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ABSTRACT

The Oak Ridge National Laboratory site has a steam district
heating system that was installed in the early 1940's. A large portion
of the steam distribution system is buried, and recently there have
been failures in the buried pipelines. This investigation compares the
economics of renovating the existing east-end steam system with the
economics of replacing this portion with a new hot water system. A
decision must be made on the future of this portion of the system since
it can no longer be considered reliable.

Renovation of the east-end portion of the steam system would
include replacement of approximately 6,000 ft of pipe and is estimated
to cost $4,160,000. It is anticipated that renovation to the east-end
system would reduce the annual fuel bill by about 15% and cut mainte-
nance costs. The new hot water system option would include installing
15,000 ft of buried piping at the east end of the plant. It would also
include converting the buildings to be compatible with a new hot water
system. This option would cost about $3,000,000 more than the steam
renovation option; however, the hot water option has an annual savings
in fuel and maintenance of about $665,000 over the steam renovation.
The simple payback for the hot water option is 4.5 years. The hot
water option is attractive, and it is recommended that the development
of this system be pursued,



1. INTRODUCTION
1.1 Purpose and Scope of Study

The Dak Ridge National Laboratory (ORNL) steam district heating sys-
tem was originally built in the early 1940s and was modified and expanded
in the 1950s and 1960s. A large portion of the system is buried, and
recently there have been a number of failures in the buried pipelines.
The buried piping has been in service for more than 30 years and is
approaching the end of its expected life. A UCC-ND Engineering Division
report! states that most of the system's underground lines will need
replacement to provide another 20 years of serviceable life.

The primary objective of this study is to compare the economics of
major renovations to the portion of the existing steam system located at
the east end of the plant, with the economics of a new hot water system
that would totally replace this portion of the steam system. The eco-
nomic comparison between the two options includes both the capital cost
and the operating cost. It was necessary, therefore, to determine the
cost of the proposed renovation of the present steam system and to make
an estimate of the efficiency of the system after renovation. (Knowing
the efficiency is an essential component in determining the steam system
operating cost.) Also needed was a preliminary design for a hot water
system on which the cost of such a system could be based. An estimate
was also made of the efficiency of the hot water system to calculate its
operating cost.

1.2 Background on the ORNL District Heating System

The ORNL district heating system was orignally built in 1943 and has
been modified and expanded with the change or addition of facilities
until it now includes approximately 3.8 miles of aboveground piping and
2.8 miles of underground piping. A large part of the steam distribution
system located in the east end of the plant consists of buried piping
(10,000 ft). However, the east-end system also has aboveground piping



(8,000 ft). The present steam plant was built in 1948 and was originally
designed and operated on coal. The plant was converted to natural gas
and oil in 1950 and reconverted back to coal in 1980. The plant produces
250-psig steam, of which about 10-15% is used to drive auxiliaries within
the plant and the remaining 90% is exported from the plant to the piping
network. Lower pressure steam, 125 psig, is also distributed to some
areas of the Laboratory.

The steam is used primarily for building and water heating, and the
Jargest single user is the 4500 building complex. However, the most
critical area served by the steam system is the off-gas stacks in the
3000 area. These stacks have induction fans that are driven by electric
motors, but they also have steam turbines on standby to provide backup
for the electric fan drives, The underground portion of the distribution
system services primarily the east end of the X-10 site including the
4500 area, 6000 area, and 7000 area. The aboveground portion of the sys-
tem, which is part of the original system built in 1943, serves primarily
the west end of the laboratory. The aboveground system shows only moder-
ate signs of deterioration. The underground mains, which have been in
seryice over 30 years, are showing evidence of extreme deterioration and
need to be replaced in the near future to avoid extended forced outages.
The east-end system serves approximately two-thirds of the load, and its
availability is critical to both programmatic and service facilities.

The east-end system has significant losses resulting from deteriora-
ting insulation, malfunctioning traps, general system leaks, and no
condensate return. The thermal heat losses through the deteriorated
insulation are a large portion of the energy losses. The failures of the
old-style conduit-enclosed, thermally insulated pipe lines are primarily
due to corrosion of conduit casing with subsequent soaking and deteriora-
tion of the thermal insulation. In addition, there has been failure of
Suried pipelines installed in loose-fill type insulation. The distribu-
tion system has approximately 300 steam traps, and there are approxi-
mately 2% (6 traps) that are in the failure mode at all times. Malfunc-
tioning steam traps act as orifices and allow prime steam to escape.
There are also miscellaneous leaks in the system at valves, underground




bellows joints, and other steam pipe fittings. Generally, a well-
maintained steam system has miscellaneous Jeaks that amount to about 4%
of the total system load. The ORNL system has a much higher potential
for leaks because the failed outer conduit exposes the bare pipe to
groundwater. These leaks are often not easily detected and the mass loss
(water) is dissipated into the surrounding soil. The ORNL steam system
also has no condensate return. The condensate in each of the buildings
is dumped into the sewer at approximately 150°F and this loss of heat
energy amounts to about 10% of the steam energy consumed in the build-
ings. These four types of energy losses result in excess fuel consump-
tion at the steam plant.

The aboveground steam distribution system shows only limited evi-
dence of corrosion or deterioration and, with minor exceptions, could
remain in service for another 10 to 20 years with conventional mainte-
nance. The underground system has excessive deterioration and can be
considered as approaching the end of its expected useful life. The sys-
tem has had a number of failures and now has large energy losses. Some
action must be pursued with regard to the underground system because the
system can no longer be considered reliable.

1.3 History of District Heat ing

District heating is not a new technology. The concept was first
used in Lockport, New York, over 100 years ago. The first systems were
designed around heat-only boilers that supplied steam for space heating.
During the early part of the 20th century, the first small cogeneration/
district heating plants came into existence. These systems used exhaust
steam from small dual-purpose power plants to heat buildings in the near-
by business districts, The concept was successful and district heating
combined with cogeneration was widely accepted. During the 1950s, the
introduction of inexpensive oil and natural gas for space heating reduced
the rapid growth of district heating. At the same time, utilities were
introducing large, condensing electric power plants remotely located from
urban areas. It was not economical to transport steam over the long



distances from the power plants to urban areas. As the smaller, older
cogeneration units were retired, sources for the steam district heating
were eliminated and the cost of supplying steam from heat-only boilers
escalated, making district heating even less attractive.

In the United States almost all of the commercial district heating
systems utilize steam as the distribution media. The first systems were
low-pressure systems of generally 5-10 psig. As the decades passed,
steam pressures increased and most current city systems distribute steam
in the range of 100-150 psig. This increase in pressure allows the sys-
tems to have larger steam capacities with smaller piping. Many of the
U.S. city systems went out of business in the 1960s and 1970s due to (1)
the competition from cheap oil and natural gas, (2) the cost increases
during the transition from use of exhaust steam to prime steam, and (3)
the inefficiencies of steam distribution technology.

The history of district heating in Europe was somewhat different
from that in the United States. The development of district heating in
northern and eastern Europe started in the early 1950s. Hot water,
rather than steam, was used as a transport media and the systems have
proven to be more economical. They are significantly cheaper to build
and generally have significantly lower losses. In addition, the hot
water systems have lower maintenance costs.

Sweden, a country with 8.1 million people, has been one of the
leaders in the development of modern district heating systems. Approxi-
mately 3 million Swedes live or work in premises served by hot water dis-
trict heating. The country has installed systems with a total capacity
of 15,000 MW(t) and expects to have an installed capacity of 30,000 MW(t)
by year 2000. There are approximately 100 cities in Sweden with district
heating, and all of the larger systems have incorporated cogeneration.
The standard design for modern hot water systems is as follows: the sys-
tem pressure is 250 psig, the hot water supply temperature varies between
175°F and 250°F, and the return temperature varies between 130°F and
170°F. The variation of supply and return water temperatures in



relationship to outside temperatures for a typical system is given in
Fig. 1.1.

Recently the European concept has been introduced into two U.S.
cities, St. Paul and Willmar, Minnesota. The hot water project in St.
Paul started construction and operation in the summer and the fall of
1983, respectively. The entire first phase of the St. Paul project will
take two summers to construct and will connect approximately 100 build-
ings for a total of 150 MW(t) peak load. The system spans the St. Paul
business district (Fig. 1.2) and includes privately owned office and
retail buildings, city and county government buildings, hospitals, the
State Capitol complex, and one industrial customer. The city of Willmar,
Minnesota (population 20,000), replaced an old steam system with a modern
hot water system in the summer of 1982. The first phase of the hot water
system was constructed in the central busfness district (Fig. 1.3). The
system serves a thermal load of about 10 MW(t) and includes about 12,000
ft of distribution network. Figure 1.4 shows an example of the piping
and service connections in Willmar. The installed cost including engi-
neering and capitalization was slightly over $2,000,000. This sum also
includes a heat conversion station which costs about $450,000. Willmar's
piping system, which mostly includes small diameter pipe, was installed
for approximately $125/ft of distribution system. The Willmar system
started its second stage of development in the summer of 1983.

1.4 Comparison of Steam and Hot Water Systems

The comparison between steam and hot water systems in this section
will be Timited to applications that serve space heating loads. There
will be no discussion of process application which strongly favors steam
distribution. The comparison between hot water and steam will be made in
three areas, (1) capital cost, (2) efficiencies of the systems, and (3)
maintenance of the systems. The comparison will be between a typical
100-psig city steam system and a low-temperature (< 250°F) hot water
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system. A direct comparison between ORNL's 250-psig steam system and a
low-temperature water system would only amplify the differences.

The capital cost of a conventional 100-psig steam system is gener-
ally at least double the cost of a modern low-temperature water sytem.
There are several reasons for this cost differential. Steam systems gen-
erally use schedule 40 pipe as compared to something betweem schedule 10
and schedule 20 pipe for hot water. The material in the hot water design
is about half that of the schedule 40 steam design. The main reason for
requiring the thicker wall pipe in the steam system is the thermal expan-
sfon stresses due to the higher temperatures. The lower temperatures in
the hot water system result in less thermal stresses thereby allowing the
thinner wall construction. The lower temperatures also allow for the use
of a relatively cheap polyurethane foam insulation and the polyethylene
jacket. Polyurethane foam will only withstand temperatures up to about
266°F and is therefore not useful in most steam systems. Moreover, due
to the lower temperatures and lower thermal stresses, the hot water sys-
tems can be designed with fewer expansion loops. Some manufacturers are
even trying to eliminate bellows and thermal expansion loops. These are
so-called "No Comp" systems which can save an additional 5-10%. The
design of the hot water systems also includes shallow pipe burial. The
systems have prefabricated fittings and joints that are conducive to easy
installation.

Some data are available on the installed cost of modern district
heating piping in the United States. As mentioned previously, the hot
water system in Willmar, Minnesota, was installed for approximately
$125/ft of network length. The system in St. Paul, for comparable size
piping, will cost approximately $200/ft. The installed cost of a typical
100-psig steam system ranges in price from $300 to $500/ft. The data,
therefore, indicate that a new steam system is significantly higher in
cost than a new hot water system.

A new steam system with condensate return will have operating effi-
ciencies in the range of 85-90%. The losses include about 10% conduction
losses through the insulation, 1% losses from malfunctioning traps, and
4% from miscellaneous leaks. In comparison, a new hot water system will
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have an efficiency of 90-95%. Almost all of the losses are conduction
through the insulation, and these are less than the conduction losses in
a steam system due to the lower operating temperatures. The hot water
systems also have no losses due to malfunctioning traps since there are
no traps, and leaks in the water system are much easier to detect and
repair. A new steam system with no condensate return can have operating
efficiencies as high as 75-80%. The International District Heating
Association (IDHA) has operating statistics on 50 U.S. city steam sys-
tems. These systems range in efficiency from approximately 85% down to
40%. The majority of the systems are older systems such as the one at
ORNL, and most of them operate in the range of 50-60% efficiency. The
European district heating organization UNICHAL has operating statistics
on several hundred European hot water systems, and the vast majority of
these have operating efficiencies of 90-95%.

The maintenance comparison between a steam system and a hot water
system is similar to the efficiency comparison. The statistics from the
Swedish district heating association show a cost for maintenance of
0.4-1% per year of the capital investment, and the majority of the sys-
tems average 0.5% per year. It is estimated that the average for a new
steam system would range between 1-2% per year.

The advantages of the hot water systems are quite clear, and it
makes sense to thoroughly investigate the use of this technology at
ORNL .
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2. STATUS OF THE ORNL STEAM SYSTEM

2.1 Description of the System

The ORNL steam system can be considered to consist of three parts:
(1) the steam plant (building 2519), (2) the steam distribution system
consisting of steam pipes, and (3) the internal building heating equip-
ment which uses steam. These three elements of the stean system are des-
cribed in this section. The steam plant consists of five boilers with a
combined capacity of 300,000 1b/h of steam at 250 psig. Boilers 1
through 3 were installed in 1948 and burned coal until converted to burn
natural gas in 1950. Boiler 4, which is nearly identical to boilers 1-3,
was installed in 1956. In 1980 these four boilers were converted back to
burning coal. Presently, these four boilers burn a washed and sized
coal, and each boiler produces 50,000 1b/h of steam. These boilers are
still capable of burning natural gas or #2 oil, but because of modifica-
tions they can produce only about 25,000 1b/h of steam on gas or oil.
Boiler § is designed to burn natural gas or #2 ofl. It has a capacity of
100,000 1b/h and is presently used as a backup boiler when either boilers
1-4 have insufficient capacity or one of theam is out of service for
repairs.

Steam leaves the plant through four lines (Fig. 2.1). Two 250-psig
lines leave the south side of the plant. Another 250-psig line leaves
the north side of the plant. The fourth line leaves the west side of the
plant with 125-psig steam after passing through a pressure-reducing
valve. Although there are four lines that leave the plant, the system is
classified as having three networks. The simplest network is the 250-
psig line which leaves the south side of the plant and goes to the 7500
area. The second network is defined by the 250-psig loop that serves the
east end of the complex. From this loop there are branches to the 7000
area and to the 6000 area. This system will be termed the east-end sys-
tem or the buried system (a large segment of the piping is underground).
The third network is a 125-psig system that serves the area north and
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west of the steam plant. This system serves the buildings in the 1500,
2000, 2500, and 3000 areas. This will be called the west-end system.

There are approximately 6.6 miles of pipe in the distribution system
of which 3.8 miles are aboveground and 2.8 miles are underground. The
east-end system has about 10,000 ft of the buried pipe and a total of
about 18,000 ft of pipe. Most of the system is composed of 6- and 8~in.-
diam. insulated steam pipe, but there are some sections of 3- and 4-in.-
diam. pipe. There is no condensate return piping. The condensate is
dumped into the storm sewer system.

Approximately 10-15% of the boiler's steam output is used in the
plant to run pumps and fans. In recent years the peak steam production
rate has been 208,000 1b/h including the internal plant use. A limited
amount of boiler output data are available. Figure 2.2 displays average
boiler output against monthly heating degree days for five months in the
winter of 1981-82. The points are the measured data, and the line is the
least-square-fitted straight line through the data.

The steam system supplies heat to over 100 buildings. There is
only a limited amount of available steam consumption data for the
buildings. There are steam meters in 30 buildings and steam consumption
data were monitored from August 1976 through June 1982. Of those 30
metered buildings, 22 had useful data for the winter of 1981-82. An
estimate by 0. A. Kelley, UCC-ND Engineering, put the steam consumption
for these 22 buildings at about 45% of the steam consumption for all the
buildings (the curve labeled 22 metered building loads, Fig. 2.2). The
stean meter in building 4500N was unreliable and its steam consumption
had to be estimated. It was estimated that 15% of the total building
steam consumption is made for 4500N. This estimate was based on that
building's thermal envelope and airflow data. These 22 buildings plus
building 4500N are estimated to use 60% of the total building steam con-
sumption. The remaining buildings consumed the other 40%.

Using the data and the estimates, curves were developed for both the
boiler output and the total building steam demand as a function of daily
heating degree days (Fig. 2.3). The plant's sendout curve was developed
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by multiplying the boiler output curve by 90%t. The difference between
these curves accounts for the internal usage within the steam plant. The
difference between the plant sendout curve and the total building steam
demand curve is the mass loss on the steam distribution system. In par-
ticular, note the magnitude of these losses. During the heating season
the losses amount to an equivalent of 35,000 1b/h while in the summer
they are reduced to approximately 20,000 1b/h. The reason for the lower
levels in the summer is due to shutting off selected l1ines on the steam
system. The total building thermal load curve was developed by multiply-
ing the total building steam demand by 90%. The difference between these
two curves accounts for the heat energy in the condensate that is dumped
to the sewer.

The curves and information presented in this section are based
largely on estimated values. The total building steam load estimates
presented here easily could be 10-20% too large or too small, but at the
present time this is the best estimate available. To obtain better
values would require detailed building analysis or steam metering.

2.2 Steam System Energy Losses

The mass loss in the steam distribution system, the difference
between plant sendout and building steam demand, consists of three com-
panents: heat conduction through the pipe insulation, losses from steam
traps, and miscellaneous losses due to steam leaks and exposure of the
pipe to groundwater. The conduction heat losses depend on the condition
of the pipe insulation and the environment in which the pipe is located.
For instance, a buried pipe is exposed to ground temperatures which vary
between 40 and 70°F, while an aboveground pipe is exposed to temperatures
between 5 and 100°F.

The pressure/flow computer modeling of the system (Appendix B) sums
the conduction heat losses for the piping distribution system. For dry
insulation in good condition, the conduction heat loss accounts for about
5,000 1b/h of condensate. From the temperature measurement study (Appen-
dix A) the heat loss from the buried pipes in the 4500 area suggests that
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the insulation is damaged to the extent that the average heat loss is
four times higher than the estimate for good insulation. Another

studyz also found that some of the aboveground pipe's insulation was
missing or slightly damaged. Combining these two estimates, the pressure
flow mode]l predicted a conduction heat loss of 15,000 1b/h of condensate.
The conduction losses are lower in the summer due to shutting off some
steam mains. Therefore, for the analysis herein, the yearly average con-
duction heat loss is assumed to be 10,000 1b/h. The steam enthalpy is
1,200 Btu/1b and the steam system operates 8,760 hours during the year.
Therefore, the annual conduction heat loss through insulation amounts to
approximately 100 x 109 Btu/yr.

There are approximately 300 steam traps on the steam distribution
system. There are also several hundred additional traps within the
buildings. However, for this segment of the analysis the only concern is
with those on the steam distribution system. Steam traps, unlike steam
pipes, generally are not insulated. A properly functioning steam trap
should be no more than about 30°F colder than the steam syﬁtem*4 It
was assumed here that a typical trap is 10°F colder than the system.

This means a trap on the 250-psig system is at 396°F and a trap on the
125-psig system is at 340°F. Most of the traps on the system are
inverted bucket traps. A typical properly functioning trap will lose
heat at a rate that is equivalent to & in. of uninsulated 4-in. pipe,
about 1000 Btu/h. For all 300 traps, this amounts to 3 x 109 Btu/yr.
In addition to this loss there are also traps in the failure mode. At
any one time an estimated 6 traps (2%) are in the failure mode with the
orifice open. A typical trap in this system has a 5/64-in.-diam. ori-
fice. To be somewhat conservative it was assumed that the traps have
1/16-in.-diam, orifices, and, therefore, the 6 traps give an annual
energy loss of 3 x 109 Btu/yr. This total trap loss for both conduc-
tion and the malfunctioning traps amounts to 6 x 109 Btu/yr.

Steam leaks and exposure of pipe insulation to groundwater, the
third component of energy losses, are much more difficult to estimate.
These two mechanisms are difficult to separate, and therefore are treated
as one component. There is considerable evidence that portions of the
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underground pipe at ORNL are exposed to groundwater. Heat losses from
the piping increase dramatically for this situation since the heat is
advected from the pipe by the groundwater. It was beyond the scope of
this study to determine the lengths of pipe exposed to groundwater.
However, 0. A. Kelley3 of UCC-ND Engineering observed heat loss rates

of 2,400-13,000 Btu/h per linear foot for buried pipe exposed to ground-
water. This implies that 100 ft of this pipe would have heat losses of 2
x 109 to 11 x 109 Btu/yr.

Steam pipe leaks can increase the heat loss as much if not more than
damaged insulation. For instance, a 1/8-in. hole (or four 1/16-in.
holes) in a 250-psig line will lose about 2.3 x 109 Btu/yr. As identi-
fied in the infrared and temperature measurements study (Appendix A),
there are three possible leaks in the buried system, and it can be
assumed there are more that are yet unidentified. Just ten 1/8-in. holes
in the buried system would lose 23 x 109 Btu/yr.

The losses discussed in this section are engineering estimates. The
steam pipe conduction losses and the trap losses are probably the most
reliable. The number of leaks is not based on any real count. For the
buried system, detecting leaks is difficult and counting leaks is imprac-
tical. However, leaks and buried pipes exposed to groundwater are
responsible for a significant part of the system energy loss.

2.3 Annual System Efficiency

The annual steam production from the boilers is about 700 x 106
1b/yr of steam. Approximately 10-15% is used within the plant, there-
fore, about 600 x 108 1bs (720 x 109 Btu) is put into the steam dis-
tribution system (Table 2.1). The steam distribution system mass losses
(Fig. 2.3) amount to 35,000 1b/h during the winter heating season and
20,000 1b/h during the summer. A conservative estimate of the average is
25,000 1b/h for the whole year. This is equivalent to 220 x 106 1b/yr
(264 x 109 Btu). The building yearly steam consumption is 456 x 109
Btu (720 x 109 - 264 x 109). As indicated in Sect. 2.1, about 10% of
this energy is dumped to the sewer. Therefore, the annual building heat
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Table 2.1 Annual steam system operating efficiency

Annual energy put into the
steam distribution system, 600 x 106 x 1200 Btu/1b 720 x 109 Btu

Annual mass losses of steam
distribution system, 25,000 1b/h x 8760 h x 1200 Btu/h 264 x 109 Btu

Annual building steam

consumption, 720 x 109 - 264 x 109 456 x 109 Btu
Annual building heat energy

consumption, 0.9 x 456 x 109 410 x 109 Btu
Annual system energy

losses, 720 x 109 - 410 x 109 310 x 109 Btu
Annual operating efficiency, 410 x 109 s 720 x 109 57%

energy consumption is 90% of the buildings' steam consumption. The
annual building heat consumption is 410 x 109 Btu which results in an
overall system efficiency of approximately 57%.

For the winter of 1981-82, the annual fuel bill for coal, oil, and
gas was approximately $2,100,000. Fuel cost for the winter of 1982-83
was lower due to lower coal prices caused by a depressed coal market.
The $2,100,000 fuel bill is assumed in this study to be a reasonable
estimate for future fuel bills. The overall system efficiency of 57%
implies that the losses amount to $900,000 in wasted fuel.

As estimated in the previous section, the mass losses due to conduc-
tion were about 100 x 109 Btu and the losses due to traps were about 6
x 109 Btu. Therefore, the difference between the total mass losses of
264 x 109 Btu and 106 x 109 Btu is assumed to be due to leaks and
exposure to groundwater. These losses amount to 158 x 109 Btu and
indicate that exposure to groundwater and leaks are the dominate losses.

It will be necessary in later sections to know the losses on the
different parts of the system. This is especially true for the east-end
system where comparison will be made with a new hot water system. The
loads on the east-end system are assumed to be two-thirds of the total
building heat load or 275 x 109 Btu/yr (0.67 x 410 x 109). This
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implies that the buildings on the west-end system and the system that
serves the 7500 area use 135 x 109 Btu/year. Knowing these loads

allows one to write the following equation in terms of the efficiency of
the east-end system and the efficiency of the west-end system.

east-end west-end and
system 7500 area
system

275 x 109 135 x 107
Effeast Effwest

720 x 109 .

This equation has two unknowns and can only be solved if there is
another equation relating the two unknown parameters. However, since
there is a known overall system efficiency and some known characteristics
on each of the subsystems, an engineering estimate was made. The east-
end system was assumed to have a lower efficiency than the overall sys-
tem. Therefore an assumed efficiency of 53% for the east-end systanm
results in a 67% efficiency of the west-end system. This appears to be a
reasonable estimate and is used in the following chapters.

2.4 Steam System Capacity

Pressure/flow modeling of the steam distribution system (Appendix B)
was done to analyze the losses and the capacity of the system, This sec-
tion will be limited to a summary about the system capacity. The model-
ing was performed with a computer program that determines the balanced
steady-state pressure flow relationship for a steam system. Two cases
were analyzed; both were for a peak-hour building load of 123,000 1b/h.
The first case modeled the system as it presently exists with a 250-psig
sendout pressure. The second case modeled the system with a reduced
sendout pressure of 200 psig.

The first case was an attempt to match the system as it is presently
operated on a peak day. The pressures are given for various locations in
Fig. 2.4. The lowest pressures on the high-pressure system are 226 psig
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in the 6000 area and 226 psig in the 7000 area. This 24-psig pressure
drop indicates that the system has excess capacity and could serve a
peak-hour building load of perhaps 175,000 1b/h.

A second case was modeled to determine the pressure drop at a
reduced sendout pressure of 200 psig. The pressure map for this case is
presented in Fig. 2.5 and shows low pressures on the high-pressure system
in the 6000 and 7000 area of 170 psig. Since the off-gas stack turbines
in the 3000 area need only 125-psig steam, there is considerable margin
in the distribution system to operate at reduced pressures. However, the
modeling does not take into account the control systems in the buildings
which might need the higher pressures to supply the capacity.
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3. RENOVATION OPTIONS FOR THE EXISTING STEAM DISTRIBUTION SYSTEM

A report evaluating the existing ORNML steam distribution was pub-
lished in April 1983 by UCC-ND Engineering.! This chapter uses much of
the material from the Engineering report. That report concludes that the
aboveground piping shows little or no evidence of corrosion or deteriora-
tion and should be able to remain in service for another 20 years with
conventional maintenance and repairs. However, the situation with the
underground piping is completely different. The underground piping has
been in service for 30 years and can no longer be considered reliable.
There are failures in the buried pipelines installed in the loose-fill
type insu1atiuq. There are a number of leaks due to pitting corrosion
resulting from the insulation being wet. There is also the potential for
additional ruptures in the remaining underground bellows type expansion
joints that will result in the release of raw steam. However, the most
costly failures are in the old-style steel conduit enclosed pipelines;
primarily due to corrosion of the conduit casing with subsequential soak-
ing of the thermal insulation and resulting excessive energy losses (Fig.
3.1). A1l of this is reported by UCC-ND Engineering and is further veri-
fied by the infrared and temperature measurements conducted in this
investigation.

3.1 Renovation Needs to Upgrade the System

Several categories of changes are needed for upgrading the steam
distribution system to provide another 20 years of service. The list of
changes given in Table 3.1 includes improvements in operating efficiency,
replacement of loose-fill insulation in underground mains, replacement of
underfloor mains with mains around buildings, adding loop mains, refur-
bishment of system parts, and replacement of old-style steel conduit
mains. There are six categories of renovations of which the first five
are classified as high priority or urgent. The last category, replace-
ment of old-style steel conduit, is classified as priority 2, which means
it must be done in the near future. The refurbishment list provided in
the Engineering Division evaluation report is much more extensive than
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Deteriorated insulation resulting from failures in the outer conduit.

Fig. 3.1. Failures in the old-style steel conduit enclosed pipelines.



Tasle 1.1 Stess syitem renowai lgns

TALTmated cawk

Remaining to replsces
Description of silimated Prysical Technology refurbish Fund lng
equipeent or Lyiten 1ife [ypoars) condit fon status {3000} priority Comments
1. [Improvement in Operating Efficiency
Mpaveground replacement of under- b-2 Faor Iradequate 200 1 1200 Tt of pipe
ground maln S5O0 to 7000 areas, Phase 7
?. Replace Underground Mains
B-in., 750-pufg main along Centra) 8.2 Poor Unrrelfanlie M5 1 Tommitted
Ave. between Fourth and Fifth Streets M0 1 of plae
B=fn., #50-paig along Third Street g-2 Poor Unrelishle 1o i 700 1t of pipe
3, Replace Ungerflogr Malas with Dutside
Wyins Fround Bulldings
B-in. ot bullding 5500 0-2 Poar Unrel{sble 02 1

A, Add Loop Mainy Between:

Main wupplies to bldg. G000 and Wi S Current a57 1
7000 ares, underground

Mave 3-In, bldgs. TOL? and 7018 Mot i Current 148 1
Abgveground d-in. from ltea | to Hew e Current Iap z
1000 area
5. Refurbisheent of Syitem Parts
Add rv cperiators and emtension stems Fiw fiw Current 54 1
to pit 1salating valves
Modify plping In Pits 29 and 40 and hew Hew Current &5 1
upgrade piping from 125 psig to 250 psig -
Subtotal 1216
6. Egh:u Insulated Mains in Old Style
2Ee0) LonguitL
B-in,, #50-pilg endérground maln alo 5-10 Fal
Cantral Ave. 1n 4500 ores Amd sest of i i " 2 $E50 Bt 'ot-piie
blidg. 4500N
B-in., 750-pstq underground along South- 3-10 Fal
slde Drive from bldg 3502 to .m_ 5500 hr Unreliable B64 : 1200 ft oF plge
in. i
H Luﬁg-nﬁ § underground between bldgs. 310 Falr Unreliable 397 z 1200 ft of pipe

Subtotal 1853
Grand total D069

{2

*These ftems aot Included In cost comparison.
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this limited list. The 1list provided in this report only focuses on the
buried piping system that would be replaced by the proposed hot water
system. This was done to allow a direct comparison between the invest-
ment that would be made in the renovation of the east-end steam system
versus the new hot water system.

3.2 High Priority Renovation of the Underground System

There were five basic categories that were classified as high
priority. The first of these is improvement in operating efficiency and
the main item under this category is the replacement of the underground
mains to the 7000 area with aboveground low-profile pipelines. The
existing underground line is in contact with the groundwater and thereby
has excessive heat loss. The estimated cost for the replacement is
$200,000. This project is already under construction, and therefore is
not included in the cost simulation in Table 3.1. The second category is
the replacement of underground mains. One of the segments that needs
replacing is an B-in. underground line along Central Avenue between
Fourth Street and building 3500. The failure of the insulation on this
line resulted in an accident that caused an individual to be burned. The
line was uncovered and a determination was made that there was a need for
immediate replacement. The direct cost for replacement is $345,000.

This 1ine is an example of what could happen to other sections of the
underground system, specifically the piping replacements listed under
category 6. This project was not included in the cost savings due to the
fact that a steam line will be needed to service the off-gas stack. The
second segment that needs replacement under this category is an 8-in.
underground line along Third Street. This is a 200-ft section of pipe
that is believed to be in the loose-fill type insulation. There are
indications that the insulation is saturated and that there is pitting of
the pipe due to corrosion. It is estimated that this section can be
replaced for $100,000. This project was also not included in the cost
savings due to the fact that a steam line will be needed to service the
off-gas stack.
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The third category for renovation is replacement of underfloor mains
with mains around buildings. The line to be replaced is the steam line
that passes under building 5500, the high voltage accelerator laboratory.
These underground lines have been in service for 25 years or more and
there is some speculation of wet insulation. The cost of re-routing this
1ine is estimated to be $302,000. The fourth category is the adding of
loops to interconnect the system so that steam can be supplied from two
directions. This was proposed because certain mains on the system are
not reliable, and extended and costly outages could occur. The added
looping is required because of the steam system's age and condition.

Even after the other renovations are made, about two-thirds of the old
system piping will remain in service, and the looping is necessary to
insure decent reliabiity. The fifth category for renovation is the
refurbishment of system parts. This includes added gear operators and
extension steam to pit isolating valves. These are now necessary due to
safety rules which reguire shutting off of the steam before entering a
pit. Also under category five is the modification of the piping in Pits
29 and 40, and an upgrade of the piping from 125 psig to 250 psiq. Both
of these pits are in the 6000 area. The renovations in category five are
estimated to cost $109,000,

The cost for renovation for all of these projects would be about
$1,016,000. If a decision is made to proceed with a hot water system,
all attempts should be made to avoid making this investment. If portions
of the investment cannot be avoided, then all attempts should be made to
minimize the investment. That means making only those repairs that are
absolutely necessary.

3.3 Renovations Needed for Upgrading the System to Provide
Another Twenty Years of Service

The sixth category listed in Table 3.1 is replacement of old-style
steel conduit mains. Replacement of the 8-in. 1line in front of 4500N,
and the 8-in. line east of 4500N, is recommended. Also recommended is
replacement of a long section of 8-in. line along Southside Drive from
building 3502 to building 5500. The third renovation listed under this
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category is the replacement of the 4-in. line from building 4500N to
building 6010. The replacement of all these lines is a major investment,
estimated to be $1,853,000.

The Engineering report indicates that the replacement of these lines
will be necessary over the next 3 to 10 years. These are listed as
priority 2 investments. From the new information from the ground temper-
ature measurements (Appendix A), these lines will have to be replaced
soon. The temperature measurements at several points indicate that there
are either leaks or groundwater is in direct contact with the steam pipe.
This situation is not stable and it is speculated that the leaks will
tend to grow and cause a safety hazard similar to the situation in front
of building 3525 as described under category 2. It is therefore antici-
pated that these replacements will have to be made in the same time frame
as the other five cateqories of renovations.

3.4 Summary of the Cost of Renovation

The buried system (primarily in the east end of the plant) will need
renovation in the near future. If a decision is made to renovate the
existing steam system, it is recommended that the projects proposed in
Table 3.1 all be implemented at the same time. The priority 2 renova-
tions of replacement of old-style steel conduit mains should be changed
to a priority 1 investment. Recent temperature measurements indicate
potential serious problems that could affect both reliability and safety.
The total cost for all of the renovations is $2,869,000. This investment
will be directly compared with the new hot water system that is described
in Sect. 4.

The operating efficiency improvements resulting from these renova-
tions are difficult to estimate because of the losses in the present sys-
tem. As presented in Sect. 2, the existing plant produces about 700 x
106 1b/yr of steam and exports to the distribution system about 600 x
106 1b (720 x 109 Btu). Presently the east-end system fis about 53%
efficient and requires 432 x 106 1b (519 x 109 Btu). The east-end
system consists of about 18,000 ft of pipe of which 6,000 ft would be
replaced under the proposed renovations. Therefore, it s estimated that
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the losses would only be reduced by an average of 8,000 1b/h. This
amounts to 70 x 106 1b/yr (84 x 109 Btu). The east-end system would

then have an annual operating efficiency of 63%. With an assumed sendout
steam fuel cost of $3.00/10% ptu ($2.1 x 106/720 x 109 Btu), the

annual savings in the fuel bill will amount to $252,000,

In addition to the fuel savings, the renovations would also lower
the maintenance costs. In calendar year 1983 the maintenance costs were
about $500,000; this includes conventional maintenance plus emergency
repairs. The emergency repairs were considerable since major sections of
lines were replaced. After the system is completely renovated, the main-
tenance cost should be considerably lower. However, there is still about
two-thirds of the system that consists of older piping, which implies
that the maintenance could be on the order of $200,000 per year.




33

4. DEVELOPMENT OF A NEW HOT WATER DISTRICT HEATING SYSTEM
AT THE ORNL SITE

The United States and Canada are virtually the only northern indus-
trialized countries with any significant steam district heating. The
northern Europeans, since the early 1950s, have developed and refined a
hot water district heating technology. In the European systems, steam is
generally limited to serving process loads. There are several hybrid hot
water-steam systems where the hot water serves the large space heating
load, and the steam serves a much smaller industrial process load. The
hot water technology based on the European philosophy of design clearly
supersedes steam for space heating applications. Therefore, one of the
main objectives of this study was to determine the economic viability of
replacing most of the buried steam'system at ORNL with a new hot water
system. This not only means replacing the pipe, but also converting the
building systems to be compatible with the new hot water system.

4.1 Modern Hot Water District Heating Piping Technology

The piping design is assumed to be based on the well-proven WVF
(Varme Verks Foreningen) standards used throughout Europe. The piping
generally used in the modern hot water systems consists of two buried
steel carrier pipes insulated with a high-density polyurethane foam and
jacketed with a high-density polyethylene (Fig. 4.1). The pipe has thin
walls, something between a schedule 10 and a schedule 20, which is suffi-
cient to handle the thermal stresses induced by the 250°F temperatures.
The high-density polyurethane foam insulation is stable at temperatures
only up to 266"F. The foam insulation acts to transfer thermal stresses
to the surrounding backfill which is normally a washed sand. Pipe insu-
lation is also equipped with a double-wire alarm system which alerts
operators to leaks or damage. The alarm system can be used to determine
the location of the faults within three feet. The specifics of this
technology are not limited to buried piping systems. There are analogous
modifications to the design for aboveground piping. As in the case with
steam systems, aboveground piping is cheaper than buried installations
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Fig. 4.1. Modern hot water piping technology.
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and should be considered for some parts of the new hot water system at
ORNL .

The hot water system requires a minimum number of vaults. One of
the main reasons for vaults in steam systems is traps and hot water sys-
tems have no traps. Vaults are used only for bellows and valves in hot
water systems. However, many times even the valves are buried directly.
Generally, expansion is allowed by either bends or bellows type compensa-
tors. However, it should be noted that modifications to this approach
are available. One new design is classified as a "No Comp" system. This
involves thermal prestressing of the pipe prior to backfill and compac-
tion. In principle, if no compensation devices or U-bends are required,
a 5-10% cost savings is possible. Drawbacks include complicated and
somewhat delicate construction techniques and the necessity to keep
trenches open for relatively long periods of time. In some instances
prolonged outage may damage the pipe if the "No Comp" technigue is used.

4.2 Building Thermal Loads

The building heating loads are the foundation of a proper investiga-
tion of district heating. Thus, care must be taken to obtain accurate
estimates of these loads as well as forecasting future additions. Loads
on the existing buildings at ORNL were determined fram (1) metered steam
flow data and (2) estimates based on building thermal envelope and
exhaust air flow data. Considerable judgment was required to interpret
these data. The building steam meters were installed for information
purposes only, and there was little incentive to maintain them. Thus,
the historical meter data had to be examined carefully for each building
to determine if they were reasonable. Estimating the loads from the
building thermal envelope and air flow data is difficult at ORNL because
of the wide spectrum of activities at the Laboratory. Many buildings
contain large heat sources, such as laboratory equipment or main frame
computers. Exhaust air requirements in the laboratories located in dif-
ferent buildings often are large and varying.

To compensate for the weakness of the building loads data, conserva-
tive estimates of the loads were used in all cases. Appendix C gives a
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tabulation of these loads. Conservative estimates of the building loads
will tend to cause piping sizes to be higher with concurrently higher
costs. Experience has shown that this error usually will be relatively
small. MNevertheless, more accurate energy load estimates must be
performed before construction. It is also important that future energy
conservation measures be considered in these estimates.

4.3 Civil and Basic Piping Layout

The soils at the X-10 site had been reported as lean clays which are
generally a simple environment for trenching. The only unusually high
groundwater was in the area of the steam line running between building
5505 and the 7000 area. Other than this area, because of the relatively
shallow trenches (3-4 ft) it is anticipated that only conventional trench
drains will be required. The hot water district heating pipe is designed
to withstand reasonable groundwater pressures. A potential significant
factor that has been reported is the existence of soils having a low
level of radioactivity. Such areas could affect the route of the pipe as
well as increase the cost of construction. This must be carefully con-
sidered before construction.

Two basic piping networks (Figs. 4.2 and 4.3) are presented as pos-
sible options representing different approaches to “"looping". These lay-
outs do not take into account the existing underground utilities, unusual
soil conditions that may exist in the area, or specific locations for
compensation bends or vaults. An attempt was made to keep within the
ORNL streets where possible. There are no major advantages for locating
the piping in the street and other options should be investigated before
construction. More detailed information on soils and utilities is needed
before a decision on the locations of piping can be made. Routing
changes resulting from this information may be important, but they are
not likely to materially affect the cost.

The pipes were sized by conventional load/pressure/flow relations.

A diversity of 90% was used on most branches with 100% used on individual
service connections. This is a conservative simplified assumption and
should be improved upon as details of the loads are obtained. In both
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alternatives the pipes are sized to supply the 6000 and 7000 buildings
through either of the main lines. Beyond that capability, no extra
looping capacity has been included. Naturally, since all sizes are
related to peak loads there will be excess capacity available during
periods of less than peak demand. Capacity has been included for service
to the 2000 area.

The largest size pipe needed in either alternative is 12-in.-diam
that 'will serve as the main trunk line out of the plant. Alternative 1
has approximately 30,000 ft of various diameter pipes (Table 4.1) which
means about 15,000 ft of trench for the piping system. One option that
should be considered in the detailed design is to use the existing steam
line to the 7000 area as part of the hot water system. Since it is rela-
tively new, it could be used as a return water line and a new supply line
could be constructed parallel to the existing line. This could reduce
costs, however for this study it was assumed that both a new supply and
return line would be run to the 7000 area.

Table 4.1 ORNL piping Sumnpary

Pipln? diameter Length of trench*
in.) [ft]

Aternate 1
12 1320

1140

560

2490

2830

960

B 2110

e
Fud Bad = LR O 0D O

Alternate 2

12 410
10 2400
1640

570

2310

2730

220

5 2050

P G - O ON D

¥Oistances represent the estimated trench
length. A dual piping Tength wil]l be twice the
trench length (the smaller service connections
are not fncluded).
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4.4 Basic Design for a Hot Water Conversion Plant

The hot water system will require a source of hot water which is
assumed to be the existing coal plant facility. It is assumed that a
suitable site can be found adjacent to the existing steam plant for the
conversion plant. Steam would be transmitted from the steam plant to the
conversion plant. It is recommended that the steam be transmitted at the
lowest possible pressures (30 psig) to allow for future flexibility. It
is also assumed that a condensate return line would be installed from the
conversion plant back to the steam plant. The equipment in the conver-
sion plant includes heat exchangers, water expansion compensators, water
pressurization equipment, and circulating pumps.

The proper design for the conversion plant is critical to a reliable
operation, but its construction should be relatively straightforward.
Figure 4.4 is a picture of a recently constructed hot water conversion
plant for the municipal utility in Willmar, Minnesota. This plant cost
approximately $450,000 which includes a brick exterior and contemporary
architecture. Figure 4.5 is the detailed layout for the Willmar conver-
sion plant. This conversion plant was sized for about 25 MW(t) capacity.
It is estimated that the ORNL plant would be slightly larger at approxi-
mately 35 MW(t).

4.5 Technical and Economic Aspects of Building Conversion

One of the more critical aspects of this evaluation is the cost of
converting the building systems to be compatible with a 250°F (120°C) hot
water district heating system. One of the main concerns in cities is the
diversity of the building heating systems in the central business dis-
tricts. This diversity results basically from a wide range in the age of
buildings and the age of the HVAC systems. This concern is not valid at
the ORNL site since the HVAC systems in the larger buildings are all
guite similar.

For this feasibility study the buildings were categorized into large
buildings and small buildings (Table 4.2). In the area of the proposed
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Fig. 4.4. Steam to hot water conversion plant in Willmar, Minnesota.
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Table 4.2 Potential buildings connected to the
new hot water system

Large buildings Smaller buildings
4500N 3525
45008 3550

4501, 4505 and 4507 3505
4508 3517
5500 3508
5505 3504
3500 3503
6000 3502
6010 4509
6025 7000 area

nesw system, the east end of the ORNL site, there are 10 larger buildings
and approximately 15 smaller ones. The large buildings make up the
majority of the loads and the HVAC systems for these large buildings are
relatively uniform. Each building generally has several large air hand-
lers with steam preheat and hot water reheat. The retrofitting of this
type of heating system will be relatively simple because the only modifi-
cation is to the stean preheaters. They either have to be replaced with
hot water coils or possibly retrofitted for hot water use.

In some buildings there is also process steam that is used for
stills and other laboratory experiments. The piping to serve this system
is sized for relatively large loads even though the use of process steam
is limited. It was assumed in this study that these loads would be met
by small electric steam generators and the cost would be included in the
building conversion cost. The cost estimates for the conversion of the
existing building heating systems to use the hot water district heating
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were based on a study performed by Scantec, Inc.® Their study anal yzed
the conversion of three buildings, 4500N, 3500, and 6010, and extrapo-
Tated the results to seven other buildings. The ten buildings account
for over 80% of the load to be served by the new hot water system. The
average cost for the conversion is $72/kW. In comparison the City of St.
Paul has had some recent bids on converting large buildings for their hot
water district heating system (Table 4.3). These bids range in cost from
approximately $30/kW to over $500/kW. The higher costs were for build-
ings that have one-pipe steam systems that require total renovations and
modernization of the heating systems. The low-cost buildings (under
$30/kW) already had modern hydronic systems and the conversion only con-
sisted of installing a hot water-to-hot water heat exchanger and the con-
trol system. The conversion at ORNL is much simpler than most of the
conversion for the buildings in St. Paul and therefore the cost of $72/kW
is at the low end of the range of cost.

Table 4.3 Cost of bullding conversion for 1983 camnections
In 5t. Paul, Minnesata

Bullding Actual cost §/ku
City Hall Anmex % 85,596.00 146,00
5t. Paul Public Library 128,334.00 232.60
Landmark Center 222,700.00 a7.00
0.5, Courthouse 121, 700.90 119.63
Clvic Center 139,900.00 42,40
Kellogg Square Apts. 219,065 .00 &8, 50
Ramsey County Aduit Center 93,500.00 90,45
Ramsey County CH/CH &74,000.00 768 &0
THCA 184, 700.00 178,80
St. Paul Compantes 320,000.00 112,63
Degree of Hanor 195,140.00 358,70
Dayton‘s 59,785.00 .50

Ninnesots Muteos of Art L12.000.00 SRa_ 47
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4.6 Cost of a New Hot Water System

The cost estimates assumed here are based on construction cost
experience in St. Paul and Willmar, Minnesota. As previously mentioned
the piping design is assumed to be based on the well-proven VVF standards
used throughout Europe as well as in the new systems in St. Paul and
Willmar. The cost estimates are presented for two basic piping networks
in Table 4.4. These two networks represent different approaches to loop-
ing. However, there is very 1ittle difference in the costs between the
two options - only $120,000. The costs presented are direct cost and do
not include engineering, contingencies, and escalation to the time of
construction. Alternative 1 is the lowest cost option with a cost of
§4,940,000. This includes the cost of building conversion and a metering
system.

Table 4.4 Cost of new hot water system

Alternate 1 Alternate 2

Piping and Insulation $1,740,000 $1,861,000
Conversion Plant - 35 MW(t) 850,000 850,000
Building Conversion ($50/kW) 2,300,000 2,300,000
Metering System 50,000 50,000
Total $4,940,000 $5,051,000

4.7 Energy and Operating Improvements Resulting from the
Hot Water System

The existing plant presently produces 700 x 108 1b/yr of steam and
exports to the distribution system about 600 x 106 1b (720 x 109
Btu). The estimates made in Sect. 2 for the east-end piping system put
the building thermal load at 275 x 109 ptu. Presently the east-end
system is about 53% efficient, and thereby requires 519 x 109 gtu/yr.
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The hot water system would have an efficiency of 90% and therefore save
approximately 214 x 109 Btu/yr. With an assumed sendout steam fuel

cost of $3.00 per million Btu ($2.1 x 106 3 720 x 109 Btu) the annual
savings of the fuel bill would amount to $642,000. There are also secon-
dary effects such as more efficient internal building systems due to
better control and night setback. These efficiency improvements in the
buildings could amount to additional savings of about 5%. To be
conservative this small benefit was ignored.

In addition to the fuel savings the hot water system will also have
lower maintenance costs. The Swedish District Heating Association has
compiled long-term maintenance statistics and on a small system, such as
the one at ﬂRﬁL, the cost should be about 0.5% annually of the capital
investment. This would amount to annual maintenance costs of $25,000 to
$50,000. For the economic analysis performed in this study the higher
amount of $50,000 was used. This should cover any early problems with
defective welds and joints. As mentioned previously, the hot water sys-
tem would have a leak detection system and one of its important func-
tions is to determine faults made during construction. This would have a
small impact on higher maintenance during the first two or three years of
service, However, there would be considerable cost savings in future
years. The leak detection system can be used to determine the location
of a fault within three feet. Therefore, excavation can be limited to a
small area. The alarm system can significantly reduce maintenance costs
while extending the 1ife of the system.

The hot water system would allow additional cost savings due to
reduced water consumption, reduced maintenance inside the buildings and
reduced operation of the chillers during the winter months. The reno-
vated steam system would still require a 100% boiler make-up water. The
cost for make-up water includes water cost, water softener chemical cost,
and softener maintenance cost. The estimated savings due to reduced
water consumption for the proposed hot water system would be about
$50,000/yr. The new hot water system would also eliminate steam coils
and steam traps inside the buildings. There is extensive maintenance on
these items which would not be incurred with a hot water system. It is
estimated that the hot water system would reduce the maintenance inside
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the buildings by about $50,000/yr. While converting the buildings to be
compatible with the new hot water system there would also be the
potential to obtain free cooling energy during the winter months. The
new hot water coils in the big air handlers could be placed downstream of
the present chilled water coils. The incoming fresh air could be used to
make chilled water prior to being heated in the new hot water coil.

There would be no additional capital cost to install the heating coils
downstream of the chiller coils and it would allow significantly reduced
operation of the chillers during the winter months. The cost of
operating the chillers in the winter months is about $35,000/month. It
is assumed that about half of this could be saved and over a three-month
winter period this would amount to about $50,000. The total savings due
to reduced water consumption, reduced maintenance inside the buildings,
and reduced operation of the chillers amount to $150,000 annually.

The hot water system would require pumping power to move the water
in the system. It is estimated that the hot water system at ORNL would
require about 600,000 kWh. At an assumed cost of $0.04/kWh, the cost of
pumping energy is $25,000 annually.

4.8 Other Options for Initiating a New Hot Water System

Total replacement of the buried piping system with a new hot water
system is only one option. It is highly desirable because it would mean
obtaining all the benefits of the hot water system in one step. There is
the possibility of using portable conversion plants and installing the
hot water system in a stepwise fashion. For example, a portable conver-
sion plant could be placed south of 6000 and could be used to serve a new
hot water system connecting the 7000 area. The steam system presently
connecting those buildings would be abandoned. This stepwise construc-
tion process could be used to initiate the hot water system. However,
there is the additional cost of a skid-mounted conversion plant
(estimated to cost $100,000).
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5. ECONOMIC COMPARISON BETWEEN RENOVATING THE STEAM SYSTEM
VS A NEW HOT WATER SYSTEM

The main objective of this investigation is to compare the economics
of renovating the existing buried steam system with the economics of a
new hot water system that would totally replace the buried steam system.
The economic comparison between the two options includes the capital
cost, the annual fuel cost, and the annual maintenance cost. The compar-
ison is limited to the area that is served by the steam system at the
egast end of the plant. This investigation did not evaluate the renova-
tion of the west-end system or consider a hot water system for that
area,

5.1 Capital Expenditure Comparison

As concluded in Sect. 3, the east-end steam system will need renova-
tion in the near future. If a decision is made to pursue renovation,
then it is recommended that the six categories listed in Table 3.1 be
implemented at the same time. This investment should produce a rela-
tively reliable and safe system. The direct construction cost for all
six categories of renovation is $2,869,000. The direct construction cost
for a new hot water system as described in Sect. 4 is $4,940,000. The
two options are not completely comparable. For example, the hot water
system includes the cost of a relatively accurate metering system that
would allow for better heat energy management.

To derive the total capital cost of either the steam renovation or
the hot water system, engineering and contingencies must be added to the
direct construction cost. For the analysis, the engineering cost was
assumed to be 20% of the direct construction cost. It was also assumed
that contingencies were 25% of the direct construction cost. The total
capital cost for the steam renovation is $4,160,000, and £7,160,000 for
the hot water system (Table 5.1).
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Table 5.1. Capital cost comparison

Steam renovation New hot water system

Direct construction cost $2,869,000 4,940,000

Engineering cost (20% of
direct cost) 574,000 988,000

Contingency (25% of
direct cost) 717,000 1,232,000

Total capital cost $4,160,000 $7,160,000

5.2 Operating and Maintenance Cost Comparison

The east-end steam system as it exists today has excessively high
maintenance cost, and if no capital investment is made, the emergency
maintenance cost can be expected to escalate. This method of doing busi-
ness would be more costly because the emergency maintenance cost would
carry a 30-40% surcharge over the planned steam renovation.

After the steam system renovations are made, it is estimated that
the yearly distribution system maintenance will average $200,000 per
year. This is relatively high because the renpvations are only replacing
about one-third of the pipe in the steam system. Therefore, the reno-
vated system still has a lot of older steam piping. The maintenance on
the hot water system is estimated to be $50,000 per year. The difference
in the annual distribution system maintenance savings between the two
options is $150,000 per year (Fig. 5.1).

As outlined in Sect. 4.7, the hot water system also allows for cost
savings because of reduced make-up water consumption, reduced maintenance
inside the buildings, and reduced operation of the chillers during the
winter months. Each of these is estimated to be about $50,000; there-
fore, an additional $150,000 is added to the operation and maintenance
(O&M) cost for the steam renovation option. The total O&M cost for this
option including distribution system maintenance is $350,000 annually
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Fig. 5.1. Annual distribution system maintenance cost comparison.

(Table 5.2). Also as outlined in Sect. 4.7, the hot water system
requires pumping power. Cost of the electricity used to provide this
power is estimated to be $25,000/yr. This, added to the hot water system
maintenance cost, gives a total 0&M cost of $75,000/yr. The total O&M
cost difference between the two options is $275,000/yr (Table 5.2).

5.3 Coal Energy Usage Comparison

Presently, the annual fuel cost for the steam system for a normal
winter is $2,100,000% for the 720 x 109 Btu of energy put into the
steam distribution system, The assumed sendout steam fuel cost is
$3.00/106 Btu (2.1 x 106 s 720 x 109 Btu). This amount does not
include any labor or maintenance cost of the steam plant. The east-end
system now uses 519 x 109 Btu of steam energy and has an annual fuel
cost of $1,557,000 (Fig. 5.2). The east-end steam system after

*The $2,100,000 is the approximate fuel cost for the winter of
1981-82. The fuel cost for the winter of 1982-83 was lower due to lower
coal prices caused by a depressed coal market. The annual cost for
1981-82 is assumed to be a reasonable estimate for future year cost
projections.
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Table 5.2. Summary of cost comparison
Steam New hot water
renovation system Difference
Capital cost $ 4,160,000 $ 7,160,000 $3,000, 000
Annual cost
Fuel $ 1,848,000 $ 1,458,000 $ 390,000
D&M 350,000 75,000 $ 275,000
Total annual cost . 4 v 5 "
Present worth of $18,712,000 $13,051,000
annual cost
(20 years; 10%)
Total present worth $22,872,000 $20,211,000
(20 years; 10%)
Simple payback 4.5 years
: :
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renovation would require 435 x 109 Btu and would have a fuel cost of
$1,305,000. The hot water system would require 305 x 109 Btu and have
a fuel cost of $915,000. The annual fuel cost savings of the hot water
system over the steam system after renovation is $390,000.

5.4 Summary of the Cost Comparison

The hot water district heating option has a capital cost of
$3,000,000 more than the stean renovations (Table 5.2). However, the
total annual cost, which includes fuel, operation, and maintenance, has a
$665,000 yearly savings in favor of the hot water option. The simple
payback for the hot water option is 4.5 years. A present worth analysis
also favors the hot water option. The steam systaem has a total present
worth of $22,872,000 compared to the hot water of $20,211,000. The hot
water system has a $2,600,000 present worth saving over the steam
renovations,



55
6. CONCLUSIONS AND RECOMMENDATION

This investigation analyzed the status of the existing steam system,

the proposed renovations to the steam system, and the option for a new
hot water system. The conclusions are therefore categorized along the
three areas of analysis.

The Status of the Existing Steam District Heating System

1.

Because of recent failures and anticipated failures, the east-end or
buried steam system can no longer be considered reliable. There are
corrosion problems in the loose-fill buried pipelines and failures of
the old-style steel conduit enclosed pipelines. These conclusions
are based on an evaluation report: by UCC-ND Engineering and further
verified by measurements conducted in this investigation.

The east-end or buried system has an annual operating efficiency of
about 53%. This system has significant losses resulting from deteri-
orated insulation, malfunctioning traps, general system leaks, and no
condensate return. These losses account for $730,000 of annual fuel
cost on a total of $1,557,000 for the east-end system.

Renovations to the Steam System and Efficiencies after Renovation

The proposed renovations for the east-end steam system would cost
$4,160,000. A1l six categories of projects listed in Table 3.1
should be implemented to achieve a reliable and safe steam system.

The operating efficiency improvements resulting from the renovations
is estimated to be 84 x 109 Btu which amounts to an annual savings
in the fuel bill of $252,000.
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New Hot Water System That Would Totally Replace the East-End Steam

System

Hot water district heating is a proven technology that has been
installed in hundreds of European cities and recently introduced into
two U.S. cities, St. Paul and Willmar, Minnesota. The hot water sys-
tems are significantly cheaper to build than a steam system and have
generally lower losses. In addition, the hot water systems have
lower maintenance costs.

The hot water system described in this study would cost $7,160,000.
The total annual savings in fuel and maintenance is about $665,000.

Simple payback for the hot water option is 4.5 years.

A new hot water district heating system for the east part of the

ORNL site has many advantages over renovation of the existing steam sys-
tem. The advantages include good economics, higher reliability, better
control, more accurate metering and a somewhat safer system. Because of
these benefits, it is recommended that the development of a new hot water
district heating system be pursued.
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DETERMINATION OF HEAT LDSS
FROM UNDERGROUND STEAM PIPELINES
IN THE 4500 AREA OF ORNL

INTRODUCTION

To gain some indication of the extent of heat losses from under-
ground steam lines due to deteriorating insulation and steam leaks, part
of the ORNL steam system was surveyed using two heat loss detection tech-
niques. One technique, infrared thermography, uses an infrared scanning
system to provide a visual display of ground temperature differences.
Greater temperature differences between the ground over the steam lines
and the undisturbed surrounding ground cause more intense visual dis-
plays. This technique was used to examine relative heat loss along the
pipeline and to identify hot spots. Although infrared thermography can
identify areas of significant heat loss, it cannot quantify that heat
loss, hence, another technigue must be used.

The second technique used in this survey involves the use of a sub-
surface ground temperature probe. This probe, which was simply a
sheathed thermocouple, was used to measure ground temperatures about 6 to
8 in. below the surface in the area over the buried steam lines. By com-
bining these temperatures with other parameters such as pipe depth, soil
thermal conductivity and undisturbed earth temperature, an equation
expressing pipe heat loss can be formed.

The approach used in this survey was to first scan the buried steam
lines using an infrared scanning system in order to identify relatively
high heat loss areas, and then obtain ground temperature profiles in
those areas. The heat loss rates were determined from these profiles
using the relation for buried pipe heat transfer. Using these heat loss
rates in other heat transfer relations, the effective thermal conductivi-
ties of the buried pipe insulation were then estimated. These values
give some indication of the condition of the insulation.
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METHOD

Infrared Thermography

The underground steam line examined in this survey consists of the
loop around the 4500 complex from the northwest corner of 4500N, east
along Central Avenue, then south to 5500, and west along 45005 to the
southwest corner of 4508 (Fig. 1). The loop was examined with an infra-
red movie camera from the roofs of those buildings, and the infrarad
images were recorded on a video cassette tape. The survey was conducted
late at night so that ground temperatures would be stable, and influences
from the sum and reflection effects would be minimized. Prior to the
survey, conventional black and white pictures were taken (from the roofs
during the daytime) so as to give reference pictures for the infrared
views.

Subsurface Ground Temperatures

Ground surface temperatures can change quickly due to varying sun
and weather conditions. For this reason, ground temperatures in the area
of a steam pipe should be measured below the surface. In this study,
temperature measurements were taken at a depth of about 6 to 8 in. The
measuring device was a stainless steel sheathed thermocouple attached to
a digital temperature indicator. Once the hot regions were identified by
the infrared scan, temperature readings were taken in those areas. For
comparison, readings were also taken in relatively cool areas. At each
location readings were taken directly over the steam pipe, 2 ft to the
side of the pipe, and 4 ft to the side of the pipe.

Heat Loss Rates

Heat loss per unit Tength of pipe can be estimated from the poten-
tial flow relation:l
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. 41rk54T
X2 + (Y + D)2
L ( )
X2 + (Y - D)2

where () heat loss rate per unit length of pipe,
kg = soil thermal conductivity,

Al = temperature excess above undisturbed ground temperature,
X = horizontal distance from pipe centerline,

Y = depth of temperature probe,

D = effective pipe depth.

Assuming that the thermal conductivity of the ORNL clay soil is 0.75
Btu/h-ft-°F (ref. 2), the unknowns in this relation are Q and D. Thus a
minimum of two temperature readings at each location are required to
determine these unknowns. At each location, values of Q and D were deter-
minad from readings directly over the pipe and 2 ft to the side of the
pipe and from readings directly over the pipe and 4 feet to the side of
the pipe. (It was assumed that all measurements were made at a 7-in.
depth.)

Calculated Insulation Thermal Conductivities

The thermal conductivity of the buried pipe insulation can then be
calculated from the heat loss rate and effective pipe depth at each loca-
tion by the relation:3
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steam temperature, 406°F for 250 psig saturated steam;
ground surface temperature, 81°F (measured value);
pipe outside diameter, 8.625 in.;

pipe wall thickness, 0.322 in.;
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t; = insulation thickness, 2.5 in.;

pipe wall thermal conductivity, 26 Btu/h-ft-°F;
effective insulation thermal conductivity;

soil thermal conductivity, 0.75 Btu/h-ft-°F.

- =
(7] —
] n n

This relation assumes that 20/d is much greater than 1, which is
reasonable here. Values of kj were calculated from ( and D at each
location determined from subsurface temperature readings directly over
the pipe and 2 ft to the side of the pipe.

RESULTS

Infrared Thermography

The results of the infrared survey identified many regions of
relatively high heat loss. In particular, significant heat loss was
always evident in the vicinity of expansion loops. One possible
explanation for this involves pipe movement. The movement of pipe in
expansion loops, year after year, may eventually cause a premature
breakdown of the outer pipe casing. This would permit moisture seepage
which would damage the insulation and allow greater heat loss. In
addition to the expansion loops, several other local hot areas were
identified along straight runs of pipe, probably indicating deteriorating
insulation. Only a few areas were noticed that were relatively cool.

As stated earlier, the infrared images were recorded on video
cassette tape. From this tape, color slides and prints were developed.

A few of these prints are included herein accompanied by the
corresponding black and white image for reference. In the color infrared
images, the color-temperature correspondence from hottest to coolest is:
white, yellow, green, blue and black.

Figures 2 and 3

Figure 2 is the conventional black and white image of the area at
the northeast corner of building 4500N looking east (see Fig. 1). Just
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Area east of northwest corner of 4500N.
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Fig. 3.

Infrared image of area east of
northwest corner of 4500N.
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to the left, out of the picture, is the Main Portal. The pipeline runs
parallel and to the right of the sidewalk at the left and enters the
steam pit towards the top of the picture. From the pit, one line contin-
ues east under the road and another line exits the right side of the pit
and runs south to the 5500 area.

Figure 3 is the infrared image of the same area. The sidewalk and
road are white (i.e., relatively hot) due to heat retained from the day.
The pipeline can clearly be seen next to the sidewalk and entering into
the steam pit. The picture displays significant temperature variations,
which most likely indicates wide variation in insulation condition. The
ground in the lower part of the picture is relatively warm compared to
the ground near the steam pit, as evident by the brighter colors (the
white circle near the bottom of the picture is a subsurface telephone
manhole). Note also that the pipeline which exits the right side of the
stean pit is not even discernible in this picture. This indicates an
area of relatively good insulation and little heat loss.

Figures 4 and 5

Figure 4 is the black and white image of the area at the southwest
corner of building 4508 looking west (see Fig. 1). The pipeline runs
parallel and to the right of the sidewalk at the left and travels under-
neath building 3537 (Hydrogen and Oxygen Distribution Station) near the
upper center of the picture. The light strip of grass (actually dead
grass) near the center of the picture is over part of an expansion loop
in the steam line.

In Fig. 5, the infrared image of the steam line and expansion loop
can be seen. The hottest areas are towards the bottom of the picture and
on part of the expansion loop. As stated earlier, in all of the infrared
pictures taken, the warmest ground was typically in the vicinity of
expansion loops, possibly attributable to pipe movement in those areas.
This picture also shows significant temperature variations, as is evident
by the cool blue ground between the two hot regions.
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ig. 5. Infrared image of area west of
southwest corner of 4508,
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Figures 6, 7, and 8

The intent of these pictures is to give an example of the magnitude
of ground surface temperature differences in the vicinity of a hot spot.
Figure 6 is a black and white image of the area in front of 4500N just
across the street from the Main Portal (See Fig. 1). The pipeline runs
parallel to the sidewalk from the steam pit through the center of the
light area of grass and dirt. The manhole is for a sewer line.

Figure 7 is the infrared image of this same area. Note the inten-
sity contrast between the sidewalk and the hot spot. In Figs. 3 and 5,
the intensity of the sidewalk had to be tuned to a bright white in order
to make the pipeline visible. In this picture, however, the hot spot
itself was the greatest heat source, even hotter than the nearby side-
walk. The fact that this spot is much hotter than its surroundings
accounts for the nearby pipe not being visible. That pipe is simply not
within the same temperature scale.

In order to get an idea of the surface temperature differences that
the infrared camera senses near a hot spot, a so called "line scan" was
produced for the hot spot area shown in Fig. 7. Line scans give graphic
displays of relative surface temperatures across any desired area in the
camera view. Figure 8 is one of these line scans. Reading the graph
from left to right, it represents the temperatures being sensed in a
straight Tine from the cool grass on the right of the manhole, through
the center of the hot spot (highest peak), and up to the sidewalk (lower
peak). Each vertical division is 1.8°F. Hence, compared with sur-
rounding ground the hot spot is about 17°F warmer, and compared with the
sidewalk, about 6°F warmer.

Subsurface Ground Temperatures

As stated earlier in this report, infrared thermography can only
display relative heat loss, it cannot quantify the loss. Hence, as a
first step towards producing actual heat loss data, subsurface ground
temperatures were measured at several locations along the steam line.
Table 1 lists the various subsurface ground temperature recorded on a dry
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Table A.1. Subsurface ground temperatures*

L1-v

Locationt Directly 2 ft to 4 ft to Ground appearance
over pipe the side the side
1 124°F 110°F 99°F Dead, little or no grass
2 (Normal ground temperature reading: 81°F)
3 106°F 100°F 91°F Light brown or yellow grass
4 112°F 108°F 99°F Brown grass, partly bare
5 109°F 102°F 94°F Brown grass
6 113°F 104°F 93°F Brown grass, partly bare
92°F 88°F 81°F Green or normal grass
8 (Normal ground temperature reading: 81°F)
9 105°F 104°F 99°F Light brown or yellow grass
10 110°F 107°F 97°F Brown grass
*Conditions
o1l: Relatively dry

Probe depth:

7 inches

Normal ground temperature: B81°F
A1l readings taken on a hot summer morning, July 12, 1983.

tSee Figure 9.
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summer morning (July 12, 1983). Figure 9 shows where the readings were
taken. The temperatures given should not be considered invariant

because they can change with changes in ground moisture, time of day, and
weather conditions. They do, however, give an idea of temperature com-
parisons between areas of varying insulation conditions. In the table,
note the readings at Location 7. That area showed no signs of excessive
temperature and within 4 ft of the first reading the temperature fell to
the normal ground temperature of 81°F. This indicates an area of rela-
tively good insulation and can be used as a base for judging other

areas.

Heat Loss Rates

Rates of heat loss and the effective depths of the underground steam
lines were determined using the buried pipe heat transfer relation and
the measured subsurface temperatures. The results presented in Table 2
are for the locations that have significant temperature excesses. The
linear heat loss rate at Location 7, the area having a minimum tempera-
ture excess, is estimated to be about 120 Btu/h-ft. Heat loss rates at
the other locations are estimated to be about 400 Btu/h-ft or greater.
The peak loss rates of about 700 Btu/h-ft are at Locations 9 and 10, the
northeast corner of 4500N.

The temperature difference between 250-psig saturated steam and the
normal ground surface is 325°F.

Calculated Insulation Thermal Conductivities

Values of the buried pipe insulation thermal conductivities calcu-
lated from the heat loss rates and effective pipe depths are presented in
Table 3. At Location 7, the conductivity is calculated to be 0.03
Btu/h-ft-"F, which is about that for normal dry pipe insulation. At
Locations 1, 3, 5, and 6, it is calculated to be about 0.3-0.5, which
indicates that the insulation has deteriorated or is wet. Where the
highest heat loss rates occur, Locations 4, 9 and 10, all of the heat
loss could not be accounted for by the heat conduction relation. At
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Table A.2. Estimated underground pipe heat loss rates
and effective depths*

Fran temperatures measured From temperatures measured
directly over pipe and directly over pipe and
2 ft to the side 4 ft to the side
Heat loss Effective Heat Tloss Effective
Location rate depth rate depth
(Btu/h-ft) (ft) (Btu/h-ft) (ft)
1 506 3.0 591 3.4
3 375 3t 345 3.4
4 650 5.2 594 4.8
5 400 3.6 422 3.8
6 417 3.1 404 3.1
7 119 2.6 e
9 758 7.7 699 7:1
10 698 6.0 540 4.7
*Assumpt ions
ermal Conductivity: 0.75 Btu/h-ft-°F
Probe Depth: 7 in.

Normal Temperature: 81°F
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Table A.3. Calculated buried pipe insulation
thermal conductivities, Btu/h-ft-"F

Location Thermal conductivity Interpretation

1 0.52 Wet or deteriorated insulation

3 0.23 Wet or deteriorated insulation

4 Water or steam leak

5 0.27 Wet or deteriorated insulation
0.27 Wet or deteriorated insulation

7 0.03 Dry insulation

9 Water or steam leak

10 Water or steam leak

these locations there appears to be water adjacent to bare pipe or pipe
leakage.
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PRESSURE/FLOW MODELING OF THE ORNL STEAM DISTRIBUTION SYSTEM

G. V. Murphy
H. A, McLain

ABSTRACT

The pressure-flow distribution in the ORNL steam distribution system
was calculated using an existing steady-state network flow modeling
program. The calculated results indicate that the pressure drops in the
system are small and that the steam plant could be operated at lower
pressure than the present pressure of 250 psig. Steam losses due to con-
densation in the system were calculated to be much lower than the losses
determined by a mass balance of the system. This indicates that there are

leaks in the system or some of the pipe in the system is exposed directly
to groundwater,
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1. INTRODUCTION

The purpose of this study is (1) to establish a pressure flow model
of the existing steam distribution system, (2) examine thermal energy
balance of the steam system to analyze the steam system energy losses, and
(3) determine potential efficiency improvements that could be made by
changing the operating strategy of the steam system,
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2. DESCRIPTION OF THE OAK RIDGE NATIONAL LABORATORY
STEAM DISTRIBUTION SYSTEM

2.1 CONFIGURATION OF THE STEAM DISTRIBUTION SYSTEM

The Oak Ridge National Laboratory steam distribution system consists
of one main 250-psig steam service loop, two 250-psig branch steam service
lines, a second main 250-psig steam line, and one 125-psig distribution
system. See Fig. B.l for the general layout of the steam distribution
system.

The main 250-psig steam loop originates at the north side of the
steam plant (Bldg, 2519), then extends east along White Oak Avenue, and
continues north on Third Street. From Third Street, the steam line con-
tinues east on Central Avenue, then south on Sixth Street, and then west
on Southside. From Southside, this steam line goes west on White Oak
Avenue, then re-enters the steam plant on the south wall. This main ser-
vice loop consists of a combination of 6~ and B-in. pipes. Two modulating
valves exist in this service loop; one located on Central Avenue east of
Building 3500 and the other on White Oak Avenue east of the steam plant.

The two 250-psig branch steam lines are extensions of this main steam
service loop. One of these branches is a 4-in. diameter pipe and origin-
ates at the corner of Central Avenue and Sixth Street, This branch extends
underground beneath the east parking lot to the 6000 area. The other
branch is an B-in, diameter pipe and originates south oF Building 5500 and
north of White Oak Creek. This branch extends west along White Dak Avenue
to the 7000 area.

The second main 250-psig, 6-in. diameter steam pipeline originates on
the south side of the steam plant. This steam line continues south along
Third Street across the hill to the 7503 and 7900 areas. This steam line
has one modulating valve,.

The ORNL steam system also has a 125-psig distribution system which
originates on the west side of the steam plant. This distribution system
consists of a combination of various size pipes such as 4 in., 6 in., and
8 in. Combinations of these size pipes serve to create loops and branches
in the distribution system, The 125-psig distribution system intercon-
nects to the 250-psig main steam loop through two pressure regulating
valves located on Central Avenue. This connection between the two systems
serves to ensure that the 125-psig distribution system has sufficient
capability to maintain steam to the emergency steam turbine and caustic
sump pump in the 3039 Stack area.
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BETREL VALLEY

STEAM SYSTEM

Fig. B.1l. General layout of steam
distribution system.
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2.2 CRITICAL STEAM DEMANDS AND PRESSURE REGULATING VALVES

The steam distribution system has six major pressure regulating
valve stations. These locations are as indicated on the node map in
Fig. B.2 and denoted by the prefix PRV. The modulating valves mentioned
above are all set to close when the downstream pressure reaches approxi-
mately 190 psig. The activation of these valves serves to drop the less
critical loads downstream of the valves when a line breaks which may
reduce steam supply to a critical customer. 1In this plant, there are two
critical steam demands. They are the auxiliary steam turbines at the
steam plant (Bldg. 2519) and the emergency steam turbine and caustic sump
pump at the 3039 Stack area.
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B

Node map of stemm diatribution
system.

Fig. B.2.
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3. BUILDING STEAM DEMANDS AND STEAM PLANT PRODUCTION RATE FOR
THE OAK RIDGE NATIONAL LABORATORY

3.1 BUILDING STEAM DEMANDS

The building load relationships used in the simulation of the ORNL
steam distribution system were based on certain assumptions, using metered
steam data, building load estimates by R. E. Peden,! and a past study
entitled "ORNL Steam Allocation by Building” by 0. A. Kelly.? Since only
23 out of 102 buildings have metered steam data in which we have confi-
dence, these assumptions and the past study were very essential in
establishing the steam system loads. The use of these data and assump-
tions in obtaining a valid base of data for building loads is discussed
below.

In order to provide the simulation of the steam system for maximum
load conditions, data obtained during the time pericd between November
1981 and March 1982 were selected for the analysis. During any other
months of the year, summer shutdown occurs for a large portion of the
steam distribution system including the line to the 7000 area.

The first step in obtaining the load equations is to derive the base
and weather sensitive load components of the steam demand for the build-
ings having metered data. These components are obtained by using a linear
regression program to plot the monthly steam demand versus the total
monthly heating degree day for each building for the time period between
November 1981 and March 1982. The intercept and slope of the linear
regression relation are respectively the base and weather sensitive load
components of the load equation for that particular bullding. An example
of the load equation obtained for Building 6010 is as follows:

M1lb M1lb

month °F = day
Load = 20 x 3.0 —M2B 4 0,544 L 1P (63-T)
24 + 30 hr BF » {24 hr)

0.02 M 1b

Load = [0.28 + ——— (65°F - T)]
°F hr

where 203.0 M lb/month 18 the base load, 0.544 M 1b/°F + day is the
weather sensitive component, n;f” (65°F - T,) * day/month is the total monthly

heating degree day (HDD) for T, < 65°F, T is the amblent air temperature
in °F, and 65°F is the temperature for a zero heating degree day. M lb
denotes 1000 1b in the above and preceding equations. The value of the
weather sensitive component is zero for any value of T above 65°F.
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Since no measured data exist on the remaining 79 buildings, a simple
derivation is applied to obtain a load equation for each unmetered build-
ing. First, the monthly building loads for each metered building during
the period between November 1981 and March 1982 are summed for each month.
The resulting sum for each month is plotted versus the corresponding
monthly heating degree day using a linear regression program. This linear
relation for the summation of the measured building loads is then

Load = [4638.9 + 26.71 (HDD)] B .

month

It was estimated by 0. A. Kelley (based on floor area and exhaust air
considerations) that the 23 buildings have metered data representing 59,61
of the building steam demand. Assuming that the measured loads are 59,6%
of the total plant building load, the equation for the total monthly steam
load is

— = (7783 + 44.82 (mpp) 218

month

Total Steam Load
0.596 0.594

4638.9  26.71 ( B))H 1b
nt

Converting this to M 1b/hr, the load equation becomes

Total Steam Load = ( 1288 4 45,82 tunn}) 1

24 = 30 hr 24 hr hr

or
Total Steam Load = (lﬂ.ﬂl + liEEE (65°F - T]) H;lh
o r

where 65°F is the zero heating degree day and T is the ambient temperature
in °F. Note that for any value of T above 65°F, the value of the weather

sensitive component is zero. The load equation for an unmetered building

load is then assumed to be

Load = (ﬂ.lﬂﬂl - X+ E;Eig%ﬁ.i_ﬁ (65°F - TJ) thh
-

where X is the percent steam used by the building relative to the total
plant building steam load. Values of X were assumed to be those estimated
by 0. A. Kelley.2
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This relation was used to obtain the unmetered building loads in the
analysis of the steam distribution system,

It should be noted that originally the 23 measured building loads
were used to obtain the corresponding building loads equation., It was
later discovered that R. A. Peden had calculated load values for 45008
believed to be more representative than what was shown in the measured
building steam data. A correction was then made to the load equations to
obtain the final results as shown above.

3.2 BSTEAM PLANT PRODUCTION RATE

Using the monthly "Production and Usage Data" report on the steam
plant, data are obtained on the steam production and monthly heating
degree day (HDD) for the months November 1981 through March 1982,3 Using
this data and a linear regression program on curve fitting, the steam
plant production rate equation is as follows:

M 1b
month

Steam Plant Production Rate = [45133,08 + 48,996 (HDD)]

where 45133.08 is the base steam plant output, 4B.996 is the temperature
dependent component, and HDD is the monthly heating degree days.

The steam plant utilizes 10% of the produced steam internally for
steam turbines and deaerators. Correcting the above equation to reflect
the steam plant sendout and converting to units of M lb/hr results in the
following equation.

M 1b
hr

Steam Plant Sendout = [55.&1 + li%ﬁl (65°F - T]]

where 56.41 is base steam plant sendout, 1.837 is the temperature depen-
dent component and T is the ambient temperature in °F. Note for ambient
temperatures above 65°F, the temperature dependent component is zero.



B-15
4. PIPE CONDUCTION AND CONVECTION HEAT LOSS COEFFICIENTS

4.1 ACCOUNTING FOR STEAM DISTRIBUTION SYSTEM HEAT LOSSES

The heat losses in a steam distribution system originate from valve
pit leaks, pipe leaks, pipe and insulation conduction and convection heat
losses, and steam trap losses. In this study, the steam distribution
system was analyzed as (1) a well insulated system with no leaks or steam
trap losses and (2) the existing steam system with somewhat degraded insu-
lation and steam leaks. The following sections will provide the deriva-
tion of conduction and convection heat loss coefficients for the ORNL
steam distribution system as a well insulated system and as it exists
today.

4.2 HEAT LOSS COEFFICIENTS FOR A WELL INSULATED STEAM DISTRIBUTION SYSTEM

The linear heat loss coefficients for a well insulated steam system
were assumed to be those derived from the monthly heat loss rates calcu-
lated by Milligan.* 1In a report to ORNL, Milligan calculated the monthly
linear heat loss rates from the buried and aboveground pipeline in the
steam distribution system assuming no degradation in the insulation. From
these heat loss rates, the linear heat loss coefficients were calculated
using the relation

.
Kiin AT
where Kji, = linear heat transfer coefficient;
q/L = energy loss rate per unit length;
q = energy loss in the form of heat:
L = length of line;
AT = Ty, = T, for underground pipeline;
= Ty - T, for aboveground pipeline;
Ty = saturated steam temperature;
Tg = ground temperature; and
Ty = ambient air temperature.

Milligan calculated the linear heat loss rates for the buried pipe using
the relation

/L e ety

R,P+R1+R!

RP = resistance through the pipe wall;

- 1n{r2ft1] .

27 kp
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inside and outside radius of the pipe, respectively;
thermal conductivity of the pipe wall;
resistance through the insulation;

ar kg

inside and outside radius of the insulation, respectively;
thermal conductivity of the insulation;
resistance through the ground;

cosh™}(D/rq) |

27 ke ?

depth of buried pipe;
outside radius of insulation; and
thermal conductivity of the soil,

The linear heat loss rate relation for the aboveground pipeline was cal-
culated by Milligan using the relation

K= 2 = To=Talr . Sprga + 2mr eo(T,4-T,.%)

L RF + Ry + R,

where Rp,Ri = same as for buried pipeline relation,

3
hg

Ry, = outside film convection resistance,

1

2nt3hu
= outside radius of insulation, and
= gutside connection heat transfer coefficient.

h, was calculated by the relation

where C

2 hnrg =c 2r3u

n
kg Ta

0.174, n = 0,618 for Reynold's Number 4000 < 2%3 ° < 40,000,
St~

0.0239, n = 0,805 for Reynold's Number 40,000 <

Ir3 u

£ 250,000,
Ya

thermal conductivity of air,

kinematic viscosity of air,

air velocity,

solar insulation heat flux,®

surface absorptivity, assumed by Milligan to be 0,15,
surface emissivity, assumed by Milligan to be 0.04, and
Stefan-Boltzmann constant.
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Milligan assumed the following values of the various parameters in
his study:

kp

k

25 btu/hr-ft-°F,

0.4 btu/hr-fe-°F,

4 ft,

8 mph,

utﬁ.

0.04, and

Tg = 406°F (for 250 psig steam).

meE E On

Milligan used these values together with monthly average values of T,, T,,
and 5, to calculate q/L for different size pipes with different insula-
tions.,

For this study, Milligan's q/L values for January were used to deter-
mine Kjjn,. Milligan's values of T, = 37°F and T, = 58°F for January were
used in these calculations. Values of Kij, are in the next-to-last column
in the NCES input data file for the well-insulated steam distribution
system (Appendix 1),

4.3 HEAT LOSS COEFFICIENTS FOR THE EXISTING STEAM DISTRIBUTION SYSTEM

For the ORNL steam distribution system as it exists at the present
time (1983), a somewhat heuristic approach was used to estimate the heat
loss coefficients. For the buried lines, the measurements and analysis by
Lindell and McLain together (Appendix A) with the results of a study done
by Lockwood-Greene Engineers, Inc.® were used to estimate the coefficients.
For the aboveground lines, the Lockwood-Greene study results together with
Milligan calculated heat loss rates were used to estimate the coefficients,

The buried steam line heat loss coefficient is based on information
gathered from ground temperature measurements in the 4500N area. From
these measurements, Lindell and McLain estimated that the heat loss coef-
ficient for the B-in. line in the 4500N area is

.K ; - 1.5 Btu
L SRy

Assuming that the pipe is 4 ft deep and the soil thermal conductivity is
0.75 btu/hr+ft+°F,* this is the coefficient for a bare buried pipe,
implying that the insulation has deteriorated, WNeglecting the resistance
of the pipe wall (it is small) for buried pipe, the heat loss coefficient
18

27Ky

In - + AT -1
L3 Lt

Kiin =
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I — 221

For B-in. pipe, this becomes

2w(0.75) _ 1.5 Btu
hr-ft+°F
in (h x 48)

Klin =

8.625

This agrees with the measured value. It is assumed that this rela-
tion is applicable to other pipe diameters.

A correction factor of 10% is added to the calculated buried Kj;,
value to account for the heat losses from bare pipe, valves, and other
sources in the wvalve pits. The 10X correction factor is based on the
following assumptions:

*+ Each valve pit has 5 ft of bare pipe.

* Linear heat loss coefficients, Kji,, for bare pipe was determined
by Lockwood-Greene Engineers, Inc.® Using the relation

1
By * Ry

Lockwood-Greene assumed k, = 26 Btu/hr-ft*°F and hy = 6
Btufhr'ftz'°F. The hg vnfue includes both convection and
radiation heat transfer, and is slightly conservative. Rain could
increase h,, but this is ignored in our calculations.

Kiin =

*+ The pipe length and the number of valve pits associated with each
size of buried pipe.

Values of Kyi, for the buried lines were thus assumed to be as shown
in Table B.l.

*This is the thermal conductivity of clay soil given in the 1981
ASHRAE Fundamentals Handbook. This higher than 0.4 btu/hr-ft:°F value
assumed by Milligan. The ASHRAE value is probably more representative of
the ORNL site soils.
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Table B.1. Heat loss coefficients for underground pipe of

the existing steam distribution system

Pipe nominal | Pipe outside Heat loss Corrected heat loss

diameter diameter coefficient Kyj, | coefficient Kyj,
(in.) {(in.) (Btu/hr+ft-°F) (Btu/hr+ft-°F)

3 2.5 1.18 1.3

4 4.5 1.26 1.4

6 6.625 1,40 1.5

B B.625 1.52 1.7

10 10.75 1.63 1.8

The heat loss coefficients for the existing aboveground pipeline were
derived using data from the Lockwood-Greene study., The assumptions in
obtaining the heat loss coefficients for this study are as follows:

3.8 miles or about 20,000 ft of aboveground lines of which 4338 ft
has been damaged such that the effective thermal conductivity of
the insulation has been increased 50%. Essentially 681 ft is bare
pipe; 210 ft of this bare pipe has an outside diameter greater
than 8 in.

The Lockwood-Greene study assumes that the outside combined con-
vection and radiation heat transfer coefficient for the bare pipe
is 6 Btu/hr*ft*°F. This is slightly conservative as indicated on
the previous page.

Therefore, on the basis of the heat loss rates calculated in the

Lockwood-Greene study, ratios of abnormal pipe to normal pipe

losses are assumed to be as follows:

Partially Damaged Pipe Heat Loss
Normal Pipe Heat Loss

= 1.5,

Bare Pipe Heat Loss

. = 20, Pipe £ 6-in, outside diameter,
Normal Pipe Heat Loss P

Bare Pipe Heat Loss
Normal Pipe Heat Loss

= 25, Pipe > B-in. outside diameter,
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It should be noted in the Lockwood-Greene study, the solar insulation
on the pipe is neglected because it is a relatively small effect. There-
fore, the ratio of the overall heat loss coefficient for the existing

system to that for the well insulated system for the overhead line in the
steam system is

Kiin = LWIP + ELDP + Length Bare Pipe <8-in. 0.D. + Length Bare Pipe >8-in. 0.D.
n

Length of Overhead Line

. (20,000-4338-681) + (4338)(1.5) + (681-210)(20) + (210)(25)
20,000

= 1.8,

where LWIP = Length of Well Insulated Pipe
ELDP = Effective Length of Damaged Pipe

Thus, linear heat loss coefficient derived from Milligan's data were
increased by B0X to account for the damaged and exposed steam pipes.

Values of Kjj, for the existing steam distribution system are listed

in the next-to-last column in the NCES input data file for that system
(Appendix I).

4.4 DIRECT STEAM LOSSES

Direct steam losses due to pipeline leaks and steam traps were assumed
to be 4% of the total plant load on a 5°F day. It was assumed that these
losses are distributed equally to nodes D65, D70, D72, and D73 where the
base load at each node is increased 1.3 M 1b/hr,



B-21

5. MODELING OF A STEAM DISTRIBUTION NETWORK

5.1 CONCEPTS OF THE MODEL

Although the basic relation for flow of steam through a pipe is
simple, solution of a large number of these equations to describe the flow
of steam in a pipe network must be done by an iterative procedure. For
large networks, the only practical way of doing this is with the aid of
the computer. The computer program chosen for this asnalysis is one that
has been used successfully to describe the flow and pressure of steam in
district heating systems in Akron, Baltimore, and New York, The program,
designated as GASSS (Cas at Steady State Pipe System),9,10 jg 5 steady
state program and does not account for transients in the system.

The basic concept of GASSS is the simulation of the steam network by
lines representing the pipes and valves and by nodes representing the
junctions of these lines. The model is constructed by use of the con-
tinuity equation (mass balance) at the nodes and the mechanical energy
balance (pressure drop relations) in the lines. This results in a system
of N equations and N unknowns. This system is solved by the Newton
Raphson successive approximation method, and for efficiency it relies on
sparse matrix programming.

Condensation of steam in the pipelines is accounted for by solving a
heat-balance relationship to determine the rate of condensate formation
for each section of pipe. Removal of condensate from the system is
accounted for in the continuity equation at each node.

5.2 PRESSURE FLOW EQUATIONS

The basic one-dimensional mechanical energy balance equation
describing the flow of a fluid in a pipe is

dp+ﬂdx+m-u. (B.1)
2gc D 8¢
where
P = pressure,
V = velocity,
P = density,
f = Moody friction factor,
D = pipe diamter,
x = length, and
Be = conversion factor, 32.2 (lbg:ft)/lbg-s2)
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The mass flow rate of the pipe is

where Q = mass flow rate, Combining

2
pdp + 29 D% s 88 Sy . (B.3)
wzgcﬂﬁ D P

Steam table data for dry saturated steam between 10 and 300 psia is corre-
lated with the following equation of state:9,10

_ p0.946
4

o (B.4)

where K is a constant having a value of 343.4 when p is 1by/ft3 and P is
psia. Substituting into Equation (B.3)

p0.946 qp 8kn? fdx _ 1.89222) =0 . (B.5)
rlg DA D P
For steam flowing in pipes at velocities less than the sonic velo-
city, it can be shown numerically that the term 1,892 dP/P is insignifi-
cant compared to f(dx/D). 1t is interesting to note then that for a given
mass flow rate, Q, Equation (B.5) shows that the pressure drop is nearly
inversely proportional to absolute pressure of the steam.

Neglecting the last term and integrating, Equation (B.5) becomes

2)
p,1.946 _ p 1.946 , (1.946)(8) kfL(Q (B.6)
: 2 n2 gciﬂs}
or
Q = 0.7962 p2.5 \[% (py1-946 _ p,1.946) | (B.6a)

The Moody friction factor f is a function of the Reynold's number and
the relative pipe roughness. The Reynold's number is defined as

EB-PE'E' " {B.T}
[ TDu

where p is the viscosity. In the 100- to 300-psia range, the viscosity of
dry saturated steam is 1.37 x 10~31by/(ftrs).
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In GASSS, the value of f can be specified for each length of pipe or
can be calculated by the Colebrook-White relation. This relation correla-
tes the values of f in the transition and fully turbulent flow regimen:

== 114 + 2 logio 2= 2 lomp |1 & —2228 (8.8)
€ [
\I; Re E \[E

where ¢ is the pipe roughness.

5.3 HEAT AND CONDENSATION LOSSES

As a pipe loses a small amount of heat to its surroundings, steam
condenses inside the pipe and is not available for heating purposes. The
losses depend upon the ambient conditions outside of the pipe, the temper-
ature of the steam, the insulation on the pipe, and the length of the

pipe.
Using the following definitions:
m; = mass flow rate into pipe,
m, = mass flow rate out of pipe,

m. = mass flow rate of condensate, and
H = heat flow through the pipe wall.

there must be conservation of matter,

mj = my + m, and
conservation of energy,

mih; = myhy + m.h, + H (B.9)
where hj, hy;, and h, are specific enthalphies of inlet steam, outlet
steam, and condensate, respectively. Let x = m./m; be the fraction of
steam condensed, then hj = (1 - x) h, + xh. + H/m; is obtained by dividing

Equation (B.9) by mj and substituting x for m./m; and (1 - x) for m,/m;.
Solwing for x gives:

- hy = hy + Hfmi E (B.10)
hg = he

The specific enthalphies hy, hj, and h, are state functions. Assuming the
steam is saturated, they can be determined from the steam tables if the
inlet and outlet pressures are known. Heat loss from the pipe H is deter-
mined by the relation

H = U{DL ATy = Kyin ATq (B.11)
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overall heat transfer coefficient,

;=

E = inside pipe diameter,

L = pipe length,
ATy = mean temperature difference, and
K1in = heat loss coefficient,

Estimation of the heat loss coefficients Kijn in this study is discussed
in Section 4 of this appendix.

The mean temperature difference in Equation (B.11) is the difference
between the average temperature of the steam in the pipeline and the
ambient temperature. For steam in a pipe having an inlet pressure of Pi
and an outlet pressure of P,, the average pressure can be found by first
noting that the steam pressure drop relation, Equation (B.5) is approxi-
mately

PdP = - adx (B.12)

where @ is a constant. This implies that the pressure distribution in the
pipe is
P = [(PGE - P].z) x + PLZ]Q . (B.13)
L

Integrating over the length of pipe and dividing by the length of pipe,

Py = 2 Pi + By = sk . (B.14)
3 P; + Py

5.4 VALVE REGULATOR EQUATION

Control valves are usually rated in terms of a valve flow coefficient
Cy, defined as the flow of 60°F water in gpm through the valve under a
pressure difference of 1 psi. Thus, the quantity of liquid flow through
the valve for a given pressure drop is

Q = Cyq/ AP (%) (B.15)

where { = flow rate in gpm,
LP = pressure drop in psi, and
p = liquid density in 1b/ft3,
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For gases flowing below the critical (sonic) velocity in the valve,
Equation (B.15) is usually modified to be

Qg = Cg P;"—Mi . (B.16)
Py

where Q, = gas flow rate in standard ft3/hr,
Cg = gas valve flow coefficient, and
P| = inlet gas pressure, psia.

The Fisher Company has modified this relation further for predicting
flow of gas or steam through that company's regulators. For steam the

relation is:
Qg = Cg P; sin 29,64 AP , (B.17)
Cy P | rad

where Qg = steam flow rate in lb/hr,
Cg = steam valve coefficient, and
Cl - Csfﬂv.

The constant 59.64 in Equation (B.17) results from the use of different
units for C, and C, and assuming that the density in Equation (B.15) is
that for air at standard conditions.

This relation can be used as a regulator equation in GASSS by
allowing the Cg; value to be an unknown. Then this equation simply allows
for the difference in pressure on either side of the regulator. If the
simulation situation demands a gate valve operation, then the Cgz and Cj
value can be chosen for the particular valve or valve setting and the
appropriate pressure drop will be computed across the valve depending on
the flow rate that passes through the valve.?,l
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6. MODELING OF THE OAK RIDGE NATIONAL LABORATORY
STEAM DISTRIBUTION SYSTEM

The purpose of this analysis is to simulate the pressure-flow distri-
bution in the ORNL steam distribution system as (1) a well insulated
system with no leaks or steam trap losses and (2) the existing system with
somewhat degraded insulation and direct steam losses through leaks and
steam CLraps.

6.1 THE NODE MAP

The system is described in terms of nodes and node connecting ele-
ments. This analysis first requires the generation of a node map, shown
in Fig. B.2. The map consists of nodes and node connecting elements. A
node connecting element can be a pressure regulator or a length of pipe.
On the node map, the node connecting elements are indicated by dotted or
solid lines and nodes are indicated by dark dots. A node indicates a
change in pipe size, transition from above- to below-ground, or the pre-
sence of a load. Each node is given a name consisting of a combination of
letters and numbers. For example, the node D25X indicates this node is
either a point where a transition in pipe size or tramsition from above-to
below-ground or vice-versa occurs. Therefore, all node names terminating
with an X can have any of these characteristics. A node represented, for
example, as D25 is a load node and can appear anywhere in the system, In
designating the nodes for a pressure regulator, there is a source and load
side of the pressure regulating valve. Even though a load side is indi-
cated in the node name, it does not mean a load really exists at that
point. Only by examining the node file, can it really be known if a load
exists at the load side of the pressure regulator. An example of a node
name for a pressure regulating valve is PRV507S and PRVS07D where § and D,
respectively, represents the source and load side of a regulator.

6.2 PRESSURE-FLOW MODELING INPUT DATA

The GASSS simulation program requires the creation of three types of
input data files to efficiently define the steam distribution system for
computer simulation. The first file type is the node connecting element
(NCE) data file which identifies and describes in detail the geometric and
physical characteristics of the NCEs. The second type of data file is the
nodes data file which describes what are the known and unknown loads at
each node. The third data file is the loads data file which contains all
the load nodes and the associated base and temperature or weather sen—
aitive components of the load.

Input data files for the existing ORNL steam distribution system and
the hypothetical well-insulated distribution system are presented in
Appendix I,
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6.3 NODE CONNECTING ELEMENT INPUT DATA

The node connecting elements (NCEs) represent the various pipelines
and pressure regulators in the system, The NCE is specified as a type MS
(Municipal Steam Pipe) or FI (Fisher Regulator). The NCE can have either
unknown or fixed parameters which are used to characterize the parameters
of the NCE.

The following information must be supplied for the pipeline element:
the two nodes which the pipe element connects, NCE type, internal pipe
diameter, and pipe length. Parameters such as friction factor, roughness,
efficiency, heat loss coefficient, and ground or air temperature for each
pipeline element can be provided or default values can be used for certain
parameters, The ORNL system simulation utilized default values for rough-
ness and efficiency of 0.0025 and 1.0, respectively. The friction factor
is calculated for each NCE based on Reynold's Number and roughness for the
ORNL system simulation. The following is an example of the input data for
the pipeline connecting nodes Dl and D2X which have a 4.026 internal pipe
diameter and a length of 677.0 fr.

D1 D2X M5 4.026 677.0 0.0 0,0 0,0 1.40 50,0

Note that the 0.0s indicated represent that default values or calculated
values are to be used for this system simulation respectively for friction
Eactor, roughness, and efficiency. 1.40 and 50.0 are, respectively, the
heat loss coefficient and the ambient temperature difference.

The input data required for a pressure regulator are the nodes on
each side of the regulator, NCE type, sizing coefficient C , maximum
sizing coefficient Cgmax ratio of gas-to-liquid sizing coefficient Cy,
and minimum desired pressure drop AP. An example of the input line data
for a regulator connected between nodes PRV501D and PRV5015 is as follows:

PRV501D PRV5018 FI 5 25.00 50.00 32.00 10,00

The S in the input data line indicates that the steam sizing coefficient

is an unknown parameter, The 25.00 is used as an intial estimate of the

actual sizing coefficient. 50.00 is the maximum gas sizing coefficient.

32.00 is the gas-to-liquid sizing coefficient ratio. The number 10.00 is
the minimum pressure drop across the regulator.

6.4 NODES

The nodes data file indicates the condition of each node in the
system. The condition of a node is specified by three parameters which
are pressure, node status word, and the elevation of each node, This
system simulation assumes that all nodes have a zero elevation. The
pressure at all nodes except the steam plant (Bldg. 2519) and regulators
were unknown. Therefore, the pressures supplied in the remaining nodes in



B-29

the data file for this system were initial estimates, The pressure and
flow for the regulators were known values in this simulation. The
following are letters used to indicate a node status word:

Q = flow known, pressure unknown;
P = pressure Known, flow unknown; and

B = pressure known, flow known.

Several examples of the node data for various node types are as follows:

Node name Elevation Pressure Load Node Status
D3X 0.0 120.0 0.0 Q (transition or inter-
mediate node)
PH250 0.0 250.0 0.0 P (supply node)
PRV125D 0.0 125.0 -0,011 B (regulator load node)

It should be noted that no load data are entered when initally creating
the nodes file, The load data are generated for required nodes by a
separate loads file just prior to implementing the first system simula-
tion. The means by which the load data are entered into the nodes file
are discussed in the next section.

6.5 LOADS

The loads file is a separate file from the data file which contains
all the load nodes of the steam distribution system and their associated
base and weather sensitive load components. 1In GASSS, the loads file is
used to generate the loads for each load node and insert them into the
nodes file, This is accomplished by creating a column vector using the
GASEDS.1 program.!0 This column vector is created by summing the base
load in column one and the weather sensitive load component of column two
evaluated at a desired AT. This is done for each load node. The
resulting sum is placed in column three of the load file. The results in
column three represent the column vector which is loaded into the
corresponding load nodes of the nodes data file. The loading of a column
vector into the data file need occur only once unless modifications to the
loads occur in order to obtain a system analyeis for alternative load con-
ditions,
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7. BESULTS

7.1 SUMMARY OF BACKGROUND ON ANALYSIS

This analysis investigates two different scenarios of the ORNL steam
distribution system. The first scenario is a well insulated steam system
with no direct steam losses., The second scenario is the steam system with
present estimated conduction and convection heat losses and direct steam
losses. For each of these, a simulation was made for operating the steam
plant with an output pressure of 250 psig and 200 psig. The pressures in
the low pressure portion of the distribution system were not varied since
125 psig can be realized downstream of the pressure regulating value
whether the upstream pressure supply is 250 psig or 200 psig. The loads,
due to the intermittent starting of the backup steam turbine and caustie
sump pump, are relatively insignificant and therefore, were ignored. Let
it again be noted that the building load demand correlations were devel-
oped from data obtained during the months of November 1981 and March 1982,
The loads for the system simulations were based on an ambient air tempera-
ture of 5°F. The ambient ground temperature was assumed to be 50°F in
these simulations.

The predicted pressures for the well insulated and existing steam
system is shown in Table B.2. A more detailed description of the results
is discussed below.

7.2 ANALYSIS OF WELL INSULATED STEAM SYSTEM

The analysis of a well insulated system for a steam plant output
pressure of 250 psig results in a flow of -5.054, -123,988, and 129.042
M lb/hr, respectively, for steam condensate, system loads and system
supplies, or plant output, WNote that loads with a minus (-) prefix repre-
sent steam being removed from the system, The minimum pressure for the
high- and low-preasure distribution systems at a plant output of 250 psig
are 230,70 psig and 118.15 psig occurring, respectively, at nodes PRV1258
and DI, See the node map in Fig. B.2 for the location of these nodes.
The results of a system simulation with the steam plant output pressure
reduced to 200 psig is a flow of -4.695, -123,988, and 128.683 M 1b/hr,
respectively, for the steam condensate, system loads and system supplies,
or plant output. The minimum pressures in the steam system are 176.12
psig and 118.15 psig, respectively, for the 200-psig and 125-psig distri-
bution system occurring concurrently, at nodes PRV125S and Dl. See Fig.
B.3 and Fig. B.4, respectively, for the pressure maps of the steam system
with plant output pressuresa of 250 psig and 200 psig.

7.3 ANALYSIS OF CURRENT STEAM SYSTEM

The pressure-flow simulation analysis of the current steam system is
approximated by having somewhat deteriorated insulation and direct steam
losses. The first simulation of this sytem with a steam plant pressure
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Table B.2. Comparison of pressures for well insulated and
existing steam system
Well insulated steam system Existing steam system
Node plant output pressure plant output pressure
number node pressure node pressure
200 1b 250 1b 200 1b 250 1b
Dl 118.0 118.0 118.0 118.0
D21 125.0 125.0 125.0 125.0
D6X 123.0 123.0 123.0 123.0
D7 123.0 123.0 123.0 123.0
D37 124.0 124.0 124.0 124.0
D36X 125.0 125.0 125.0 125.0
PH125 125.0 125.0 125.0 125.0
PH250 200,0 250.0 200.0 250.0
D45 125.0 125.0 125.0 125.0
D52 124.0 124.0 124.0 124.0
D55 125.0 125.0 125.0 125.0
D56 187.0 240.0 184.0 237.0
D58 185.0 238.0 181.0 235.0
D85 199.0 249.0 199.0 249.0
D65 182.0 235.0 177.0 231.0
DEBX 179.0 233.0 174.0 229.9
D72 179.0 231.0 174.0 229.0
PRV5268 176.0 231.0 170.0 226.0
D75 125.0 125.0 125.0 125.0
D8O 178.0 233.0 173.0 228.0
D81 178,0 233.0 173.0 228.0
PRV1258 176.0 231.0 171.0 226.0
D83 125.0 125.0 125.0 125.0

*Locations of nodes are shown in Fig. B.2.
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output of 250 psig and a system load of -129.188 M 1b/hr results in the
formation of condensate at the rate of -14.009 M 1b/hr., The low pressures
for the 250-psig and 125-psig distribution system are, respectively,
225.89 psig at node PRV526S and 117.6]1 psig at node Dl. The second simu-
lation of this system with a steam plant pressure output of 200 psig and a
system load of -123.188 M 1b/hr results in the formation of -13.085

M 1b/hr of steam condensate requiring a plant sendout of -129.188 M 1b/hr.
The low pressure of the 200-psig and 125-psig distribution system are,
respectively, 170,27 psig at node PRV5265 and 117.61 psig at node Dl. See
Figs. B. 5 and B.6, respectively, for pressure maps of the steam plant
with output pressure of 250 psig and 200 psig.

The conclusion of these pressure-flow simulations indicate that the
pressure drop in the well insulated and the current steam system is mini-
mal. Also both systems behave essentially as a large pressure header
regardless of the steam plant output pressure. WNote that at the High Flux
Isotope Reactor (7900) area, the pressures are higher than the minimum
pressure in the system despite the great distance from the steam plant.
This is due to the relatively low loads in the 7900 area.
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Fig. B.3. Pressure map of a well-insulated
steam distribution system for a
plant output of 250 psig.
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B. CONCLUSION

The steam plant can be operated at a reduced plant sendout
pressure of 200 psig with minimal effect on the steam users.

Operating the well insulated or existing steam system at a plant
sendout of 200 psig or 250 psig results in minimal reduction or
increase in the formation of condensate. The amount of condensate
formed will not vary more than 1 M 1b/hr.

The steam distribution system behaves essentially as a large
pressure header with minimum pressure losses,

The steam losses for the existing steam distribution system are
much greater than predicted by this analysis. This is readily
seen by comparing the mass balance in the analysis of the existing
system versus the steam plant sendout of the equation obtained
from the linear regression relation for a 5°F ambient day (Section
2.1 of the main report).
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Appendix I

DATA INPUT FILES

ORNL Steam Distribution System Modeled as a Well-Insulated System

Existing ORNL Steam Distribution System
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1. ORNL Steam Distribution System Modeled as a Well-Insulated System
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2, Existing ORNL Steam Distribution System
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MATIONAL LABDRATORY STEAM DISTRIBUTION SYSTEM

THESE LOADS REPRESENT A 24 HOUR DEMAND FPER DAY

COLUMN 1 HSTEE HﬁmEEDHD
COLUMN 2 IS T HEA R SENSITIVE COMPOMNENT OF THE LOAD
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APPENDIX C - BUILDINGS LOAD DATA



bldg. Metered Load

1503
1505
1506
2000
2001
2007
2008
2010
2011
2013
2016
2018
2019
2024
2026
2069
2500
2506
2511
2516
2517
2518
2519
25213
2525
2528
2531
2567

Lbs hr
706
3681
1400
920
820
102
144
211
204
409
102
204
1]
409
lo22
a7
307
o7
o
204
204
148
920
31593
1046
204
409
loz

Floor Arca
8q ft
6000

91712
16780
22680
25863
1965
4851
11770
S804
11488
2360
6362
B20
lo3on
23390
7013
8650
B744
380
5741
4743
10125
23614
4000
27622
2987
9004
3340

Make-up air
CFM

460

30854
10414

4100

oo
4800
5000
2200

20000

500

33000
4300
4500
4500

Jan . Consumpt
M Lba
1191

80

13

10

751

Steam kw

207

1079

410
270
270
30
42
150
60
120
30
60

0
120
299

80
94
340
o
&0
60
4]
270

1053

306
60
120
o

Area kw

60
917
168
227
259

20

49
118

58
115

24

64

B
103
234

70

B7

87

4

57

47
101
236

40
276

a0

80

33

COCCoOQOoOVOoOOoONOOCOD

=]
0 0o o =
=

Max. kw

207
1079
410
270
270
30
a9
150
60
120
E]
64

120
arT2
90
50
90

60
60
101
270
1053
614
80
120
B4



bldg. Metered Load

2621
gol
Joo3
3010
3017
30194
30158
3024
3025
jo2scC
026D
328
3029
3030
3031
3032
3033
J033A
3034

3036

3037
£l L]
1042
3044
3047
JoT4
3080
3082
3104

Lbs/hr

204
204
o7
409
170
1636
307
§11
1046
307
613
116
102
102
102
102
102
0

0
102
307
307
1431
204
1686
102
409
0
307

Floor Area Make-up alr
CFM

sqg ft

5469
43114
7665
8427
10244
38537
3787
12400
59085
83716
16110
17054
2373
720
720
720
120
BB2
1200
1449
8185
7548
37369
3059
25630
513
11027
225
7330

1800
4000
2000
20000
20000

21800
2000
4500
8000
4100
5000
5000
5000
5000

4060
9000
8000
17700
2000

1000

Jan ,Consumpt
M Lba

145

330

T3
752

Steam kw

60
60
90
120
50
479
90
150
06
20
180
210
30
30
30
30
30
0

0
30
90
90
419
B0
494
30
120
0
90

Area kw

55
4131
i6
84
102
3as
a8
124
591
B4
161
171

256
110
13

Alrflow kw

i4
74
37
372
3n2

406

149

168
149
329

37

13

Max. kw

60
431
90
120
102
479
372
150
591
90
180
210
76
93
93
93
93
9
12
30
90
a0
419
149
494
37
120
2

b=2



bldg. Matered Load

3118
3500
3502
1501
3504
3505
3508
3517
1518
3523
3525
3531
3534
3541
3543
3544
3550
3587
3592
4500N
45008
4501
4505
4507
4508
4509
5000
5500

Los/hr
0
3067
511
511
inr

1144
613
102

0
1227
0

0
102
0

0
342
102
102
3300
20228

2045

3578
204

12996
204
204

4216

Floor Area
sg ft

900

79451
12136
12206
7316

13680
16708
1680
1200
26723
164
450
BOO
600
2837
12327
3ao2
1200
341692
274451
36426
78445
3812
99030
5950
6300
51965

Make-up air
CFM

16000

2000
3500

12500
2000

19500

8000

1000
1000

8000
242700
442000

73000
63000

5200

198200

892000
\

Jan.Consumpt

Steam kw

0
899
150
150

g0

335
180
o

967
5927
599
1048
60
3808
60
60
1235

Area kw

556

23592
1921
255
549
27
693
42
44
364

Alrflow kw

0
298
o
37
65

233
L)

149
4518
8227
1359
1173

a7
3689

1712

&
899
150
150

g0

335
180
30

8
363
3

3
149
4

20
ig0
30
143
4518
8227
1359
1173

$=3
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