simulation was written as the general case of a shell and
finned-tube heat exchanger in cross counter flow. A main program

containing all energy balance, heat transfer coefficient and pressure
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drop calculations was written as a single module. This module is
stored in the computer's memory and can be accessed at will. The
module does require three subroutines to be loaded at program execu-
tion. These three subroutines contain the exchanger dimensional
parameters, the shell side gas physical properties and the tube side
liquid physical properties.

The exchanger dimensional parameters cover a wide spectrum
from the type of tube pitch to the diameter of the fin to be used.
Basically, by fixing the parameters contained in this subroutine, the
program can calculate all of the remaining dimensional characteristics
that describe the heat exchanger.

The physical property subroutines contain heat capacity,
density, viscosity and thermal conductivity information. Where
possible, these properties are expressed as a function of temperature
thereby allowing the program to continually update their values. This
continual updating of physical properties is an important feature
of the iterative method used in this simulation.

A macroscopic view of the program provides the following
logical sequence:

1. Fix all heat exchanger dimensional parameters (i.e,
number of tube rows, tubing I.D., etc.)

2. Obtain physical property information from physical
property subroutines.

3. Calculate heat transfer coefficients, amount of heat
transferred and amount of surface area needed for
heat transfer.

4., Calculate pressure drop (shell and tube sides)
associated with #3 and return to #2.
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5. Continue as above until heat transfer task is
complete then print output.
6. Check to see if shellside pressure drop is too high
or too Tow. If so, readjust dimensional parameters
to correct pressure drop and start over at #1.

7. End program.

Detailed Flow Chart and Design Equations

Figure 8 is a detailed flow chart of the computer simulation
that when used in conjunction with the program listing presented in
Table 6 aids in understanding the following discussion. For ease of
reading the numbers in the far left column of the listing will be used
as locaters when discussing a line or group of lines of code. For
general overview of the program utilization of Figure 8 exclusively
is recommended.

Lines 2 through 25 accomplish the initialization of all vari-
ables. In line 26 the subroutine Param is called to update all of the
heat exchanger dimensional characteristics and tc set the maximum shell
side pressure drop, characteristic temperatures, material mass flow
rates and temperature change per iteration. This subroutine is
called only once during execution of the program. Lines 29 through
41 determine which tube pitch option was chosen in the subroutine
Param.

Three options exist:

1. IOPT =1, Square tube pitch

2. IOPT = 2, Triangular tube pitch with dummy tubes
or baffles)
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Figure 8.--Waste Heat Boiler Simulation Flow Chart.
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3. IOPT = 3, Triangular tube pitch without dummy
tubes (results in asymmetrical rows and is
therefore undesirable).
Lines 42 and 43 calculate the inside diameter and inside
surface area (per foot) of the tubes. Lines 44 and 45 calculate the
fin surface area. Two options are provided here as follows:

1. If IFIN = 1, then solid circular fins are utilized
and the fin area per foot,

m x FPF [D2 + 2 x FH)Z - D227

FA = 5

2. If IFIN = 2, then serrated fins are utilized and the
fin area per foot, FA=2m x FPF x FH x D2

Where FA = Fin area per foot (ftz/ft)
FPF = Fins per foot
D2 = Outside diameter of tubing (ft)
FH = Fin height (ft)

Line 46 calculates the bare tube area per foot as

ABT = w(D2 - D2 x FPF x FTH)
Where ABT = Area bare tube (ftz/ft)
FTH = Fin thickness (ft)

Line 47 calculates the projected perimeter as
PP =4 x FH x FPF + 2

Where PP = Projected perimeter (ft).
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TABLE 6.--Waste Heat Boiler Simulation Program Listing.

FROGRAM HTEXCINPUTOUTPUT)

QUMMY =G,

Tumma=r,

CONTINMUE

SIGNAL=C,

QUMM1=CUMM1+1,

& CONTIMUE )
TAZ0e3TA2="e2 TAZ=L et HICGT=Je$PDRPS=0.8PRRFT=2,
ST=0
OB=Ce
TO=0,
eOPS2=Co
TTA=C.

TTA2=C.
TTA2=2,
TPDRT=C.
TFDRS=C,
FTeT=C.
STPS=C.

ITER="

IFLAG=Z
ICONT=T

IFIN=C
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15 CONTINUE
TPL=TTP
CNTT2=ENTT
ENTPP=ENRPP*ENTT
IFCIOPT@EQe2)TPL=SCRT(TTFP*#22=(TTP/24)%x%x2)
GOT017
1¢ COMTINUE
TPL=SART(TTP#*2=(TTF/2e)**Z2)
ENTT2=ENTT -1
ENTPP=(ENTT+ENTTZ)*ENRPP /2,
17 CONTINUE
Ceeoseeosee CALCULATIOM OF TeDe
D1=D2-=2*TKTH
Ceeoeeeoee CALCULATION OF INSIDE SURFACE AREA.
AIT=D1+PI
Ceeseeeee CALCULATION OF FIN AREA.
AF=PI/8e*(((D2+2¢*FH)*#2)=(D2#22))*xFPFx2,
IC(IFINGEQe2) AF=2+*PI*FH*FFPF=*D2
CeocsoeoeeeCALCULATION OF BARE TUBE AREA.
ABT=PI*C2-PIxFPF*FTH=*D2
CevecoeeoeCALCULATION OF PROJECTED PERIMETER,
PP=4¢*FH2FPF+2,
CeoesoeeasCALCULATION OF EQGUIVALENT DIAMETER,
DE=2e*(AF+ABT)}/(P14PP)
Coeoeovee e CALCULATION OF EXCHANGER WIDTH.
W=ENTT-TTP
CoeoenoeeeCALCULATICN OF NET VOLUME.
VNET=W*TLATPL=eS*(ENTT+ENTT2)*PI*D24222TL /4
VNET=VUNET =S (ENTT+ENTT2)#PI*D2#FH+FPF2TL*FTH
CeeoceeeeCALCULATION OF VOLUMETRIC EQUIVALENT DIAME
TER
DEV=8Be*UNET/CC(ENTT+ENTT2)*xCAF+AEBT)=TL)
Ceoeoee CALCULATION OF SHELLSIDE CROSSFLOWe
ACS=WATL=ENTT#D22TL=ENTT*2¢*FH*FPF+«TL*FTH
CoeoeooeeeCALCULATION OF TUBESIDE FLOW=-CROSSECTION.
ACT=ENTPP*D1+*+2*P1/4,

HEAT TRANSFER COEFFICIENT CALCULATION

[N alie e N

CooeoeceeeoINITIALIZE TEMPERATURES AND ENERGY REQUIRE
D FOR VAPORIZATICN,
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TTSL=TEMSL

TTTL=TEMTL

TSL=TFEMSL

TTL=TEMTL

QRCK=DHVAP+GT

RCK=QRCK
CoeovesoeeBEGIN ITERATIONS BY SETTING THE PHYSICAL P
RCPERTIES AT THEIR
Coeeoocecoseee RESFECTIVE VALUES.

30 CONTINUE

ITER=ITER+?

CALL PROPT(TTLsCPT1eVIT19sTHERT14FROET1)

CALL PROPTZ(TTL4CPTZyWVITZ29THERT24ROET2)
Coeeeceoe o DETERMINE THE WEIGHT FRACTION OF VAPQR ON
THE TURESIDE AND
CeooovecceoeeseCALCULATE THE TUBESIDZ PHYSICAL PROPER
TIES.

FRAC=GB/GBCK

IF(FRACGTWle)FRAC=1,

COT=FRAC*CFTZ+(1.-FRAC)*CFT1

VIT=FRAC*VITZ+(le=FRAC)*VIT1

THERT=FRAC+THERT2+(1le=FRAC)*THERT

RAMET=FRAC*ROET2+(1e=FRAC)*ROET1
CoeoseesoesCALCULATE THE SHELLSIDE PHYSICAL PROPERTIE

Ce

CALL PROPSE¢TSLyCFS9yVISyTHERSHROES)
Ceoeoeeoe e DETERMINE THE MULTIPLIER FOR HFZ CALCULATI
CN FELOW DEPENDENT
CeoocoesveeeseUPON SQUARE OR TRIANGULAR TUBE LAYOUT
CooeoosoeeneeSIDE MEAT TRANSFER COEFFICIENT ZQUATIO
N THAT APPLIES IF
CeoeoscococeoeeSOQUIRE PITCH IS CHOSEN).

EK=e39

ITCIOPTeGEe2)EK=e45
CeooeceeeoeTURESIDE REYNOLDS NUMBER CALCULATION.

RET=DI1+GT/(VIT*ACT)

CeeooseoeSHILLSIDE REYNOLDS NUMBERS WITH RESPECT TO
Ceeocoosceeee VOLUMTTRIC EQUIVALENT DIAMETCR AND OUT
SIDE DIAMETER.

RES=DE+GS/(VIS*ACS)

RER=DEV*GS/(VIS+~ACS)

RERS=D24GS/(VIS+ACS)

Ceoeeooe o CALCULATICN OF TUBESIDE HEAT TRANSFER COEF

-FICIENT USING
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CeoooceoneaeeCCRRELATION SUGGESTED BY SIEDER AND TA
TE.

HT = eQ23*(RET o2 o E)X((CPT*VIT/THERT) *#%43333)*TH
FRT /D1

IF(TTLeGE e TBOILeANDeQReLE«RBECKIHT=120G0 s
CoeeaooeoeeCALCULATICN OF TUBE WALL COEFFICIENT.

HW=TKF*(DZ-D1)/(ALCG(N2/D1)+TWTHAN1)
Ceeoeoee e CALCULATION OF TOTAL INSIDE COEFFICIENTEIN
CLUDING TUBE WALL
CeoeoocooooeoeeRESISTANCE yBUT EXCLUDING OUTSIDE RESIS
TANCES) »

HTIzle/(1e/HT+1e/RDI+1e/HY)
r
Ceoesooeea e NOTE=-FIN SIDE COEFFICIEMNT IS CALCULATED BY
Coosoceoeoee e CORRELATIONS FOR COMPARISOM SAKE.
-
Ceooooee e CALCULATICOGN OF FIN SIDE HEAT TRANSFZR COEF
FICIZNT USINC
Cooesevosceoese CORRELATION SUGGESTED EY JAMESO!'.

SL1=e7293877575

Bl1==1,275226549

AJS=ALCC10(RES)*SL1+RB1

AJS=1Zexx2JS

HF =AJS+THERS* ((CPS#VIS/THERS) ##43333332333233
2)/DE
CeoosseeseCALCULATION OF FIN SIDE HEAT TRANSFEZR COEF
FICIENT AS SUGGESTED
CeeooseccoeeeRY SCHMIDT,

HF 2=EK* (RERS*#2¢62S ) * (C(AF+AET )/ (D2%xPI) )2 (=3

1+%,233333)*THERS/D2
CeeoeoeeeCALCULATION CF FIN SIDE HEAT TRANSFZR CCLF
FICIENT AS SUGGESTED
CeocceocveeeeBY WARD AND YOUNG

HF 3= 364 * (RERS** £ 8) * (CPS*VIS/THERS ) 2##,33233+

SIX(FTH/(D2+2¢*FH)) 2 o302THERS/D2
Ceoeeeoeoee CALCULATION OF TOTAL OUTSIDE HEAT TRANSFER

HF=1e/((1a/HF )+ (1e¢/HDO))

HF2=1e/((14/HF2)+(1./HDO))

HF3=1e/((1e/HF2)+(1./HLO))
Coeeoseese e CALCULATION OF FIN EFFICIENCY( AS SUGGESTE
D BY PERRY).

FNEFF=FH«SQRT(HF/(TKF*(FTH/Z24)))

FNEF1=TANH(FNKEFF)/FNEFF
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FNEFF=FH*SCRT(HF2/(TKF*(FTH/24)))
FNEF2=TANH(FMNEFF)/FMNEFF
ENEFF=FH*SART(HF3/(TKF*(FTH/2e)))
FNEF3=TANH(FNEFF)/FNEFF
CoeoeooeeeCALCULATION OF TOTAL OUTSIDE COEFFICIENT W
ITH NORMALIZATION
Cecovosececseee 0 INSIDE AREA.
HFI=(FNEF1*AF+ABT)«HF/AIT
HEI2=(FNEFZ*AF+ABT)*HF2/AIT
HEIT2=(FNEFZ#AF+APT)#HF T /AIT
CeoeeeoeesCALCULATIOM OF OVERALL HEAT TRANSFER COEFF
ICIENT WITH RESPECT
CeooooceosceoeeeTO INSIDE AREA.
Ul=le/(le/HFI+1e/HTI)
UI2=Z1e/(C1e/HFI2)+(1/FTI))
UTI3z1e/(t1e/HFIZ)*(14/FTI))

INERGY  BALANCE

b EaNeNeNe]

CeoeoeoeeSET DELTA T FOR SHELLSICEs THEREEY INCREME
NTING THE AMOUNT OF
CoeseocesnceeeHEAT TRANSFERRED IN THIS ITERATION.
DT=DELT
CeoeoeoeseeCHECK TO SEE IF OVER MAXIMUM SHELLSIDE TEM
PERATURL »
IF(TEMSHeLTo(TSL+DT))IDT=TEMSH=-TSL
3% CONTINUE
TSH=TSL+DT
Ceeoeeeoe o CALCULATE THE DIFFERENTIAL AMQUNT OF HEAT
TRANSFERRED¢ USING
C.O....OO...OEULERS METHOD).
G=GS»CPS*DT
Ceveeeee o CHECK TC SEE IF ARE IN BOILING REGICNe
IFCTTLeEQeTBOILAND QB eLTeORCKYGOTO150
CevseoeeeelF NOT IN BCILING REGION SKIP OVER ENERGY
BALANCE FOR BOILING
C.O0.0...OOOSECTIONC
GNT011°C
CoeeceoeeesENERGY BRALANCE FOR BOILING SECTION.
100 CONTINUE
NE=@B+C
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CeeseeeeeCHECK TO SEE IF OUT OF BOILING SECTION PRE
MATURELY o
IF(GBGT«OECK)GB=GE=Q
TTH=TTL
GOoT0111
11¢ CONTINUE
Ceeeacoee e CALCULATE HIGH TEMPERATURE IF NOT BOILING
SECTION,
TTH=TTL+Q/(GT*CPT)
111 CONTINUE
CeoeoeeeseCHECK TO SEE IF PREMATURELY EXITED ANY SEC
TION OF ENERGY
Ceeoeccceoacooee BALANCE CALCULATIONS. IF SO PESET DELT
A T SO THAT ENERGY
CeeeeosesnceneeBALANCE COMES QUT EXACT FOR EACH SECTI
Ohe
IF(TROTILeLTeTTHeANDeIFLAG.EQeZ)G0T091
IFCOCKeEQe "ol e ANDe IFLAGCEQ&1)CNOTOS?
IF(OCKeLTeCoANDeIFLAGeEQe1)GOTOS2
G0T032
91 CONTINUE
DT=(TRCIL=-TTL)Y*GT*2CFT/(GS*CPS)
Z0T08
ez CONMNTINUE
DT=QCK/(CPS*GS)
GOT08°7
€2 CONTINUE
QCK=QRCK=QE
Coeeveoee e INCREMENT TOTAL HEAT TRANSFERRED AND HEAT
TRANSFERRED 1IN
COQ'.Q.OOQ.O.THIS S‘ECTIONO
QT =0T+C
T3=TQ+Q
CoeooeeeoesCHECK FOR NEGATIVE DELTA Te IF SOy £XIT ©R
CGRAM,
DTCK1=TSH=-TTH
DTCK2=TSL~-TTL
IF(DTCK1eLTeDTMINIDTMIN=DTCK1
IF(DTCK2eLTeDTMINIDTMIN=DTCK?
IF(PTCKlelE el aCaOReDTCK24eLELDe0)GOTO25C
Ceoeoeoe o CALCULATE THE DELTA T AVERAGE.
DILM=((TSH=-TTH)+(TSL=TTL)) /2.
C
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CALCULATION OF AREA

DO OOO

CoesoeeeoeCALCULATE DIFFERENTIAL AREA THAT RESULTS F
ROM DIFFERENTIAL

Ceeeecoeceess AMOUNT OF HEAT TRANSFERREDsy AND INCREM
ENT ALL TOTAL AREAS

CeoeesoosecaoeAND ALL AREAS FOR INDIVIDUAL SECTIONS.
DA=Q/(DTLM+UT)

DA2=Q/(DTLMxUI2)

DAZ=Q@/(DTLM*UIZ)

TA=TA+DA

TTA=TTA+DA

TA2=TAZ2+DA2

TTA2=TTAR2+DA2

TA3=TA3+DAZ

TTA3=TTA3+CA3

“FESSURE DFOF CALCULATION

OO NN

CooeoseeeSET WHICH AREA THE PRESSURE ORGP ON THE SH
FLLSIDE WILL EE
CececsocoooeeCALCULATED WITH RESPECT TO.

JD=DA

IF(IEQGN<E2+2)DD=DA2

IF(IEONeER«2)DD=DAZ
CeooeoeeeCALCULATE THE DIFFERENTIAL HEIGHT THAT THI
S ITERELTION
Ceoeosoocosees CORRESPONDS TO(FOR SHELLSIDE PRESSURE
DROP CALCULATION)

DH=DD+TPL+FNKPP/(ENTPP+AIT*TL)
Ceovooees INCREMENT THE HEIGHT OF THE EXCHANGER

HIGT=HIGT +DH
Ceeoeoee o CALCULATE THE DIFFERENTIAL PRESSURE DROP O
N THZ SHELLSIDE AS
CeocococoeeeeSUGGESTED BY ROBINSON AND BRIGGSe.

DELPS=(e25€/1444)%(RERS#2(=¢264))*(FTH/(D2+2,

2(FPF#D2))**»(=e396)) »((GS*+2)+CH/(D2+ROES*(AC
S**x2)*4,16923E8))
CeeeeoeesCALCULATE THE DIFFERENTIAL PRESSURE DROP O

-N THE SHELLSIDE AS
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CeooecoooeeeoeSUGGESTED BY GUNTER AND SHAW,
FFO=ALGG1J3(RER)Y*(=-¢13203771677)=2.033592641
FFOz13Jex2FFQ
DLPS2=FFC*C(GS/ACS)**2) *DH/ (B« 2ESER*DEVAROES)

1TPL/ZTTR) %% £)

CeeeeoeeeCALCULATE THE DIFFERENTIAL PPESSURE DROP 0

N THEZ TURESIDE AS

CeeeccoeseeeeSUGGESTED BY KERNe
DELPT=((a0T6T3+ef2/(RETA%¢32))/144 )2 (-Txs2)*

16S5EC*DI*RQET+ (ACT2=2))

Ceeceeee o INCREMENT THE TOTAL PRESSURE DROP AND THE

PRESSURE DROP FQOK

CoeoesooooceneelHIS SECTIONy FOR ROTH THE SHELL AND T

UFE SIDES.

PDRPS=FDRPS+DELPS
TPDRS=TPFDRS+DELPS
PDPS2=PDPSZ+DLPS?2
PDRPT=FDPRPT+DELPT
TPORT=TFDRT+DELPT

Ceecosoee e CALCULATE ENERGY NEEDED TO OVERCOMZ PRESSU

PE DROF,

FTPT=FTFT+DELPT/R0OET=144,
FTFS=FTPS+DELPS/ROES*144,

FPINT STATEMENTS AND FORMATS

DO OO O

"eeveeee o CHECK TO SEZ IF THIS ITERATION MUST BE PRI
NMTED o
ICONT=ICONT=+1
IF(ICONTeFQeIPRNTIGCTOET"
IFCITERSEQe1)IGOTCET
GOT06S
€EC CONTINUE
ICONT=C
PRINT t£13
PRINT S11,4ITER
PRINT SS24RET4RESyRERS
PRINT S024RER
PRINT S1¢C
PRINT S5S14TSLeCPSyVISyTHERSyROES
PRINT S55¢FNEF14FNEF29FNEF3Z
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PRINT 556 ¢HF ¢ HF2yHF 2
PRINT ESTyHFIWHFI29HFIZ
PRINT 554 ,4HDC
PRINT 517
PRINT SSCoTTLGCPT9yVITsTHERT4RCET
PRINT SSE84HTyHUIHDI
PRINT 517
PRINT S59yUIsUI24yUIZsDTLM
PRINT S6C¢DAsDA29DA3
PRINT 561 +DELPTYDELFSyQ
6% CONTINUE
Ceseeees e CHECK TO SEE IF OUT OF THE SENSIBLE HEATIN
& REGIOM.
IFCTTHeEQ e TBOILeANDeIFLAGeEG2)GOTCTS
GOT07¢
75 CONTINUE
CoeoeeoeeeCALCULATE THE LOGMEAN DELTA T FOR THIS SEC
TION.
DTLMF=((TSH=TTH)Y=€¢TTSL=TTTL))/ALOGC(TSH=TTH)/
CeeceeeeoCALCULATE THE DESIGN COEFFICIENTS FOR THIS
UD1=TQ/(TTA*DTLMF)
UD2=TQ/(TTA2*DTLMF)
UD3I=TO/(TTAZI«DTLMF)
PRINT €179
DO 320 Iz=1,8
PRIMT 52°
3CC CONTINUE
PRINT S154UD14UDZ2yUD3SsDTLMF
PRINT CS164TTAGTTAZZTTAZ
PRINT E174TPDRT9TPDRS
PRINT 518,7Q
DO 3C1 I=1l,¢
PRINT €27
301 CONTINUE
PRINT t£1¢
Coeoooeoe e REINITIALIZE ALL SECTIONAL PARAMETERS AND
FESET IFLAG.
TQ=0.
TTA=0.
TTA2=0.
TTA3=0.
TPDRT=C.
TEDRS=3.
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TTSL=TSL
TTTL=TTL
IFLAG=1
607093

7€ CONTINUE
Coseoees s CHECK TO SEE

76

IF OUT OF THE BOILING REGIOM.

IF(Q2eEQeQECKeANDeIFLAGeEQe1)GOTOTE

¢ovo08°

76 CONTINUE

CeoeeeeeeCALCULATE THE LOGMEAN DELTA T FOK THIS SEC

TION.

DTLMF=((TSH=TTH)=(TTSL=TTTL))/ALOG((TS»=TTH)/
CeoeeeeosCALCULATE THE DESIGN CCEFFICIENTS FOR THIS

UD1=TQ/(TTA*DTLMF)

UD2=TQ/(TTA2+«DTLMF)

UDZ=TQ/(TTA3*«DTLMF)

PRINT £13
D0 375 I=1,8
PRINT 5273
CONTINUE
PR INT
PRINT
PRIMT
PRINT F18,7Q
DO 255 I=1,8
PRIMT B2°2
CONTINUE
PRINT £1°
CesecoeeaeeREINITIALIZE
RESET IFLAG.
TTA=C,
TTA2=0.
TTA3=",
T0=Ce
TPDRT=C.
TPDRS=0e
TTSL=TSL
TTTL=TTL
IFLAG=C
£6  CONTINUE
Ceoseeee o CHECK TO SEE
PEACHED THE
_ Coeoeeccecoeeoe MAXIMUM,

30¢

£154UD14UD29yUD3I9yDTLMF
169y TTASTTAZ,TTAZ
C17«TFPDRT ¢TPDRS

ALL SECTIONAL PARAMETERS AND

IF SHELLSIDE TEMPERATURE HAS

IF SO EXIT THE ITERATIVE LOOP
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IF(TSHeGE«TEMSH)GOTO7C
CoeseeooeeRESET THE LGW TEMPERATURES AND CONTINUE TH
F ITERATICNS.
TSL=TSH
TTL=TTH
~0T03"
73 CONTINUE
Ceeoecees sCALCULATE THE NUMBER OF TUBRY PROWS NTEDED I
M THE EXCHANGER .
ENLT=RIGT/TPL
CeeooeeeeCALCULATE THE LOGMEAN CELTA T FGR THIS SEC
TION,
DILMF=((TSH=TTH)=(TTSL=TTTL))/ALOGC((TSH=TTH)/
CeeoeveeeCALCULATE THE DESIGN COEFFICIENTS FOR THIS
UDI=TA/(TTA*DTLMF)
Un2=TQ/(TTA2+DTLMF)
UD3=TQ/(TTAZ*DTLMF)
BTUS=FTPS+GCS*,0012854
RTUT=FTPT+*CT#*,701285¢4
IFC(IFLAGeEQe2)FRINT SCS
IFCIFLAGeERe«I)PRINTS13
IF(IFLAGSEQeT7)PRINTS14
DO 310 I=1,°%
PRINT ©2¢0
31% CONTINUE
PRINT S154UD14UD2yUD3¢DTLMF
PRINT S16¢TTAsTTAZ24TTAZ
PRINT S174TPDRT9TPDRS
PRINT 18,70
D3 311 I=1,°
PRINT 520
311 CONTINUE
PRINT 519
PRINT ©1°0
PRINT S1°0
PRINT =11
PRINT 512
DO 320 I=148
PRIMT 520
32C CONTINUE
FRINT %10
PRINT =551 4TSHeCPSyVISyTHERSWROES
PRINT 504 TTH9CFTeVITeTHERTGROET
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PRINT 5049¢GSsGT
PRINTSS8CsDTMIN

PRINT 510

PRINT =17
IFCIOPTSGE«2)G0OT0220
3702721

CONTINUE

PRINT SCCsTTFLTPL

tav0202

CONTINUE

FRTINT SQ01,,TTF

CONTINUE

PRINT S05¢D1¢D29THTH
PRINT S02«DEyDEV
PRINTSO06sFH9FTHyFFF

PRINT E07401T4AF4ART
PRINT S084yACSeACT

PRINT 510

PRINT S644WeTLYHIGT

PRINT SES+ENTTHENRPPJENLT
PRINT S629TAyTA2yTAZ
PRINT S¢24PDRPT4PDRPSyIEGN
PRINT E704PDPSZ

PRINT S7142TUT$BTUS

SRINT S153

PRINT E6740T

D0321 I=14%

PRINT £217

CONTINUE

PRINT £19

G0T0251

CONTINUE

PRINT £S94DTCK14DTCKZ
COMTINUE
IF(PDRPS«GT«PDMAX)GOTO1S2
GNTO1S

COMTINUE

PCK=PDRPS=PDMAX
ENTT=C((PDRPS/PDMAX ) ®%444025)*ENTT
ENTT=AINT(ENTT)
IF(PCKeLTele4)ENTT=ENTT+1.0
SIGNAL=1.0

caT0 %
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151 CONTINUE
IF(DUMM]15QeDUMMZ)IGOTC2EC
2 1O °
260 CONTINUE
SCC F2RMAT(//9* TRIANGULAR PITCH TUBES WITH TRANV
e PITCH =%gFBeb9x T,
1 2ND LCONGTe PITCH =% gFBoelog* FTer)
501 FORMAT(//9* SQUARE PITCH TURBES WITH TRANV. AN
C LONGTs PITCH =xyFR,
1692 FTgn)
€02 FORMAT(/9* EQUIVALENT DIAMse = *9yFl0e€y* FTe
ILENT DIAMe = *9gFlleE9x FTen)
5233 FORMAT(/9x RE SHELLSIDE (WeReTe VOLUMZTRIC EC
IVe DIZM, ) = *x4F10,
14)
04 CFORMAT(/9y*» MASS FLOWRATE SHELLSIDE = *4F1l2e2y
1S FLOWRATE TUBESIDE = #¢9F12¢29* LBe PER HRe =

ny

505 FORMAT(/9* TUBE leDe =nygFRBeEy* FT, TUBE O.
De =*gFQe&g* FT, T

IURE WALL THICKNESS =#gF8e¢Egx FTe*)
€36 FORMAT(/9* FIN HEIGHRT =#9FBeS9* FTo FIN TH

ICKNESS =#gFFebor FT,
1 WITH#*yFB8e4y* FINS PER FOQT®)
37 FORMAT(/¢» AREA INSIDF TURE =+4F8Bs€9* SCa FT,
1 =+4F5eb9* S0Qe FTe PER FTe AFPEA BARS TUBEL
2 FTex)
£0& FORMAT(/9* AREA CROSS=SECT SHELL =#4F10454*SQ
. FT. AREA CROSS‘S
1ECT TUBE =#9F1lleE9* SQe FTer)
509 FORMATU(/////9* eeceecccscsccacsccsscccscsssnsce
eeese SENSIELE HEATI
1IN~ REGION e0es00ecce0rs0cc00soccsr0000c00 00O
ee *)
516G FORMAT¢//)
511 FORMAT(////9%*eeecaseseccesccscsccsccascce ITERR
TICN NUMBER IS #4I%¢»

1 0 060000080 OGsOQQOOIBRBOOIEOSIEOGOIITOIETS *’////)
512 FORMAT(* ® 0 0006060000000 00¢000000¢000¢00800000CSIOSNOSGDPS
eee END OF ITERATION

ls 00 6000000000000 000000000000CGCORCEOEOSIPOPTCSOIOIOTOIO *)

513 FORMAT(///// 9% aaecccsccscsescsccacoscsscscsnosce
sevceccoc oo ROILING R

1ZGION 0006000000000 000000C0000000000000000000
ees *)



364

80

514 FORMATU/////9% eeecencee
secseee SUFERHEATINS

1 REGICN  eeeeesceccccccccccccccccscscsccsccne
ee *)
S1% FORMAT(////y* OVERALL DESIGN COEFFe = *4F10.4
9SX9F1Ce49SX9F1Taby5SX

29* DELTA T LOGMEAN = #4F1044)
S16 FORMAT(/9* ACCUMe AREA = *#41CXyF10e495X9F1044
95X gF1C0eb9* SQe FTer)
517 FORMAT(/4* ACCUM. PRe DRPe TUBESIDE = #9F1044
9SXy* ELCCUM. PRe DRP.

1 SHELLSIDE = #¢F1lCe4y* PSI #)
S1&£ FORMAT(/9* HEAT LOAD THIS REGICN = #4F12e24*
BETU PER HRe *94////)

€15 FORMAT(* seeeesccccccecccrccecscccscscscscacace

SZG FORMAT(* o #434Xe*
SEC FORMAT(/9* TUPESIDE eseee TEMP =#4FBa29* HTa C
APe =#9FPe6y* VISCe =
1+9FRely* THe CONDe =#9F8e59» DENSITY =24FRe4)
551 FORMAT(/9* SHELLSIDE seeee TEMPs =*yFEe2y* HT
o CAPos =%y €9x VIS,
1 =+yFH3¢€9* THe CONDe =%gFBeSyx DENSITY =x4F3,

4)
552 FORMAT(/y# RE TUBESIDE =+yF12449+ RE SHELLSID
E =49F1244y% RE SHELL

1SIDEC WeReTe ODe) =#4F1244)

SS4 FORMAT(/y* FOULING CCEFFe CUTSICE = #*9yFl3.3?
SE5  FORMAT(/9x FIN EFFICIENCY =#912X9F10e€95XsF10
e695X9F1046)

S56 FORMAT(/9* FIN HTe TRANe COEFFae =#96X9F1lCeb45
X9F1l0eS9EX9F1Clat)

SS7 FORMAT(/9* FIN SIDE (WeReTe INse AREA) =#yF1C.
S=2 FORMAT(/y» TUBESIDE COEFFe = #yF1Ce€9* TUREWA
LL COEFFe = *9F1Ca€,

1> FOULING COEFFe INSIDE = *4F10e2)
55S FORMAT(/y* OVERALL COEFFe (INSIDE) =#%yF1l0e645
X9F10 a6 9 SXgF10ecy*
1DELTA T =#*4F10.5)
S56C FORMAT(/9* DIFFLe AREA =#412X4F10e€95X9F10e6y
561 FORMAT(/9* DIFFLe PRe DRPe TUBESICE =#4F10e5y
ILLSIDE =#4F1lCe%9y* DIFFLe HEAT TRAMNSED. =#*4F10
«2)
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5€2 FORMAT(/¢* TOTLAL AREA =%yF12e¢495X9F12s495X9F1
2e¢4)
562 FORMAT(/y* PRe DRPe TURESIDE =#9F1CeS9* PRe D
RPe SHELLSIDE =#4F10.
1€9* WeReTe ECUATION NQOe *912)
564 FORMAT(/9* EXCHANGER CIMENSIONS (bylLgH)eaoooo
110 aSex FTer)
SES FORMAT(/ex WITH x9FB4Z9x TURES FER TRAN, ROW
AND*gFSe29* ROWS PLR
1PASS, *eFB8e29* LONGITTUDINAL ROXWS HIGH=®)
S6T FQRMAT(/9*» TOTAL HEAT LOAD = »9gFlZe29* BTU PE
R HQOQUR =#)
57TC FORMAT(/9x PRe DRPe SHELLSICE (GUNTER AND SHA

WY = %9F10ef9x PSI =)
571 FORMAT(/¢* ENERGY REQUEDe FOR PRe DRPe TUBESI
DE = *#4F12e624x BTU PC

1R HRe. ENERGY RFQUEDe FCR PRe DRFe SHELLSI
DE = #9F1l2e29x BTU PE

¢R HRe*)

o

£ FORMAT(/9y+ MINIMUM DELTA T ITERATED = #4F10a2
£5Q FORMAT(/////9* DELTE T 1 = *=9F1CeSex DELTA T
2 = *9gF13eS9gx PROGRAM

1 TERMINATED DUE TO THERMODYNAMICALLY IMPCSSIS
LY DELTA Te *)

END

SUERODUTINT PROPS(TEMSHyCPSyVISyTHERSHRCES)
Ceoseoooe e SURRCUTINE CONTAINING SHELLSIDE PHYSICAL P
ROPERTIES.

CPS=1,78604E=5+2TEMSH+e2555¢€

VIS=3e8472039E-2+4£6150248E=C+TEMSH=1,257735E =

THERS=1.,8174ZE-S+TEMSH+,0127531

ROES=40602457827=CelT7ES4SF =S*TEMSH+4 437484E=R

RZTURN

END

SURROUTINE PROPT(TEMTHYCFPTyVITyTHIRTHyROET)
Ceveooee e SUFROUTINE CONTAINING THE PHYSICAL PROPERT
IES FOR THE
Ceosccesneeee TURESIDE LIGUID

CPT=1.049011178

ROET=€244%

T=(TEMTH=32e)/7148

VIT=2424/(2621482*((T=E¢425)+SAQRT(ETT8Bet+(T=2,
435)xx2))=120C,)
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THERT=2e9TE19E=4#TEMTH+ 433345
RETURN
ND
SURROUTINE PROPT2(TTLyCPT24VIT24THERT24R0OET2)
Ceceeooe e SURROUTINE CONTAINING THE PHYSICAL PROPERT
IES FOR THE
Ceecscossnsseceee TURESIDE VAFOR.
Ceeooecose 430 PSI STEAM
ROET2=1.598607212-(s0021254274*TTL)+(.2000010
JALESEXTTLR22)
CPT2=1e727592263=(e00298956995*TTL)+(,200(01€3
T=(TTL=32e)/16?"
R=ROET2/€2+4
VIT2= (353 ¢*R+ETEeS*(R *#%2) 4102612 (RP*x2)+4407+
T+80e4)*e022242
THERT2=((€173651+46413E2T=q000027712(T2xx2))*R+2
¢1482F142a(R2x2)/(Trxy4
1e2)401766+00872T+o0001C4*(T**x2)=,0C002072451
RZTUR’!
END
SUPROUTINE PARAMCIFINGIPRNTIEQGN9IOPT9GS¢yGT D
HVAP s TTP g TLyFTHyD24EN
ITT9ENRPPoFPF oFH 9 TWTHoTKF o TEOIL 9 TEMTL 9 TEMSL,, TE
MSHyPELT ¢HDO9HDI 9y DUMM
219 DUMM2yPDMAX 9 SIGNAL)
Coeeoosoee e SURROUTINE CONTAINING THE INPUT PARAMLCTERS
I2PT=2
6S=53¢S0,.
TEMTL=212.
TBOIL=4448 ¢
DHVAP=T780.,43
TEMSH=T7%0.
IFIN=2
IPRNT=10CC
ITGN=2
TTP=elEEEEEEERT
TL=C.
FTH=4002914¢€€7
N2=408333333333
EMRPP=1.
FPF=9¢,
FH=,0312%
TWTH=.00691€¢€7
TKF=2€.
DELT=%.
HDD=10C0e
HDI=170¢Ce
PDOMAX=e2888
RETURN
ZND
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Line 48 calculates the fin side equivalent diameter as

2 (AF + ABT)

DE ™ X PP

Where DE = Equivalent diameter (ft).

Line 49 determines the width of the heat exchanger as

W = ENTT x TTP

Where W = Width (ft)
ENTT = Number of transverse tubes
TTP = Transverse tube pitch (ft)

Lines 50 and 51 determine the net volume as

VNET = VTOT - VTUBE - VFIN

Where VTOT = Total plenum volume (ft3)
VTUBE = Total volume of tubing (ft°)
VFIN = Total volume of fins (ft3)

Line 52 calculates the volumetric equivalent diameter as

DEV = 4 x VNET
ENTT x TL x (AF + ABT)
Where TL = Tube length (ft)
DEV = Volumetric equivalent diameter (ft)

Lines 53 and 54 complete the heat exchanger dimensional
characteristics section and compute the shell side and tube side

area of cross section to flow as:

ACS = W x TL - ENTT(D2 x TL - 2 x FH x FPF x TL x FTH)
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and
acT < ENTPP x D1° x =
4
Where ACS = Shell cross sectional area (ftz)

ACT = Tube cross sectional area (ft2)
ENTPP = Number of transverse tubes per tube pass
D1 = Inside diameter of tube (ft)

Line 61 is the beginning of the major iterative loop. Line
62 increments the iteration number. Lines 63 and 64 call the two tube
side physical property subroutines for the liquid and vapor and update
all tube side physical properties. If the tube side materials are
partially liquid and vapor a weighted average set of physical
properties is calculated in Lines 65 through 70. Finally, the shell

side physical properties are updated in Line 71.

The tube side Reynold's number is calculated in Line 74 as:

_ Dl x GT
RET = yTTx AcT
Where RET = Tube side Reynold's Number
FT = Tube side Mass Flow Rate (1bs/hr)
VIT = Tube side Viscosity (#/Ft-Hr)

Three shell side Reynold's numbers are calculated in

Lines 75 through 77 as follows:

_DE x GS
RES = Y15 ACS
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_ DEV x GS

RER = ¥T5 % ACS
D2 x GS

RERS = y15 % ACS

Where RES = Reynolds number wrt equivalent diameter

RER = Reynolds number wrt volumetric equivalent
dia.

RERS = Reynolds number wrt tube outside diameter
GS = Shell side mass flow rate (1bs/hr)

VIS Shell side viscosity (#/Ft-Hr)

Lines 78 through 81 determine the inside heat transfer
coefficient, tube wall coefficient and overall inside heat transfer

coefficients, respectively, as:

1/3
_ CPT x VIT THERT
HT = .023 RET =7 THERT ] X D1
HW = TKF (D2 - D1) TWTH x D1
Tn [D2/D1]
1
HTI =
1 1 1
(f * w7 * W7
Where HT = Tube side coefficient calculated using
Sieder-Tate correlation (———EI%}——)
Hr ft~ F°
- HW = Tubewall coefficient (—olu—)

Hr Ft° F°
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TKF = Thermal Conductivity of tubing material
BTU
(————)
Hr Ft F°
TWTH = Tubewall thickness (ft)
HTI = Overall heat transfer coefficient with
respect to the inside area (———QI%———)
Hr Ft® F°
o . . BTU
HDI = Inside tube fouling coefficient C————TT——J
Hr Ft~ F°

Lines 82 through 105 determine the finside (outside) heat
transfer coefficient and combine this value with a fin efficiency.
Subsequently, an overall heat transfer coefficient with respect to
the inside surface area is calculated by incorporating the inside heat
transfer coefficient with that of the fin side. Three separate cal-
culations of the fin side coefficient are performed using three
separate correlations. Because of the predominant effect of the fin
side coefficient on the overall heat transfer coefficient it was
deemed necessary to compare these three correlations and pick the
most conservative of the three for design purposes.

The first of the three correlations appears in Lines 82

through 86, and is suggested by Jameson as follows:

- _AJS x THERS _ -CPS x v1$]1/3

HF = == x [*HeRs

Where LOG (AJS)= .7294 x RES - 1.075
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HF = Jamesons' Finside heat transfer coefficient
BTU

Hr Fté Fo

The second correlation suggested by Schmidt appears in

Line 87 as:
-.375 1/3
_ EK x THERS .625 AF + ABT CPS x VIS
HF2 = =7 x RERS"™" x [S—5p77] x Fpers
Where HF2 = Schmidts' Finside heat transfer coefficient
(___lfq%___)
Hr Ft™ F°
EK = Performance factor for square or triangular
pitch tubes (.30 or .45, respectively)
The final correlation is that suggested by Ward and Young
and appears in Line 89 as:
1/3 : .45
_ .364 THERS .68 CPS x VIS D2 + 2FH
HF3 ==—p7 X RERS x [ HERS ] X E__Tﬁf_—q
.30
FTH
x (57 + 7rmA

Where HF3 = Ward and Youngs' Finside heat transfer

BTU )

coefficient ( >
Hr Ft® F°

_ Lines 91 through 93 are analogous to Line 81 in that they
incorporate a fouling coefficient into the oustide heat transfer
coefficients. This fouling coefficient is labeled HDO and is pro-

vided by subroutine Param earlier in the program.
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The fin efficiency is calculated using the method suggested

by Perry as:

HF x2

TANH [FH X vesome ]
HFn X 2
yi
FR X Vg% FTH

Where FNEFn Fin efficiency

Individual fin heat transfer coefficient

HF
n n=1,2, 3

Since the calculation of the fin efficiency requires the
outside heat transfer coefficient as a variable and three separate
outside heat transfer coefficients were determined, three fin
efficiencies must be calculated.

The three outside heat transfer coefficients are combined
with the fin efficiencies and the normalized to the tube inside
are in Lines 100 through 102. The equation is of the form:

HF _ [FNEF_ x AF + ABT]
HFT + —1 X n
n AIT

Where HFIn = Qutside heat transfer coefficient with

respect to inside area (-——leg———ﬁ

Hr Ft™ F°

Finally, the tube side heat transfer coefficient and fin
side heat transfer coefficients are combined to form the overall heat

transfer coefficient with respect to the inside area as:
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1
[HFIn * 7!

Where UI = The three overall heat transfer coeffients
T
(___li%%___)
Hr Ft™ F°
n=1, 2, 3

The next major section of the program is found in Lines 106
through 140 and is comprised of all energy balance calculations for
each section of the heat exchanger. Since there is a material that
undergoes a phase change in the exchanger three theoretical sections
result in the calculations, a sensible heating region, a boiling
region and a vapor superheating region. These three regions are
examined individually by the program since heat exchange parameters
will vary in each region. Each region parameters are reported upon
completing the heat exchange task for that region. It is important
to note that this section of the program, as was true with the pre-
vious section, is a portion of the major iterative loop. Figure 9
presents a pictorial description of the method and variables used.

Line 106 sets the current change in temperature on the shell
side equal to that amount specified in subroutine Param (earlier in
the program). This variable, called DT, may be modified later in the
energy balance section so as to predetermine the amount of heat
energy needed to fulfill a particular section's exact energy require-
ment (as is done in Line 107). Line 107 assures that incrementation

of the shell side low temperature (TSL) by the change in temperature
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(DT) does not exceed the maximum shell side temperature (TEMSH).
Line 110 calculates the differential quantity of heat transferred

via the change in the shell side temperature as:

Q =GS x CPS x DT
Where Q = Differential quantity of heat transferred
(BTU/Hr)
GS = Shell side Mass flow rate (#/Hr)
DT = Shell side temperature change (F°)
CPS = Shell side heat capacity (%%1%3)

Note: CPS is updated each iteration by subroutine PROPS.

Line 111 determines if the program is currently performing
calculations for the boiling region of the exchanger. If so, Lines
113 through 117 perform that energy balance by incrementing a boiling
region energy counter (QB) and keeping the tube side temperatures
equal to the boiling point of the liquid used. If not in the boiling

section, the tubeside temperature is calculated in Line 119 as

follows:
TTH = TTL + b
GT x CPT
Where TTH = Tube side temperature at end of iteration
TTL = Tube side temperature at beginning of

iteration.

Lines 121 through 124 determine whether the incrementation
of the shell side temperature by DT has caused a premature (non

exact) exit from either of two sections on the tube side (i.e.,
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sensible heat or boiling sections). If so, DT is reset to cause
an exact correspondence of the energy transferred from the shell side
and that transferred to the tube side.

For the sensible heating region this is accomplished in

Lines 125 through 127 as:

_ GT x CPT [TBOIL - TTL]

DY GS X CPS
Where DT = Revised shell side temperature
increment (F°)
TBOIL = Tube side Boiling Point (F°)
TTL = Current iteration's tube side Tow

temperature (F°)

Or the boiling region accomplishes this in Lines 128

through 130 as:

- CK
DT = Tp5 x &5
Where QCK = WBCK - QB
QBCK = Energy required to vaporize tube side
Tiquid (BTU/Hr)
QB = Total energy used in boiling section

up to and including this iteration
(BTU/Hr)
Lines 133 through 140 increment the total amount of heat
energy- transferred and the total amount of energy transferred in this
section. In addition, a negative temperature difference is checked

for and finally the average temperature difference is calculated as:
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oTLM = LTSH = TTH) : (TSL - TTL)

Where DTLM = Average Temperature difference (F°)
TSH = Shell side iteration high temperature (F°)
TSL = Shell side iteration low temperature (F°)
TTH = Tube side iteration high temperature (F°)
TTL = Tube side iteration lTow temperature (F°)

The next section of the program (again a part of the major
jterative loop) increments all heat transfer areas necessary to
accomplish the transfer of the amount of heat energy which has been

specified by the energy balance section. Three incremental areas are

set as:
_ Q
DA, = TTiM x uT
Where DA = incremental area wrt IU (Ft2)
DA2 = incremental area wrt UI2 (th)
DA3 = incremental area wrt UI3 (th)
n=1, 2, 3

and then Lines 144 through 149 increment the total areas and indi-
vidual section cumulative areas by the amount DA, DA2, or DA3, as

required.

The final section of the major iterative loop is contained
in Lines 150 through 169 and is comprised of the pressure drop cal-

culations for both the shell and tube sides. Again due to the
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importance of accuracy in the shell side pressure drop calculations,
two separate correlations are used and reported. Lines 150 through
152 determine which heat transfer correlation (shell side) has been
chosen as the basis to perform the pressure drop calculations. Since
the three shell side heat transfer correlations can produce three dif-
ferent areas necessary for heat transfer, it must be determined prior
to running which correlation will be of interest.

The incremental tube side area, DP, is converted to an incre-

mental height on the shell side by Line 153 as:

DH = DD x TPL x ENRPP
ENTPP x AIT x TL

Where DH = Incremental shell side height (Ft)
AIT = Area inside tubes (Ft%/Ft)
TL = Tube length (Ft)
ENTPP = Number of tubes per pass
ENRPP = Number of rows per pass
TPL = Longitudinal tube pitch (Ft)
DD = Incremental tube side area for this

iteration (Ft2)

The shell side pressure drop for this incremental height

is then calculated first as suggested by Ward and Young:

8 -.377

4.16923 x 10

= 264 x [ FTH ]

X .256 RERS™" 57 5T

DELPS =

) 6s% x DH
D2 x ROES x ACSZ

1 -.396

[FPF x D2]

X
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Where DELPS = Pressure drop Ward & Young (#/Inz)

4.16923 x 108 = gCc X 36002 (conversion to correct
units)

And then as suggested by Gunter and Shaw as:

_ .96 RER™-14% x 652 x DH DEV--*
DLPS2 = 5 5 x [+7p]
(144) 4.16923 x 10” x DEV x ACS® x ROES
.6
TPL
x [77p]
Where RER = Reynold's number with respect to volumetric
equivalent diameter
DEV = Volumetric equivalent diameter (Ft)
DLPS2 = Pressure drop Gunter and Shaw (#/Inz)

Finally, the tubeside pressure drop is calculated as

suggested by Kern:

32 3 2 2

.6 RET " + 6.73 x 10~ x GT™ x DD x D1 x ROET x ACT

DELPT = 8
144 (8.316 x 107) AIT x ENTPP

Where  DELPT = Tube side pressure drop (psi)

RET

Tube side Reynolds number

DD = Incremental area this iteration (th)

Lines 163 through 169 complete this section of the program
by incrementing the respective pressure drop register by the amount

determined in this iteration.
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Lines 170 through 407 contain primarily output information
and format statements in standard Fortran IV coding convention. Line
256 is the end of the major iterative loop which started at Line 61.
The code in this large section is broken up into three output areas.
One area is used for each heat transfer section of the heat exchanger
(sensible heating, boiling and super heating). The sectional data is
printed upon exiting a particular section of the heat exchanger and
then the program continues to the next section until the heat transfer
task is completed. In addition, a logmean temperature difference is
calculated for each section as:

_ [TSH - TTH] - [TTSL - TTTL]

SA e R
n (FTSL = TTTL

and a design heat transfer coefficient is subsequently calculated as:

1Q
TTA ~x DTLMF

up_ =
n

Where DTLMF

Lobmean temperature difference (F°)

TSH = Shell side high temperature
TTSL = Shell side low temperature

TTH = Tube side high temperature
TTTL = Tube side low temperature

TQ = Amount of heat transferred (BTU/Hr)
TTAn = Heat transfer area (th)

UD, = Design coefficient ( BTg )

Hr - Ft~ - F°

n=1,2,3
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Logmean temperature differences and the individual design
coefficients are presented for informational purposes and could be
used for estimation purposes when designing a similar heat exchanger.

Finally, Lines 323 through 331 perform the calculations
needed to determine whether the maximum allowable shell side pressure
drop has been exceeded. If so, the program will change the number of
transverse tube rows, thereby changing the area of cross sectional
flow on the shell side. By changing the area of cross-sectional
flow, a resultant change in both the shell side Reynolds number and
the shell side pressure drop will occur. The algorithm used for this
determination was empirically determined by examination of a number

of computer printouts and appears as:

PDMAX
Where ENTT = New estimation of number of transverse tube rows
ENTT' = Number of tube rows previous
PDRPS = Shell side pressure drop this trial (psi)
PDMAX = Maximum allowable shell side pressure drop (psi)

This algorithm converges in approximately three iterations
for the heat exchangers discussed here and could require modification
in the exponent for other systems.

In conclusion, Line 331 terminates the final loop which
consists of the shell side pressure drop iterative algorithm and

concludes the program.
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APPENDIX II

STEAM RANKINE CYCLE FOR PRATT-WHITNEY GG-12
GAS TURBINE DRIVERS

Summary

A simple four stage rankine cycle utilizing water as the
working fluid was chosen for the Pratt-Whitney GG-12 gas turbine
drivers. The cycle (described in Figure 10) requires a maximum cycle
temperature of 800°F and a maximum pressure of 600 psia. A steam
flow rate of 29,760 1bs/hr is attainable when waste heat is used
from a pair of the Pratt-Whitney drivers. The horsepower rating of
such a rankine cycle is 2770 Hp resulting in a 50 percent increase
in the base horsepower output of the 2750 Hp individual drivers.

The large increase in horsepower output is due to the relatively Tow
efficiency of the Pratt-Whitney turbines coupled with their large
output of high temperature exhaust gases. Each driver exhausts
158,400 1bs. of clean 840°F exhaust gases per hour and operates at
16 percent thermal efficiency.

The total 1980 fixed capital investment necessary for the
design case is $955,000. A payout period of approximately one year
is estimated for a 90 percent stream factor increasing to 4.1 years
for a 25 percent stream factor. These payout periods represent dis-
counted cash flow rates of return (after taxes) of 73.8 and 18.1
percent, respectively.

99
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The annual savings in natural gas usage at 90 percent stream
factor is $1,343,900 at 1981 gas prices ($3.87 per million BTU). This
large savings is due to the inefficiency of the Pratt-Whitney drivers
and is more fully discussed in the economics section of this

Appendix.

Design Basis

The basis for this design is the simultaneous operation of a
pair of Pratt-Whitney GG-12 gas turbine drivers rated at 2750 Hp each.
Each driver operates at 100 percent load capacity when in operation.
However, stream factor is considered to be variable. Each driver pro-
duces 158,400 #/hr. of hot exhaust gases which are considered to be
primarily combustion products of natural gas (Consumers Power Company).
The exhaust outlet temperature of the driver is 840° maximum. Each
driver can accept a waste heat boiler attached as a portion of its
exhaust system with no greater than 10" water (% .36 psi) pressure
drop on the shell side.

Each compressor station is assumed to be remotely located,
but with all necessary electrical supply readily available. In addi-
tion, the sites are assumed to be in a climate with a maximum air
temperature of 100°F (dry bulb) and a maximum of 80°F wet bulb. No
additional cooling water capacity is assumed available at any site.
Finally, additional Cooper-Bessmer centrifugal compressors and trans-
fer cases are assumed to be available for shaft work usage.

For a detailed description of economic assumptions, see the

Economic Analysis section.
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Process Description

Figure 10 is a schematic diagram of the four stage rankine
cycle used in this design. Table 7 contains all process stream con-

ditions for this cycle.

TABLE 7.--Thermodynamic Conditions for 600 psia Steam Rankine Cycle.

Stream Pressure Temperature Enthalpy Entropy
Number (psia) (F°) (BTU/#) (BTU/#-F°)
1 14.7 192° 160.17

2 600 192° 162.65

3 600 800° 1408.3 1.6351
4 14.7 255° 1171.5 1.787

5 14.7 212° 180.17 .3121

Beginning with Stream #1, 29,760 1bs/hr of subcooled liquid
condensate at 192°F and 14.7 psia are compressed to 600 psia and
192°F in a 60 GPM, 29.0 Hp high pressure 1liquid pump. The resultant
stream 2 is then split into two streams of 14,880 #/hr each and flow
through the two waste heat boilers in counter flow. Each waste heat
boiler has an inside surface area of 1980 square feet. Each waste
heat boiler is fed with an exhaust gas stream of 158,400 #/hr of hot
gases which enter the boiler at 840°F and exit at 407°F. The boiler
heat loads are 1.853 x 107 BTU/hr each. The two vapor streams leaving

the waste heat boiler are joined to form stream 3 which is 800°F
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600 psia super heated vapor. Stream 3 is expanded in a six-stage
steam turbine (n = .70), producing 2770 Hp of shaft work. Stream 4
exits the turbine exhaust, superheated 255°F vapor at 14.7 psia and
with no condensate present. Stream 4 is then condensed in a 2998
square foot air cooled condensor with four 15 Hp fan motors. The
condensor heat load is 2.92 x 107 BTU/Hr. Finally, condensate from
the supplied condensate drums is pumped from stream 5 to stream 1
through a 2 Hp condensate pump completing the cycle. It is assumed
that the Tliquid will subcool 20°F between the condensate drums and
the waste heat boilers.

Any shaft work produced by the cycle above can be utilized
directly by attachment to a centrifugal natural gas compressor
through the proper transfer gearbox. Since the centrifugal com-
pressors usually operate in pairs and can be set up to operate in

quads, the additional shaft work can be easily utilized to provide a

real and immediate savings over additional compressor driver operation.

Equipment Description

Waste Heat Boilers

Two identical waste heat boilers are utilized in this design.
Each is constructed of serrated fin tubes surrounded by a plenum to
create a shell and tube heat exchanger (see Appendix I). Both
serrated fin tubes and triangular tube pitch are used to maximize the
Timiting outside heat transfer coefficient. Cleaning is not considered
to be a problem in this design since the waste heat exhaust gases are

exceptionally clean. For diesel or conventionally fueled drivers,
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exhaust soot could well be a significant problem and this could alter
the design for such drivers.

A total of 1980 square feet of inside tube surface area is
necessary in each waste heat boiler to collect the 18.27 million
BTU/Hr of waste heat available for this design. Subcooled water at
192°F flowing at 14,880 1bs/Hr is circulated through the tubeside in
counter flow to the hot exhaust gases. Superheated vapor at 800°F
and 600 psia is produced with a tube side pressure drop of .54 psi
(see Appendix I for calculation method).

On the shell side 158,400 1bs/hr of hot exhaust gases flow
in counter flow through the 60 square foot (cross-sectional) shell,
entering at 840°F and exiting at 407.4°F. A total shell side pressure
drop of .26 psi is encountered.

The minimum approach temperature of 25°F occurs immediately
prior to the boiling section of the heat exchanger. Design heat
transfer coefficients of 75.5, 92.0 and 114.2 BTU/hr Ft2 F° are found
in the sensible heating, boiling and superheating regions of the heat
exchanger, respectively.

Each waste heat boiler requires an adapter manifold to con-
nect the 24" by 36" exhaust outlet to the 7.5 by 8 foot waste heat
boiler, In addition, a mounting frame and 2 to 3 inches of insulation
must be included. Finally, provision for safety valves and control
sensors must be made for safety reasons.

Table 8 is a complete listing of all pertinent specifications

for each boiler, Refer to the Economics Section for costing informa-

tion,
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TABLE 9.--Turbine Design Parameters for 600 psia Steam Rankine Cycle
(GG-12 Turbine Driver Case).

Fluid - Deionized Water

Turbine Hp Output - 2770 Hp

Inlet Conditions: Temperature - 800°F
Pressure - 600 psia

Outlet Conditions: Temperature - 255°F
Pressure - 14.7 psia
No Condensation

Flow Rate - 29,760 1bs/hr

Enthalpy Change - 236.8 BTU/1b

Thermal Efficiency - 70 percent

Number of Stages - 6

Type - Axial Flow-Horizontally Split Case (2)

Turbine

The two high pressure steam lines from each waste heat
boiler combine to form a total of 29,760 1bs/hr of superheated vapor
at 600 psia. This material is expanded through the six stage axial
turbine resulting in 2770 Hp of shaft work. A turbine efficiency
of 70 percent was chosen considering the use of water as a working
fluid.

The turbine shaft work is routed through a transfer gearbox
to synchronize it with the shaft work produced in the driver
reaction turbine. Turbine design is considered to be at a level
equivalent to that proposed in reference (2). Table 10 describes the

turbine parameters.

Pumps

Two pumps are necessary in this design. The first is a 60

GPM high pressure liquid pump for compressing liquid to 600 psia in
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TABLE 10.--High Pressure Pump Design Parameters for 600 psia Steam
Rankine Cycle (GG-12 Gas Turbine Driver Case).

Inlet Pressure - 14.7 psia
Outlet Pressure - 600 psia
Inlet Temperature 192°F

Flow Rate - 59.6 GPM
Efficiency - 70 percent

Hp Rating - 29 Hp

RPM - 3500

Fluid - Deionized Water 3
Fluid Density - 62.4 1bs/Ft
Type - Centrifugal - Single Shaft
Stages - 22

Model # - Gould #3934 (2)

the rankine cycle. A 29 Hp centrifugal pump and electric drive

motor are needed here. A Gould model #3934 or equivalent could be used.
The second is simply a condensate pump to move the saturated

liquid from the condenser drums back to the auxillary buildings. A

60 GPM 2 Hp pump and drive motor are needed here.

Condensor (Ajr Cooled)

An air cooled condenser was chosen as part of the Rankine cycle
to eliminate the need for additional cooling water supply. The con-
denser for this design is a 2998 square foot (inside area) finned tube
heat exchanger with the saturated vapor on the tube side and ambient
air on the outside of the tubes. Four 15 Hp fans are needed to cir-
culate air around the tubes. A total of 29.5 million BTU's of sensible
and latent heat energy (combined) are transferred in this condenser.
The condenser occupies an area of 24' by 24'. The condenser is
designed to operate with a 100°F maximum dry bulb and 80°F maximum

wet bulb temperature. Table 11 lists the condenser specifications.
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TABLE 11.--Air Cooled Condenser Design Parameters for 600 psia Steam
Rankine Cycle (GG-12 Gas Turbine Driver Case).

U Overall - 130 BTU/Hr. Ft2 F° (based on outside tube surface area)

Q Overall - 29.5 x ]06 BTU/Hr

AT]m - 7] .80

Vapor Flow Rate - 29,760 #/Hr

Vapor Inlet Temperature - 255° Superheated Vapor
Fluid Outlet Temperature - 212°F Saturated Liquid
Operating Pressure - 14.7 psia

Design Pressure - 150 psia (Tube side)

Tubing - 1" 0.D. 12 BWG Carbon Steel

Tube Pitch - 2-3/8" Triangular

Number of Tube Rows - 4

Fins - 5/8" High Circular Aluminum-Press Fit

Fin Density - 8 per Foot

Tube Length - 24 Feet

Face Area - 597 Sq. Ft.

Total Heat Transfer Area - 3008 Sq. Ft.

Fan Motors - 15 Hp Explosion Proof Electric (4 needed)
Air Face Velocity - 595 Ft./Min.

Air Inlet Temperature - 100°F

Air Outlet Temperature - 173°F

Air Flow Rate - 449 #/Sec.

Economic Analysis for GG-12 Gas
Turbine Rankine Cycle

It is of extreme importance to realize that an alternatives
approach was used for these economic evaluations. Natural gas savings

are a large part of the profitability of any of these designs and
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therefore the computation of these savings is critical. In the
alternatives approach, the natural gas savings is computed as the

quantity of natural gas which would be required to power the driver

motor in question to provide an amount of shaft work equal to that

produced in the rankine cycle. This approach obviously makes the
inefficient drive motors appear more favorable as energy recovery
sources, which is correct. It is incorrect, however, to assume that

total driver system economics would parallel the rankine cycle portion

of the economics. An evaluation of a total system incorporating a
drive motor and a rankine bottoming cycle is a totally separate
problem. High drive motor efficiency and low net waste energy output
would be primary objectives in an overall high efficiency driver
system utilizing rankine bottoming cycles as supplementary energy
sources (3). Such a system would need to be evaluated on a cost per
horsepower produced basis, over a ten-year period (including capital
costs, maintenance, and overall fuel costs) as opposed to a net
savings basis as was used in this study. Given the opportunity to
make a choice of drive motors one would obviously not choose one
that is inefficient solely to provide waste energy for a rankine
cycle to utilize,

A11 economics for this design are performed assuming a 3rd
Quarter 1980 installation and a 1st Quarter 1981 start-up. The total
fixed capital investment includes the cost of equipment, installation

and a small auxilliary building housing the turbine and pump
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assemblies. Interest for any construction loan is not included.
In addition, costs associated with start-up and debugging are not
included.

Ten year straight line depreciation is used for all economic
evaluations and zero salvage value is assumed. Labor is assumed to
be available at $20,800/man-year with any additional supervisory
labor already in existence. All dollars are based on 1980 valuations.
Corporate income taxes are assumed to be at 48 percent of gross
operating profit. No tax credits for energy recovery investments
are included.

Electricity is assumed to be available at 8 cents per
kilowatt-hour. Natural gas is assumed to increase in value as
described in Figure 11. Al1 remaining fixed costs are considered
as factored estimates based on the total fixed capital investment.
Maintenance is at a rate of 4 percent of the TFCI per year. A credit
for maintenance savings realized by not needing to operate a driver
to perform the shaft work obtained from the rankine cycle is also
included. This credit is calculated as the number of Hp-Hrs work
obtained, times total 1977 maintanence costs per Hp-Hr for the
Consumers Power Company network. This method assumes an equal
maintenance cost per Hp-Hr for reciprocating drivers and gas turbines
which is probably incorrect but is nevertheless a good approximation.

Annual plant overhead and insurance are assumed to be at 2.6
percent and 1,5 percent of the TFCI, respectively. Finally, interest

on working capital is assumed to be at a 12 percent per annum rate.
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The 1980 total cost for all equipment, instrumentation,
electrical and piping for the rankine cycle described is $955,000
(1, 3, 10). This figure includes installation of all equipment but
excludes the cost of any construction loans. A complete breakdown
of individual equipment and installation costs is found in Table 12.
In addition, a breakdown of operating costs associated with this
design at 25 percent factor is presented in Table 13. A payout
period (after taxes) of 4.1 years is expected for this design at
25 percent stream factor. This corresponds to an 18.1 percent dis-
counted cash flow rate of return. Ten year cash flow summaries are

presented in Table 14.

Parametric Studies

The basis for optimization in the steam rankine cycle design
was the variation of the waste heat boiler approach temperature.
Variation of this temperature will simultaneously change the size
of the waste heat boiler and the quantity of steam produced. The
relative cost difference of the waste heat boiler versus the value of
steam produced initiates the optimization. Four approach temperatures
were investigated for the design case resulting in four individual
economic evaluations. Approach temperatures of 10, 15, 25 and 40
degrees fahrenheit were chosen.

Figure 9 (see Appendix I) is a chart describing Q (total
quantity heat transferred) versus T for the PW GG-12 steam waste heat
boiler, As can be seen on this chart the minimum approach tempera-

ture occurs at the point where boiling begins for the working fluid.
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TABLE 12.---Individual Equipment Cost Breakdown for 600 # Steam
Rankine Cycle (GG-12 Gas Turbine Driver Case).

Equipment
Type

Equip. Install. Material Indirect Total
Cost $ Cost $ Cost § Cost $ Cost $

Turbine

Reduction
Gearbox

Feed Pump
Condensate Pump

Waste Heat
Boilers

Air Cooled
Condensor

Aux. Building
SUB TOTALS

122,000 36,000 33,000 73,000 264,000
12,000 3,500 3,500 7,000 26,000

32,500 22,000 23,000 29,500 107,000
12,000 3,500 3,500 7,500 26,500
103,000 30,500 30,000 62,000 225,500

64,000 19,000 18,500 38,500 140,000

16,500 7,000 -- 25,000 48,500

362,000 121,500 111,500 242,500 837,500

Total Delivered Equipment Cost 362,000
Total Controls, Electrical, Piping

and Painting Cost (Material Costs) 111,500
Total Installation Labor Cost 121,500
Total Direct Cost 595,000
Total Indirect Cost (Engineering,

Procurement, Supervision 242,500
Total Direct and Indirect Cost 837,500
Contractor's Fees 33,500
Contingency 84,000
Total Fixed Capital Investment $955,000

(A11 1980 Dollars)

References 1, 2, 3, 10.
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TABLE 13.--Operating Cost Breakdown for 600 # Steam Rankine Cycle

(6G-12 Gas Turbine Driver Case)

Total Fixed Capital Investment - $955,000

Stream Factor - 25 Percent

1981 1981

Utilities Quantity of Units $/Unit $/Year

Electricity 163,300 KWH .08 13,000

Natural Gas 96,458 MM BTU** 3.87 (373,300)
1980 1980

Labor Quantity of Units  $/Unit $/Year

Direct Labor 1 Man Year 20,800 20,800

Overheat and Fringe Benefits 20,800 20,800
1981

Capital Related $/Year

Maintenance @ 4%year (includes credit*) 10,500

Plant Overhead @ 2.6%/year 24,800

Insurance @ 1.5%/year 14,300

Depreciation @ 10%/year 95,500

Interest on Working Capital @ 12%/year 2,600

Total Operating Costs (Excluding 106,800

Depreciation and Natural Gas Credit)
Total Operating Profit (before Taxes) 171,000
Working Capital (Accounts Payable) 21,400

*Credit of $10.02 per Hp-capacity for original driver

replacement.

**Calculated as fuel required to produce 2770 Hp in GG-12

driver @ 25% stream factor.
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TABLE 14.--After 48% Tax Cash Flow Stream Factor Sensitivity for
600 psia Steam Rankine Cycle (GG-12 Gas Turbine Driver

Case).

Stream

Factor 15% 25% 40% 90%
1980 (955,000) (955,000) (955,000) (955,000)
1981 109,900 184,400 296,200 668,900
1982 118,400 198,800 319,300 721,000
1983 124,600 209,000 335,700 758,000
1984 129,700 217,700 349,700 789,700
1985 134,900 226,400 363,700 821,300
1986 140,000 235,000 377,500 852,500
1987 145,300 243,800 391,600 884,300
1988 150,800 253,000 406,400 917,700
1989 156,000 261,700 420,400 949,300
1990 183,400 293,000 457,400 1,005,500

Discounted Cash

Flow Rate of

Return

(after Taxes) 6.4 18.1 32.6 73.8

Payout Period
(Years)
(after Taxes) 6.9 4.1 2.6 1.1
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For the 40° approach case the minimum occurs twice, once as stated
above and once as the vapor is superheated to its maximum
temperature of 800°F.

Table 15 summarizes the pertinent economic information for
each of the four cases. In each of the cases a 25 percent stream
factor was assumed. Labor was considered fixed at one man-year for
all cases. Capital-related costs (i.e., maintenance, overhead,
etc.) were allowed to fluctuate as a factored estimate of the total
fixed capital investment. The major contributor to changes in the

total fixed capital investment is the waste heat boiler cost.

TABLE 15.--Summary of Optimization Economics (Boiler Approach
Temperature Parameter)

Approach Temperature

10 15 25 40
Total Fixed Capital Investment 1,047 1,011 955 894
(1000's)
Dollar Cost per Installed 363 355 345 338
HP-Capacity
Discounted Cash Flow Rate of 17.0 17.6 18.1 16.0
Return (%)
Payout Period (Years) 4.5 4.4 4.2 4.7
Natural Gas Savings per 100,476 99,375 96,458 82,733

Year (MM BTU)

Stream Factor = 25%
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As can be seen in Table 15, the cost in dollars per installed
horsepower of capacity decreases as a weak function of approach
temperature. In addition, a weak maximum in the discounted cash
flow rate of return occurs at the 25° approach temperature. It is
noteworthy that the maximum return on investment and minimum
installed cost do not necessarily coincide for the steam rankine
cycle. This is due to the difference in the relative values of
shaft work produced and invested capital for this case and this is
once more heavily dependent upon the alternatives approach being
used. As the efficiency of the driver motor in question increases,
this maximum rate of return should occur at higher approach tempera-
tures. Subsequently, the more efficient reciprocating drivers dis-
cussed in later design cases should exhibit higher optimal approach
temperatures. However, on the basis of this optimization 25° was
chosen as the optimal approach temperature for all of the steam
rankine cycle designs.

In addition to determining the optimal approach temperature
the sensitivity of this design to the station stream factor was
investigated. As the stream factor changes, only the variable costs
change iwth it. Only two items were considered as variable costs in
this design, electricity costs and natural gas credits. A1l other
costs are either capital related fixed costs or labor costs which
were considered fixed for purposes of this investigation.

Table 14 presents ten-year cash flow summary, plus the dis-

counted cash flow rate of return and payout period at various stream






118

factors. Figures 12 and 13 present the discounted cash flow rate of
return versus stream factor and the payout period versus stream
factor, respectively. As is evident from these figures, stream
factor becomes a critical parameter economically as it approaches

40 percent and strongly detracts from the economics at values less
than 40 percent. Unfortunately, many natural gas compressor stations
in the Consumers Power network operate at less than 25 percent

stream factor if no load shifting is specified.
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APPENDIX III

STEAM RANKINE CYCLE CONCEPT APPLIED TO
TWO ADDITIONAL DRIVER TYPES
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APPENDIX III

STEAM RANKINE CYCLE CONCEPT APPLIED TO
TWO ADDITIONAL DRIVER TYPES

Introduction

The following Appendix contains the application of the steam
rankine cycle concept to two additional driver types, the Cooper
Bessmer W-330 and the Enterprise HV16C. Both are two cycle recipro-
cating drivers unlike the previously discussed Pratt-Whitney GG-12
gas turbines (see Appendix II). However, though the drivers are not
the same type as that discussed in Appendix II, the application of
basic design concepts remains the same. The waste heat boiler only
requires a stream of hot exhaust gases to power the rankine cycle and
each of these cases fulfills this requirement. Post waste heat boiler
design, equipment and concepts are the same for all of the cases.

With this similarity in mind, a briefer, concise description
of the two additional design cases is possible. It is assumed that
the reader has read and understands the basic concepts of the steam
rankine cycle design (see Appendix I1I). A brief summary is provided
for each driver case. In addition, all of the necessary tables and
figures have also been provided. Each table has an analogous table

in Appendix II for comparison purposes.
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Summary of Cooper Bessmer W-330
Steam Rankine Cycle

A simple four stage rankine cycle utilizing water as the
working fluid was chosen for the Cooper-Bessmer W-330 reciprocating
drivers. The cycle (described in Figure 14) requires a maximum cycle
temperature of 710°F and a maximum pressure of 400 psia. A steam
flow rate of 8524 1bs/hour is attainable when waste heat is used
from a pair of the Cooper-Bessmer drivers. The horsepower rating of
such a rankine cycle is 690 Hp resulting in an 8.8 percent increase
in the horsepower output of the 3900 Hp individual drivers. The
relatively small increase in horsepower output is due to the high
efficiency of the Cooper-Bessmer drivers coupled with their smaller
output of medium temperature exhaust gases. Each driver exhausts
53,950 1bs/hr of clean 750°F exhaust gases and operates at 37 percent
thermal efficiency.

Table 16 presents the thermodynamic conditions for the indi-
vidual streams described in Figure 14. Tables 17 through 20 present
the individual design parameters for necessary equipment.

The total fixed capital investment necessary for the design
case is $425,500. A payout period of 6.4 years is estimated for a
90 percent stream factor increasing to 13 years at approximately 60
percent stream factor. These payout periods represent discounted
cash flow rates of return of 8.0 and -3.4 percent, respectively.
Table 23 presents ten year cash flow summary as a function of stream

factor for a more comprehensive description.
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TABLE 16.--Thermodynamic Conditions for 400 psia Steam Rankine Cycle
(W-330 Driver Case).

Stream Pressure Temperature Enthalpy Entropyv
Number (psia) (F°) (BTU/#) (BTU/#-F°)
1 14.7 192 160.17

2 400 192 160.8

3 400 710 1368.8 1.645

4 14.7 240 1163.1 1.775

5 14.7 212 180.17 L3121

An annual natural gas savings of $138,600 is realized at 90
percent stream factor and 1981 gas prices. Table 21 presents the
individual equipment costs, installation costs, etc., for the design
case. Finally, Table 22 is a breakdown of the yearly operating
costs at 25 percent stream factor.

Summary of Enterprise HV16C
Steam Rankine Cycle

A simple four stage rankine cycle utilizing water as the working
fluid was chosen for the Enterprise HV16C reciprocating drivers. The
cycle (described in Figure 15) requires a maximum cycle temperature
of 960°F and a maximum pressure of 1200 psia. A steam flow rate of
14,810 1bs/hr is attainable when waste heat is used from a pair of
the Enterprise drivers. The horsepower rating of such a rankine
cycle is 1715 Hp resulting in a 19.9 percent increase in the horse-

power output of the 4320 Hp individual drivers. The relatively
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TABLE 18.--Turbine Design Parameters for 400 psia Steam Rankine
Cycle (W-330 Driver Case).

Fluid - Deionized Water
Turbine Hp Output - 689
Inlet Conditions:
Temperature - 710°F
Pressure - 400 psia
Outlet Conditions:
Temperature - 240°F
Pressure - 14.7 psia
No Condensate Present
Flow Rate - 8524 #/Hr
Enthalpy Change - 205.7 BTU/#
Thermal Efficiency - 70 Percent
Number of Stages - 6
Type - Axial Flow - Horizontally split case
RPM - 7950

Reference 2

TABLE 19.--High Pressure Pump Design Parameters for 400 psia Steam
Rankine Cycle (W-330 Driver Case).

Inlet Pressure - 14.7 psia
Outlet Pressure - 400 psia
Inlet Temperature - 192°F
Flow Rate - 17 GPM
Efficiency - 45 Percent

Hp Rating - 8.7 Hp

RPM - 3500

Model # - Gould # 3934
Stages - 22

Fluid - Deionized Water 3
Fluid Density - 62.4 1bs/Ft
Type - Centrifugal - Single Shaft

Reference 2
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TABLE 20.--Air Cooled Condenser Design Parameters for 400 psia Steam
Rankine Cycle (W-330 Driver Case).

2

U Overall - 130 BTU/Hr Ft“ F° (Condensing Steam)
Q Overall - 8.379 x 10° BTU/Hr
AT]m - 70.7°F

Vapor Flow Rate - 8524 #/Hr

Vapor Inlet Temperature - 240°F Superheated Vapor
Fluid Outlet Temperature - 212°F Saturated Liquid
Operating Pressure - 14.7 psia

Design Pressure - 150 psia

Tubing - 1 Inch 0.D. 12 BWG Carbon Steel

Tube Pitch - 2-3/8 Inch Triangular

Number of Tube Rows - 4

Fins - 5/8 Inch Circular Aluminum-Press Fit

Fin Density - 8 per Foot

Tube Length - 20 Feet

Face Area - 181 Ft2

Total Heat Transfer Area - 912 th
Fan Motor - 11 Hp Explosion Proof (two required)
Air Face Velocity - 595 Ft/Min.

Air Inlet Temperature - 100°F

Air Outlet Temperature - 171°F

Air Flow Rate - 132 #/Sec.
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TABLE 21.--Individual Equipment Cost Breakdown for 400 psia Steam
Rankine Cycle (W-330 Driver Case).

Equipment Equip. Install. Material Indirect Total
Type Cost § Cost $ Cost § Cost § Cost §
Turbine 66,000 20,000 18,000 40,500 144,500
Reduction 7,500 2,500 2,000 4,500 16,500
Gearbox
Feed Pump 7,000 4,500 5,000 6,500 23,000
Condensate Pump 7,000 2,500 2,000 4,500 16,000
Waste Heat 32,000 9,500 9,500 19,500 70,500
Boilers
Air Cooled 26,000 7,000 7,000 14,000 54,000
Condenser
Aux. Building 16,500 7,000 -- 25,000 48,500
Total Delivered Equipment Cost 162,000
Total Controls, Electrical, Piping
and Painting Cost 43,500
Total Installation Labor Cost 53,000
Total Direct Cost 258,500
Total Indirect Cost 114,500
Total Direct and Indirect Cost 373,000
Contractors' Fees 15,000
Contingency 37,500
Total Fixed Capital Investment 425,500

(A11 1980 Dollars)

References 1, 2, 3, 10
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TABLE 22.--Operating Cost Breakdown for 400 psia Steam Rankine Cycle

(W-330 Driver Case).

Total Fixed Capital Investment - $425,500

Stream Factor - 25 Percent

Utilities Quantity of Units
Electricity 45,081 KWH
Natural Gas 9,944 MMBTU**
Labor

Labor 1 Man-Year
Overhead and Fringe

Benefits

Capital Related

1981
$/Unit
.08
3.87

20,800
20,800

Maintenance @ 4%/year (includes credit)*

Plant Overhead @ 2.6%/year
Insurance @ 1.5%/year

Depreciation @ 10%/year

Interest on Working Capital @ 12%/year

Total Operating Costs (Excluding
Depreciation and Gas Credits)

Total Operating Loss (includes Depreciation)

Working Capital (Accounts Payable)

1981
$/Year

3,600
(38,500)

20,800
20,800

10,500
11,000
6,400
42,500
1,600

74,700
(78,700)
14,900

*Credit of $10.02 per Hp capacity for original driver

replacement.

**Calculated as fuel required to produce 689 Hp @ 25% stream

factor in Cooper-Bessmer W-330 driver.
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TABLE 23.--After 48% Tax Cash Flow Projections for 400 psia Steam
Rankine Cycle (W-330 Driver Case).

Stream Factor 25% 60% 75% 90%

1980 (425,500) (425,500) (425,500) (425,500)
1981 (36,200) 12,600 33,500 48,700
1982 (34,400) 17,100 39,200 52,300
1983 (32,400) 21,900 43,900 56,000
1984 (30,500) 26,400 46,900 59,500
1985 (28,600) 31,000 49,800 63,000
1986 (26,700) 35,500 52,800 66,600
1987 (24,800) 40,000 55,700 70,100
1988 (22,800) 43,700 58,800 73,900
1989 (20,900) 46,000 61,800 77,400
1990 (6,000) 61,600 77,800 94,000

Discounted Cash
Flow Rate or
Return 0 0 3.4% 8.0%

Payout Period
(Years) N/A 12.7 8.2 6.4
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large increase in horsepower output is due primarily to the large
output of relatively high temperature exhaust gases. Each driver
exhausts 60,880 1bs. per hour of clean 1000°F exhaust gases and
operates at 29 percent thermal efficiency. Table 24 presents the
thermodynamic conditions for the individual streams described in
Figure 15. Tables 25 through 28 present the individual design
parameters for necessary equipment.

The total fixed capital investment necessary for the design
case is $885,000. A payout period of 2.9 years is estimated at 90
percent stream factor increasing to 13 years at 25 percent stream
factor. These payout periods represent discounted cash flow rates
of return (after taxes) of 29.4 and -3.0 percent, respectively.
Table 31 presents the ten year cash flow summary as a function of
stream factor for a more comprehensive description.

An annual natural gas savings of $525,200 is realized at 90
percent stream factor and 1981 gas prices. Table 26 presents the
individual equipment costs, installation costs, etc., for the design
case. Finally, Table 30 is a breakdown of the yearly operating

costs at 25 percent stream factor.






133

TABLE 24.--Thermodynamic Conditions for 1200 psia Steam Rankine
Cycle (HV16C Driver Case).

Stream Pressure Temperature Enthalpy Entropy
Number (psia) (F°) (BTU/#) (BTU/#-F°)
1 14.7 192 160.17 --

2 1200 192 165.19 --

3 1200 960 1476.0 1.6155

4 14.7 275 1181.3 1.8000

5 14.7 212 180.17 .3121
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TABLE 26.--Turbine Design Parameters for 1200 psia Steam Rankine
Cycle (HV16C Driver Case).

Fluid - Deionized Water
Turbine Horsepower Output - 1715
Inlet Conditions:
Temperature - 960°F
Pressure - 1200 psia
Outlet Conditions:
Temperature - 275°F
Pressure - 14.7 psia
No Condensate Present
Flow Rate - 14,810 #/Hr
Enthalpy Change - 294.7 BTU/#
Thermal Efficiency - 70 percent
Number of Stages - 6
Type - Axial Flow - Horizontally Split Case
RPM - 7950

Reference 2

TABLE 27.--High Pressure Pump Design Parameters for 1200 psia
Steam Rankine Cycle (HV16C Driver Case).

Inlet Pressure - 14.7 psia
Outlet Pressure - 1200 psia
Inlet Temperature - 192°F
Flow Rate - 30 GPM
Efficiency - 60 Percent

Hp Rating - 35.2 Hp

RPM - 3500

Model # - Gould # 3934
Stages - 22

Type - Centrifugal - Single Shaft
Fluid - Deionized Water 3
Fluid Density - 62.4 1bs/Ft

Reference 2
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TABLE 28.--Air Cooled Condenser Design Parameters for 1200 psia
Steam Rankine Cycle (HV16C Driver Case).

U Overall - 130 BTU/Hr-th-F° (Condensing Steam)
Q Overall - 1.483 x 107 BTU/Hr

AT m - 70.7 F

1
Vapor Flow Rate - 14,810 Lbs/Hr

Vapor Inlet Temperature - 275°F

Fluid Outlet Temperature - 212°F

Operating Pressure - 14.7 psia

Design Pressure - 150 psia

Tubing - 1 Inch 0.D. 12 BWG Carbon Steel
Tube Pitch - 2-3/8 Inch Triangular

Number of Tube Rows - 4

Fins - 5/8 Inch Circular Aluminum-Press Fit
Fin Density - 8 per Foot

Tube Length - 24 Feet

Face Area - 320.5 Ft2

Total Heat Transfer Area - 1615 Ft2
Fan Motors - 16 Hp (two required)
Air Face Velocity - 595 Ft/Min

Air Inlet Temperature - 100°F

Air Outlet Temperature - 172°F

Air Flow Rate - 229 #/Sec
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TABLE 29.--Individual Equipment Cost Breakdown for 1200 psia Steam
Rankine Cycle (HV16C Driver Case).

Equipment Equip. Install. Material Indirect Total
Type Cost $ Cost $ Cost § Cost § Cost $
Turbine 100,500 29,500 27,000 59,500 216,500
Reduction 10,000 3,000 2,500 6,000 21,500
Gearbox
Feed Pump 59,000 40,000 41,000 53,500 193,500
Condensate Pump 10,500 3,000 3,000 6,000 22,500
Waste Heat 85,000 25,000 24,500 52,000 186,500
Boiler
Air Cooled 39,500 11,500 11,500 24,000 86,500
Condenser
Aux. Building 16,500 7,000 -- 25,000 48,500
SUB TOTALS 321,000 119,000 109,500 226,000 775,500
Total Delivered Equipment Cost 321,000
Total Controls, Electrical, Piping,
Painting Cost (Material) 109,500
Total Installation Labor Cost 119,000
Total Direct Cost 549,500
Total Indirect Cost (Engineering) 226,000
Total Direct and Indirect Cost 775,500
Contractors Fees (@ 4% TD + I) 31,500
Contingency (@ 10% TD + I) 78,000
Total Fixed Capital Investment 885,000

(A11 1980 Dollars)

References 1, 2, 3, 10.
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TABLE 30.--Operating Cost Breakdown for 1200 psia Steam Rankine
Cycle (HV16C Driver Case).

Total Fixed Capital Investment - $885,000

Stream Factor - 25 Percent

1981 1981
Utilities Quantity of Units $/Unit $/Year
Electricity 102,067 KWH .08 8,200
Natural Gas 37,909 MMBTU** 3.87 (145,900)
Labor
Labor 1 Man Year 20,800 20,800
Overhead and Fringe 20,800 20,800
Benefits

Capital Related

Maintenance @ 4%/year (includes credit)* 18,800

Plant Overhead @ 2.6%/year 23,000

Insurance @ 1.5%/year 13,300

Depreciation @ 10%/year 88,500

Interest on Working Capital @ 12%/year 2,400

Total Cost (Excluding Depreciation 107,300

and Gas Credit)
Total Operating Loss (includes Depreciation) (49,900)
Working Capital (Accounts Payable) 21,460

*
Credit of $10.02 per Hp-capacity for replacement of
original driver.

k% '
Calculated as fuel required to produce 1715 HP @ 25% stream
factor in Enterprise HV16C driver.
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TABLE 31.--After 48% Tax Cash Flow Projection for 1200 psia Steam
Rankine Cycle (HV16C Driver Case).

Stream

Factor 25% 40% 60% 90%
1980 (885,000) (885,000) (885,000) (885,000)
1981 39,400 102,000 159,600 246,000
1982 46,600 108,000 168,800 259,500
1983 54,200 114,300 178,000 273,700
1984 61,400 120,200 187,000 287,200
1985 68,600 126,200 196,000 300,700
1986 75,800 132,100 205,000 314,100
1987 83,000 138,100 214,000 327,600
1988 89,600 144,500 223,500 341,800
1989 93,300 150,500 232,500 355,300
1990 118,600 178,000 262,900 390,300

Discounted Cash
Flow Rate or
Return -3.0% 7.2% 17.0% 29.4%

Payout Period
(years) 12.1 6.7 4.3 2.9




APPENDIX IV

ORGANIC RANKINE CYCLE FOR PRATT-WHITNEY GG-12
GAS TURBINE DRIVERS
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APPENDIX IV

ORGANIC RANKINE CYCLE FOR PRATT-WHITNEY GG-12
GAS TURBINE DRIVERS

Summary

A simple four stage rankine cycle utilizing Flourino1-85 as the
working fluid was chosen for the Pratt-Whitney GG-12 gas turbine
drivers. An organic working fluid was utilized in place of the con-
ventional steam cycle to investigate the economic and efficiency
advantages of this material. The lower condensing temperature
chosen for this design coupled with the low heat of vaporization for
the organic working fluid provide a higher overall thermal efficiency.
The cycle, described in Figure 16, requires a maximum cycle tempera-
ture of 625°F and a maximum pressure of 700 psia (2). An organic
flow rate of 165,140 1bs per hour is attainable when waste heat is
used from a pair of the Pratt-Whitney drivers.

The horsepower rating of such a cycle is 4672 Hp resulting in
an 85 percent increase in the base horsepower output of the two
2750 Hp individual drivers. The large increase in horsepower output
is due to both the relatively large output of hot exhaust gases
coupled with the high efficiency of the rankine cycle. Each driver
exhausts 158,400 1bs per hour of clean 840°F hot exhaust gases and

operates at 16 percent thermal efficiency. The cycle itself has a
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120°F condensing temperature and operates at 21.3 percent overall
thermal efficiency.

The 1980 total fixed capital investment necessary for the
design case is $1,568,000. A payout period of 4.0 years is estimated
at 25% stream factor. This payout period represents a 19.0 percent
after taxes discounted cash flow rate of return. The annual savings
in natural gas usage is 162,745 million BTU or $629,800 at 1981 gas
prices and 25% stream factor. This credit increases substantially
to $2,267,000 at 90 percent stream factor. Finally, at a stream
factor of 90 percent, a payout period of approximately 1.1 years is

expected.

Design Basis

The basis for this design is the simultaneous operation of a
pair of Pratt-Whitney GG-12 gas turbine drivers rated at 2750 Hp each.
Each driver operates at 100 percent load capacity when in operation,
however, stream factor is considered to be variable. Each driver
produces 158,400 1bs/hr of hot exhaust gases which are considered to
be primarily combustion products of natural gas. The exhaust outlet
temperature of the driver is 840°F maximum. Each driver can accept
a waste heat boiler attached as a portion of its exhaust system with
no greater than 10 inches (approximately 0.36 psi) pressure drop on
the shell side.

Each compressor station is assumed to be remotely located,
but with all necessary electrical power supply readily available. 1In

addition, the sites are assumed to be in a climate with-a maximum air
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temperature of 100°F (dry bulb) and a maximum 80°F wet bulb. A
minimal additional cooling water capacity is assumed available at
any site. The additional property needed to facilitate construction
is assumed to be currently available. Finally, additional Cooper-
Bessmer centrifugal compressors and transfer cases are assumed to
be available for shaft work utilization.

For a detailed description of economic assumptions see

Economic Analysis section.

Process Description

Figure 16 is a schematic diagram of the four stage organic
rankine cycle used in this design. Table 32 contains all process
stream thermodynamic conditions for this cycle.

Beginning with stream 1, 165,140 1bs per hour of saturated
liquid condensate at 120°F and 5 psia are compressed to 700 psia and
120°F in a 435 GPM, 201 Hp high pressure liquid pump. The resultant
stream 2 is then split into two streams of 82,570 1bs per hour each
and flow through the two waste heat boilers in counter flow. Each
waste heat boiler has a tube side surface area of 3050 square feet.
The shell side of each waste heat boiler is fed with 158,400 1bs/hr
of hot exhaust gases which enter the boiler at 840°F and exit at
207°F. The boiler heat loads are 27.1 million BTU per hour each.
The resultant streams are joined to form stream 3 which is 700 psia
625°F superheated Flourinol 85 vapor. Stream 3 is expanded in a six
stage axial flow turbine (n = .80) producing 4672 Hp of shaft work.

Stream 4 exists the turbine exhaust, superheated 335°F vapor at
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TABLE 32.--Thermodynamic Conditions for Organic Rankine Cycle.

Stream Pressure Temperature Enthalpy Entropy
Number (psia) (F°) (BTU/#) (BTU/#-F°)
1 5 120 38.0 .069

2 700 120 41.1 --

3 700 625 368 .475

4 5 336 296 .499

5 psia with no condensate present. Stream 4 is then condensed in a
3343 square foot water cooled condenser with a heat load of 42.6
MMBTU per hour. Finally, condensate from the supplied condensate
drums is fed back to stream 1.

Cooling water for the water cooled condenser is supplied from
forced draft cooling tower at a rate of 4270 GPM. Cooling water
enters the condenser at 85°F maximum and returns to the cooling
tower at 105°F maximum.

The shaft work produced by the above cycle can be utilized
directly and immediately through attachment to a centrifugal natural
gas compresser. This attachment must include a proper transfer
gearbox and control equipment. Since the centrifugal compressers
usually operate in pairs and can be set up to operate in quads, the
large quantity of shaft work obtained can be used to provide a real
and immediate savings over additional gas powered compresser driver
operation. This large output of shaft work can in fact nearly double

the output of a pair of the Pratt-Whitney GG-12 drivers.
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Equipment Description

Waste Heat Boilers

Two identical waste heat boilers are utilized in this design.
Each is constructed of serrated fin tubes surrounded by a plenum to
create a shell and tube heat exchanger (see Appendix I). Both
serrated fin tubes and triangular tube pitch are used to maximize
the 1imiting outside heat transfer coefficient. Cleaning is not con-
sidered to be a problem in this design since the waste heat exhaust
gases are exceptionally clean. For diesel or conventionally fueled
drivers, exhaust soot could well be a significant problem and this
could alter the design for such drivers.

A total of 3050 square feet of tube side surface area is
necessary in each waste heat boiler to transfer the 27.1 MMBTU per
hour of waste heat available for this design. Subcooled Flourinol
85 at 120°F flowing at 82,570 1bs/hr is circulated through the tube
side in counter flow to the hot exhaust gases. Superheated vapor at
700 psia and 625°F is produced with a tubeside pressure drop of .35
psi (see Appendix I for calculation method).

On the shell side 158,400 1bs per hour of hot exhaust gases
flow in counter flow through the 73.6 square foot (cross-sectional)
shell, entering at 840°F and exiting at 207°F. A total shell side
pressure drop of .26 psi is encountered.

The minimum approach temperature of 75°F occurs immediately
prior to the boiling section of the heat exchanger. Design heat
transfer coefficients of 70, 75, and 80 BTU/Hr—FZ-F° are found in the

sensible heating, boiling and superheating regions, respectively.
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Each waste heat boiler requires an adaptor manifold to connect
the 24" x 36 exhaust outlet to the 9.2 x 8 foot waste heat boiler.
In addition, a mounting frame and two to three inches of insulation
must be included. Finally, provisions for safety valves and control
sensors must also be made for safety reasons.

Table 33 is a complete listing of all pertinent specifications

for each boiler. Refer to Economics Section for costing information.

Turbine

The two high pressure vapor lines from each waste heat boiler
combine to form a total of 165,140 1bs/hr of superheated Flourinol 85
at 700 psia. This vapor is expanded through a six stage axial turbine
resulting in 4672 Hp of shaft work. A conservative turbine efficiency
of 80 percent was chosen in spite of recommendations in Reference 2.
In addition, a vertically split case is specified for more reliable
sealing. The turbine shaft work is routed through a transfer gearbox
to synchronize it with the shaft work produced by the driver reaction
turbine. Turbine design is considered to be at a Tevel equivalent to
that proposed in Reference 2. Table 34 describes the turbine design

parameters.

High Pressure Pump

A 435 GPM high pressure centrifugal pump is needed to com-
press the saturated Flourinol 85 liquid from 5 psia to 700 psia. A
total of 5 stages are needed to accomplish this compression each
with a horsepower load of 40.2 Hp. A Gould model #VIC or equivalent

pump may be used. The total horsepower load of the high pressure
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TABLE 34.--Turbine Design Parameters for Organic Rankine Cycle
(GG-12 Driver Case).

Fluid - Flourinol 85
Turbine Horsepower Output - 4672 Hp
Inlet Conditions:
Temperature - 625°F
Pressure - 700 psia
Outlet Conditions:
Temperature - 336°F
Pressure - 5 psia
Superheated Vapor
Flow Rate - 165,140 1bs/hr
Enthalpy Change - 72.0 BTU/Lb
Thermal Efficiency - 80 Percent
Number of Stages - 6
Type - Axial Flow - Vertically Split Case
RPM - 6500

Reference 2

TABLE 35.--High Pressure Pump Design Parameters for Organic Rankine
Cycle (GG-12 Driver Case).

Inlet Pressure - 5 psia

Outlet Pressure - 700 psia
Inlet Temperature - 120°F

Flow Rate - 435 GPM

Efficiency - 70 Percent

Hp Rating - 201 Hp

RPM - 1150

Number of Stages - 5

Model Number - Gould Model VIC

Reference 2
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pump is 201 Hp operating at 70 percent efficiency. Table 35

describes the design parameters for this pump.

Water Cooled Condenser and
Forced Draft Cooling Tower

The lower condensing temperature of Flourinol 85 as compared
with steam makes it expedient to use a closed cycle forced draft
cooling tower as opposed to the air cooled condensefs used in the
steam rankine cycles. The small temperature driving force encountered
results in exceedingly large air cooled condensers at the low con-
densing temperatures required for Flourinol 85. It is therefore
economically more sensible to utilize a forced draft cooling tower
as a source of cooling water and a water cooled condenser within the
rankine cycle itself.

The water cooled condenser is simply a shell and tube heat
exchanger mounted such that the tubes are horizontal. A condensate
drum is an integral part of the shell and feeds diréct]y to the
system high pressure pump. A total of 165,140 1bs/hr of superheated
vapor enter the shellside at 336°F, exiting the condensate drum at
120°F as saturated liquid. Water flows through the tube side at a
flowrate of 4270 GPM in counter flow to the vapor. Cooling water
from the forced draft cooling tower is supplied at 85°F maximum and
returns at 105°F maximum. The condenser heat load is 42.6 million
BTU per hour. The total tube side heat transfer area is 3343 square
feet. Table 36 provides a complete description of the water cooled

condenser.
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TABLE 36.--Condenser Design Parameters for Organic Rankine Cycle
(GG-12 Driver Case).

U Overall - 540 BTU/Hr-FtZ-F° (Condensing Organic Vapor)
Q Overall - 42.6 MM BTU/Hr

M, - 23.6%F
m
Area - 3343 Ft2

TUBESIDE:

Fluid - Treated Water

Flow Rate - 4270 GPM

Inlet Temperature - 85°F

OQutlet Temperature 105°F

Pressure - 15.5 psia

Design Pressure - 150 psia

Tubing - 1" 0.D. 12 BWG Carbon Steel
Tube Length - 16 Feet

Number of Tubes - 798

Pressure Drop - .5 psi

Cross-Sectional Area - 4.35 Ft2

SHELLSIDE:

Vapor - Flourinol 85

Flow Rate - 165,140 Lbs/Hr

Inlet Temperature - 336°F (Superheated)
Outlet Temperature - 120°F Saturated Liquid
Operating Pressure - 5 psia

Shell Diameter - 4.2 Feet

Free Cross Sectional Area - 9.2 Ft
Shell Material - 12 Gauge Carbon Steel
Insulation - 2" Rock Wool

Condensate Drum - 200 Gallon Capacity

2
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A closed system forced draft barometric cooling tower is the
source of cooling water for condensation. The tower is similar to
those commonly seen at power plants, however, on a somewhat smaller
scale. The tower supplies a minimum of 4270 GPM of 85°F water for
use by the condenser. A base area of approximately 700 square feet
is estimated along with 74 horsepower of fan capacity to perform this
task. Total additional water consumption is 80 GPM (evaporation and
blowdown losses) which is minimal and could be supplied easily by a
small aquifer. The cycle concentration is set to eight cycles usage
to minimize blow down losses. A complete description of the cooling

tower design specifications is found in Table 37.

TABLE 37.--Cooling Tower Design Parameters for Organic Rankine Cycle
(GG-12 Driver Case).

Type - Forced Draft Barometric Cooling Tower
Base Area - 710 Ft2 (25' x 30' approx.)
Number of Cells -1

Maximum Dry Bulb Temperature - 100°F
Maximum Wet Bulb Temperature - 80°F
Mean Wet Bulb - 40°F

Water Flow Rate - 4270 GPM

Inlet Temperature - 105°F (Max)

Outlet Temperature - 85°F (Max)

Fan Horsepower - 74 Hp

Evaporation Loss - 70 GPM

Drift Loss - 1.5 GPM

Blow Down Rate - 8.5 GPM

Concentration Cycles - 8

Reference 2
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Economic Analysis

A11 economics for this design are performed assuming a 3rd
Quarter 1980 installation and a 1lst Quarter 1981 start-up. The total
fixed capital investment includes the cost of equipment, installation
and a small auxillary building housing the turbine, condenser and
pump assemblies. Interest for any construction loans is not included.
In addition, costs associated with start-up and debugging are not
included.

Ten year straight-line depreciation is used for all economic
evaluations and zero salvage value is assumed. Labor is assumed to
be available at $20,800 per man year with any additiqna] supervisory
labor in existence. All dollars are based on 1980 valuations.
Corporate income taxes are assumed to be at 48 percent of gross
operating profit. Should government wave all or part of these taxes
a substantial addition to the profitability of these ventures would
occur.

Electricity is assumed to be available at 8 cents per kilowatt
hour. Cooling water is assumed available in small quantities at
5 cents per thousand gallons. Natural gas is assumed to increase in
value as described in Figure 11.

A11 remaining fixed costs are considered as factored estimates
based on the total fixed capital investment. Maintenance is at a
rate of 4 percent of the TFCI per year. 1In addition, a maintenance
credit for the savings realized by not needing to operate a gas
powered driver to provide the shaft work obtained from the organic

rankine cycle is also included. Plant overhead and insurance are






155

assumed to be at 2.6 and 1.5 percent of TFCI per year, respectively.
Finally, interest on working capital is assumed to be at 15 percent
per year.

Once more an alternatives approach is used for economic

evaluation. Therefore, natural gas savings (which is the only
revenue source) is computed as the quantity of natural gas which

would be required to power the drive motor in question to obtain an

equal quantity of shaft work to that which is provided by the rankine
cycle. This is a critical assumption and must be considered carefully
before applying this economic analysis to similar drivers with varying
efficiencies. It is generally true that the less efficient the base
driver is, the more favorable the economics for the rankine cycle
used in conjunction with that driver.

The total cost for all equipment, instrumentation, electrical
and piping for the rankine cycle described is $1,568,000. This
figure includes installation of all equipment but excludes the cost
of any construction loans. A complete breakdown of individual equip-
ment and installation costs is found in Table 38. The operating
profit of this design including depreciation is $307,700 per year at
25 percent stream factor. A complete breakdown of the operating
costs is found in Table 39. A payout period of 4.0 years is antici-
pated for this design at 25 percent stream factor. This corresponds
to a 19 percent discounted cash flow rate of return. Finally, ten
year cash flow summary as a function of stream factor is presented in

Table 40.






156

TABLE 38.--Individual Equipment Cost Breakdown for Organic Rankine
Cycle (GG-12 Driver Case).

Equipment Equip. Install. Material Indirect Total
Type Cost $ Cost § Cost § Cost § Cost §
Turbine 146,000 43,000 39,500 87,000 315,500
Reduction 14,500 4,500 4,000 8,500 31,500
Gearbox
Feed Pump 85,500 52,500 54,000 73,000 265,000
Waste Heat 135,000 39,500 39,000 81,500 295,000
Boilers
Condenser 50,000 30,000 35,000 44,000 159,000
Cooling Tower 60,000 13,000 13,500 15,500 102,000
Aux. Building 16,500 7,000 -- 25,000 48,500
Working Fluid 44,000 -- -- 17,000 61,000
SUB TOTALS 551,500 230,000 185,000 351,500 1,277,500
Total Delivered Equipment Cost 551,500
Total Controls, Electrical Piping,
Painting Cost 185,000
Total Installation Labor Cost 230,000
Total Direct Cost 966,500
Total Indirect Cost 351,500
Total Direct and Indirect Cost 1,318,000
Contractors Fees 52,500
Contingency @ 15% 197,500
Total Fixed Capital Investment 1,568,000

(1980 Dollars)

References 1, 2, 3, 10.
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TABLE 39.--Operating Cost Breakdown for Organic Rankine Cycle
(GG12 Driver Case).

Total Fixed Capital Investment - $1,568,000

Stream Factor - 25 Percent

Utilities Quantity of Units $/Unit $/Year
Electricity 461,925 KWH .08 37,000
Make-up Cooling Water 9460/1000 Gal .15 1,500
Natural Gas 162,745 MM BTU** 3.87 (629,800)
Labor

Labor 1 Man Year 20,800 20,800
Overhead and Fringe 20,800 20,800

Benefits

Capital Related

Maintenance @ 4%/year (includes credit)* 18,500
Plant Overhead @ 2.6%/year 40,500
Insurance @ 1.5%/year 23,500
Depreciation @ 10%/year 157,000
Interest on Working Capital @ 12%/year 3,500

Total Operating Costs (Excluding
Depreciation and Gas Credit) 166,100

Total Operating Profit (includes Depreciation) 306,700
Working Capital 33,200

*
Credit of $10.02 per Hp-capacity for original driver
replacement.

* %k
Calculated as fuel required to produce 4672 HP @ 25% stream
factor in Pratt-Whitney GG-12 driver.
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TABLE 40.--After 48% Taxes Ten Year Cash Flow Summary vs Stream
Factor for Organic Rankine Cycle (GG-12 Driver Case).

Year 25% 40% 75% 90%
1980 (1,568,000) (1,568,000) (1,568,000) (1,568,000)
1981 317,000 513,500 972,000 1,168,500
1982 332,900 539,500 1,020,800 1,227,100
1983 349,800 565,600 1,069,600 1,285,700
1984 365,900 591,600 1,118,400 1,344,200
1985 382,000 617,600 1,167,200 1,402,800
1986 398,000 643,700 1,216,000 1,461,400
1987 414,000 669,700 1,264,500 1,519,900
1988 431,000 695,700 1,313,600 1,578,500
1989 447,100 721,700 1,362,500 1,637,000
1990 496,600 781,000 1,444,500 1,728,800
Payout Period

(Years) 4.0 2.4 1.3 1.0
Discounted Cash

Flow Rate of

Return 19.0% 33.7% 64.2% 76.6%







159

Stream Factor Sensitivity

Stream factor is the single most important variables in
determining the profitability of organic rankine bottoming cycles.
As stream factor increases above 50 percent, payout periods of less
than two years could be expected for the design case. At above 90
percent stream factor, payout periods of approximately 1.1 years
could be expected. Unfortunately, most compressor stations are in
operation less than three months of the year. Load shifting to
increase this stream factor for a selected group of drivers that have
been retrofitted with organic rankine bottoming cycles is a promising
alternative. With load shifting, less natural gas would be pumped
over longer periods of operation thereby increasing the stream factor
for the more efficient retrofitted drivers. Table 40 presents the
payout period and discounted cash flow rate of return as a function
of stream factor.

Summary of Cooper-Bessmer W-330
Organic Rankine Cycle

A simple four stage organic rankine cycle utilizing Flourinol-
85 as the working fluid was chosen for the Cooper-Bessmer W-330
reciprocating driver. The cycle described in the following tables
and similar in concept to that presented earlier, requies a maximum
cycle temperature of 625°F and a maximum pressure of 700 psia
(recommended by Halocarbon Inc.). A vapor flow rate of 47,226
1bs/hr is attainable when waste heat is used from a pair of the
Cooper-Bessmer drivers. The horsepower rating of such a rankine

cycle is 1335 Hp resulting in a 17 percent increase in the combined
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horsepower output of the 3900 Hp individual drivers. Each driver
exhausts 53,950 pounds per hour of clean 750°F exhaust gases and
operates at 37 percent thermal efficiency.

Table 32 (page 146) presents the thermodynamic conditions
for the organic rankine cycle concept described in Figure 15 (page
124). Tables 41 through 45 present the individual design parameters
and equipment sizes for each major component of the design.

The total fixed capital investment for this design is
$923,000. A payout period of 6.1 years is estimated for a 90 percent
stream factor increasing to 9.8 years at 60 percent stream factor.
These payout periods represent discounted cash flow rates of return
of 9.2 and zero percent, respectively. Table 45 presents a ten-year
cash flow summary as a function of stream factor. An annual natural
gas savings of $283,300 is realized at 90 percent stream factor and
1981 gas prices. Table 46 presents the individual equipment costs,
installation costs, etc., for the design case. Table 47 is a break-

down of the 1981 operating costs at 25 percent stream factor.
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TABLE 42.--Turbine Design Parameters for Organic Rankine Cycle
(W-330 Driver Case).

Fluid - Flourinol 85
Turbine Horsepower Output - 1335 Hp
Inlet Conditions: ;
Temperature - 625°F
Pressure - 700 psia
Outlet Conditions:
Temperature - 336°F
Pressure - 5 psia
Flow Rate - 47,226 1bs/hr
Enthalpy Change - 72.0 BTU/1b
Thermal Efficiency - 80 Percent
Number of States - 6
Type - Axial Flow Horizontally Split Case
RPM - 6500

Reference 2

TABLE 43.--High Pressure Pump Design Parameters Organic Rankine
Cycle (W-330 Driver Case).

Inlet Pressure - 5 psia
Outlet Pressure - 700 psia
Inlet Temperature - 120°F

Flow Rate - 125 GPM

Efficiency - 70 Percent

Hp Rating - 58 Hp

RPM - 1150

Number of Stages - 5

Model Number - Gould Model VIC

Reference 2
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TABLE 44.--Condenser Design Parameters for Organic Rankine Cycle

(W-330 Driver Case).

TUBESIDE:

SHELLSIDE:

U Overall - 540 BTU/Hr-FtZ-F° (Condensing Organic Vapor)

Q Overall - 12.2 MM BTU/Hr

AT m " 23.6°F

1

Area - 960 Ft°

Fluid - Treated Water

Flow Rate - 1225 GPM

Inlet Temperature - 85°F

Outlet Temperature - 105°F

Pressure - 15.5 psia

Design Pressure - 150 psia

Tubing - 1 Inch OD 12 BWG Carbon Steel
Tube Length - 12 Feet

Number of Tubes - 305

Pressure Drop - .5 psi

Cross Sectional Area - 1.66 Ft2

Vapor - Flourinol 85

Flow Rate - 47,226

Inlet Temperature - 336° (Superheated)

Outlet Temperature - 120°F (Saturated Liquid)
Operating Pressure - 5 psia

Shell Diameter - 2.6 Feet

Free Cross Sectional Area - 3.52 Ft
Shell Material - 12 Gauge Carbon Steel
Insulation - 2" Rock Wook

Condensate Drum - 60 Gallon Capacity

2
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TABLE 45.--Cooling Tower Design Parameters for Organic Rankine Cycle
(W-330 Driver Case).

Type - Forced Draft Barometric Cooling Tower
Base Area - 205 th (15" x 14' Approx.)
Number of Cells - 1

Maximum Dry Bulb Temperature - 100°F
Maximum Wet Bulb Temperature - 80°F
Mean Wet Bulb - 40°F

Water Flow - 1225 GPM

Inlet Temperature - 105°F (Max.)

Outlet Temperature - 85°F (Max.)

Fan Horsepower - 22 Hp

Evaporation Loss - 21 GPM

Drift Loss - .5 GPM

Blow Down Rate - 2.5 GPM

Concentration Cycles - 8

Reference 2
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TABLE 46.--Individual Equipment Cost Breakdown for Organic Rankine
Cycle (W-330 Driver Case).

Equipment Equip. Install. Material Indirect Total
Type Cost $ Cost § Cost § Cost $ Cost $
Turbine 86,500 25,500 23,000 51,000 186,000
Reduction 8,500 2,500 2,000 5,000 18,000
Gearbox
Feed Pump 68,500 46,500 47,500 62,000 224,500
Waste Heat 88,500 26,000 25,500 54,000 194,000
Boilers
Condenser 16,500 10,000 11,500 15,000 53,000
Cooling Tower 20,000 4,500 4,500 5,000 34,000
Aux. Building 16,500 7,000 -- 25,000 48,500
Working Fluid 13,000 -- -- 5,000 18,000
SUB TOTALS 318,000 122,000 114,000 222,000 776,000
Total Delivered Equipment Cost 318,000
Total Controls, Electrical, Piping,
Painting Costs (Materials) 114,000
Total Installation Labor Cost 122,000
Total Direct Cost 554,000
Total Indirect Cost (Engineering) 222,000
Total Direct and Indirect Cost 776,000
Contractor's Fees (@ 4% TD + I) 31,000
Contingency (@ 15% TD + I) 116,000
Total Fixed Capital Investment $923,000

(A11 1980 Dollars)

References 1, 3, 10
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TABLE 47.--Operating Cost Breakdown for Organic Rankine Cycle
(W-330 Driver Case).

Total Fixed Capital Investment - $923,000

Stream Factor - 25 Percent

Utilities Quantity of Units $/Unit $/Year
Electricity 132,100 KWH .08 10,600
Make-up Cooling Water 2,700 M Gal. .15 500
Natural Gas 20,330 MM BTU** 3.87 (78,700)
Labor

Labor 1 Man Year 20,800 20,800
Overhead and Fringe 20,800 20,800

Benefits

Capital Related

Maintenance @ 4%/year (includes credit)* 23,500
Plant Overhead @ 2.6%/year 24,000
Insurance @ 1.5%/year 13,900
Depreciation @ .10%/year 92,300
Interest on Working Capital @ 12%/year 2,800
Total Operating Costs (Excluding 116,900

Depreciation and Natural Gas Credit)

Operating Loss (includes Natural Gas Credit (38,200)
and Depreciation)

Working Capital 23,400

*Credit of $10.02 per Hp-capacity for replacement of
original driver.
*%k
Calculated as fuel required to produce 1315 HP @ 25% stream
factor in Cooper-Bessmer W-330 driver.
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TABLE 48.--After 48% Tax Cash Flow Projections for Organic Rankine
Cycle (W-330 Driver Case)

Year 25% 60% 75% 90%
1980 (923,000) (923,000) (923,000) (923,000)
1981 (38,200) 56,500 94,700 115,800
1982 (34,500) 65,700 100,700 123,000
1983 (30,500) 74,900 106,800 130,300
1984 (26,500) 84,700 113,100 137,900
1985 (22,600) 93,200 119,100 145,100
1986 (18,700) 98,000 125,200 152,300
1987 (14,800) 102,800 131,200 159,600
1988 (10,800) 107,900 137,500 167,200
1989 (6,900) 112,700 143,500 174,400
1990 20,300 140,900 173,000 205,000
Discounted Cash

Flow Rate of

Return 0 0 5.3% 9.2%
Payout Period

(Average Cash Flow)

Years N/A 9.8 7.4 6.1
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APPENDIX V

DESIGN FOR PROCESS STEAM PRODUCTION

Introduction

One of the simplest and Teast costly energy recovery methods
available is the production of 150 psia process steam in the waste
heat boiler. This method requires a minimal capital investment and
no additional labor or supervision. Maintenance and overhead are
very limited and variable costs are nearly insignificant.

Process steam could be used by a variety of users from space
heating applications to plant steam for commercial laundry facilities.
In addition, a number of o0il fields exist in close proximity to many
natural gas storage facilities. Process steam could be used for
secondary and tertiary oil recovery in these fields. Finally,
natural gas often requires preheating before throttling into distri-
bution pipelines. This could be accomplished with process steam.

Each of these ideas is feasible. However, the single factor retarding
their implementation is the timing and sporacity of operation of
almost all natural gas compresser stations.

Most natural gas compresser stations actively operate from
mid-summer through the fall in preparation for winter gas demand.
During this period of time, they operate at high load factors,

thereby creating substantial amounts of waste heat. However, as
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winter approaches compression activities diminish and storage fields
are bled into the major distribution pipelines. Process steam made
during the active period for most stations would be useless for space
heating and gas preheating, since it would be available during the
wrong time period. Sporacity of operation would be a problem for

any process steam user since provisions for making process steam
would have to be made for the compresser stations' dormant periods.
In summary, a prospective user would need to work cooperatively with

the steam producer to make energy recovery successful for both.

Process Description

Table 41 Tlists the driver types examined and the pertinent
process information for each design case. As is evident steam flow
rates from 6,085 to 22,320 1bs/hr are attainable depending on the
driver type used. A maximum temperature of 358°F is attained at the
saturation point of 150 psia steam.

The cycle begins with 192°F sub-cooled water at 14.7 psia
(20° of sub-cooling is assumed in transport) entering high pressure
pump. The pump compresses this condensate to 150 psia and delivers
it to the waste heat boiler. In the waste heat boiler hot exhaust
gases are run in counter flow to the condensate, first heating it to
358°F then vaporizing it to create saturated 150 psia steam. Process
steam is then transmitted to the end user who condenses it in his
process and returns the condensate to a small condensate pump. This

completes the closed cycle and allows reuse of deionized water.
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Figure 17 describes this cycle in detail and presents the thermo-

dynamic conditions for each stream.

Equipment Description

A single waste heat boiler is used in this design since
there is no real advantage for operating this design in pairs as
with previous designs. The boiler is simply a bank of serrated fin
tubes surrounded by a plenum to create a simple shell and tube heat
exchanger (see Appendix 1). Both serrated fin tubes and triangular
tube pitch are utilized to introduce turbulence and maximize the
limiting outside heat transfer coefficient. Cleaning is not con-
sidered to be a problem in this design due to the exceptionally clean
natural gas exhaust. For diesel or conventionally fueled drivers
soot could be a problem and tube configuration may need to be altered.

Table 49 1ists the waste heat boiler design parameters for
each of the three driver types examined. These drivers are briefly
described in Table 2 and for simplicity the discussion is restricted
to the Pratt-Whitney GG-12 driver for the remainder of this descrip-
tion.

A total of 1350 square feet of inside tube surface area is
necessary to transfer the 19.72 MM BTU/Hr of waste heat available to
this design. Sub-cooled water at 192°F flowing at 22,320 1bs/hr
and 150 psia is circulated in counter flow to the hot exhaust gases.
Saturated vapor at 358°F and 150 psia is produced with a tube side

pressure drop of .42 psi.
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TABLE 49.--Waste Heat Boiler Design Parameters for 150 psia

Process Steam.

Pratt-Whitney
GG-12 Driver

Cooper Bessmer
W-330 Driver

Enterprise
HV16 C Oriver

TJUBESIDE:

Fluid

Inlet Temperature
Outlet Temperature
Inlet Pressure
Pressure Drop
Flow Rate

Tube Material
Tube 0.D.

Tube Length

Tube Pitch

Fin Height

Fin Density

Fin Type

Tubes per Pass

Total Number of Passes

Dummy Tubes

SHELLSIDE:

Fluid

Inlet Temperature
Outlet Temperature
Inlet Pressure
Pressure Drop
Flow Rate

Shell Material

De-ionized Water

De-ionized Water

192°F 192¢F

358°F 358°F

150 psia 150 psia

.41 psi .58 psi

22,320 Lbs/Hr 6,085 Lbs/Hr

12 BWG-Carb. Stl. Same

1 Inch Same

8 Feet Same

2" Triangular Same

3/8 Inch Same

96 Fins/Ft Same

Serrated Aluminum-Press Fit Circular

37 12

21 20

1 per Pass Same

Natural Gas Combustion Same
Products

840°F 750°F

372.7°F 374.8°F

.28 psia Same

.28 psia .28 psia

158,400 Lbs/Hr

12 Gauge Carbon Steel

53,950 Lbs/Hr
Same

De-ionized Water
192°F

358°F

150 psia

.29 psi
11,645 Lbs/Hr
Same

Same

Same

Same

Same

Same

16
22
Same

Same

1000°F
368.8°F

Same

.25 psia
60,880 Lbs/Hr
Same

Boiling Region

HEAT TRANSFER AREA

Sensible Heating Region

Boiling Region
Total

105.9 Hr-Ft2-F°

176 Ft2
1170 Ft

1346 Ft?

102.9 Hr-Ft2-F°

a7 2,
364 Ft2
a1 Ft

Shell Dimensions (W,L,H) 6.2' x 8' x 3' 2' x Bé x 2.8' 2.78' x 8' x 3.2'
Free Cross Sectional Area 19.5 Ft 6.3 Ft 8.4 Ft2
Insulation 2" to 3" Rock Wool Same Same
Baffles None None None
Number of Passes 1 1 1
HEAT DUTY:
Sensible Heating Region .45 MM BTU/Hr .12 MM BTU/Hr .23 MM BTU/Hr
Boiling Region 19.27 MM BTU/Hr 5.25 MM BTU/Hr 10.06 MM BTU/Hr
Total 19.72 MM BTU/Hr 5.37 MM BTU/Hr 10.29 MM BTU/Hr
LOGMEAN TEMPERATURE DIFFERENCE:
Sensible Heating Region 29.4°F 30.3°F 27.6°F
Boiling Region 155.5°F 140.4°F 193.2°F
OVERALL HEAT TRANSFER
COEFFICIENT:
Sensible Heating Region 86.2 Hr-Ft2-F° 85.8 Hr-FtF 83.9 Hr-Ft2-Fe

100.2 Hr-Ft2-F

101 Ft
519 Ft)
620 Ft
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On the shell side 158,400 1bs/hr of hot exhaust gases flow
in counter flow through the 19.5 Ft2 (cross-sectional) shell,
entering at 840°F and exiting at 373°F. A total shell side pressure
drop of .28 psi is encountered.

The minimum approach temperature of 25°F occurs immediately
prior to the boiling section of the heat exchanger. Design heat
transfer coefficients of 86.0 and 106.0 BTU/Hr-th-F° encountered in
the sensible heating and boiling regions, respectively.

The waste heat boiler requires an adaptor manifold to connect
the 24" x 36" exhaust outlet to the 6.2 x 8 foot waste heat boiler.
In addition, a mounting frame and two to three inches of insulation
must be included. Finally, provisions for safety valves and control

sensors must be made for safety reasons. Refer to the Economics

Section for costing information.

Pumps

Two pumps are needed in this design. The first is a high
pressure single shaft centrifugal pump. A 6.5 Hp pump and electric
drive motor are needed and are assumed to operate at 60 percent
efficiency. The flow rate in this pump is approximately 45 GPM.

The maximum discharge pressure is 150 psia.

The second pump is a low pressure condensate return pump. A
45 GPM centrifucal pump is needed with a maximum discharge of approxi-
mately 20 psia. Again, an operating efficiency of 60 percent is
assumed. Table 42 presents the pertinent design parameters for the
high pressure pump for each of the driver base cases. Refer to the

Economic Analysis section for costing information.







TABLE 50.--High Pressure Pump Design Parameters for 150 psia Steam
Production.

Pratt-Whitney
GG-12 Driver

Cooper Bessmer
W-330 Driver

Enterprise
HVI6C Driver

Inlet Pressure
Outlet Pressure
Inlet Temperature
Flow Rate
Efficiency

Hp Rating

Fluid

Fluid Density
RPM

Type

Stages

14.7 psia
150 psia
192°F

45 GPM

60 Percent
6.5 Hp

De-ionized
Water

62.4 Lbs/Ft
1750

Centrifugal-
Single Shaft

3 tob

Same
Same
Same
12 GPM
Same
1.8 Hp

Same

Same
Same

Same

Same

Same
Same
Same
23 GPM
Same
3.4 Hp

Same

Same
Same

Same

Same

Reference 2

Economic Analysis

A1l economics for these three designs are performed assuming

a 3rd Quarter 1980 installation and a 1st Quarter 1981 start up. The

total fixed capital investment includes the cost of equipment and

installation thereof.

Interest on construction loans is not included.

Costs associated with start-up and debugging are not considered to be

significant due to the design simplicity and are therefore ignored.
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Ten year straight line depreciation is used with an assumed
zero salvage value. No additional operating or supervisory labor is
expected to be necessary. Corporate income taxes are assumed to be
at 48 percent of gross operating profit. A1l dollars are at 1980
valuations.

Electricity is assumed to be available at 8 cents per kilowatt
hour. A1l other fixed costs are considered as factored estimates of
the total fixed capital investment. Maintenance is at a rate of 4
percent of TFCI while plant overhead and insurance are at 2.6 and 1.5
percent of TFCI, respectively. Interest on working capital is
assumed at 15 percent per annum. Finally, process steam is valued
at 2.5 dollars per 1000 1bs. produced (3).

Once more discussing only the Pratt-Whitney GG-12 design for
simplicity, a total fixed capital investment of $112,800 is necessary
for all equipment, piping, electrical and installation costs. Total
yearly operating costs including depreciation are $21,200 with
depreciation accounting for $11,300 of this amount. A total of
$122,200 in revenues is generated via the sale of 150 psia steam.

A payout period of 1.8 years is expected for 25 percent steam factor
operation. Table 51 presents the individual equipment and installa-
tion costs for all three driver base cases. Table 52 presents the

yearly operating costs for each of these base cases.
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