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specific heat

Annual energy savings

fixed percentage of initial investment
enthalpy

initial investment

rate of removal of energy
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e exit state conditions
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Hin refrigerant entering heat exchanger section
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i entrance state conditions

L low temperature water

] initia1 value

P heat pump condenser

R refrigerant

S water storage tank section

W water-cooled condenser




DEVELOPMENT OF A WATER-TO-WATER HEAT PUMP
FOR TEMPERING WATER IN MILKING PARLORS

I. INTRODUCTION

Energy utilized for heating and cooling accounts for a major
portion of the total energy input in many agricultural production op-
erations. Presently, the most effective means of offsetting rising
energy costs are improvement in energy use efficiencies and design of
energy recycling systems. If and when alternative energy sources be-
come technologically and economically feasible for the farmer, these
may also be accepted and adopted on a large scale.

A sizable percéntage of the total energy input to dairy farms is
that used for heating in the milking parilor. Approximately 16 percent
of the purchased energy on dairy farms in the United States is used
for water heating (USDA, 1977). Bickert (1979) reported the hot water
requirements in.mi1king parlors as shown in Table 1.

Commercial electric and gas water heaters provide conventional
means of supplying Tow (40.5° to 43.3°C) and high (71.1° to 76.6°C)
temperature water needs in milking parlors. End use water tempera-
tures are met by drawing hot water from the water heater and mixing
with cold water. At the same time that energy is being used to heat
water, it must also be utilized to cool the milk. Studies have shown
that approximatéTy the same gquantity of energy required in heating
water for milking parlor needs is available during the milk refrigera-
tion process. Elwell, Roller and Keener (1980) reported that the man-
agement strategy of matching supply quality (temperature) and quantity

to demand quality and quantity is appropriate in milking operations.



Table 1. Hot water requirements in milking par]orsa.

Description of

Water Temperature Water Use Quantity
40.5° to 43.3% Cow preparation
automatic 11.4 - 34,1 liter/cow-
day
manual 1.9- 3.8 Tliter/cow-
day
Parlor and milk- 151.4 - 283.9 1liter/day
house floor
71.1° to 76.6°C Milk storage tank
automatic wash 189.3-227.1 1iter/wash
manual wash 113.6 - 151.4 1iter/wash

Milk pipeline wash 283.9-473.2 liter/wash

Milkers and misc.
equipment 189.3 liter/day

Source: Bickert (1979).

Study results indicated that the energy available in cooling milk from
40°C to nearly 0°C at 20 liters of milk per cow closely matched the
energy required to heat process water from approximately 10°¢ to 50°¢
at up to 20 liters of water per cow. This was provided by the heat
recovered from the milk refrigeration system with a desuperheater

heat exchanger. At water quantities less than 20 liters per cow, ex-
cess energy in the form of hot water was available. At water quanti-
ties greater than 20 liters per cow, additional energy was required

to maintain the desired quality of hot water.
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" The reclamation of rejected thermal energy from milk refrigera-

tion systems is thus an excellent alternative to conventional methods
of heating water. Significant reductions in energy requirements for
low temperature (40o to 50°C) water needs have been demonstrated
with energy recovery units by Thompson and Fairbanks (1979),
Hellickson and Kirby (1979), Koelsch (1979), and Stipanuk et al.
(1979).

A further extension of this energy recycling concept is appli-
cation of the heat pump principle to boost low grade water tempera-
ture (40° to 50°C) to a higher level where it can be utilized for
high temperature (71o to 76°C) washing operations in milking parlors.
This prbject and resulting thesis were initiated to determine the
Venergy conservation potential and economic feasibility, under actual
production conditions, of a water-to-water heat pump specifically de-
signed and operated to temper water for cTeansing and sanitizing
milking parior equipment. Presently, commercially designed and pro-
duced water-to-water heat pumps of the size and specific capabilities
required for use in milking parlors are not available. The main
thrust of this project was the utilization of off-the-shelf refrig-
eration components specifically selected to provide the hot water
requirements in milking parlors. The following specific objectives
were established for this study:

(1) Design and assemble a specialized water-to-water heat .

pump using off-the-shelf refrigeration components
based on the heating 16ad requirements and reject
thermal energy available from the milk refrigeration

system in the Oregon State University dairy center.



(2) Install and monitor this specialized water-to-water
heat pump under actual production conditions.

(3) Determine the energy conservation potential and eco-
nomic feasibility of this heat pump.

(4) Use the data collected as a base for verification of
a computer model to simulate operation and perform-

ance of this total energy recycling system.



II. LITERATURE REVIEW

Heat Recovery from Milk Refrigeration Systems

Reclamation of waste heat from milk refrigeration systems is not
a new concept but an old one rediscovered. Studies as early as the
lTate 1940s were performed to reclaim refrigeration system waste heat
for water heating (Zastrow, 1948). Turner (1959 and 1960), through
actual performance studies done at Cornell University, indicated a
reduction in water heating costs of 52 percent by adding a water-
cooled condenser to a milk refrigeration system. Although these re-
sults were case specific, they led to the following further studies
by Cromarty (1968):
(1) Optimization of the water-cooled condenser design
(2) Determination of the hot water draw-off patterns on the
energy- recovery efficiency of the water-cooled condenser
(3) Determination of the water-cooled condenser's effect
on the supplemental heat added to the milking area

to prevent freezing

Presently, there are several manufacturers of heat exchangers
and desuperheaters for the spécific purpose of rec]aiming waste heat
from milk refrigeration systems. Field studies by Koelsch (1979) in-
dicate two types of heat reclamation systems were being supplied by
manufacturers, The first type replaces the traditional air-cooled
condenser with a complete water-cooled condenser which has the poten-
tial of removing 100 percent of the energy of compression. In re-

ality, 50 to 75 percent of this energy is removed. Water temperatures



leaving this type of heat exchanger were reported to range from 52°
to 71% depending upon the particular brand name condenser installed
and the dairy farmer's management practices. Literature sources for
this type of heat exchanger did not investigate the effects of these
heat recovery units on compressor discharge pressures. At these exit
water temperatures, compressor discharge pressures for Freon 22, the
refrigerant commonly utilized in milk refrigeration systems, range
from 2027 to 3113 kPa (294 to 452 psia). These energy recovery sys-
tems rely on a compressor head pressure sensor to control excess heat
recovery. Water is released from the high temperature storage tank
at a specified compressor discharge pressure allowing cooler water to
enter the storage tank. This precautionary measure reduces water
temperatures through the condenser and thus, reduces compressor dis-
charge pressures. Koelsch (1979) reported compressor sensor settings
"of 1550 to 2400 kPa (225 to 348 psi) for discharging hot water from
storage or engaging an auxillary air-cooled condenser. Freon 22 may
approach its critical temperature and pressure of 96.0°C and 4988 kPa
during operation of the system with sensor settings in the range
specified. Breakdown of the lubricating fluid in the compressor may
result at these high temperatures and pressures. This will eventu-
ally lead to compfessor failure. .Another factor affecting the life
of the compressor is the temperature differential of the coo]ing
fluid through the condenser. Unless a moderate temperature differen-
tial is maintained through the heat exchanger, the compressor will
require a longer period of operétion to reject the same amount of
energy. This, in turn, will slow the milk refrigeration process

which is a crucial factor in reducing bacterial growth in milk. The



American Society of Agricultural Engineers Engineering Practice:

ASAE EP256.2 (Agricultural Engineers Yearbook, 1980 - 81) reported the

milk refrigeration system must have the capacity to cool 25 percent of
the rated volume of the milk storage tank from 32° to 10°C within one
hour after tank has been filled to 25 percent of its rated capacity.
The cooling system is in operation during the filling period. The
system must further cool the milk from 10° to 4°C during the next
hour,

Figure 1 is a schematic of a milk refrigeration system with a
water-cooled condenser unit completely replacing the air-cooled con-
denser. Results by Koelsch (1979) from 18 New York State dairy farms,
indicated a 50 to 75 percent recovery of the total heaf rejected dur-
ing milk cooling. This heaf recovery efficiency was based on the
availability of approximately 155 kd of energy per kilogram of milk
cooled from 34° to 4°C. 0f this 155 kJ of energy, 75 percent

HOT
W
EVAPORATOR ATER
MILK REFRIGERATION 1
SYSTEM
EXPANSION STORAGE WATER
: COMPRESSOR
VALVE TANK HEATER
WATER 4___ _ *
COOLED = | =
CONOENSER -
WATER
SuUPPLY

Figure 1. Water-cooled condenser unit replacing an air-cooled con-
denser within the milk refrigeration system.



was removed from the milk and 25 percent was from the compressor.
Skinner (1980) monitored a complete water-cooled condenser unit for
a 28-month perﬁod on a Tennessee dairy farm and reported an energy
savings of $1.86 to $3.11 per day based on an electrical energy
charge that ranged from 2.5 to 3.25 cents per kilowatt-hour over the
28-month period. Estimated total savings during this period was
$2,100.00 -~ enough to pay for the complete water-cooled condenser
unit in approximately 18 months.

The second type of heat exchanger is known as a desuperheater
which utilizes the refrigerant superheat condition to heat water.
These units are an add-on feature to most refrigeration systems and
are installed in the discharge line of the compressor, Figure 2 is
a schematic of a milk refrigeration system with a desuperheater heat

exchanger in series with the standard air-cooled condenser unit. In

=2 LOT
EVAPORATOR  WATER
(MILK BULK TANK) . :
==
MILK REFRIGERATION B
SYSTEM
EXP::J\?;ON COMPRESSOR STORAGE WATER
v f‘ TANK HEATER
r -
) S
—— =
S

=
C { o
iff§;<§ff§>
DESUPERHEATER " WATER

AIR-COOLED HEAT EXCH. SuUPPLY
CONDENSER

Figure 2. Desuperheater heat exchanger installed in series with air-
cooled condenser unit in milk refrigeration system.



refrigeration systems using Freon 22 as the refrigerant, compressor -
discharge temperatures of 40.5° to 60°C and pressures of 1,491 to
2,527 kPa (216 to 367 psia) occur during normal operation. These
conditions are more compatible with the manufacturer's recommended
temperatures and pressures for Freon 22 through the compressor.
Bickert (1979) and Stipanuk et al. (1979) reported water exit temp-
eratures from the desuperheater heat exchangers ranging from 359 to
43°c. These desuperheaters have the capacity of recovering approxi-
mately 30 percent of the available energy or approximately 50 kJ of
the estimated 155 kJ of energy per kilogram of milk available for
reclamation. Koelsh (1979), in his New York State study, found the
desuperheater heat exchangers reduced the energy required to heat
water by approximately 50 percent. Thompson and Fairbanks (1980)
reported up to 74 percent reduction in energy used to heat wéter
after installation of a desuperheater heat exchanger in a Cé1ifornia
dairy milking 860 cows twice daily. Before installation, records
showed the purchased energy required to meet the hot water needs was
2,260 MJ pér day, and after installation, the energy requirement
dropped to 580 MJ per day. Milk refrigeration equipment operated ap-
proximately 19 hours per day. Additional tests indicated a range
from 26 to 35 percent efficiency of total waste heat recovery.
Stipanuk et al. (1979) performed a financial analysis for a 100~
cow dairy utilizing a desuperheater heat exchanger providing 40.5°¢C
water and a complete water-cooled condenser unit providing 60°¢C
‘water. This analysis compared énnua] savings based on 74°C hot water
needs of 1500 liters per day. Results indicated an after-tax pay-

back period (initial cost divided by annual savings) of three to four
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years for both types. He]iicksoh (1980), in a performance test of a
desuperheater heat exchanger installed at the Oregon State University
dairy center, realized a monthly savings of $71.79 in energy costs
based on a 3.0 cents per kilowatt-hour electricity charge. The re-
sults were based on an 18-month study that monitored a herd of ap-
proximately 130 cows milked twice daily. The payback period in ths
case was approximately two years. Thompson and Fairbanks (1979), in
their study of the two types of heat exchangers at several on-farm
installations in California, realized a 12 to 18-month payback peri-
od. Their economic analysis did not include interest rates, taxes,
and governmental or utility incentive payments.

Conclusions drawn from the research reports reviewed are as

follows:

(1) Consistent energy savings were available for heat re-
covery systems, irrespective of the type of heat ex-
changer installed.

(2) Energy conservation potential for an individual unit
was largely dependent on the dairy farm's management
practices involving hot water consumption. Koelsch
(1979) found a wide range of hot water consumption at
the 18 New York State dairies studied. Hot water
usage of 3.9 to 14.5 liters per cow-day were reported.

This indicated a possible energy reduction by simply
conserving the quantity of hot water used.

(3) Further studies may be'required to determine the ef-
fect of the complete water-cooled condenser unit on

compressor operating life. A trade-off point may '
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occur where the additional energy recovered is neg-
ated by the additional maintenance costs associated

~with reduction in compressor 1ife.

History of the Heat Pump

The heat pump is a device for extracting thermal energy from a
Tow temperature heat source and raising it to a higher tempera-
ture where the thermal energy can be utilized more effectively.
Energy in the form of electricity, mechanical work, or high tempera-
ture thermal energy must be supplied to the heat pump to upgrade
this thermal energy. In 1824 Nicholas Carnot first developed the
basic heat pump principle. Thirty years later, in the 1850s, Lord
Kelvin supported this theory by suggesting the use of refrigeration
equipment for heating (Pietsch, 1977; Sporn et al., 1947). From the
1850s to the mid 1930s, research in the deve]opment of a feasible
heat pump system for heating continued at a slow pace. During the
late 1930s a small number of demonstration installations were attemp-
ted. Although few in number, these projects confirmed the principle
of the heat pump as set forth by Kelvin (Pietsch, 1977; Kemler and
Oglesby, 1950).

The development of a unitary heat pump in the early 1950s re-
sulted from research work accomplished during the previous decade.
Researchers concluded that public acceptance of heat pumps for heat-
ing would improve if a unitary model could be developed. Unitary
heat pumps are factory-designed‘and factory-built units that contain
the major components and corresponding controls and are shipped and

installed in one or two sections. These air-to-air heat pumps
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were specifically designed for residential application and ranged
from 5.3 to 70.3 kW of heating capacity. Units were first brought
into production in the southern United States. Heat pump failures
due to increased stress on components designed for cooling plus de-
clining energy costs severely reduced the production of heat pumps
in the late 1950s (Pietsch, 1977). Improvements in component design
and durability were the main thrust of manufacturers in the 1960s and
early 1970s. As the public became more aware of the energy shortage
situation in the 1970s, interest renewed in the heat pump for heating
and its efficient use of energy in certain other applications. By
this time industry had corrected earlier design mistakes and further
development activity increased dramatically (Pietsch, 1977; Moore,
1976).

Current heat pumps employ a wide array of heat sources and sinks.
Heat pump classification generally falls under the categories listed

in the ASHRAE §ystems Guide and Data Book (1980) and presented in

Table 2. Other heat sources being considered for the heat pump in-
clude solar energy and geothermal energy. Each of these has its own
unique set of advantages and disadvantages and will not be discussed

here.

Basic Heat Pump Cycle

The basic heat pump circuit consists of an evaporator, compres-
sor, condenser, and expansion valve, connected as shown in Figure 3,
The evaporator receives low grade thermal energy from a waste heat
source, the heat of vaporization being absorbed by the working

fluid (refrigerant) circulated through the heat pump.



Table 2. Heat pump classifications.

Category

Typical Use

Disadvantages

Advantages

Air-to-Air

Air-to-water

Water-to-air

Water-to-water

residential heating
and cooling

industrial hot water
heating; large build-
ing climate control

residential and indus-
trial heating and
cooling

industrial hot water
heating

least heat available
when demand greatest;
coil frosting

same as air-to-air

corrosion scale forms

oh heat transfer sur-
faces

corrosion scale forms

low initial and op-
erating cost; uni-
versal availability
of heat source

same as air-to-air

low initial and op-
erating cost; ap-
proximately constant
heat source temper-
ature year-round

same as water-to-
air

€l
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FROM HEAT TO HEAT
SOURCE - | T ™ SINK
COMPRESSOR CONDENSER

TO HEAT EXPANSION VALVE FROM HEAT
SOURCE +=——— L_— SINK

Figure 3. Basic heat pump circuit.

The refrigerant leaves the evaporator as a low pressure, low tempera-
ture, saturated vapor and enters the compressor where its temperature
and pressure are increased through the addition of mechanical work of
compression. From the.compressor this high temperature, high pres-
sure, superheated vapor enters the condenser where the refrigerant is
first desuperheated and then condensed to a liquid by rejecting the
heat equivalent of work of compression and the heat collected at the
evaporator. The hot condensate then passes through a

valve where expansion of the refrigerant results in a Tow tempera-
ture, low pressure, low quality (partial liquid/partial vapor) work-
ing fluid. Upon leaving the expansion valve, the refrigerant enters
the evaporator as a mixture of approximately 75 percent liquid and

25 percent vapor, where the cycle is repeated. The working fluid,
commonly a fluorinated hydrocarbon, circulates through a closed loop

circuit during the cycle (Reay, 1979).
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Use of the conventional pressure-enthalpy (Mollier) diagram pro-
vides a visualization of the changes of state that occur during the
various thermodynamic processes in a heat pump cycle. Figure 4 de-
picts a pressure-enthalpy diagram for a heat pump refrigerant cycle
as presented by Healy et al. (1965). Temperatures and pressures are
not included in the figure because of the variability of heat cycles
for various refrigerants and their application. The primary emphasis
of this illustration is comprehension of the thermodynamic processes

that occur during a heat pump cycle.

| sus-cootina ‘ DESUPERHEATING
X ) |
z » CONDENSING —
w
0w
2
21
72}
w
x
a.
——— EVAPORATING / T COMPRESSION
SUPERHEATING

ENTHALPY (kJ/kg)

Figure 4. Pressure-enthalpy diagram for a heat pump refrigerant
cycle.

An index of the performance of heat pumps is the coefficient of

performance (COP). Ambrose (1966) defined the actual coefficient of
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performance of-a heat pump, during the heating cycle, as being equal
to the total instantaneous energy output at stated conditions divided
by the heat equivalent of the work required to produce this effect.

In equation form, this becomes:

- Energy output
CoP Work input (1)

As illustrated in Figure 4, the quantities of energy being compared

in the numerator and denominator yield:

COP = Desuperheating g conden§1ng + subcooling (2)
ompression

A heating coefficient of performance of 4.0 indicates that 1 kW of
work input to the heat pump in the form of electricity will provide
4 kW of thermal energy to the heat sink. In terms of electrical ener-
gy consumption and ultimately operating costs, one-fourth or 25 per-
cent of that used in a standard electric resistance heating system
will be required.

Several factors have considerable influence on the efficiency
and hence, the coefficient of performance of a heat pump. Sporn et
al. (1947) streésed the importance of operating the system at a mini-
mum compressor discharge pressure and maximum compressor suction
pressure to maintain a high coefficient of performance. Ambrose
(1966) noted that the coefficient of performance varies directly as
the compressor suction pressure, which in turn, is a function of the
heat source temperature. Maintaining a high heat source temperature

helped maintain a high compressor suction pressure, and thus, a high
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coefficient of performance. Gilman (1975) listed the end results of
lowering the evaporating temperature, at constant condensing tempera-
ture, as:

(1) decreased coefficient of performance.

(2) increased work of compression per pound of refriger-
ant circulated.

(3) decreased refrigeration effect per pound of refriger-
ant circulated.

(4) decreased heating and cooling capacity.

(5) increased compression ratio and thus, lower volu-
metric efficiency.

(6) decreased pounds of refrigerant pumped per unit time.

Gilman also stated an increase in evaporator heat transfer area will
increase evaporation temperature and decrease the temperature dif-
ferential between the heat source and heat sink. Keeping this temp-
erature differential to a minimum will result in a heat pump with a
high coefficient of performance and decreased operating costs.

Water-to-Water Heat Pump
Applications in Agriculture

The water-to-water heat pump cycle is identical to the basic
heat pump cycle with the exception of theAheat source and heat sink.
Water is used as both the heat source and heat sink and to transfer
thermal energy from the condenser and to the evaporator in the water-
to-water heat pump. The temperéture of the water being circulated
through the evaporator (heat source) is decreased as it transfers

thermal energy to the refrigerant. Conversely, the temperature of
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the water circulated through the condenser (heat sink) is increased
as it absorbs thermal energy from the refrigerant. The water-to-
water heat pump may operate with its refrigerant being circulated in
the heating-only cycle (i.e., heat absorbed in the evaporator and re-
jected in the condenser), or in a cooling mode. The cooling mode may
be established by changing the direction of water flow through the
heat exchangers to make the heat source a sink and the sink a source
while maintaining a fixed refrigerant circuit.

The ability to amplify energy output gives the heat pump out-
standing potential for on-farm use, particularly in energy recycling
systems and for residential water and space heating. Braude (1979)
used computer models to predict and compare annual energy consumption
for both air and water source heat pumps at several locations in the
northern and southern United States. Results indicated the hydronic
heat pump to be more favorable in northern climates based upon con-
sistent well water temperatures used for the heat source. At all
Tocations water source heat pumps required less supplemental heat
than air source heat pumps. Hustrulid and Cloud (1952), using a home
refrigerator unit as the heat source for tempering water, found a
system of this configuration to be practical if a "performance faétor"
(COP) of two or greater was achieved.

The application of a water-to-water heat pump for on-farm use
requires careful consideration to provide the farmer with substantial
energy savings through waste heat recovery and maximum efficiency in
applying energy conservation tedhniques. The following considera-

tions, established by Westinghouse (1979) in a pamphlet developed for
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industrial applications of their large commercial water-to-water heat

pump units, are also applicable for small agricultural applications.

(1)

There must be a "free" source of waste thermal energy
available in the form of water or a similar fluid, the
higher the temperature the better.

There must be a requirement for process hot water at a
usable temperature below 100°¢.

There must be the capacity for thermal storage at either
the heat source or sink when the process and source energy
usage are not simultaneous.

Keeping the temperature differential between the heat
source and delivery hot water to a minimum will increase
performance characteristics of the heat pump. This will

reduce the initial and operating costs of the heat pump.

(5) A high annual hot water requirement that produces the most

hours of operation per year will increase the energy sav-
ings derived from the heat pump to offset the heat pump's
higher installed initial cost. The results of this are a
shorter payback period aﬁd a greater return on the capital

investment.

No documented research was available on the application of a

water-to-water heat pump to boost water temperatures in milking par-

Tors using reclaimed thermal energy from the milk refrigeration pro-

cess as the heat source. Lang (1979) reported on the use of an air-

to-water heat pump installed in a dairy in Denmark that recovered

heat exhausted in the barn ventilation system to heat water. Pre-

liminary

results indicated a substantial savings in energy costs for

the 24 months it was installed and monitored.
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ITI. MATERIALS AND METHODS

Operating Conditions at Research Site

The Oregon State University dairy research center has a herd cap-
acity of 150 cows with an average of approximately 130 cows in various
stages of lactation. The dairy center utilizes a double-four herring-
bone milking parlor for its milking operation. Present management
practices maintain a schedule of two milkings per day from 6:00 to
11:00 am and pm. Average daily milk production is 24 kg per cow-day
(for milk: 1.04 kg = 1.0 liter).

During each milking operation low grade hot water (43.3°C) is
supp]iéd to the milking parlor for manual cleansing énd stimulation of
each cow's udder. This water is a]so‘used to rinse down the milking
parior and washroom floors at the conclusion of each milking period.
Records kept by Hellickson (1980) for the period from March 1979
through June 1980 indicated an average of 1,423 liters per day of low
grade hot water was used in the milking operation. This amounted to
11.0 Titers per cow-day including floor washdown. A new metering sys-
tem for the low grade hot water was installed in early 1981 to reduce
usage. This system maintains a high pressure required for cleansing
and udder stimulation but reduces the quantity of water used. Records
maintained from January 1981 through October 1981 indicated an aver-
age of 490 liters per day of low grade hot water was used. This am-
ounted to 3.77 Titers per cow-day, a 66 percent reduction over previ-
ous low grade hot water consumpfion.

The low grade hot water supply is preheated using energy recovered

from the primary milk refrigeration system and stored in an insulated
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tank. Water drawn for milking parlor use from the storage tank pas-
ses through a 189.3 liter commercial electric water heater before
entering the water metering system. The water heater thermostats are
set at 43.3°C to increase water temperature if below the thermostat
setting.

The milking equipment and conveyance lines are cleaned at the
conclusion of each milking period. Cleaning operations consisted of
a rinsing cycle with warm (43.3°C) water, a wash cycle with hot
(71.1°C) water, and a rinsing and sanitizing cycle with warm water
(43.3°C). Warm water is obtained by blending hot and cold water.
High grade hot water is also utilized in the wash and sanitize cycle
for the milk storage tank, Milk pick-up occurs every other day at
approximately 12:00 pm. Additional miscellaneous uses for high grade
hot water include washing calf bottles and other small milking uten-
sils at approximately 10:00 am and 5:00 pm. Records kept from March
1979 through June 1980 indicated an average use of 863 liters per day.
Records kept from September 1981 through May 1982 indicated an aver-
age use of 775 Titers per day. This 18 percent reduction was a
result of management practices to reduce consumption of high tempera-
ture water for miscellaneous usage. The cleansing and sanitizing
operations are automated and thus, unaffected by management practices.
The high temperature (71.1°C) water is drawn from a 378.5 liter com-
mercial electric resistance water heater that has both upper and

Tower thermostats set at 71.1°C.
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Waste Heat Recovery System

A waste heat recovery system was installed at the Oregon State
University dairy center in 1978 for the dual purpose of determining the
quantity and temperature of water that could be accumulated from a de-
superheater heat exchanger installed in a milk refrigeration system and
evaluating the system cost and length of time required to recover the
capital investment (Hellickson and Kirby, 1979). The system consisted
of a 10.6 kW counterflow tube-in-tube heat exchanger installed in the
compressor discharge line on the primary milk refrigeration system.

The water-cooled condenser unit was specifically designed for water
flow through the inner tube and refrigerant flow through the annular
space, The inner tubes were finned in the desuperheating section of
the heat exchanger to increase heat transfer area and thus, improve
efficiency. All tubing was formed using seamless copper with a brdnze»
header at each end. Condenser specifications are included in Appendix A.
The primary milk refrigeration system, which consisted of a flat
plate heat exchanger cooled by a sweet (fresh) water ice builder stor-
age unit, operated approximately 18 hours per day. The compressor
started approximately one hour after milking commenced and ran for ap-
proximately nine hours. Milk passed through the plate heat exchanger
and was cooled from 35°C to 4.4°C before entering the milk storage
tank. The rejected heat from this sweet water refrigeration system
was the heat recovered by the water-cooled condenser. Additional cool-
ing of the milk in storage from 4.4°C to 3.3°C was provided by a sep-
arate refrigeration system. No éttempt was made to recover waste heat
from this system as it represented only a small fraction of the total

energy available.
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Low Temperature Water Storage Tank

A new low temperature water storage tank was selected to replace
the existing water storage tank used by Hellickson and Kirby (1979).
The existing water storage tank consisted of a 4,700 Titer insulated
fiberglass tank open to the atmosphere. This tank was replaced to
convert the system to city water pressure and re-evaluate the water
storage capacity required. Sizing and selection of the low grade hot
water storage tank were based on the following criteria:
(1) The quantity and quality of low temperature (40.5°C)
water stored must meet the minimum daily requirements
in the milking parlor with the least amount of addi-
tional heating by a commercial electric water heater.
(2) There must be sufficient quantity and quality hot water
to provide the water-to-water heat pump with the high-
est temperature heat source possible.
(3) The water storage tank must operate at a significant
degree of stratification. This would allow hotter
water at the top of the tank for milking parlor use
and the heat source of the heat pump. Cooler water
from the bottom of the tank could be circulated
through the water-cooled condenser for maximum
energy transfer between the refrigerant and water.
(4) The storage tank construction must meet safety and
sanitary regulations as specified by local and USDA

codes.
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Based on the analysis of energy recovered from the primary milk
refrigeration system and energy required to meet the low grade hot
water needs, an833 liter galvanized steel tank was selected. Calcula-
tions for sizing and selection of the water storage tank are included
in Appendix B. Additional taps were installed in the tank to provide

the plumbing arrangement as shown in Figure 5. The tank was insulated

PRESSURE RELIEF VALVE

— TO HEAT PUMP
FROM WATER-CCOLED - € APORATOR
CONDENSER — TO LOW TEMPERATURE

= ATER HEATER

TO HIGH TEMPERATURE
[=————3m=WATER STORAGE TANK

e FROM CITY WATER

TO WATER-COOLED FROM HEAT PUMP
CONDENSER e === CYAPQRATOR

CRAIN

Figure 5. Low temperature water storage tank plumbing arrangement.

with 15.2 cm of fiberglass batting material and installed outside ad-
Jjacent to the milking parlor in August 1981. A corrugated fiberglass

shelter was constructed to protect the tank from the elements.

-
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Water-to-Water Heat Pump Component Selection

The water-tc-water heat pump system included the heat pump, the
heat sink thermal storage tank (71.1°C), and the heat source thermal
storage tank (40.5°C) previously described. Availability of compon-
ents and ease of replacement are important factors to be considered by
the dairy farmer where an extended down-time due to equipment failure
can be extremely detrimental. Therefore, serious consideration was
taken to assemble a water-to-water heat pump that utilized standard
off-the-shelf refrigeration and air conditioning components specific-
ally selected to provide the hot water requirements in milking par]ors.
Figure 6 is a schematic showing heat pump components (refrigerant and

water) plus flow paths.

Refrigerant Selection

- Sizing and selection of the heat pump components were based on the
underlying decision to use Freon 114, a refrigerant for high tempera-
ture applications. Other common refrigerants such as Freon 12 or 22
have excessive condensing pressures at the temperatures involved in

this application. ASHRAE Handbook of Fundamentals (1981) recommends

pressure in an evaporafor be as high as possible and, at the same time,
a Tow condenser pressure in the design of a heat pump is desirable.
Evaporator and condenser pressures at the desired evaporating and cond-
ensing temperatures of 26.70 and 82.2°C, respectively for Freon 12, 22,
and 114 are shown in Table 3. Both Freon 12 and 22 have pressures

that are detrimental to a compressor's service life at this con-

denser temperature. Personal communication with a manufacturer indicat-

ed a 26.7°C to 32.2°C suction gas temperature for Freon 114 into a



Figure 6.
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Experimental water-to-water heat pump component arrangement.
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Table 3. Evaporator and condenser pressures at 26.7° and 82.2°C for
Freon 12, 22, and 114.

Evaporator o Condenser o

Refrigerant Pressure at 26.7 C Pressure at 82.2°C
Freon 12 689.5 kPa 2,413.2 kPa
Freon 22 1,091.7 kPa 3,825.1 kPa
Freon 114 225.2 kPa 971.8 kPa

hermetic compressor was acceptable while the maximum acceptable tempera-
ture for Freon 12 is approximately 18.3° to 21.1% (E. I. DuPont, 1981).
Therefore, the condensing pressure and temperature were the limiting
conditions in se]ectiﬁg the components. Assembly of the components was
in accordance with the specific properties of Freon 114.

Figure 7 illustrates the design heat pump cycle established
for a condensing temperature of 82.2°¢ and an evaporating temperature of
26.7°C for Freon 114 on a pressure~enthalpy diagram as takeh from ASHRAE

Handbook of Fundamentals (1981). Assumptions made in the development of

this cycle included:

(1) Evaporating temperature included an11.1°C increase
from superheating (Point B of Figure 7).

(2) Pressure losses through the refrigerant lines were
considered negligible. Losses through the heat ex-
changers and other components were estimated.

(3) Isentropic compression occurred in the superheat
region (Point B to Point C of Figure 7).

(4) No subcooling of the refrigerant occurred in the

condenser (Point D of Figure 7).
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Design heat pump cycle using Freon 114 as the refrigerant.

Figure 7.
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Condenser Selection

Heat transfer in the condenser was analyzed by considering the
condenser as two separate control volumes, one which had Freon 114
flow across its control surface and the other had water flow across
its control surface. Additional heat transfer from one control surface
to the other was possible. A steady-state, steady-flow energy trans-
fer equation of the form:

O = 0 (h =h,) (3)

was used for each control volume, where:

ch = rate of energy transfef, kd/hr

m = mass flpw rate, Kg/hr

he = enthalpy at exit state conditions, kJ/Kg

h; = enthalpy at entrance state conditions, kJ/Kg

Figure 8 represents the control volume arrangement for the condenser.

CONTROL

_______ Lh--/ﬂ SURFACES}.______4__’_“____.

FREON 114 OUT NATET IN

Qey

- ev e - - -

- o w e o -

FREON 114 IN WATER OUT

Figure 8. Heat pump condenser considered as two separate control
volumes.
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Heat transfer in the water side control volume resulted in a peak heat-
ing load of approximately 67,300 kd/hr or 20.8 kW. Sizing the conden-
ser to meet peak heating loads would not have been economical, thus,
selection of the condenser was limited to either a 10.6 or 17.7 kW nom-
inal size unit that would meet 50 or 85 percent, respectively, of peak
heating Toad in the same time peqiod and still remain cost competitive.
This was justifiable because the recovery time to heat water in the
high temperature water storage tank was not critical. This assumed a
water temperature increase of approximately 11.1° to 16.7°C and a water
mass flow rate of 570 Kg/hr through the water-cooled condenser. Re-
frigerant mass flow rates required for these two units were determined
by using the steady-state, steady-flow energy equation and solving for
m. Refrigerant entrance and exit conditions were based on the follow-
ing assumptions:

(1) Saturated vapor enters condenser at 82.2°C and 971.4 kPa.

(2) Refrigerant pressure drop through the condenser was

34.5 kPa.

(3) No subcooling of refrigerant occurred in condenser.

(4) Saturated liquid exits condenser at 80.0°C and 937.0 kPa.
Refrigerant mass flow rate through the condenser for the 10.6 and 17.7

kW units was 356.3 and 586.4 Kg/hr, respectively.

Evaporator Selection

The same procedure was followed for sizing and selection of the
evaporator. Figure 9 represents a schematic of the control volume
arrangement for the evaporator. Cost constraints resulted in consid-

eration of only a 10.6 or 17.7 kW nominal size commercial unit.
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Figure 9. Heat pump evaporator considered as two separate control
volumes.

Analysis of the water side control volume indicated an energy re-
moval rate of 26,760 kd/hr or 8.0 kW. This assumed an 11.1%C decrease
in water temperature and a water mass flow rate of 570 kg/hr through
the evaporator, Refrigerént entrance and exit conditions were based
on the following assumptions:
(1) Refrigerant entered evaporator as a 1iquid-vapor
mixture at a temperature of 15.5°C and a pressure
of 166.8 kPa.
(2) Refrigerant pressure drop through the evaporator was
34.5 kPa.
(3) Superheat of 11.1°C occurred in evaporator.
(4) Refrigerant exited evaporator as a superheated vapor
at a temperature of 26.6°C and a pressure of 132.2 kPa.

Refrigerant mass flow rates required to meet this heat transfer rate

for the 10.6 and 17.7 kW evaporator units were 490 and 816 kg/hr,

respectively.
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A chiller barrel evaporator was first considered. Advantages of
this type of heat exchanger included specific design for optimum tur-
bulence and uniform flow patterns throughout the barrel to assure
more and faster heat transfer to refrigerant tubes. Also the unit was
completely self-contained, including insulation. Disadvantages includ-
ed weight, length, and excessive cost. A 17.7 kW flooded shell-and-
tube type chiller barrel had an estimated weight, length, and cost of
109 kg, 147.3 cm, and $1,100, respectively. These factors made using
a chiller barrel prohibitive even with the higher heat transfer capa-
city. The decision to install a water-cooled condenser and operate it
as an evaporator was influenced by cost, availability, and results of
previous work studying heating performance of water-cooled condensers
used as evaporators. Means (1980), in a series of experiments testing
the performance of water-cooled condensers used as evaporators, found
a strong correlation between réfrigerant pressure drop and refrigerant
flow rates. Sizable refrigerant pressure drops were recorded through
the evaporators. Results showed overall héat transfer coefficients to
be a_function of the water and refrigerant flow rates and direction of
flow (parallel versus counter-flow). Personal communication with the
manufacturers indicated acceptable performance for the particular con-
denser being selected when used as an evaporator‘although no actual
testing had been documented. Recommendations by the manufacturer in-
cluded oversizing the evaporator by approximately 50 percent (i.e.,
use a condenser rated at 17.7 kW versus one rated at 10.6 kW)

(Halstead and Mitchell, 1981).



33

Compressor Selection

Sizing the compressor was dependent upon the work of compression
required to increase the refrigerant temperature and pressure from
the evaporator exit conditions to the condenser entrance conditions.
A steady-state, steady-flow energy transfer equation of the form:

Q% = g (hg - hy)
was used to compute the compressor capacity required where

QC = compressor capacity, kd/hr

mR = refrigerant mass flow rate, kg/hr
hC = compressor discharge enthalpy, kd/kg
hB = compressor inlet enthalpy, kd/kg

A compressor capacity of 13,500 kd/hr was required to boost the re-
frigerant from evaporator exit conditions to condenser entrance condi-
tions using a refrigerant mass flow rate of 490 kg/hr for the 10.6 kW
evaporator unit. This resulted in a power input to the compressor of
6.0 kW assuming a compressor efficiency of 75 percent. Using a 17.7
kW evaporator unit with its higher refrigerant mass flow rate in-
creased the compressor size to the point that compressor cost and
availability became the deciding factors.

The compressor selected was a hermetically-sealed unit designed
for refrigeration applications. The unit was oversized to accomodate
the high mass flow rates required for use with the refrigerant, Freon
114. This unit was specifically designed for use with Freon 22 but
due to the unavailability of a compressor for use with Freon 114 in

the desired size, this model was selected. Personal communication
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with manufacturers concerning application of this particular model in
a water-to-water heat pump using Freon 114 resulted in selection of a
compressor rated at 26.8 kW nominal capacity (Coplaweld, 1981). This
particular model was also selected because of its high efficiency
rating.

Final selection of the major components in the heat pump were as
follows, based on the ability to provide adequate heat transfer, com-
ponent cost, and availability.

(1) Water-cooled condenser

- 10.6 kW refrigeration capacity
- Tube-in-tube construction
(2) Evaporator
- 17.7 kW refrigeration capacity
- Tube-in-tube construction
(3) Compressor
- 26.8 kW refrigeration capacity (rated for Freon 22
refrigerant)

- hermetically-sealed

The complete calculations for sizing each major component of the heat
pump are included in Appendix B, Manufacturer's specification for the

major components are included in Appendix A.

Auxillary Component Selection

While the compressor, condenser, and evaporator constitute the
major componerits of a heat pump, auxillary components also play an
important role in maintenance-free operation. Both hand operated and

thermostatic expansion valves were installed in parallel in the heat
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pump circuit for comparison of system performance. A thermostatic ex-
pansion valve was selected to provide a refrigerant superheat condi-
tion of 6.7°C at the evaporator outlet for a 10.6 kW capacity heat
pump using Freon 114 as its refrigerant. The hand expansion valve al-
lTowed any desired superheat condition to be achieved in order to evalu-
ate the performance of the heat pump under various conditions.

The Tiquid receiver, suction line accumulator, and filter/driers
were selected to provide sufficient refrigerant holding capacity,
positive 0il return, and minimal pressure drop. A combination sight-
glass and moisture-indicator was also selected to provide visual in-
spection of the Tiquid refrigerant entering the expansion valves.

Type L copper tubing was sized to provide positive oil return and
minimal pressure drop. Manufacturer's specifications for the auxil-

lary components are included in Appendix A.

High Temperature Water Storage Tank

A high temperature (71.1°C) water storage tank was required to
provide a heat sink for the water-to-water heat pump system. Sizing
and selection of a high temperature water storage tank were based on
investigation of the potential of providing an adequate quantity and
quality of hot water to eventually eliminate the need for a high temp-
erature electric water heater. Based on the high grade hot water re-
quirements as shown in Appendix B, the high temperature water storage
tank was sized at 454 Titers and was the same construction as the Tow
temperature water storage tank. Figure 10 indicates the
plumbing arrangement for the High temperature water storage tank. The

heat sink thermal storage tank was insulated with a 7.6 cm water heater
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Figure 10. High temperature water storage tank plumbing arrangement.

Jjacket., This blanket wrap served a dual purpose by insulating the
tank to reduce heat transfer to ambient surroundings and protecting
the tank from water spilled in the area. The tank was installed in
the milk washroom adjacent to the high temperature electric water

heater in August 1981.

Installation of Heat Pump

The entire heat pump was assembled on an89 by 61 cm square tube,
metal frame in the Agricultural Engineering Department shop. Overall
unit height was 46 cm. Figure 11 shows the heat pump installed at the
Oregon State University dairy research center. The unit was located in
the dairy's washroom to keep water conveyance lines as short as pos-

sible and minimize friction loss in the pipes.




Figure 11,

Water-to-water heat purip installed at QSU
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Standard flare fittings were soldered into the evaporator and conden-
ser water inlets and outlets to facilitate easy connection and dis-
connection of the water lines in the event the heat pump required
removal.,

Two 0.062 kW centrifugal pumps provided water circulation through
the evaporator and condenser circuits. Various gate, check, and flow
control valves were Tocated throughout the water conveyance system to
isolate an area in case of maintenance or to control flow rates
through the evaporator and condenser. The entire water conveyance
system including the waste heat recovery system operated at city water
system pressure of 413.6 kPa, Safety high pressure relief valves
were installed on the water storage tanks.

Installation of the heat pump at the dairy required connection of
the compressor to a three-phase 240-volt power source from a breaker
box. The electrical wiring and charging of the heat pump with Freon
114 refrigerant were performed by outside contractors to comply with
local code specifications. Activation of the heat pump was controlled
by a remote thermostat located in the hot water line between the high
temperature storage tank and electrical resistance water heater. This
remote thermostat was an immersion-type hot water controller with an
adjustable high temperature cut-out ranging from 37.8° to 115.6°C and a
manual teﬁperature differential of 3.3°C, 6.6°C and 9.9°C. The con-
troller activated and deactivated the heat pump and water circulation
pumps simultaneously.

The entire water conveyance system was constructed of 1.9 cm I.D.
Schedu1e74120 thermoplastic pipe insulated with 1.3 cm of expanded

polyurethane foam to minimize heat loss to the environment. Heat
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loss to the environment was also minimized at the heat pump by insul-
ating the condenser, the evaporator, and the suction line with 7.6 cm
of fiberglass batting material. The heat pump was installed in
October 1981 and began operation under actual production conditions

in November 1981.

Data Collection and Instrumentation

Data were collected for combined heat pump and waste heat re-
covery system operation from November 1, 1981 to May 31, 1982. System
temperatures were monitored and recorded on an hourly basis. On sel-
ected days, additional data on water temperatures, heat pump refriger-
ant temperatures, and heat pump refrigerant pressures were recorded at
five-minute intervals during the heat pump operating cycle,

System temperatures were measured using 0.39 mm diameter (24
gauge, Browne and Sharp) copper-constantan thermocouples. Thermo-
couples were attached to the fluid-carrying tubing at selected loca-
tions and insulated with 7.6 cm of fiberglass batting material to
minimize temperature variations and the temperature profile across
the tube wall. Temperatures were recorded by an Esterline-Angus
muitipoint potentiometer equipped with both a digital printout and a
paper tape perforation unit. The perforated paper tape was used to
enter data into the university computer system for reduction purposes.
Location of temperature sensors are identified in Table 4.

Four heat pump pressure sensors were located in the compressor
discharge line, before entering the expansion valve, after Teaving

the expansion valve, and in the compressor suction Tine. Pressures



Table 4. Location of temperature sensors in heat pump and energy re-
covery system.
Sensor Number? Location

2 Water entering water-cooled condehser

3 Water leaving water-cooled condenser

4 Water entering low temperature (40.5°C) water heater
5 Top third of Tow temperature water storage tank

6 Middle third of low temperature water storage tank

7 Bottom third of low temperature water storage tank

8 Water entering heat pump evaporator

9 Water leaving heat pump evaporator

10 Water entering heat pump condenser

11 Water leaving heat pump condenser

12 Top third of high temperature water storage tank

13 Middle third of high temperature water storage tank
14 Bottom third of high temperature water storage tank
15 Water entering high temperature water heater

16 Water from low temperature storage tank entering

high temperature storage tank ’
17 Water entering from city water supply
18 Heat pump -~ discharge line between compressor
and condenser

19 Heat pump -- between condenser and expansion valve:
20 Heat pump -- suction line before entering compressor
21 Heat pump -- after expansion valve entering evaporator
22 Heat pump -- leaving evaporator -- inside tube rack
23 Heat pump -- Teaving evaporator -~ outside tube rack

a reference channel.

were measured with bourbon tube pressure gauges having a range of 0 to

1,724 kPa gauge (0 to 250 psia gauge).

|
|
8Sensor number corresponds to recorder channel number. Channel 1 was



41

Water consumption in the mi]kfng parlor was measured for low
temperature (43.3°C), high temperature (71.1°C), and total water use.
Three oscillating-disk flow meters were installed to measure water
utilized for each purpose. Readings were taken daily. Total water
flows through the heat pump condenser and evaporator were measured
using two oscillating-disk flow meters. A high temperature meter was
installed in the condenser water line to eliminate binding problems
with the disk mechanism. Flow rates were calculated by timing the
flow through the flow meters. Readings were made daily and during
selected short term observations of the heat pump cycle.

Electrical energy consumption was measured for the low tempera-
ture (43.3%C) water heater, high temperature (71.1°C) water heater,
and Heat pump. Each water heater was connected to a kilowatt-hour
meter that recorded electrical energy. usage plus peak demand. The
heat pump was only monitored for electrical energy usage. Each meter
was ready daily. Figure 12 is a schematic of the entire energy re- |
cycling system. Temperature and pressure sensor and water flow meter

locations are identified as T, P and M, respectively.

Heat Pump System Analysis

During the seven-month data collection period, several test con-
ditions were established to evaluate the heat pump system's operating
characteristics. Table 5 contains the test conditions including
objective of each test, parameters varied during each test, and para-
meters held approximately constant. The primary purpose of these

tests was the evaluation of variable effects on the heat pump's
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Table 5. Heat pump test conditions.

Test

Objective

Parameter Being Varied

Parameter Held Constant

{1) Heat pump coefficient of performance

(2

(3

~—

~—

versus water flow rate through
evaporator

Heat pump coefficient of performance
versus water flow rate through con-
denser.

Heat pump's operating schedule versus
set point temperature and manual temp-
erature differential control on heat
pump's remote thermostat

To determine the effect of water
flowrate through the evaporator
on the heat pump's coefficient of
performance during the entire
heat pump operating cycle.

To determine the effect of water
flow rate through the condenser
on the heat pump's coefficient of
performance during the entire
heat pump operating cycle.

To determine the effect of the set
point temperature and manual temp-
erature differential control for
the heat pump's remote thermostat
on the heat pump's operating
schedule.

water flow rate through
the evaporator. Range:
7.6 to 15.2 liters per

minute.

water flow rate through
the condenser. Range:

7.6 to 13.2 liters per

minute.

set point temperature of
heat pump remote thermo-
stat. Range: 65.50 to
73.99C. Manual tempera-
ture differential on heat
pump remote thermostat.
Range: 3.3° to 10.0°C.

water flow rate through
condenser (9.5 liters per
minute). Thermostatic
expansion with 11.1°C
super heat.

water flow rate through
the evaporator {14.2
liters per minute).
Thermostatic expansion
with 11.19C super heat.

water flow rates through
the condenser and evapor-
ator (9.5 and 14.2 liters
per minute, respectively).
Thermostatic expansion
with a 11,19 C super heat.

N7
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coefficienf of performance and operating cycle under actual production
conditions.

Each test was run for a minimum of two weeks to study the long
term effects under actual production conditions. During these two-week
periods, temperatures and pressures of the heat pump system and water
storage facilities were monitored and recorded. The heat pump's coef-
ficient of performance was calculated for the heat pump operating
cycle using these data. Temperature stratification in both the low
and high temperature water storage tanks were also monitored and

recorded.
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IV, RESULTS AND DISCUSSION

The energy recovery unit and water-to-water heat pump were evalu-
ated from November 1, 1981 to May 31, 1982. Performance comparisons
were made between these data and data collected during two years of
previous energy conservation research. This section includes results
of water use and electrical energy consumption for both previous and
present water heating schemes. Performance characteristics have also

been documented for the heat pump operation at various test conditions.

System Performance

Water Use

Water use was monitored at the Oregon State University dairy re-
search center from March 1978 to May 31, 1982. Comparison of water
use in the milking parlor was made between the previous water heating
scheme using commercial é]ectric water heaters and the current method
involving the energy recovery unit and water-to-water heat pump. Water
quantities monitored included daily low temperature, high temperature,
and city water supplied to the milking parlor. Table 6 summarizes the
average daily water use.

Several external factors affected the data reported during the
span of this research effort. A meteriné system was installed in the
low temperature water supply line in early January 1981. The system
maintained the pressure required for efficient udder cleansing and
stimulation, yet substantially reduced low temperature water use. A

71 percent reduction in low grade tempered water usage was recorded as

compared to pre-1981 records. A second external factor was the dairy's
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water management practices, particularly those involving Tow tempera-
ture water usage. Although the dairy's management practices were be-
yond the author's control, they must be included in developing an
overall energy conservation program for the dairy. Water usage at a
privately-owned and operated dairy tends to be more conservative
than at a university-owned and operated dairy where research is a
major emphasis. During several periods of subfreezing weather in
December 1981 and January 1982, Targe quantities of Tow temperature
water were used for non-milking parlor related applications. During
these two periods, Tow temperature water use increased approximately
90 percenf. Usage of these Targe quantities of warm water resulted in
the Tow temperature water storage tank being completely depleted of
its normally 40.5°C water. Recovery of the water temperature to the
40.5°¢ operating level required approximately 24 hours during which
time the milking operation ran short of low grade tempered water. The
heat source temperature for the heat pump was also reduced, thereby
decreasing the heat pump's performance and increasing'e]ectrical energy

consumption by the heat pump and electric resistance water heaters.

Table 6. Average daily water use in OSU milking parlor,

Water Use in Liters (Gallons)
Period 43.39¢ 71.1°C City Water Supplied

3/78 - 6/80 1,423.0 (376.0) 863.1 (228.0) 5,768.0 (1,524.0)
11/81 - 5/82 405.8 (107.2) 775.3 (204.8) 3,414.8 ( 902.1)
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On another occasion in February 1982, a water control valve was
inadvertently closed to stop a major leak in the heat pump condenser's
water line. This resulted in loss of both low and high temperature
water from the storage tanks and necessitated disengagement of the
heat pump for approximately one week until the problem was pinpointed
and rectified. City water was continuously flowing through the system,
allowing no storage of low and high temperature water. Use of low
temperature, high temperature, and city water increased by approxi-
mately 70, 11, and 35 percent, respectively, during this period. Once
the problem was récognized and corrected, system performance returned
to expected levels, |

Daily quantities of low grade tempered water used varied inversely
with the ambient air temperature as expected. Milking personnel in-
crgased the quantity of low temperature water used in the milking and
floor cleaning operations as ambient air temperature decreased. During
the seven-month period of data collection from November 1981 through
May 1982, the minimum low temperature water usage was 112.3 Titers in
May 1982 and the maximum was 837.4 Titers in January 1982. The maximum
included the large quantities of warm water diverted to non-milking
parlor uses as previously described.

High temperature water use remained essentially constant for the
two methods for heating water, The 10 percent decrease in the high
grade tempered water usage can be attributed to rescheduling miscel-
laneous equipment cleaning to coincide with the normal milking equip-

ment wash cycle. Wash cycle water was then used for cleaning the misc-

ellaneous equipment.
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Electrical Energy Consumption

Electrical energy consumption was monitored in the O0SU milking
parlor for the low temperature (43.3°C) water heater, high temperature
(71.1°C) water heater, and water-to-water heat pump. Electrical energy
consumption by the water circulation pumps in the waste heat recovery
unit and water-to-water heat pump were not monitored as their electric-
al energy requirements were minimal in comparison to the water heaters
and heat pump. Previous data presented by Hellickson (1980) showed an
average energy requirement of 0.9 kW-hr per day for the same size and
make of pumps. Comparison of electrical energy consumption in the
milking parlor was made between the previous water heating scheme and
the current one. The time period coincided with the water use analy-
sis. Table 7 summarizes the average daily electrical energy consump-
tion in the OSU milking parlor for heating water. Based upon water
.use-and electrical energy consumption records prior to 1981, the aver-
age daily electrical energy requirements for the previous water heat-
ing scheme was 115.3 kW-hr. This assumed the use of separate electric

Table 7. Average daily electrical energy consumption in OSU
milking parlor.

Electrical Energy Consumption in Kw=hr
Low Temperature High Temperature Water-to-Water

Period Water Heater Water Heater Heat Pump Total
3/78 - 6/80
X 51.7 (4.0)2 63.6 (4.0) -- 115.3
o} 15.3 7.2
11/81 - 5/82
X 10.9 (2.1) 6.2 (1.9) 12.7 29.8
a 6.3 3.6 0.8

aPeak demand
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resistance water heaters for the low and high temperature water de-
mands. Subsequent to installation of the energy recovery unit and
water-to-water heat pump, the average electrical energy requirement
decreased to 29.75 kW-hr per day, an overall reduction of 74.2 percent
as compared to previous requirements. A breakdown for the separate
water heaters indicated decreases of 80.5 and 90.3 percent in elect-
rical energy consumption by the low and high temperature water heaters,
respectively. Peak energy demand by the low and high temperature water
heaters also decreased by 47.5 and 52.2 percent, respectively. Peak
demand by the water-to-water heat pump was not monitored.

Decreased energy consumption by the low temperature water heater
was the result of two major improvements. The first was installation
of the low temperature water metering system. The immediate reduction
in low temperature water usage from 1,423 to 406 liters per day ef-
fected an approximate electrical energy savings of 9,829 kJ or 30.4 kW-
hr per day based on heating water from 12.2° to 43.3°C. This also
caused a larger quantity of low grade tempered water to be available to
the heat source coil of the heat pump. The second improvement resulted
from installation of the energy recovery unit in the primary milk re-
frigeration system. An additional average energy reduction of 33,607
kdJ or 10.3 kW-hr per day was realized. A secondary effect of instal-
lation of the energy recovery unit was improved performance of the
primary milk refrigeration system. Visual observation indicated a
shorter operating schedule. The increased heat transfer in the water-
cooled condenser allowed the refrigeration system to maintain a greater

refrigerating effect, thus, a shorter operating schedule.
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During the data collection period, average daily minimum energy
consumption by the low temperature water heat was 6.06 kW-hr (May
1982). The average daily maximum value was 22.86 kW-hr (January
1982). The maximum value was again in part due to low grade hot wat-
er use for other than milking parlor purposes. Minimum and maximum
peak energy demand values were 1.8 and 2.4 kW-hr and occurred in
February 1982 and December 1981, respectively. Energy consumption
for meeting high temperature demands was primarily provided by the
heat pump with the high temperature water heater used as backup.
Thermostatic control of the heat pump caused it to operate during
periods when low grade hot water was also being used in the milking
parlor. The combined demands resulted in the low temperature water
heater operating longer than expected. A disadvantage of using a
separate high temperature water storage tank for the heat pump heat
sink was some reheating of water as it entered the high temperature
water heater. Combining the water storage tank and water heater
would have reduced this reheating process by meeting the required
water temperature level in one storage facility rather than two. The
water heater would, however, provide backup capacity in case of heat
pump failure.

The major improvement in reducing high temperature enérgy de-
mand was a result of installation of the heat pump. An overall re-
duction of 70.2 percent (including both high temperature water heater
and heat pump) was realized for the present water heating scheme as
compared to the previous method. For the data collection period an

average minimum daily energy requirement for the high temperature



51
water heater and heat pump was 3.51 kW-hr (March 1982) and 11.3 kW-
hr (January 1982), respectively. Maximum average daily energy con-
sumption for the high temperature water heater and heat pump was
13.45 kW-hr (January 1982) and 13.54 kW-hr (December 1982), resspect-
ively. Maintenance problems described earlier were a major factor
in causing the maximum values to be as large as reported.

Formation of a normalized base for comparison of energy consump-
tion by the two water heating schemes was required because of the
large reduction in low temperature water use that occurred. In order
to make a valid comparison, the energy require to heat 1,000 liters
(264 gallons) of water was determined for both low and high tempera-
ture demand. Table 8 summarizes the adjusted average energy consump-

tion for low and high temperature demands in the O0SU milking parlor.

Table 8. Adjusted average electrical energy consumption in OSU
Milking parlor. '

Electrical Energy Consumption in kW-hr
per 1,000 Liters (264 Gallons)?

Low Temperature High Temperature
Period Consumption Consumption Total
3/78-6/80 36.3 73.7 110.0
11/81 - 5/82 26.9 - 24.4P 51.3

aBased on mean values from Table 7.

bInc]udes water-to-water heat pump energy consumption.

Installation of the energy recovery unit in the milk refrigeration

system resulted in a 26 percent reduction in electrical energy
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required to meet the low temperature demand. On a per day basis for
present low temperature water usage, this reduction amounted to 3.80
kW-hr per day or 115.0 kW-hr per month. Installation of the heat
pump resulted in a 67 percent reduction in electrical energy required
to meet high temperature demands. Based on present high temperature
water usage, the energy reduction was 38.2 kW-hr per day or 1,146.0
kW-hr per month. Appendices D and E contain the water usage and
electrical energy consumption data recorded, respectively.

An energy transfer analysis was made to determine the amount of
energy recovered from the milk refrigeration system and subsequently
utilized for water heating purposes. An average daily energy require-
ment of 138,530 kJd or 42.8 kW-hr was needed to heat water from ap-
proximately 12° to 43°C based on the low temperature water usage
including preheating the high temperature water. The temperature
differential represented city water entering the low temperature
storage tank and low grade tempered water leaving the Tow temperature
water heater. Data collected indicated an approximate enthalpy in-
crease through the energy recovery unit of 22.0 kd/kg (10.0 Btu/1bm)
of water. For a water flow rate of 15.1 liters per minute (4.0 gpm)
and operating period of approximately 16 Hours per day, the energy
recovered and stored in the water was approximately 303,600 kJ (89
kW-hr) per day.

The heat pump heat source also utilized a portion of the energy
recovered from the milk refrigeration system. An approximate enthal-
py decrease of 26 kd/kg (11 Btu/1bm) of water occurred in the heat
pump evaporator, This resulted in an energy removal rate of 110,000

kd (34.0 kW-hr) per day based on a water flow rate of 14.2 liters per
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minute (3.75 gpm) and heat pump operating time of 5.5 hours per day.
The analysis did not account for any system inefficiencies such as
heat loss from the system to the environment, variability of the
overall heat transfer coefficient in the evaporator, and non-uniform
low temperature water usage.

Energy recovered from the milk refrigeration system exceeded
that required for meeting the low grade hot water and heat source de-
mands. However, timing of water-cooled condenser operation, heat
pump operation, and water use was not concurrent and resulted in poor
utilization of the energy recovered. VYisual observation of the milk
refrigeration system showed the air-cooled condenser cycling on and
off late in its operating schedule which indicated water storagé
temperatures had reached 40.5%C. Better utilization of Tow tempera-
ture water would have the heat pump operating during the periods of
maximum temperatures and not when temperatures are depressed froﬁ
water removal. Energy consumption by the low temperature water heat-
er was required for heating water from 41° to 49°%C (thermostat set-
ting), maintaining the required temperature between periods of use,
and tempering water as a result of excessive low temperature water
removal,

AThe heat recovered by cooling the milk through the plate heat
exchanger was approximately 353,330 kJ (110 kw-hf) per day. This as-
sumed a plate heat exchanger efficiency of 75 percent and milk temp-
erature differential of 32°C through the heat exchanger. Of this
353,330 kJ per day, approximately 85 percent was recovered by the
desuperheater heat exchanger. Past studies have indicated that the

desuperheater heat exchanger captures approximately 40 to 60 percent
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of the energy removed from the milk. The femaining energy removed
was from the work of compression in the milk refrigeration system.

Energy removal from the heat pump condenser was approximately
143,500 kJ (44 kW-hr) per day, based on a water flow rate of 9.5
liters per minute (2.5 gpm), an approximate enthalpy increase of 46
kd/kg (22 Btu/1bm) of water, and a heat pump operating time of 5.5
hours. Present higﬁ temperature water usage indicated an average
daily energy requirement of 109,980 kJ (34 kW-hr) was needed to heat
775 Titers of water from 43.3° to 71.19C. This temperature differ-
ential represented water entering the high temperature storage tank
from the low temperature storage tank and water entering the high
temperature water heater. These energy requirements were met by the
heat pump condenser. The major energy consumption by the high temp-
erature water heater was maintaining the water temperature at the

thermostat setting between periods of water use.

Heat Pump Performance

Evaluation of the heat pump performance under actual production
conditions was made based on computed coefficients of performance.
Preliminary analysis established the design coefficient of perform-
ance at 3.04. The actual coefficient of performance was determined
from five-minute test intervals over the entire heat pump operating
cycle on selected days. Figure 13 illustrates both design and acfua]
heat pump cycle on a pressure-enthalpy diagram for Freon 114, An
average coefficient of performance of 4.05 was determined for 128 ob-
servations, a 38 percent increase over the design value. The large

increase was partially due to the amount of subcooling that occurred
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in the heat pump condenser as a result of refrigerant pressure drop
and additional condenser area beyond that required for condensation.
Subcooling of the refrigerant (from approximately 82° to 60°C) in-
creased the energy output of the heat pump by approximately 20 kJ/kg
(8.6 Btu/1b) of Freon 114 circulated, a 25 percent increase. Work of
compression remained virtually unchanged while the amount of energy
removed from the condenser increased. This resulted in a decrease
in the amount of work input required to produce a kilowatt (ton) of
refrigeration. The thermostatic expansion valve controlled the sup-
erheat condition of Freon 114 out of the evaporator at 6.79C as com-
pared to the design condition of 11.1% superheat. A 1arge pressure
drop through the suction line reduced the suction superheat entering
the compressor, thus increasing the work input by the compressor.

Actual coefficients of performance ranged from a minimum of 3.60
to a maximum of 5.55 for the entire study. The months of March and
April 1982 were selected to illustrate the performance of the heat
pump during a period of maintenance-free operation. During this
period the average daily electrical energy consumption for the low
and high temperature water heaters and the heat pump were 6.79, 3.68,
and 12.60 kW~hr per day, respectively. The average coefficient of
performance for the heat pump was 4.15 with a minimum of 3.93 and a
maximum of 5.55.

The maximum coefficient of performance was achieved during a
test period when the heat pump thermal source temperature was initi-
ally 40.5°C and the heat sink temperature was 60°C. As the heat sink

(high temperature water storage tank) temperature increased to
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approximately 73.9°C and the heat source tank temperature decreased
to 35°C, the coefficient of performance dropped to a minimum of 4.1.
During this test period the average coefficient of performance for
the operating cycle was 4.49. Control of the heat sink temperature
during the operating cycle was limited by the amount of high temper-
ature water removed for equipment cleaning. Operation of the heat
pump when the heat source (low temperature storage tank) was main-
tained at its maximum temperature would improve the performance by
reducing the temperature 1ift between source and sink.

The procedure for testing heat pump performance at various water
flow rates through the condenser and evaporator involved monitoring
the heat pump temperatures and pressures at five-minute intervals
for the entire operating cycle. Selection of water flow rates was
limited by precision of the flow control valves in the water convey-
ance lines and maximum output of the water circulation.pumps. The
range of available flow rates was spanned in increments of 2.0 liters
per minute (0.5 gpm). The pre]iminary_design flow rates of 9.5
Titers per minute through the condenser and 14.2 liters per minute
through the evaporator were maintained as the control parameters dur-
ing the tests.

Table 9 summarizes the heat pump performance at various water
flow rates through the condenser and evaporator. Replication of test
conditions was impossible because of variation in temperature strati-
fication in the source and sink storage tanks from test to test. The
tests served strictly as guidelines for improvement of heat pump per-

formance under actual production conditions.



Table 9. Test results for heat pump performance at various water flow rates through the condenser and

evaporator,
Test Evaporator Condenser Average COP for Number of Minimum Maximum
Condition Flow Rate Flow Rate Heat Pump Cycle Observations copP cop
(1/m) (1/m)
Variable
water flow 11.4 9.5 4,33 11 3.93 5.25
rate through
evaporator 13.2 " 4,20 31 3.72 5.10
15.2 " 3.96 3 3.96 3.96
Variable
water flow 14.2 7.6 4,01 . 37 3.72 4,31
rate through
condenser " 9.5 3.96 10 3.86 4,00
" 11.4 3.96 22 3.38 5.55
" 13.2 3.85 - 14 3.60 4,15
Average coefficient of performance for 4.05 128 -
all tests

89
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Test results comparing coefficient of performance versus water
flow rate through the evaporator indicated a decreased coefficient of
performance for increased flow rates. A 35 percent increase in the
flow rate caused an 8.5 percent decrease in the coefficient of per-
formance. Selection of an optimum flow rate through the evaporator
should reflect the purpose of the evaporator. In this research the
important factor during the preliminary design was pursuit of a heat
exchanger capable of transferring the maximum amount of energy from
water to refrigerant. The cooling effect of the evaporator on the
Tow temperature storage tank was of secondary importance. The great-
er the flow rate through the evaporator, the smaller the enthalpy
Change per kilogram of water and thus, the less energy transferred to
the refrigerant per kilogram of water circulated. Results were con-
sidered inconclusive due to the variability of heat source tempera-
tures during the tests. However, the results did indicate that flow
rates through the evaporator should be maintained at levels corres-
ponding to an operating situation where maximum heat transfer was
achieved in the evaporator.

The same form of relationship was indicated by test results com-
paring coefficient of performance versus water flow rate through the
condenser. The coefficient of performance decreased 4.0 percent for
a flow rate increase of 74 percent. The criteria of selecting a
water flow rate to provide a high water exit temperature from the
condensar without producing a major reduction in recovery efficiency
was established for the heat pump system. The time for recovery of

water temperatures to the original levels in the high temperature
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storage tank was not a critical factor in system design because of
long intervals between equipment wash cycles.

Low rates produced maximum exit water temperatures and reflected
a greater enthalpy change per kilogram of water circulated. The
lower range of flow rates (7.6 to 9.5 liters per minute) caused exit
water temperatures approximately 17°C above the entering water temp-
erature while maintaining a coefficient of performance of approxi-
mately 4.00. Lower flow rates also caused a greater temperature
stratification in the high temperature storage tank. Maintaining a
moderate degree of stratification resulted in a shorter heat pump
operating time to meet the required quantity and quality (tempera-
ture) of high grade hot water. Again, tests results were considered
inconclusive because of the variability of stratification in the high
temperature storage tank. Results did indicate that maintaining
Tower flow rates provided maximum exit water temperatures from the
condenser. High flow rates resulted in lower exit water tempera-
tures but a higher recovery efficiency.

A third test involved comparison of the heat pump operating
schedule for various set point temperatures and temperature differ-
entials controlled by the remote thermostat. The primary thrust of
the test was observation of variations in heat pump operating time
and high temperature storage tank stratification. Location of the
thermostat in the water 1ine between the high temperature storage
tank and water heater did not accurately control the storage tank
temperatures and resulted in upper tank temperatures approximately

6°C above set point temperatures. Thus the operating time for the
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heat pump to reach and maintain desired water temperatures in the
high temperature storage tank was increased.

Use of three temperature differentials of 3.30, 6.60, and 9.9°C
resulted in succeedingly increased heat pump operating times. Loca-
tion of the thermostat also affected heat pump operating time during
use of the selected temperature differentials. The heat pump was
required to operate past the desired set point temperature to meet
the cut out temperature of the thermostat. Smaller temperature dif-
ferentials resulted in smaller temperature stratifications in the
heat sink storage tank.

Electrical energy consumption by the heat pump increased slight-
ly for increased‘temperature differentials, thus, the heat pump was
operated for the remainder of the data collection period with a set
point temperature of 71.1°C and a temperature differential of 3.3%.
This arrangement provided an adequate temperature and quantity of |
high grade hot water for the cleaning operation in addition to moder-
ate temperature stratification in the storage tank.

Temperature Stratification in
The Water Storage Tanks

Temperatures were monitored in the water storage tanks for three
stratification levels. Figure 14 illustrates the average temperature
stratification in the low and high temperature water storage tanks
for a typical 24-hour period. The time of day scale has been adjust-
ed to begin at 0600 hours (6:00 am) to correspond with the beginning

of the milking operation.



Figure 14.
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Depressions in the temperature levels were indicative of water
withdrawn for both low and high temperature usages. Recovery of the
high temperature Tevels after water withdrawal illustrated the oper-
ating schedule of the heat pump. Correspondingly, the recovery of
low temperature levels was a result of the energy recovery system
operation., The low temperature levels continued to decrease as the
high temperature levels returned to former levels. This was indica-
tive of the removal of heat from the low. temperature storage tank by
the heat pump evaporator. The highest temperatures in the Tow temp-
erature storage tank occurred during the early morning hours of 2100
to 2400 hours (3:00 to 6:00 am). Day time usage of the low and high
grade hot water did not allow the low temperature water storage to

recover to the high levels occurring in the early morning hours.
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Economic Evaluation of the
Energy Recycling System

Economic evaluation of an energy recycling system must consider,
as a starting point, a dairy currently not recoverin§ waste thermal
energy from the milk refrigeration system. The decision to install an
energy recycling system will usually be made on the basis of providing
minimum or nearly minimum cost over the expected service life of the
system. Several factors affecting system cost are:

(1) projected life of the system.

(2) capital cost of the system to be installed.

(3) present value of projected maintenance costs.

(4) present price of a given energy and pkojected escala-
tion rate of that energy.

(5) value of money as reflected by interest rates.

The following section presents both a present worth and a simple
payback period economic analysis of the energy recycling system as in-
stalled at the Oregon State University dairy research center. The
present worth method provides an in-depth cost analysis of the two water
heating schemes while the simple payback period serves as an indicator
of the investment potential of such a water heating system for the

consumer,

Present Worth Analysis

The present worth analysis determines the total equivalent dollar

value required at time zero to cover all expenditures during the life

of the energy recycling system. A comparison was made between the

previous method of water heating with only commercial electric water
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heaters and the current method that included installation of an energy
recovery system and water-to-water heat pump. The most economical
choice of the two alternatives is the one with the minimum present
worth.

Several assumptions were made for the following present worth

analysis as discussed by Larsen (1978):

(1)'Waste heat recovery unit and water-to-water heat pump
system life assumed to be 20 years.

(2) Energy costs (electricity) were increased at an annual
rate of 10 percent.

(3) Present electrical energy cost $0.040 per kW-hr,

(4) Annual average héat pump coefficient of performance
assumed to be 4.05. |

(5) Interest rate assumed to be 15 percent.

Present water heating costs included energy recycling system com-
ponents and the cost of installation. A complete 1ist of components
and supplies for the water tempering system are included in Table 10.
The cost of electrical wiring to a 220-volt power source was not in-
cluded for the heat pump system as it was assumed that a dairy would
have 220 power available. An installation cost for charging each
system with its respective refrigerant was included as most farm oper-
ators were not equipped to perform such labor. Total cost for both
systems was $4,688.00 and did not include metering devices as these
were necessary for research only.

Capital cost for the previous water heating scheme involved only
the cost of an additional water heater to meet the high temperature
water requirements, Cost of the 379-liter commercial electric water

heater was $528.
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Table 10. Summary of system components and costs.

Waste Heat Recovery System Heat Pump System
Water-cooled condenser § 184.00 Condenser $ 219.00
Storage tank 426.00 Evaporator 463,00
Insulation 45.00 Compressor 880.00
Circulation pump 100.00 Auxillary components 250.00
Differential temperature Water storage tank 169.00

thermostat 50.00

Circulation pumps 200.00
Pluming supplies 50.00
Insulation 25.00
Installation 227 .50
- Plumbing supplies 50.00
TOTAL $1,082.00
Fabrication and
installation 1,250.00
Miscellaneous supplies 100.00
TOTAL $3,606.00

Cost of energy to operate the two water heating schemes over their
expected service 1ife was determined by calculating the annual energy
requirement in the milking parlor based on present water use. An an-
nual cost was determined using current electrical energy prices and a
factor representing the future annual electricity costs based on the
rate of energy price escalation (Present Worth Factor). The present

worth of energy costs were determined using the following equation:

Present Worth of Energy Present Present Worth X

energy costs ~ load energy price Factor (PWF)

Conversion efficiency



where: N years (1 + Y/100)"

Present Worth Factor = m S (1 + 2/100)" (3)
and

Y = energy escalation rate, percent

Z = money interest rate, percent

m = system life, years

Examination of the previous water heating scheme indicated a low
and high temperature heating load of 5,377 and 20,856 kW-hr per year,
respectively. Present worth energy cost values for the lTow and high
temperature water heating loads were $2,787 and $10,812, respectively.
The heating cost for the commercial electric water heaters included an
energy conversion factor of 1.0 (100 percent efficiency).

Electrical energy costs for the present water heating scheme were
determined using energy consumption data recorded from November 1981 to
May 1982. Daily average energy consumption by the present system was
29.8 kW-hr. Present worth energy cost was $5,639 based on a 20-year
service 1ife and electrical energy priced at $0.040 per kW-hr.

Present worth analysis for maintenance costs assumed a first year
cost as a percentage of the system's initial cost. The annual escala-
tion rate of maintenance costs was estimated to be 10 percent. Total
life costs for maintenance were calculated using the following equation:

Present worth of _ Capital First year costs Present Worth
maintenance costs costs of maintenance (1%%) Factor (PWF)
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Present worth costs for maintenance of the previous énd preéent water
heating schemes were $79 and $700, respectively.

Total capital costs involved were assumed to have been borrowed
by the consumer. The loan was paid off during the 1ife of the system
at an interest rate of 15 percent. The present worth of these inter-
est payments was calculated for the life of the systems and repre-
sented a savings in income tax for the dairy farmer. The following
equation determined the savings:

Present worth _ Capital y Assumed tax y Present worth fact-

of tax savings _  costs bracket (25%) or for interest

These present worth savings to the dairy farmer were deducted from
the total present worth for each system. An income tax bracket of
25 percent was assumed for the dairy farmer. Present worth of the
tax savings for the previous and present water heating schemes were
$125 and $1,092, respectively.

Table 11 summarizes the present worth cost analysis for the two
water heating schemes. The minimum present worth cost was $10,145,
established for the energy recovery and water-to-water heat pump
system. The present worth cost analysis did not include any tax
credit for installation of energy conservation equipment as this
varies from state to state. A tax credit for energy conservation
equipment would reduce the present worth cost of only the energy

recycling system.
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Table 11. Summary_of present worth analysis for two water heating

schemes™.
Electric Water Energy Recycling
Heaters System
Capital cost $ 528 $ 4,687
Present worth of 13,600 5,639
energy costs
Present worth of 103 911
maintenance costs
Present worth of -125 -1,092
income tax savings
TOTAL $14,106 $10,145

220 year life, 15 percent interest rate, 10 percent energy escala-
tion rate

Payback Analysis

Another method of economic analysis is the simple payback peri-
od. Payback period is defined as the number of years required to
recover the initial investment. The payback period for this analy-
sis was the time at which initial investment and annual expenses
with compound interest was equal to total energy savings with com-
pound interest for the energy recovery and water-to-water heat pump
system.

‘Value of the initial investment at the end of the payback

period was
I = 1(1+2/100)"
where
I, = 1initial investment (dollars)
n = payback period (years)
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Annual expenses (taxes, maintenance and replacement costs) (0)

were detérmined as a fixed percentage (f) of the initial investment
and accumulated dependent upon an economic jnflation rate (X). In

equation form, this became

0 = fI  (1+2/100)" - (1 + x/100)"
7 - X

Annual energy savings (E) were expected to increase at an ener-
gy escalation rate (Y) equal to the economic inflation rate. Ac-

cumulated energy savings over the payback period were

E = E(1+2/100)" - (1 + v/100)"
7 -

Definition of payback requires that initial investment plus

annual expenses equal total savings, or

I + 0 = E

The actual energy recycling system produced an annual energy
savings of $613 based on an average daily energy reduction of 42
kW-hr and electrical energy cost of $0.04 per kW-hr. A 15 percent
interest rate, 10 percent energy escalation rate, and 10 percent
inflation rate resulted in a payback period (n) of approximately
12.5 years.

Uncertainty in the economic market must be considered to real-
istically reflect the variability of payback period analyses. Sen-
sitivity of the payback period was determined by modifying the
baseline parameters (interest rate, energy escalation rate, and

economic inflation rate) to study possible changes in the economic
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market. Of those three parameters, variation in interest rate pro-
duced the largest corresponding change in payback period. Figure 15
illustrates the effect of varying the interest rate from eight to 16
percent with a corresponding variation in payback period from 8.5 to
13.2 years.

Payback period serves as an indicator of risk when used in con-
Junction with a discounted cash flow method such as the present
worth analysis. The apparent risk of investment in such a water
heating system lessens as the payback period shortens. Present
worth analysis encourages careful consideration of all factors in-
fluencing cost of the energy recovery and water-to-water heat pump
systems and was the more accurate economic aha]ysis. The difference
between present worth costs ($3,961) represented the additional sav-
ings incurred over the expected 1ife if any energy recycling system
was installed., This becomes particularly 1mportanf in view of un-
certain energy costs facing today's dairy farmer.

The present worth analysis indicated the energy recovery and
water-to-water heat pump system was a far superior method of témper-
ing water. Further improvements in the water-to-water heat pump
performance and decreased system cost would reduce inifia] cost and
increase energy savings. Thus, the risk of investment in such a

system for tempering water in milk parlors would be reduced.
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Figure 15. Payback period as a function of variable interest

rates with 10 percent energy escalation and infla-
tion rates.
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V. DEVELOPMENT OF ENERGY RECYCLING SYSTEM MODEL

The development of a computer simulation model was initiated to
provide insight into the operating schedule of the waste heat recovery
system and water-to-water heat pump for a selected period of time.
Methodology and development of the governing equations, computer simu-
lation scheme, and comparison of simulation results with actual data
are presented in this section.

The simulation model was developed with the following specific
objectives:

(1) Study the operating schedule of the present waste heat
recovery system and water-to-water heat pump for a repre-
sentative period. This would provide a means of pre-
dicting whether the heat pump could be operated by
either the present remote thermostat method, a time
clock to control heat pump operating time, or a combina-
tion of the two.

(2) Study operating characteristics of the present water-
to-water heat pump to attain information for further
improvement in component size optimization including

water storage facilities.

The model was not constructed to simulate the heat pump as one en-
tity due to the complex thermodynamic characteristics of the refriger-
ant during circulation through the heat pump circuit. Rather, the heat
pump condenser and evaporator, and the water-cooled condenser in the

milk refrigeration system were treated as individual black-box entities.
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Exit water temperatures for each entity were determined as a function
of entrance water temperatures. In addition, functional equations
were determined for temperature stratification levels in both the low

and high temperature water storage tanks.

Methodology and Development of Governing Equations

Liquid Storage Tanks

Experimental results from previous research have shown that water
storage tanks exhibit temperature stratification with height. Lavan
and Thompson (1977) reported the degree of thermal stratification in a
liquid storage tank was a function of storage tank configuration, in-
coming fluid mass flow rates, inlet and outlet port locations, and
the temperature differential between the incoming fluid and liquid
storage mass. An analytical study of both the low and high temperature
water storage tanks for inclusion in the computer simulation model re-
quired development of a mathematical model of the storage tanks. An
initial attempt involved an analysis similar to the fully stratified
model as developed by Duffie and Beckman (1980) for solar liquid ther-
mal storage tanks. This model divided the tank into N-sections or
nodes of equal volume and considered the energy balance in each volume.
Functions were included in the model to introduce incoming flows to the
section where fluid density difference between incoming fluid and tank
fluid mass was a minimum. The assumption of minimal mixing resulted
in an unrealistic temperature stratification. A second approach was
developed where each node was considered a fully-mixed section. In-
ternal mixing between nodes occurred with incoming and outgoing flows.

This assumed that the inlet and outlet ports made maximum use
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of the storage tanks' size and configuration to attain a more complete
mixing.,

The low temperature water storage tank was considered first.
Figure 16 represents the low temperature water storage tank nodes

with water inflows and outflows.

| 70 LOW TEMPERATURE
FROM WATER-COOLED " WATER HEATER

: —— NODE 1
CONDENSER m, e TQ HEAT PUMP,
EVAPORATOR Me

|y | ] P
TO HIGH TEMPERATURE
NODE 2 WATER STORAGE TANK
™
Mel™ ™ "
——FROM CITY WATER m.
TO WATER-COQLED ————o{  NODE 3
: FROM HEAT PUMP
CONDENSER  m, —EVAPORATOR

Figure 16. Nodal representation of low temperature water storage
tank.

An energy balance for a fully-mixed section may be written as:
Rate of energy _ Rate of energy _ Rate of energy Heat loss to
transfer addition removal " environment
Rewriting this relationship in heat transfer notation yields:

dT

MC)) g8 = Q-L-(UA) (T -T,)

S d

The use of three stratification levels in each storage tank repre-
sented a reasonable compromise between a fully-mixed storage tank and

a highly stratified storage tank. Applying the above energy balance
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equation to the three nodes of the low temperature water storage tank
yields:

Node 1 o1
(M) g7 = (WANT,=T)) + R (T, =T)) + iy (Tp=T)) + fg(Ty=Ty) - @y(Ty - T5)
- B (T, -T))
Node 2
dr . . .
M) o2 = (UANT, = Tp) + A, (T = Tp) = y(Ty = Tp) = iy (T = Tp) =g (Ty = T,)
- W (Ty=T3) + iy (T,-Ty) + B(Tp=T3) + #g(Tp-Ty)

Node 3

dT
“%Wﬁ =wmudﬂ+wbdﬁ+M%Jﬁ+yEJﬁ-WHJQ

- y(Ty=T3) = m(Ty=T3)

Figure 17 represents the high temperature water storage tank

nodes with the water inflows and outflows. The same type of energy

FROM HEAT PUMP TO HIGH
CONDENSER m) ~—— | MNODE 1 [~ TEMPERATURE
WATER HEATER

. ™
wp 'l\"
NODE 2
LR my
TO HEAT PUMP
CONDENSER . ™| \ore 3
FROM LOW
TEMPERATURE

STORAGE TANK ﬁ“

Figure 17. Nodal representation of high temperature water storage
tank.
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balance was applied to the high temperature water storage tank as the
low temperature water storage tank. The energy balance equations for

the three nodes were as follows:
Node 1
dt, . ) )
Node 2
at, . . . .
(mp) T (UA)(Ta-T?_) + rlp(T1 - TZ) + mH(T?_ - T3) - mp(T2 -T3) - mH(T1 'TZ)

Node 3

a7
(M) g = (AT, =T3) + i (Ty=T) + iy (T, Ty)

Heat Pump Condenser

Two methods of heat exchanger design were used to analyze the
heat pump condenser. Figure 18 represents the temperature profile of
the water and refrigerant flow in a condenser which includes refriger-
ant subcooling. Both a condensation and subcooling section are in-
cluded with the composite section representing the total heat exchange

through the condenser. The following assumptions were made for this

T, T
HI - T., T, -~
il I i U L LI N R
) et T T, <
t C
' — TCI \..._ TCI
i
COMPOSITE = CONDENSING SECTION + SUBCOOLING SECTION

Figure 18. Temperature profile through condenser.
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analysis as indicated by Welty et al. (1976):
(1) Negligible pressure drop considered through the condenser.
(2) Linear heat transfer occurred between refrigerant and
water.
(3) No fouling resistance occurred.
(4) Overall heat transfer coefficient (U) was uniform
through the entire condenser.
The total energy transfer rate for the condensing section is de-

fined by the expression:
Q = (UA) (LMTD)

where LMTD is the log mean temperafure difference and is defined as:

ATZ-AT1

AT
2
1r|<~——{>
AT1

Solving this expression in terms of the water exit temperature yields:

LMTD =

- -UA/mC
Tcout = Tein? (TH"TC 1n)(1- € P)
where:
TC out exit water temperature
TC in °© entering water temperature
TH = refrigerant condensing temperature

Evaluation of the condensing section using the LMTD method was con-

sidered a good approximation for determining water exit temperature
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because of the small differential between the entering and exiting
temperatures of the refrigerant,

The condenser acts as a simple counter-flow heat exchanger in the
subcooling section and the Number-of-Transfer Units (NTU) method was
used to model this section. This method of analysis is based on the
heat exchanger effectiveness, E, which when written in terms of

total energy transfer, becomes:

Q = Ewmin (TH in TC in)

where the heat exchanger effectiveness is defined as:

W .
UA min
1- exp{ < - >]
E = wm1’n wmax
W .
1 -<W-"ﬂl‘.> exp [WUA ( - wmin)]
max “min W

max

Solving the total energy transfer rate equation in terms of water

exit temperature yields:

Teout = Toin * (TH in ~ T¢ in)<wm1'n - eD>

where:
TH in = entering refrigerant temperature
wm.n = m X Cp,H
wmaXf = mc X Cp@C
D = WHA— (1-wmin/wmax)

min
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Use of the NTU method in the subcooling section represented a
better approximation of water exit temperature because of the greater
temperature differential in the refrigerant from being subcooled.

The entering water temperature, T. . _, in this subcooling section was

C in

the exit water temperature, T from the condensing section. 1In

C out?
both sections all variables were known or determined from manufactur-
er's specifications with the exception of the entrance and exit water
temperatures. The heat pump refrigerant condensing temperature was
assumed constant over its operating interval (i.e., 82.2°C for the
time theheat pump was operating). In actuality the refrigerant temp-
erature was related to water temperature and influenced by the non-
uniform opening and closing of the thermostatic expansion valve. No
attempt was made in this model to account for these variations as the
overall boundary conditions were'sufficient in analyzing the compon-
ents as black-box ehtities. .After performing the necessary calcu-

lations, the composite governing equation for the heat pump condenser

reduced to the linear form:

T A.T + B

C out C in
where the coefficients A and B were derived from manufacturer's speci-
fications., Complete calculations for the heat pump condenser analysis

are included in Appendix B.

Water-cooled Condenser in
Milk Refrigeration System

The same assumptions for the heat pump condenser held true for
the water-cooled condenser. The major difference for the water-cooled

condenser analysis was the refrigerant condensing temperature,
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assumed to be 48.8%C for Freon 22. No subcooling section was devé]-
oped as the energy recovery unit was designed only for absorbing re-
frigerant superheat and heat liberated by condensation of the
refrigerant. The composite governing function was the same
linear form as the heat pump condenser with different coefficients for

A and B.

Heat Pump Evaporator

The evaporator analysis included both an evaporation section and
a superheating section. Figure 19 represents the temperature profile
of the water and refrigerant flow in an evaporator. The same assump-

tions for the condenser analysis were applicable for the evaporator.

T ' T
I C1 ==
| T~
T, e ! . TCO ‘ C-—\-h- T
HO ! . Tug co
T — Ty O T T, T
. ; -~ Tyt
COMPOSITE = SUPERMEAT SECTION +  EVAPORATION SECTION

Figure 19. Temperature profile through evaporator.

The LMTD method was utilized for the energy transfer analysis in
the evaporating section because of the small temperature differential
between the entering and exiting temperature of refrigerant. Solving
the LMTD energy transfer equation in terms of the evaporator exit

water temperature resulted in:
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T Te o = (Tp i = Ty) (1 - eTWA/MGy)

Cout = 'C in C in
where TH is the refrigerant evaporating temperature. The NTU method
was used to analyze the energy transfer rate in the superheating sec-
tion because of the greater temperature differential in the refriger-
ant through this section. Solving the NTU energy transfer equation

for the exit water temperature yields:

D
T = T (T -T, ) tbe)
C out C in C in Hin’ W_.
min _ D
wmax
where TH in is the entering refrigerant temperature. The evaporating

temperature for the refrigerant was assumed constant at 29.49C over
the operating interval of the heat pump. Solution for the composite

section yields:

T = C.T

C out +D

C in
where the coefficients C and D were derived from manufacturer's speci-

fications. Complete calculations for the evaporator analysis are in-

cluded in Appendix B.

Computer Model Format
Using GASP-IV Simulation Language

The FORTRAN-based computer simulation 1anguage, GASP-1V, was sel-
ected to model the energy recycling system because of its specific
functional capabilities. A GASP-IV simulation program consists of
both user defined and GASP-IV defined parts. The user portion in-
cludes subroutines for initialization, equations defining state vari-

abTes and state events, event processing and code definitions, and
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special data collection and reporting instructions. GASP-IV provides
subroutines for the mode controller, initialization of data and
events, cocllection, storage, and retrival of data, computation and
reporting of statistics, monitoring of programs and error reporting,
and miscellaneous support. A flow chart i]]ustratiné the general
outline of a complete GASP-IV simulation program as taken from
Pritsker (1974) is shown in Figure 20,

The user defined subroutines written for the energy recycling
system simulation model involved a simplistic logic and no flowcharts
for these subroutines will be included in this section. A description
of the events that occur in the milking parlor during a 24-hour period
are as follows:

(A) Discrete Events

Event (1): Milking begins. Low temperature water used
to prepare cows for milking.
Event (2): Milking ends. Low temperature water use ends.
Event (3): Milk refrigeration system begins operating.
Water circulated through water-cooled conden-
ser from low temperature water storage tank.
Event (4): Milk refrigeration éystem stops operating.
Water circulated through water-cooled conden-
ser stops.

Event (5): Milking equipment wash cycle begins. High
temperature water used to clean and sanitize
equipment.

Event (6): Wash cycle ends. High temperature water use

stops.
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Event (7): Milk storage tank waéh cycle begins. High
temperature water used for tank cleaning
(wash cycle occurs every other day).

Event (8): Milk storage tank wash cycle ends. High
temperature water use stops.

Event (9): Heat pump begins operation. Water circulated
through the heat pump condenser from the high
temperature storage tank and through the heat
pump evaporator from the low temperature
storage tank.

Event (10): Heat pump operation stops. Water circulation

stops{

(B) State Events

e Temperature in Node 1 of high temperature water storage
tank reaches 73.9°C. Heat pump is shut off (go to Event
10).

e Temperature in Node 1 of high temperature water storage
tank drops to 65.5°C. Heat pump is started (go to
Event 9).

e Temperature of water entering water-cooled condenser
in milk refrigeration system reaches 40.5°C. Water
circulation through water-cooled condesner stops (go to
Event 4).

e Temperature of water entering water-cooled condenser
drops below 40.5°C. Water circulation through water-

cooled condenser starts (go to Event 3).
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Figure 21 represents the time schedule of discrete events for the

milking parlor operation in a 24-hour period.
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Figure 21. Time schedule of events in OSU milking parlor.

Subroutines
The user defined subroutines for this energy recycling system
simulation model were as follows:
(1) INTLC
Subroutine initialized all variables and beginning events.
Table 12 includes the variables, definitions, initial val-

ues, and model name.




Table 12. Variables and definitions in simulation
models.
Variable Definition Initial Value Model Variable
Toy.1 Water temperature at Node 1 of high 73.9% SS(1)
’ temperature tank
Tou.2 Water temperature at Node 2 of high 71.1% $5(2)
’ temperature tank
TsH.3 Water temperature at Node 3 of high 68.3°C $$(3)
’ temperature tank
TSL 1 Water temperature at Node 1 of Tow 40.5°¢ SS(4)
’ temperature tank
TsLo . Water temperature at Node 2 of Jow 40.0% $S(5)
’ temperature tank
L Water temperature at Node 3 of low 37.8% 55(6)
’ temperature tank
TW.R Water temperature returning from water- 40.2°% $S(7)
? *  c¢ooled condenser
TE R Water temperature returning from heat 31.0% $5(8)
’ pump evaporator
TC R Water temperature returning from heat 76.9°¢C SS(9)
’ pump condenser -
TA Ambient air temperature -- April 10.0°C ATEMP
TCity Temperature of city water supply -- April 11.1% CITY
me Mass flow rate through water-cooled 0.0 kg/hr WCCM
condenser (908 kg/hr)
m, Mass flow rate through heat pump condenser 0.0 kg/hr HPCM
(726 kg/hr)
me Mass flow rate through heat pump evaporator 0.0 kg/hr HPEM
(863 kg/hr)
m Mass flow rate -~ low temperature water heater 0.0 kg/hr WMILK
(49.0 kg/hr)
my Mass flow rate -- high temperature water heater 0.0 kg/hr HMFR
(568 kg/hr)
MSH Mass of water in each high temperature storage 151.3 kg WMASH
tank
MSL Mass of water in each low temperature storage 277.9 kg WMASL
tank
LIAI Heat lass coefficient -- area product
Low temperature storage tank
Node 1 0.577 W/C UA(1)
Node 2 0.439 W/C UA(2)
Node 3 0.577 W/C UA(3)
High temperature storage tank
Node 1 0.654 W/C UA(4)
Node 2 0.556 W/C UA(5)
Node 3 0.654 W/C UA(6)

87
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(2) EVNTS

Subroutine provided the event code definitions as pre-
viously listed.

(3) STATE
Subroutine provided the eguations for the state variables.
GASP-IV uses a Runge-Kutta-England (RKE) algorithm to inte-
grate the differential equations. Step size and error al-
lowance are user specified.

(4) SCOND
Subroutine contained conditions defining state events.
Flags were used to denote the crossing of a condition and
thus, a state event occurrence.

(5) SSAVE
Subroutine contained data collection and plotting in-

structions.

Data Collection and Format of Results

Collection of statistics involved the two variables; WCC-TIME,
the water-cooled condenser operating time, and HP-TIME, the heat pump
operating time. The two variables were monitored and recorded during
the 24-hour period. Plots of low and high temperature water storage
tank nodes versus time for the 24-hour period were made to study
temperature stratification variation. Appendix C contains a complete

listing of the computer simulation program and data file.

Comparison of Simulation Data

Accuracy of the simulation results was monitored for the follow-

ing:




89

(1) Heat pump and energy recovery system operating

time.

(2) Temperature stratification in Tow and high temperature

water storage tanks

Actual data were recorded for the heat exchanger entering and
exiting water temperatures for selected short duration periods of op-
eration. Figures 22 through 24 illustrate the exit water temperatures
as predicted by the heat exchanger functions and as determined during
data collection for the water-cooled condenser heat pump condenser,
and heat pump evaporator, respectively.

Prediction of the exit water temperature from the water-cooled
condenser of the energy recovery s&stem was accurately described by
the theoretically-determined water-cooled condenser function. Actual
data indicated a linear relationship between the entering and exiting
water temperatures through the water-cooled condenser. A
coefficient (R?) value of 0.9828 was realized for the 50 pairs of data
monitored. The small divergence of the actual exiting temperature in
the upper range of entering water temperatures can be explained by the
increase in the Freon 22 refrigerant superheat as the entering water
temperature approached the maximum allowable entering temperature of
40.5°C. The increase in the compressor discharge temperature allowed
the heat exchanger to maintain a significant temperature differential
between the entering refrigerant and water temperatures and thus,
maintain a Tinear energy transfer relationship at the higher entering

water temperatures, The model assumed a constant refrigerant
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condensing temperature of 48.9%C while in reality the refrigerant
condensing temperature varied as a function of the energy removed in
the water-cooled condenser,

A Tlinear relationship also existed between the entering and ex-
iting water temperatures through the heat pump condenser. An R? value
of 0.9124 was realized for the 40 pairs of data collected. The heat
pump condenser theoretical model significantly under-predicted the
existing water temperatures in the range of entering water tempera-
tures above 60°C, This was largely due to the assumptions in the
development of the theoretical model that specified a constant con-
densing temperature of 82.2°C and defined the condensing section of
the condenser as being the first 85 percent of its area. Actual sys-
tem performance indicated an increased refrigerant condensing tempera-
ture above 82.2°C at entering water temperatures above 60.0%C. This
would allow an increased energy transfer rate over that indicated by
the model with a constant refrigerant condensing temperature. Defi-
nition of a specific condensing and/or subcooling region in the heat
pump condenser was highly unpredictable and was only used as an ini-
tial starting point for development of this model. Further refinement
would be required to accurately describe Freon 114's operating charac-
teristics through the condenser. A revised model of the heat pump
condenser should include the capacity for variable refrigerant con-
densing temperatures during the heat pump operating cycle, variable
water flow rates through the condenser, and improvement in determining
the condensing and subcooling regions.

The heat pump evaporator displayed a more scattered array of

exiting water temperatures versus entering water temperatures as



94

compared to the condenser functions. The linear regression function
for the 40 pairs of entering and exiting water temperatures resulted
in an R? value of 0.8331, The theoretical model over-predicted the
exiting water temperatures in the lower range (31o to 35°C) of enter-
ing water temperatures and under-predicted exiting water temperatures
in the upper range (39O to 42°C) of entering water temperatures. The
small slope of 0.19 for the model indicated the exiting water tempera-
ture approached the refrigerant evaporation temperature irregardless
of the entering water temperature. Assumption of a constant refrig-
erant evaporation temperature of 29.4°C for the entire heat pump oper-
ating cycle limited the amount of energy transfer for the small
temberature differential between the refrigerant and water entering
the evaporator in the lower range of entering water temperatures.
Conversely, energy transfer increased substantially in the upper range
of entering water temperatures as a result of an increased temperature
differential. Actual data indicated a wide variation in the evapora-
tion temperature for Freon 114 over the range of entering water temp-
eratures monitored. Separation of the evaporation and superheat
region in the evaporator had the effect of increased divergence of the
model from actual data. These regions were extremely variable as re-
frigerant thermal characteristics were continuously changing during
the evaporation and superheat portion of the heat pump cycle. Actual
performance by the heat pump evaporator proved to be inefficient due
to unequal refrigerant flow distribution in its double row éonfigura-
tion. This resulted in poor conductive energy transfer between water
and refrigerant and thus, a reduction in overall heat transfer. An

improvement in the theoretical model should include the capacity for
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variable refrigerant evaporation temperatures and water flow rates in
addition to determining evaporation and superheat regions.

The interaction between the functions for the heat pump condens-
er, heat pump evaporator, and water-cooled condenser and the tempera-
ture stratification levels in the high and low temperature storage
tanks was the primary focus of the simulation. Figure 25 il-
lustrates temperature stratification in the high and low temperature
water storage tanks for a 24-hour period as predicted by the simula-
tion model, The Time of Day scale began at 0.00 hours (6:00 am) to
coincide with the beginning of the milking operation. Depression of
the temperatures was indicative of withdrawals for the low and high
temperature water uses and heat loss to the environment. The simula-
tion maintained the highest temperature stratification levels during
the time period prior to high temperature water use for equipment
washing. Low grade hot water replaced the high grade hot water as
‘the high grade hot water was removed from storage for the wash cycle.
This reduced the temperature levels in the low temperature storage
and thus, the heat source temperature for the heat pump. This condi-
tion produced a longer operating period for the heat pump to maintain
the heat sink temperature required in the storage tank.

Comparison of the predicted temperature stratification in
Figure 25 with the actual measured values in Figure 14 of
the RESULTS AND DISCUSSION section indicated the model was able to
predict the general pattern of temperature stratification in both the
low and high temperature storage tanks. One consideration made in
comparing the actual data with the predicted values was the use of

average hourly data for the plot of actual temperature stratification
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over a 24-hour period. Values were indicative of hourly temperatures
for the seven months of data collection and included a wide variation
in points. The simulation model used specified values for one 24-
hour period representing an "average" condition during the month of
April. The major divergence of actual from predicted occurred in the
low temperature storage tank during the time period of 20:00 to 24:00
(2:00 to 6:00 am). The actual data showed the low temperature levels
to rise to the original temperatures of approximately 40° to 42°c.
The simulation model predicted a smaller rise in temperatures during
this period due to low temperature water consumption and the primary
milk refrigeration system shutting off after 22:00 hours (4:00 am).
The divergence resulted from a smaller quantity of low temperature
water being used during the night shift milking and cleaning opera-
tion. Hand washing of miscellaneous equipment and other uses were

- Timited to the daytime operation.

Temperature depression during the water withdrawal period for
equipment washing was more pronounced in the simulation. This was
attributed to the predicted mixing characteristics of the tanks' con-
figuration. Again, the comparison of an average hourly value with a
time specific value contributed to the pronounced difference.

Predicted heat pump and water-cooled condenser operating time by
- the simulation were accurate for an operating period of 24 hours.

The simulation model predicted an average heat pump operating time of
3.1 hours twice per day. Actual heat pump operating time averaged
2.4 to 3.4 hours twice per day during the seven months of data col-
lection. These values were based on visual observation for selected

days.
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The operating period for the water-cooled condenser was predicted
to be 9.0 hours twice per day during the simulation. This was the
original assumption for the operating hours of the primary milk re-
frigeration system and indicated that water entering the water-cooled
condenser never attained the cut-out temperature of 40.5°C to disen-
gage the water-cooled condenser. Observation of the actual system
confirmed an on-off cycling was occurring as the temperature of the
water entering the water-cooled condenser approached 40.5°C. The
water-cooled condenser ran approximately 90 percent of the time the
primary milk refrigeration system operated. Observations showed the
water-cooled condenser operating time amounted to approximately eight
hours twice per day.

Overall performance of the energy recycling system simulation
model was in good agreement with the actual system performance for
temperature stratification in the low and high temperature water stor-
age tanks and the operating periods of the heat pump and water-cooled
condenser. A larger base of simulation predictions are required to
more accurately compare the hode]'s performance with a long-term
actual system performance.

Anticipated Performance of
An Optimized System

Performance of the combined energy recovery and water-to-water
heat pump system during periods of maintenance-free operation plus
results from the system simulation model indicated several areas
where additional energy savings could be achieved. Wide acceptance

of this water tempering concept would also create a large market for
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commercially manufactured systems. Mass production of unitary-type

water tempering systems could substantially reduce equipment and

fabrication costs. Although time and resources did not allow actual

optimization of system component sizes and operating schedules, the

following management options would save energy.

(1)

Reset thermostat in low temperature electric water
heater to 41°C. Limit water heater operation to
periods of low grade hot water demand with a timer.
Insulate and minimize water conveyance 1ine length
from water heater to end use.

Limit operation of water-to-water heat pump to periods
when desuperheater heat exchanger has built thermal
energy source temperatures (1ow grade water storage
tank) to maximum or nearly maximum following completion
of the milking Sequence. This would decrease the low
temperature water heater operating time plus allow the
water-to-water heat pump to operate at its maximum
coefficient of performance.

Use a timer to limit operation of the high temperature
electric water heater to the period immediately pre-

ceding high grade hot water usage.

Based on the above operating scheme, electrical energy consump-

tion for low temperature needs would be nearly eliminated. As pre-

viously stated, excess low grade thermal energy was available during

the milk refrigeration process. Energy consumption by the water-to-

water heat pump would be reduced as a result of more optimum heat
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source and sink temperatures and shortened operating times. Energy
consumption in both electric water heaters would also decrease re-
sulting from limited operating time.

As illustrated in Table 8, energy consumption by the low temp-
erature water heater was 26.9 kW-hr/1000 liters (10.9 kW-hr/day).
This may be reduced to 2.5 kW/hr/1000 liter (1 kW-hr/day) or less.
High temperature energy consumption of 24.4 kW-hr/1000 liter (18.9
kW-hr/day) may be reduced as low as eight to 15 kW-hr/1000 liter (6
to 12 kW-hr/day) based on an average heat pump coefficient of per-
formance of 4.5 and no additional heating by the high temperature
water heater. Thus, total electrical energy consumption may be as
low as 10 kW-hr/1000 liters (7 kW-hr/day). Resultant energy savings
beyond those indicated by the present system would amount to 22.8
kW-hr/day or $0.91/day. Total energy savings for an optimally oper-
ated system would be $950 per year. Combining the energy savings
with an estimated mass production system cost of $4000 would result
in a payback period of 5.2 years. Assuming a 12 percent interest
rate, 10 percent energy escalation rate, and 10 percent inflation
rate, improved system operation and reduced cost could shorten the

payback period by approximately five years as shown in Figure 15.
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VI. SUMMARY AND CONCLUSIONS

An investigation was performed to determine the energy conserva-
tion potential and economic feasibility, under actual operating condi-
tions, of a water-to-water heat pump specifically designed and operated
to temper process water for cleansing and sanitizing milking parlor
equipment. Commercially designed and manufactured water-to-water heat
pumps of the size and specific capabilities required for use in milking
parlors are presently unavailable. Information documenting the use of
water-to-water heat pumps for on-farm applications is required before
the consumer can consider its potential. Once sufficient evidence of .
the energy savings produced by the heat pump has been gathered, then ac-
ceptance by the dairy industry will increase dramatically.

The water-to-water heat pump was assembled using off-the-shelf re-
frigeration components selected for Freon 114's (high temperature re-
frigerant) thermal characteristics andsized to meet the 71.1°C water
heating Toad at the 130 cow Oregon State University dairy research
center. Performance data were recorded for the 10.6 kW nominally rated
heat pump specifically constructed for this application using recovered
thermal energy from the milk refrigeration system as its heat source.
Results indicated the heat pump was capable of providing the required
quantity and quality of high temperature (71.1°C) water without sub-
stantially reducing Tow grade hot (40.5°C) water (heat pump heat source)
temperatures. Actual heat pump coefficient of performance increased 38
percent over the design value, the result of increased refrigerant sub-
cooling in the condenser.

Design, fabrication, and evaluation of the water-to-water heat

pump, under actual production conditions, was the primary objective
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of this research effort. Optimization of heat pump component size and

fabrication of the actual system to improve performance was beyond the

scope of this investigation.

The following specific conclusions were drawn from this investi-

gation:

(1)

Performance data indicated that in-series operation
of a desuperheater energy recovery system and water-
to-water heat pump have excellent energy conservation
potential on dairy farms. Electrical energy consump-
tion for tempering low and high grade process hot
water decreased from 110.0 to 51.3 kW-hr per 1,000
liters of water, an overall reduction of 53 pefcent.
Electrical energy savings of approximately $51 per
month were realized after installation of the energy
recycling system based on an energy cost of $0.04 pef
kW-hr. The payback period to recover the $4,690 ini-

tial investment for the complete energy recycling

. system was 12.5 years.

Coefficients of performance ranging from 3.6 to 5.6
were realized under actual production conditions with
proper water management practices. Average coeffici-
ent of performance for the study was.4.05. During a
period of maintenance-free operation (March - April 1982)
the average coefficient of performance was 4.15.

Proper water (energy) management practices at the dairy

would result in coefficients of performance ranging from
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4.0 to 5.5 as evidenced by several test periods
where strict water use control was maintained.

(5) Operating the heat pump at maximum heat source water
temperatures improved the coefficient of performance.
The smaller the temperature differential between heat
source and sink storage tanks, the higher the coeffi-
cient of performance. Energy transfer in the heat
exchangers was improved by maintaining moderate temp-
erature stratification in both heat source and sink
storage tanks.

(6) Actual and predicted system performance indicated
that optimal system operation could yield additional
-energy savings of $340 per year or more. Combining
the ehergy savings with system cost reductions could

produce a payback period of five years or less. .

Overall performance of the complete energy recycling system in-
dicated the heat pump components selected were accurately sized to
meet the required high temperature water heating load for a 130 cow
dairy. Water storage facilities were also of sufficient capacity to
maintain adequate water quality, providing conservative water usage
was practiced.

Sizing a water-to-water heat pump and energy recovery system for
a dairy ultimately depends on that dairy's water and energy manage-
ment practices. As herd size expands, low grade hot water used for
cow preparation increases proportionately while tempered water for

equipment cleansing does not. Therefore, sizing the energy recovery
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system including the Tow temperature water storage tank is critical
to maintain low grade hot water needs. However, a water-to-water
heat pump designed for one herd may meet high grade hot water needs
for a range of herd sizes depending on the time of temperature re-
covery allowed.

A computer model designed to simulate the energy recycling sys-
tem was developed. The simulation model adequately predicted heat
pump and energy recovery system operating time and temperature
stratification in the lTow and high temperature water storage tanks.

The simulation model accurately predicted the following:

(1) temperature stratification in the low and high tempera-

ture water storage tanks for a 24-hour period;

(2) daily heat pump and energy recovery system operating

times;

(3) water temperature change through the water-cooled con-

denser in the energy recovery system.

The simulation model did not accurately predict the following:
(1) water temperature change through the heat pump condenser;

(2) water temperature change through the heat pump evaporator.
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VII. RECOMMENDATIONS FOR FUTURE RESEARCH

The water-to-water heat pump specifically designed to temper water
to Tevels required for sanitizing equipment in the 130 head 0SU dairy
research center proved that it was capable of creating substantial en-
ergy savings. This heat pump was designed and components were selected
based on sound engineering judgments. Performance of the entire energy
conservation system and especially the water-to-water heat pump was
superior to values projected during the initial design and system has
proven itself.capable of significant energy savings through reduced ex-
penditures for water heating. The concept of this energy recovery sys-
tem that includes a high temperature water-to-water heat pump is readily
adaptable to any milking parlor that has a mechanical refrigeration
system to cool milk.

Before the research system can be made commercially available to
the consumer, further developmental research is needed. The two major
areas where additional development is required are component optimiza-
tion and operation experience in a dairy where water (energy) conser-
vation is a high priority and would be rigidly practiced. Recommenda-
tions for further research include the following:

(1) Optimization of heat pump component sizes (including

heat source and sink storage tanks) to maximize per-
formance for specific sized milking operations. An
initial step would be fine tuning the present heat
pump configuration to determine the maximum obtainable
average coefficient of performance. This would in-

volve a detailed analysis of water flow rates through
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the evaporator and condenser; testing the heat pump
under varijous superheat conditions using the hand ex-
pansion valve; and operating the system on its most
efficient schedule. Evaluation at this level would
be made to recommend further component modification
without sacrificing performance. Adjustment in com-
ponent size and/or configuration would be the next
step to improve heat transfer in the heat exchangers
and reevaluate the compressor requirements. Interre-
lated with this would be selection or manufacture of
components specifically designed for Freon 114's thermal
characteristics.

Evaluation of the water storage facilities to deter-
ine the possibility of eliminating the storage tanks
and use of the commercial water heaters as both storage
and back-up in case of heat pump failure.

Attempt to define a water-to-water heat pump system
that commercial heat pump manufacturers could develop
and market. This would involve fabrication of a
unitary-type heat pump using components designed for
Freon 114's specific thermal characteristics and sized
to meet heating loads as required for various sized
dairy operations.

Identify the most efficient heat pump operating schedule.
This would include observation of the present operating
sequence and its effect on the heat source reservoir

temperature using an event recorder; identifying the time
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periods when the heat source temperature is maximum;

and testing the heat pump under various control schemes.
Use of a time clock to control the heat pump and com-
mercial water heaters would allow better utilization of
maximum heat source temperatures between periods of low
grade hot water use and boost the heat sink to desired
temperatures in advance of high grade hot water use. A
time clock could also be used in conjunction with the re-
mote thermostat to meet high temperature requirements and
minimize heat pump operating time.

Develop an improved computer model that includes the com-
plex thermodynamic characteristics of the heat pump cycle
for Freon 114. The improved version would aid in refining
component size, estimating water storage capacities, and
identifying a more efffcient operating schedule. The model
should also be expanded to include the capacity of analyz-
ing system requirements for various herd capacities.
Install the present energy recovery system and water-to-
water heat pump in a privately-owned and operated dairy

of equivalent herd size to the 0SU dairy and maintain
rigid water and energy conservation practices. Evalua-
tion under actual production conditions would better indi-

cate the full potential for the energy recycling system.
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APPENDIX A
COMPONENT SPECIFICATIONS

Energy Recovery System
Water-cooled condenser

Manufacturer -- Halstead and Mitchell

Model number -- R300

Nominal rating -- 10.6 kW (3 ton)

Configuration -- Coaxial tube-in-tube
Counterflow

Water tube length -- 10.3 m (33.75 ft)

Differential temperature thermostat

Manufacturer ~- Heliotrope General
Model Number -- Delta-T DTT-80
Thermistor sensor model -- SAS-3

Circulation pumps

Manufacturer -- Grundfos

Model number -- UP 26-64SF

Single phase -- 115 volts -- 1/12 HP
Single stage direct drive centrifugal pump

Water storage tank

Manufacturer -- W. L. Jackson Manufacturing Co.
Model number -- Medalist 80220-V

Galvanized hydropneumatic tank.rated at 75 psi
Capacity -- 454 liters (220 gallons)

Water-to-water heat pump
Compressor

Manufacturer -- Copeland Corporation

Model number -- BRE 2/0750/TFC

Displacement -~ 37.2 m3/hr (1,315 CFH)

Nominal rating -- 26.4 kW (7.5 tons -- Freon 22)
Three-phase, 208/230 volts, 60 cycle

Condenser

Manufacturer -- Halstead and Mitchell

Model number -- R300

Nominal rating -- 10.6 kW (3 ton)

Configuration -- Coaxial tube-in-tube
Counterflow

Water tube length -~ 10.3 m (33.75 ft)
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Evaporator

Manufacturer -- Halstead and Mitchell

Model number -- R500

Nominal rating -- 17.6 kW (5 ton) heat exchanger
operated as condenser

Configuration -- Coaxial tube-in-tube
Counterflow

Water tube length -- 21.1 m (69.5 ft)

Thermostatic expansion valve

Manufacturer -- Sporlan Valve Company
Model number -- SBE-6-L

Nominal rating -- 10.6 kW (3 ton)
Superheat -- 6.79C (129F)

Water storage tank

Manufacturer -- W. L. Jackson Manufacturing Co.
Model Number -- Medalist 3120-L7

Galvanized hydropneumatic tank rated at 75 psi
Capacity -- 354 liters (120 gallons)

Remote thermostat

Manufacturer -- Johnson Control
Model number -- Series A19-SPDT
Adjustable setpoint temperature 400 - 120°C (100° - 240°F)
Adjustable temperature differential 3.39-139C (6° - 240F)
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APPENDIX B
PRELIMINARY CALCULATIONS

Water Storage Tanks

Low Temperature Storage Tanks

The low temperature storage tank was sized to adequately supply
low grade hot water requirements for a single milking operation and
the heat pump heat source. Energy available during the milk cooling
process was based on a 130 cow herd averaging 36.0 kg of milk per cow-
day. The following heat transfer equation was used to determine the

energy available in cooling milk from 36% to 4°C:

mCat

Qu b

where:

Q, = total energy, kJ

m = mass of milk, kg
C, = specific heat of milk, kd/kq®K
At = temperature differential, %

The amount of energy available for a 24-hour period assuming a plate

heat exchanger efficiency of 75 percent was as follows:

Qy (130 cows)(36.0 kg/cow-day)(3.56 kd/kg%K)(32°k)(0.75)

401,940 kJ/day or 112 kW-hr/day

Energy required to raise the city water temperature from an aver-
age of 10°C to the required temperature of 43.3°C was based on pre-1981

water use records.

Q 1 (1,423 kg/day)(4.187 kJ/day)(33.3%K)

198,400 kJ/day or 55 kW-hr day
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Energy available for use as the heat pump heat source was

Qp = Q@ - Q

401,940 - 198,400 203,530 kJ/day or 57 kW-hr/day

Energy required to raise the temperature of the low grade hot water

to that of the high grade (71.1°C) hot water was

Qr (863 kg water/day)(4.187 kd/kg°K)(27.8%K)

100,460 kd/day or 28 kW-hr/day

Energy available to the heat pump exceeded that required to meet

the high temperature demand.

>

Ue > Y

203,530 kJ/day > 100,460 kJ/day

The analysis did not account for system inefficiencies, energy
losses to the environment, or changes in the dairy water and energy
management practices. An 833 liter storage tank was selected to hold
the low grade hot water required for a single milking operation (700
1iters) assuming the time period between milking operations was long
enough for the water temperatures in the tank to recover to their ori-

ginal Tevels.

High Temperature Storage Tank

The high temperature storage tank was sized based on high grade
hot water requirements. This did not involve any calculations for
sizing. A 454 liter tank was sufficient to hold the high temperature

water used for a single milking operation (390 liters).



115

Heat Pump Components

Condenser Selection. Conditions assumed were city water entered

storage tank at 10°C and a mass flow rate of 570 kg/hr (71.1°C water re-
moval rate). Resulting mixing established a water temperature of 48°c.
Peak water heating load for these conditions assumed a water mass flow

rate of 570 kg/hr and exit water temperature of 76°C from condenser.
Q = (570 kg/hr)(4.178 kJ/kg’k)(28°K) = 67,300 kd/hr

Selection was limited to a 10.6 and 17.7 kW nominally rated unit. Re-
frigerant mass flow rate through units was based on stated entrance and

exit condition.

10.6 kW
m. = Q - 34,128 kd/hr - 356 kg/hr
R hC- ﬁD (219.3-122.3 kJ/kg)
17.7 kW
. _ 56,800 kd/hr _
My = 37 kJ/kg = 586 kg/hr

Evaporator Selection. Energy removed in the evaporator assumed

entrance and exit water temperatures of,43.3°C and 32.2°C, respectively

and a water mass flow rate of 570 kg/hr.
Q = 570 kg/hr)(4.178 kd/kg%k)(11.1°C) = 26,700 kJ/hr

Refrigerant mass flow rates were based on stated entrance and exit

conditions.
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10.6 kW
moo= hg - P
TR - o
17.7 kW
L

Compressor Selection. Energy requirement to increase the refrig-

erant from the stated evaporator exit conditions to the condenser en-

trance condition was

Q% = g (hg-hg)

(490 kg/hr)(219.3-192) = 13,500 kd/hr

Assuming a 75 percent compressor efficiency, this resulted in an energy

input to the compressor of:

Q. = 13,500 kd/hr
C 3,235 kW/kd/hr(0.75)

5.8 kW (7.5 HP)

Energy Recycling System [lodel Functions

Heat Pump Condenser

Overall heat transfer coefficient for the condenser was based on
the manufacturer's specifications using the following energy transfer

equation:
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Q = UA At
where:
Q = rated energy transfer capacity, W
U = overall heat transfer coefficient, W/m2%
A = tube surface area, m?
At = temperature differential (R114 in - water in),°K

solving for U:

10,600 W
(0.413 m?) (3559 - 3279K)

U = 919 W/m%

Analysis of the condensing section utilized the LMTD method assuming
condensation occurred in the initial 85 percent of the condenser. The
LMTD method was used in the form:

_UA/ﬁcp
Teout = Tocin® (TH"TC in)<1 - € )

Solving for the last term yields:

(919 W/m2°K)(0.413 m2)(0.85)
(79 kg/hr)(4.187 KI/kgk)~ (3-8 kd/W hr)

"
U /me

0.35

where 794 kg/hr and 4.187 kJ/kgK represented water mass flow rate and

specific heat at 60°C, respectively. The equation then reduces to

T = T ‘0.35)

C out cin ¥ (82'2"TC in)(l' €

0.705 T + 24,22

C in
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The subcooling section utilized the NTU method of analysis and a sub-

cooling region of 15 percent. The NTU method was used in the form:

) (1- eDE
wmin _ eD

T =T

C out T

Ty 40 T¢ in
max
Solving the variables for a refrigerant flow rate of 500 kg/hr_and

temperature of 82°c yields

Woin = (500 kg/hr)(1.25 kd/kg®k) = 625 kd/hroK
W, = (794 kg/hr)(4.191 ki/kgk) = 3,329 kd/hrK
N
L= 0.188
max
UA Winin
> = g2 - g
min max

D = (919 W/m?)(0.413 m?)(0.15)(3.5 kd/whr)(1-0.188)
625 kJd/hrOK

= 0.266
e = 1.305
efficiency, E = _1-e’ 1-1.309 0.273
W 0 0188 - 1,305
wmax
Te ot = Tean * (82.2-T, . )(0.273)
Te ogt = 0727 To .+ 22.4

Combining the two sections yields the composite section:
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= 0.727(0.705 T

—
i

in ¥ 24.22) + 22.4

C out C

0.513 T + 40.0

C in

Water-cooled Condenser. The same procedure was followed for the

water-cooled condenser assuming a water mass flow rate of 910 kg/hr, no
refrigerant subcooling, and a refrigerant temperature of 48.8°C. Thus,
only the LMTD method was used. An overall heat transfer coefficient of

1,320 w/m2°K was established for a temperature differential of 20°c.

UA _ (1,316.8 W/m?K)(0.413 m?)(3.6 kd/Whr)

Cp (910 kg/hr) (4.183kJ/kgK)
= 0.515

Te out = Tcin ¥ (48.8-T¢ ],n)<1_e-0.515)

Te out = 0-597T. 4, + 19.7

Heat Pump Evaporator. Use of a water-cooled condenser as an evap-

orator was more difficult to analyze as the condenser is not designed
to efficiently operate as an evaporator. Unequal refrigerant flow dis-
tribution into the evaporator resulted in a smaller effective surface
area being utilized for heat transfer thus, a surface area half of that
available was assumed in developing a function for the evaporator.
This assumption was supported by the manufacturer's recommendation to
oversize the condenser to meet the required heat transfer. Water and
refrigerant mass flow rates were 794 and 500 kg/hr, respectively.

The overall heat transfer coefficient was established at 1,898

W/m2°K for a temperature differential of 11.1%. The evaporation
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section was assumed at 85 percent of the surface area. Using the LMTD

method in the evaporation section yields:

Teout = Tcin =~ (Tg in= T (1~ e"UA/MCy)
where:
bA  _ {1,898 W/m?K)(0.413 m?)(0.85)(3.6 kJ/Whr)
fCy 1794 kg/hr) (&.178 kd/kgOK)
= 0.723
Te aut = Te in- (Tg 1p-29.0)(1-707%)
TC out 0.515 TC in * 14.27 .

The superheat section involved 15 percent of the available surface area

and a refrigerant temperature of 29.4°¢C.

(500 kg/hr)(0.732 kJ/kg’K) 366 kd/hroK

min
Woox = (794 kg/hr)(4.178 kd/kg®k) = 3,317 kd/hroK
W_.
T = 0.110
max
_ (1,898 W/m2K)(0.413 m2)(0.15)(3.6 kd/Whr) ,, _
T 366 kJ/hrcX (1-0.110)
= 1,03
L - 2.8
1-2.8

E = 9im0-23 ° 0.¢



121

Teout = Tein - (Te ip - 29.4)(0.67)

0.33 T in ¥ 19.67

C

The composite section result was

T

0.33(0.515 T + 14,27) + 16.67

C out C in

T

0.19 T + 23.8

C out C in
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APPENDIX C
COMPUTER SIMULATION PROGRAM FOR ENERGY RECYCLING SYSTEM

THE FCLLOWING PROGRANM IS A SIMULATION MODEL OF A WATER-TVO-WATER

HEAT PUMP FOR TEMPERING WATER AT THE OREGON STATE UNIVERSITY DAIRY
CENTER., INCLUDED IN THE MODEL ARE THE WATER COOLED CONDENSER USED
FOR RECLAIMING THE REJECTED HEAT FROM THE MILK REFRIGERATION SYSTEM,
THE LOW TEMPERATURE AND HIGH TEMPERATURE WATER STORAGE TANKS, ANO

THE HEAT PUMP CONDENSER AND EVAPORATOR FUNITIONS. THIS SIMULATION
ONLY LOOKS AT TEMPERATURE GHANGES THROUGHOUT THE WATER CONVEYANCE
SYSTEM. THE HEAT PUMP CHARACTERISTICS ARE NOT INCLUOED AT THE
PRESENT TIME AND ARE CONSIDERED CONSTANT QVER ITS OPERATING INTERVAL.

PROGRAM MAIN(INPUT,OUTPUT ,TAPES=INPUT,TAPE3=0QUTPUT, TAPE?,TAPES)
OIMENSION NSET(200D)

COMMON QSET(200)

GCoM1

GCOM2

COMMON/UCOM1/UA(B) yATEMP (COLO4CITY,HPCM,LAT ,HPEM,

TWMILK ) WMASH ¢ WMASL yHMFRy WCCMoHT IME HP TIM, WTIME.TWCCT

EQUIVALENCE (NSET(1),QSET (1))
NCROR=%

NPRNT=86

CALL GASP

STOP

END

SUBROUTINE INTLC

GCOM1

GCOoM2
COMMON/UCOML/UA(6) g ATEMP4COLD4CITY HPCMsLAT s HPEM,
1WMILKe WMASH 9 WMASL s HMFR4WCCM 4HTIME JHPTIMsHTIME,TWCCT
INT IALIZE THE STATE YARABLES

HIGH TEMPERATURE STORAGE TANK

SS(1)=73.8

SS(2)=71.1

SS(31=68.3

LOW TEMPERATURE SfORAGE TANK

SS(4)=40.5

SS(S¥=al.1

SS(81=37.7

WATER COOLED CONDENSER

SSt73=37.7

HEAT PUMP EVAPORATOR

SS(8)=31.10

HEAT PUMP CONDENSER

SS(9)=76.9
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c
C****3 INTTIALIZE 00D(*)
c

D0 5 I=i.86

g0(I)=0.0

S CONTINUE

C***#3 INITIALIZE WATER FLOW RATES
c

HPCM=0,0

HPEM=0,0

WCCM=0,0

HMFR=0.0

WMILK=0.0
¢
GE*®*+INITIALIZE HEAT LOSS COEFFICIENT®AREA PARAYETERS
c

UA(1)=0.6535
UA(2)=0.,50827
UA(3)=0.653%
UA(4)=0,5765
UA(5)=0.4392
UA(6)=045765

c .
C**+3*INITIALIZE MISCELLANEQUS VARTABLES
c

ATEMP=10.10

CITY=11.1

HTIME=0.0

HPT IM=0.0

WTIME=0.0

TWCCT=0.0
c
C**#*¥*WATER MASS IN TANK SECTION
c .

WMASH=151.,3
WMASL=277.8

c
C***3* INITIALIZE EVENTS

c
c MILKING BEGINS AT TIME = 0.0
c
ATRIB(1)=0.0
ATRIB(2)=1.0
CALL FILEM(1)
c
RETURN
END
¢
)
c
c
c
C
SUBROUTINE EVNTSLIX)
c
*CALL GCOML

*CALL GCoM2
COMMON/UCOML/UA(6) yATEMP ,COLDsCITY 44PCMLAT o HPEM,
1WMILKy WMASH ¢ WMASL ¢HMFRyRCCM yHT IME 4 HPTIM yWTINE,THCCT

GOTO (101,102,103+20%410541064107+108+109,2110,1112,41X
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(PR RIS RIS ST T E R ZE R P YL TY ¥ Y N Py P Sy gy ey yegrgres LA S RS PR RS RS RS 22 3

MILKING EVENT BEGINS. LOW TEMPERATURE WATER IS USED TO PREPARE COWS
FOR MILKINGe WATER FLOWRATE IS 49.2 KG/HR. FLOWRATE IS ASSUMED
CONSTANT FOR 5 HOUR MILKIN5 INTERVAL.

OQOOOO00

131 WMILK=49342
COLD=WMILK

SCHEDULE END OF MILKING

OO0

ATRIB(1)=TNOW ¢6.0
ATRIB(2)=2,10

CALL FILEM(1)

SCHEDULE START OF REFRIGERATION SYSTEM FOR MILK COOLING PROCESS

OO0

ATRIB(1)=TNOW+1.0
ATRIB(21=3.0
ATRIB(3)=1.0
CALL FILEM{1)

SCHEDULE END OF WATER COOLED CONDENSER NPERATION. (REFRIGERATION
SYSTEM SHUTS OFF)

QOO0

ATRIB{1)=TNOW+10,0
ATRIB(2)=440
ATRIB(3)=0.0
CALL FILEM(1)

o

RETURN

bbb i 2 LA S I I IS I R R I 22 PR Y PR Y ST PPYPRY ¥ P T Ty Y T PPy Py BIFBISPATEIISERYE

END OF MILKING EVENT. RESET LOW TEMPERATURE WATER FLOW RATE TO Q.0
AND SCHEDULE NEXT MILKING EVENT.

QOO0OO00

102 WMILK=0.0
COLO=WMILK

o

ATRIB{1)=TNOW+6.0
ATRIB(2)=1.10
CALL FILEM(1)

SCHEDULE WASH CYCLE TO START.

QOO0

ATRIB(1)=TNOW+0.25
ATRIB(2)=5.1
CALL FILEN(1)

RETURN

et a2 S AL S RIS Y R R R ST L PRI VTR P YR PY P YT Y TR FYY F9 PSP SRS FSLFEELES

START REFRIGERATION SYSTEM FOR MILK COOLIN3 PROCESS. WATER COOLED
CONDENSER C IRCULATES WATER TO HEAT LOW TEMP. STORAGE TANK.
REFRIGERATION SYSTEM STARTS UP 1 HOUR AFTER MILKING BEGINS AND
CONTINUES FOR 9 HOURS. (APPROXIMATE)}

QOO0O00000 o

103 wWCCM=997.9
WHTIME=TNOW

RETURN
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c

¢ END OF WATER COOLED CONDENSER OPERAT ION.

104 weCM=0,0
THCCT=TNOW=WTINE
CALL COLCT(TWCCT»2)

c

RET URN
c
R e Yy T T Y ey Y TR T vy
G
G WASH CYCLE 3EGINS. HIGH TEMPERATURE WATER IS USED FOR EQUIPMENT
c CLEANSING AND LOW TEMPERATURE WATER REPLACES THE HIGH TEMP. WATER
c IN THE STORAGE TANK. CITY WATER ENTERS THI LOW TEMP. STORAGE TANK
c

105 HMFR=567.6

GOLO=HMFR
c
c SCHEDULE END OF WASH CYCLE.

c

ATRIB(1)=TNOW+G,5

ATRIB(2)=640

CALL FILEM(YD)

c .

RETURN
CrHPARSIRIIIISBRIISZFSISILSINISABNIANI IS SIS BEISRISIFFISEITVEILSSERATSRSSER
S WASH CYCLE ENOS. RESET HIGH TEMP., WATER FLOW RATE TO 0.0
c -

106 HMFR=0,0

COL O=HMFR
c

RETURN
c
R e EL LTI LR E T R L Y Y Y T Y Y T ey
¢
c MILK STORAGE TANK WASH CYCLE SEGINS. HIGH TEMPERATURE WATER USED.
c TANK WASHED EVERY OTHER JAY.

c
107 HMFR=378.3

COLD=HMFR
c
c SCHEDULE ENO OF TANK WASH CYCLE
c

ATRIB(1)=TNOW+0.5

ATRIB(2)=8.0

CALL FILENCY)

c
c SCHEDULE NEXT TANK WASH EVENT
c

ATRIB(1)=TNOW+48.0

ATRIBI(2)=7.0

CaALL FILEM(1)

c

RETURN
c
CPP3333 3555433333335 333 534S0 SCSIBIISTSSIISITIRFE SIS ISSISSRITERIESRERESS
c
c END OF TANK WASH
c

108 HMFR=0.0



COLO=HMFR

RETURN

CPFS332323333538 53535335553 SRSSSTSSNBESASSFISSRRIRIISTIIFIFDISLISNIS L4330 S
c

c START HEAT PUMP OPERATION

c

109 HPCM=726.3
HPEM=862. 5
HTIME=TNOW

c
RETURN
c

CHrIBI2IFLIFFIRIRDEIBIZFLPEIRSFEIBIFBLLBEBLIBEREBIBLIZNES BIERERBILRE2RE83

c

c STOP HEAT PUMP OPERATION
c
110 HPCM=0.0
HPEM=0.10
C
c COLLECT STATISTICS ON HEAT PUMP RUNNING TIME
c

HPTIM=TNOW=-HTIME
CALL COLCT(HPTIM,1)
c
RET URN
c
CrES TSN ISTISSINISLIR PSS S PRSI TS SSEN ISP S SR SSFEIS LIRSS IIEIESLS S0 30 0
c
C*®333CHECK FLAGS FOR STATE EVENT QOCCURING
c

c SHUT OFF WATER COOLED CONDENSER IF LFLAG(L) > O
c

111 LAT=NFINO{(14045+1+3,0.8)
IFCLAT.LE.O) GOTO 3090
CALL COPY(LAT)
IF(ATRIB(3).LT.1.0) GOTD 330
IFILFLAG(1).6T.0) GOTO 104
START WATER COOLED CONDENSER IF LFLAG(2) < 1
IF(LFLAG(2) .LT.0) GOTO 103
START HEAT PUMP OPERATION IF LFLAG(3) < 8
300 IFLLFLAG(3) .LT.0) GOTO 109
STOP HEAT PUMP OPERATION IF LFLAG(W) > 8

IF(LFLAG(H) .GT.0) GOTO 113

(4] QOO0 [t XY X3 Qa0

RETURN
END

SUBROUTINE STATE

L 21 GO O

CaLl GCOML



*CALL GCoM2
COMMON/UCOML1/UA(6) yATEMP 4COLDsCITY HPCM,LAT yHPEM,
IWMILKy HMASH ¢ AMASL 4 HMFRy WCCM o HT INEs HPTIM, WTINE, THCCT

c
c
c DIFFERENTIAL EQUATIONS GCVERNING TEMPERATURE CHANGES
c
C¥»*344IGH TEMPERATURE STORAGE TANK
c
c TOP THIRD OF TANK
c
DD(1)=(UACL)*(ATEMP=SS (1)) +HPCM*(SS(I) =SS(1) )=HPCN* (SS(21)=SS(2))=
1HMFR*{SS(1)=SS(2)) )/ WMASH
c
c MIDDLE THIRD OF TANK
c
00(2)=(UA(2)% (ATEMP=SS(2) ) +HPCM*(SS(1) =SS (2) ) +HMFR® (SS(5) =SS (2) )~
1HPCM* (SS(2)=SS(3))) /HMASH
c
c BOTTOM THIRD OF TANK
G
O0B(3)=(UA(3)* (ATEMP=SS(3 ) +HPCM*(SS(2)=SS(3) ) +HMFR*(SS(2) =SS (3} )}
1/WMASH
c
C*s®»3{ 0N TEMPERATURE STORAGE TANK
c
c TOP THIRD OF TANK
c
OD(4)=(UA (%) * (ATEMP~-SS({4)) #HCCM*(SS{71~SS( %)) +WMILK®(SS(5)=~SS(%))»
) LHPEM*(SS{51~SS(4) )~HMFR® (SS(4)~SS(5))~WCCM* {SS()=~SS(5)))/NNASL
c
c MIDOLE THIRD OF TANK
c
00(5)=(UA(S) * (ATEMP~SS(S5)I+HCCM*({SS{4)=SS(5))+HMFR* {SS(#)=SS(5))
1-WMILK*(SS(4)=SS(5) )-HPEM®(SS(4)=SS(5))-HCCM* (SS(E)=S5(86))
2Z+HMILK* {SSI6)~SS(5)) +HMFR*(SS(6)=SS{51) +HPEM*(SS(6) =SS(5))) /WMASL
G
G 90TTOM THIRD OF TANK
c
DD(BI=(UALB) *(ATEMP=SSI5E) ) +HCCH*(SS(5)=SS(5))+COLD* (CITY=-SS(6))
1 +HPEM®* (SS(8)=SS(6))=WMILK*(SS(5)~SS(6))-=HMFR*{(SS(5) -SS(6))
2=HPEM* (SS(5)=SS(6))) /WMASL
c

CH**®3*WATER COOLED CONOENSER ON MILK COOLING REFRIGERATION SYSTEM
e .
IF(WCCM.LE. 0.0) GOTD 100
SS(7)=04597*SS(6) +19.7

¢
C*%*33HEAT PUMP EVAPORATOR
c
IF(HPEM.LE.0.0) GOTO 109
SS(8)=0.19%SS (1) +23.3
c
C**SS3HEAT PUMP CONDENSER
c
SS(9)=0e513%SS(3) +40.9
100 RETURN
c

END

OO0

127
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c
SUBRGUTINE SCOND

G

*CALL GCOM1

*CALL GCOM2
COMMON/UCOML1/UA(B) s ATEMP ,COLD4CITY +APCM,LATHPEN,
LIHMILK, WMASH yNMASL HMFR,ACCMHTIME ,HPTIM,WTIME, THCCT

c
C¥+**#CROSSING CONOITIONS FOR WATER COOLED CONDENSER OPERATION.
c
c IF ENTERING TEMP., SS{(7), > 40.5C THEN ST3? WATER COOLED CONDENSER
c
LFLAG(1)=KR0SS(6+098e0+%20e541,540)
c
» IF ENTERING TEMP.SS(7), < 40.5C, THEN RESTART CONDENSER
c
LFLAG(2)=KROSS(B9090e0940e5,=1,10.0)
c
C***%2CROSSING CONDITIONS FOR HEAT PUMP OPERATION.
c
c IF TOP THIRD OF HIGH TEMP TANK,SS(1), < 65.5C THEN START HEAT PUMP
c
LFLAG(3)=KROSS(19090e0965459+=1,540)
c
c IF TOP THIRD OF TANK SS{1} » 73.9C, THEN STOP HEAT PUMP
c
LFLAG(‘Q)=KROSS(1c 0' °s0v73c9'1q5.u)
c
RETURN
END
c
c
c
c
c
SUBROUTINE SSAVE
c

*CALL GCOML

*CALL GCOM2
COMMON/UCOML/UA(B) 4 ATEMP,COLDCITY,HPCM,LAT, HPEM,
1HMILKy NMASH s WMASL ¢ HUFRy ACCM yHTIME JHPTIM,WTIME, TWCCT

$3S¥XSUBPROGRAM FOR COLLECTING-OATA ON STATE VARIABLES ANO PLAOTTING RESULTS

TEMPERATURES OF STORAGE TANK SECTIONS ARE SOLLECTED AND PLOTTED VS.
TIME. :

< QOO0

CALL GPLOT(SS(1),TNOW,1)

RETURN
END



APPENDIX D

MONTHLY WATER USE DATA
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Water Use in Liters Per Day

Month 43.3% 71.1°%C City Water Supplied
11/81 425.5 761.3 3,051.6
12/81 648.0 735.3 3,359.5
1/82 780.7 860.6 4,733.5
2/82 490.4 748.2 3,681.2
' 3/82 410.8 - 773.5 3,197.0
4/82 154.8 803.5 3,111.8
5/82 113.0 780.7 3,174.9
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APPENDIX E
MONTHLY ELECTRICAL ENERGY CONSUMPTION DATA

_Electrical Energy Consumption in kW-hr Per Day
Low Temperature High Temperature Water-to-Water

Month Water Heater Water Heater Heat Pump Total
11/81 6.1 (2.1)* ' 5.2 (1.0) 11.8 23.1
12/81 14.5 (2.4) 3.8 (0.8) 13.5 31.8
1/82 22.9 (2.2) 13.5 (2.1) 11,3%* 47.7
2/82 12.7 (1.8) 8.3 (1.3) 11.5%* 32.5
3/82 7.4 (2.3) 3.5 (1.2) 12.2 23.1
4/82 6.2 (1.9) 3.8 (1.4) 13.0 23.0
5/82 6.1 (2.3) 5.1 (2.0) 11.9 23.1

* Peak energy demand

** Heat pump proolems necessitated a shut down period for repairs.





