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ABSTRACT

A residential separated-type heat pump water heater (HPWH) unit was tested in a
laboratory under controlled environmental conditions. Steady-state tests were conducted
over a range of ambient temperatures, relative humidities, and inlet water temperatures.
For the ambient temperature rise from 10 to 38°C (50 to 100°F), the evaporator capacity
increased 62%, the condenser capacity increased 67%, and the coefficient of performance
(COP) improved 34% (from 1.89 to 2.54). As the HPWH condenser inlet water temperature
increased from 46 to 54°C (115 to 130°F) while the ambient temperature remained 23°C
(73°F), the condenser capacity decreased 4% and the COP declined 14% (from 2.21 to 1.89).
Test data were used to form a data base on HPWH performance which was subsequently
used to validate the HPWH design model. The HPWH design model, a computer program
derived from the existing ORNL Heat Pump Design Model, was proven to be capable of
predicting the performance of the separated-type HPWH system and is intended to be used
in studies concerning the improvement of HPWH performance.
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SUMMARY

Heat pump water heater (HPWH) units were first built in the late 1950’s, but only
recently gained attention because of the rising cost of electricity. The HPWH units now
available are first-generation design. They are assembled with available components that
were developed for other uses. Therefore, it is likely that the performance of the units can
be improved.

The objective of this project was to collect sufficient data from the experimental study to
form a data base on the performance of a residential separated-type HPWH unit which
would be subsequently used to formulate and validate an analytical steady-state design
model.

The HPWH used in this study was representative of the residential separated-type units
currently available on the market. It was connected to a water storage tank and fully
instrumented to measure refrigerant and water temperatures, refrigerant pressures,
refrigerant and water flow rates, and power consumptions of the components.

To obtain data of sufficient accuracy, the experimental facility was housed in an
environmental chamber having controlled temperature and humidity. Steady-state tests
were performed to study the effect of changing the ambient temperature, humidity, and
entering water temperature on HPWH component and system performances. Data were
collected using a digital voltmeter, a multiprogrammer, and a scanner controlled by a
desktop computer.

The HPWH computer design model is a modification of the ORNL Heat Pump Design
Model (HPDM). Necessary additions to the ORNL HPDM were a water-to-refrigerant
condenser routine (developed at Brookhaven National Laboratory) and a water pump routine
(developed at ORNL). To accomplish incorporation of these routines into the model, five new
routines were added and eight routines were revised.

Data from several steady-state tests were input into the HPWH design model for
validation purposes.

The recovery efficiency and recovery rate are values typically used in rating all types of
water heaters. Initial tests were performed under a range of ambient temperatures. They
showed the recovery efficiency increasing 61% from 1.79 to 2.89 as the ambient temperature
rose from 10 to 38°C (50 to 100°F). The recovery rate increased 89% from 34.9 to 65.9 L/h
(9.2 to 17.4 gal/h) as the ambient temperature changed from 10 to 38°C (50 to 100°F).

Steady-state HPWH tests were performed at ambient temperatures ranging from 10 to
38°C (50 to 100°F). As the ambient temperature increased, the results showed an increase in
evaporator capacity of 62%, an increase in condenser capacity of 67%, and an increase in
the coefficient of performance (COP) of 34% from 1.89 to 2.54.

During steady-state operation at a constant ambient temperature of 23°C (73°F), the
condenser capacity decreased 4% and the COP declined 14% from 2.21 to 1.89 a3 the HPWH
inlet water temperature increased from 46 to 54°C (115 to 130°F). As expected at higher
relative humidity steady-state conditions, the evaporator capacity, condenser capacity, and
COP increased.

The data base formed from the laboratory tests was used to validate the HPWH steady-
state design model. Main differences between the experimentally measured and model
calculated results were found to be in the pressure drop across the evaporator and the

xiii



compressor map predictions. When these inaccuracies were corrected, the model predicted
the performance of the heat pump within 5% of the measured value. These validation runs
proved the model to be capable of predicting the performance of a residential separated-type
HPWH unit.

The next step in this project would be to use the HPWH design model in a parametric
study followed by an optimization study. These studies would provide an analytical
capability to evaluate the effect of improved components or new design features on the
HPWH system performance.

xiv



1. INTRODUCTION

Heat pump water heater (HPWH) units were first built in the late 19508, but only
recently gained attention because of the rising cost of electricity. The HPWH units now
available are first-generation design. They are assembled with available components that
were developed for other uses. Therefore, it is likely that the performance of the units can
be improved.

The objective of this experimental study was to collect sufficient data to form a data
base on the performance of a residential HPWH unit. The data base was used to formulate
and validate an analytical steady-state design model.

The experimental tests desecribed in this report were conducted to study the effect of
changing ambient temperature, humidity, and entering water temperatures on HPWH
component and system performance. Primarily steady-state tests, but also recovery tests,
were performed.
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2. EXPERIMENTAL FACILITY

2.1 HEAT PUMP WATER HEATER

The HPWH used in this study was representative of the separated-type units currently
available on the market. A schematic of the instrumented HFWH test loop is shown in
Fig. 1 and displayed in a close-up view in Fig. 2. The superheated R-12 refrigerant vapor
enters the rotary compressor where it is compressed to a higher temperature and higher
pressure vapor. The hot vapor passes through the annulus of the coaxial condenser where it
surrenders its heat to the water which is simultaneously flowing countercurrent to the
refrigerant through the inner tube of the condenser. Warmed water is then pumped to the
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Fig. 1. Heat pump water heater test loop.

2-1



2-2

ORNL-PHOTO 6783-83

EVAPORATOR ==

1

COMPRESSOR

FAN MOTOR

TF

Fig. 2. Closeup view of instrumented HPWH.

water storage tank by the water circulating pump. Warm, condensed liquid refrigerant is
throttled by the thermostatic expansion valve (TXV) to a lower pressure and temperature
and becomes a liquid/vapor mixture. The TXV continuously monitors the evaporator exit
superheat and adjusts the refrigerant feed rate to maintain the superheat at a constant
level. The cold refrigerant mixture then flows through the evaporator tubes as the room air
is blown across the finned tubes by the fan, thus evaporating the liquid refrigerant. Cool
refrigerant vapor leaves the evaporator and returns to the compressor, completing the cycle.
A detailed description of the HPWH is found in Table 1.

The HPWH unit was connected to a 311-L (82-gal) storage tank with copper tubing
insulated to prevent recirculation of the water due to natural thermal convection. A closed
water loop is formed by the HPWH, the water tubing, the water storage tank, and the water
circulating pump. Water is pumped by the circulating pump from the bottom of the storage
tank, through the condenser where it picks up heat, to the top of the storage tank. There it
enters a dip tube installed in the storage tank and flows down approximately two-thirds of
the length of the tank and exits into the bottom portion of the tank.

2.1.1 Sensor Locations

Temperature, pressure, and flow-rate readings were measured on the HPWH refrigerant
and water circuits at the locations shown in Fig. 1. Table 2 describes the corresponding
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Table 1. Heat pump water heater features

Refrigerant R-12
1.3-cm (0.5-in.) outside diameter (OD) copper water tubing
0.95-cm (0.375-in.) discharge, 1.3-cm (0.5-in.) suction OD copper refrigerant tubing

COMPRESSOR EVAPORATOR
*» rotary ¢ 2 tubes deep
« accumulator on suction line * 16 tubes high
o 23.4-cm® (1.43-in.%) displacement * 0.8-cm (0.13-in.) OD copper tubing
* 3.0 kW (10,200 Btu/h) rated for R-12 at » 11 wavy aluminum fins per 2.54 cm (1.0 in.)
- 54.4°C (130°F) condensing temperature ¢ 0.17-m2 (1.78-ft2) frontal area

- 7.2°C (45°F) evaporating temperature
- 35°C (95°F) ambient temperature

CONDENSER EVAPORATOR FAN
« horizontal coil axis ¢ 0.24-m%/s (500-cfm) air flow
e 4.9-m (10-ft.) total tube length » 1575 rpm
« tube-in-tube construction » 1.5 amps

» 2.54-cm (1.0-in) OD refrigerant tube
¢ 1.4-cm (0.56-in.) OD water tube
« counterflow type

« insulated
» 44-kW (1.25-ton) nominal rating
EXPANSION DEVICE WATER PUMP
« thermostatic * magnetic drive
« 2.6 kW (0.75 ton) ¢ 63 W maximum

location of the sensors numbered in Fig. 1. Power input to the compressor, fan motor, and
the water pump was measured with watt/watthour transducers.

2.2 ENVIRONMENTAL CHAMBER

To obtain data of sufficient accuracy from the experiment, it was necessary to house the
experimental facility in an environmental chamber having controlled temperatures and
humidity. A modular temperature/humidity conditioning system was attached to a 14.5-m?
(512-ft) insulated chamber with 20.3-cm-diam (8-in.) flexible insulated hoses. Approximately
0.24 m%/s (500 cfm) of conditioned air circulates from the air supply discharge through a
flexible hose to the top of the chamber. The air then spreads out through a diffuser down
into the chamber. The air flows through grates and into ducting installed on the lower
inside perimeter of the chamber walls. The air exits the chamber through a flexible hose
and returns to the air supply inlet to complete its cycle. The refrigeration system for the
air conditioning system is shown schematically in Fig. 3. The air conditioning system and
insulated chamber are represented in an overall view in Fig. 4.

During the HPWH experiments, the air supply system controlled air temperatures in the
chamber at various levels between 7 and 38°C (45 and 100°F) and relative humidities
between 25 and 70%.

The temperature controller utilized in the air supply system is an electronic, solid-state
instrument with proportional band, automatic reset, and rate control. Air temperature is
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Table 2. Sensor locations

Sensor  Circuit® Location
T, R Compressor discharge
T, R Condenser inlet
Ts R Condenser exit »
T, R Thermostatic expansion deviee inlet
Ts R Thermostatic expansion device exit
Te R Evaporator inlet
Ty . R Evaporator exit
Ts R Compressor suction
To w Condenser inlet
Tio w Condenser exit
Tn w Supply to water storage tank
T2 w Delivery from water storage tank
R, w Water storage tank centerline, 11 in. from top
R; w Water storage tank centerline, 17 in. from top
Rs w Water storage tank centerline, 23 in. from top
R, w Water storage tank centerline, 29 in. from top
Rs w Water storage tank centerline, 35 in. from top
Re w Water storage tank centerline, 41 in. from top
R, w Water storage tank exit
Rg w HPWH inlet
R w HPWH exit
Ry w Water storage tank inlet
| w Supply water storage tank
F; R Condenser exit
F3 w HPWH exit
P, R Compressor discharge
P, R TXV inlet
P; R Evaporator inlet
P, - R Compressor suction
Dp, R Across the condenser
DP, R Across the evaporator
(Py) R Compressor discharge
(P2) R TXV inlet
(P3) R Compressor suction

*R—refrigerant; W—water.

sensed by a platinum resistance temperature detector (RTD) located in the air circulation
plenum at the blower discharge. Cooling capacity is modulated by opening and closing the
hot gas bypass valve and liquid desuperheating expansion valve. The hot gas bypass valve
bypasses hot discharge gas back to the compressor suction as the desuperheating expansion
valve cools the hot gas by throttling liquid refrigerant mix with the warm refrigerant vapor
in the suction line. The heating capacity is modulated by the controller energizing and de-
energizing the resistance heaters. ’

The relative humidity controller operates in the same manner as the temperature
controller. A wet and dry bulb technique of measuring humidity consisting of a type "E"
thermocouple (for wet bulb temperature) and modulation of a thermistor (for dry bulb
temperature) is utilized. Relative humidity is controlled by opening and closing the solenoid
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Fig. 3. Air conditioning system refrigeration cycle.

valve that controls the dehumidification coil (an additional evaporator coil that supplies
latent cooling) and by bypassing a regulating thermostat. When the thermostat is bypassed,
water boils in the steam generator and drives vapor into the chamber. Additional humidity
was supplied by the building steam line, injecting steam into the chamber with on/off
control from a hand valve.

2.3 DATA ACQUISITION SYSTEM

The data acquisition system (DAS) consists of a Hewlett Packard (HP) desktop
computer, an HP digital voltmeter, an HP multiprogrammer, an HP multiprogrammer
interface, an HP digital clock, an HP printer, and a Fluke scanner. A schematic of the DAS
is shown in Fig. 5, and a closeup view is shown in Fig. 6. The desktop computer is configured
with 62K bytes of memory and uses standard 9825 high-speed programming language
(HPL). Voltage data signals are read from the instrumentation by the digital voltmeter. The
multiprogrammer is the master control unit for input/output cards that perform such
functions as closing relays to energize components and totalizing counts and contact closures
from instrumentation. Bidirectional communication between the multiprogrammer and the
computer is permitted by the multiprogrammer interface. The clock is a fully programmable
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Fig. 6. Closeup view of DAS.

system calendar and time-of-day source and also serves as a stand-alone digital clock. The
scanner is a channel selector that houses input connectors for analog data collection. Some
descriptions of the input connectors and their functions are: (1) an isothermal block
connector for thermocouple reference junction and measuring junction, (2) a current
transmitter to convert current to voltage, and (3) an RTD connector to convert resistance to
voltage.

2.4 INSTRUMENTATION
2.4.1 Pressure

The deflection of an internal diaphragm in the absolute and differential pressure
transmitters was converted electronically to an amperage signal directly proportional to the
pressure measured. A current transmitter connector installed in the scanner accepted the dc
output current from the pressure transmitter and converted the current to a proportional de
voltage signal using precision shunt resistors. This signal was converted into pounds per
square inch (psi) using a linear equation derived from ecalibration data. Bourdon-tube
pressure gauges were manually read to check certain pressure transmitters.



2.4.2 Temperature

Thermocouples (TCs) and RTDs were installed on the system for measuring temperature.
The RTDs were used where greater accuracy was demanded, such as for measuring a
temperature difference. Two- and three-wire nickel-iron RTDs were mounted in stainless
steel sheaths with copper lead wires producing a resistance signal. An input connector
installed in the scanner supplied an adjustable current to the selected RTD. The resultant
I-R drop was measured as a voltage. This voltage was converted to temperature in the
software using a linear equation derived from calibration data. The copper-constantan TCs
were attached to the outer surface of the refrigerant and water lines and covered with foam
insulation to reduce temperature gradients through the tube wall. The measuring junction
and floating reference junction located on the isothermal input connector produced voltage
signals. National Bureau of Standard (NBS) tables were used to form fourth-order
polynomial equations in the data collection software to convert from these signals to degrees
Fahrenheit.

2.4.3 Flow Rate

Rotation of the propeller caused by fluid flow through the turbine flowmeters was sensed
by an externally mounted pickoff as a train of electric pulses. The frequency of the pulses,
which were directly proportional to the volume flow rate, was fed directly into a pulse to de
converter, and the resultant voltage signal was converted into gallons per minute in the
software by using a linear equation derived from calibration data. Bypass lines were
installed around the flowmeters to prevent damage by overspeeding the rotor on system
start-up.

2.4.4 Power

The watt/watthour transducers provided two outputs simultaneously—an analog signal
(current) directly proportional to instantaneous watts and a digital signal (frequency)
directly proportional to watthours. The analog signal was converted to a proportional dc
voltage, using precision shunt resistors that were located in the current transmitter
connector installed in the scanner. A linear equation derived from calibration data was
programmed in the data collection software to convert from voltage signal to watts. The
digital signal was totalized by a pulse counter card installed in the multiprogrammer and
similarly converted to watthours. Watthour meters were manually read to check the
watt/watthour transducers.

2.4.5 Relative Humidity

Humidity was measured by using the wet bulb and dry bulb TC techniques. The wet
bulb TC was enclosed in a wick, a portion of which was immersed in a container storing
distilled water. The dry bulb TC was located next to the wet bulb. A fan was used to provide
proper air velocity across the wet bulb. Wet bulb and dry bulb temperature readings were
converted to relative humidity using psychrometric routines.
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2.4.6 Calibration

All instruments were calibrated so that comparison of the tested instrument against a

known standard could be made and thus reduce errors in accuracy. All calibrations, except
for the flowmeters, were performed by ORNL personnel.

1.

The absolute pressure transmitters and gauges were calibrated using a standard dead-
weight tester.

The differential pressure transmitters were compared to a standard water manometer.

The TCs were calibrated using an ice bath procedure, and the readings were compared
to a standard precision thermometer.

The RTDs were compared to a standard platinum resistance thermometer.

The flowmeters were -calibrated by the manufacturer using a standard flow-
measurement facility.

The watt/watthour transducers were calibrated in a setup consisting of (a) an input
wattage signal derived from a known current passing through a known resistor bank
and (b) a precision counter totalizing the pulses.

The watthour meters were calibrated at ORNL by comparing the operation of the tested
meter with a rotating standard meter.

The accuracy of all the standard instruments used in the calibrations is traceable to NBS.






3. EXPERIMENTAL PROCEDURE

Experimental tests were conducted to study the effect of changing the ambient
temperature and humidity and the entering water temperature on the HPWH system
performance. Ambient temperature was varied from 10 to 38°C (50 to 100°F), relative
humidity from 28 to 97%, and entering water temperature from 46 to 54°C (115 to 130°F).

The test procedures were controlled by the DAS. Flow charts describing the procedures
are shown in Figs. 7 and 8.
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Fig. 7. Recovery test flowchart.
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3.1 RECOVERY TESTS

A recovery test began at start-up of the HPWH unit (compressor, fan motor, circulating
water pump energized) with the supply water temperature at approximately 13°C (55°F)
and continued until the HPWH inlet water temperature reached 55°C (131°F). At this time
the HPWH unit was turned off. Data were collected every 15 min.

3.2 STEADY-STATE TESTS

A steady-state test began when the HPWH condenser inlet water temperature reached
46°C (115°F). By this time, the HPWH unit had been operating approximately 4 h. The
entering water temperature was changing slowly enough [(0.6C° (1F°) per 3 to 5 min] to
assume quasi-steady-state conditions.

Data were collected at every 0.6C° (1F°) rise of the HPWH inlet water temperature. The
compressor, evaporator fan, and circulating water pump were operating for the entire
duration of the test. The water was continuously circulated around the closed loop between
the water storage tank and HPWH unit at a constant rate of 8.8 X 102 L/s (1.4 gpm). The
test continued until the condenser inlet water temperature reached 55°C (131°F), at which
time the HPWH was turned off.

The water temperature range of 46 to 55°C (115 to 131°F) was chosen to represent
steady-state conditions. This temperature range is the typical on and off points of the
HPWH unit when in normal "as installed by the dealer" operation.

3.3 REFRIGERANT CHARGE

The HPWH unit was charged to match the manufacturer’s recommended value of suction
pressure and discharge pressure when operated at a specific ambient temperature. This
process resulted in a total charge of 1.1 kg (2.5 Ib) of refrigerant, which was 0.4 kg (14 oz)
over the nameplate charge of 0.7 kg (26 oz). The additional amount was needed to fill the
copper tubing added to the system for installation of the pressure transmitters and
refrigerant flowmeter.

3.4 DATA TRANSFER PROCESS

The raw data were collected by the HP desktop computer and stored on HP cassette
tapes. Data were transferred to the ORNL main computer system via terminal emulator
software and stored in files on disk storage space for reduction and analysis.



4. TEST RESULTS

4.1 RECOVERY TESTS
4.1.1 Ambient Temperature Effect

The recovery efficiency and recovery Pate are values typically used in rating all types of
water heaters. The recovery efficiency (K,) given in Eq. 1 (ref. 1) is defined as the ratio of
the heat imparted to the water to the energy input to the heat source. The tank losses are
not taken into account.

_Kvan (1)
r 7 )
where
K = 115 Wh/L °C (8.25 Btu/gal °F), the nominal specific heat of water;
V = tank capacity [L (gal)];

AT, = difference between initial and final mean tank temperature in water storage
tank, expressed in °C (°F);

Z = total electrical power input to HPWH components, expressed in Wh (Btu).

The recovery efficiency as a function of ambient temperature is shown in Fig. 9. The
efficiency increases 61% from 1.79 to 2.89 as the ambient temperature rises from 10 to 38°C
(50 to 100°F).

The recovery rate given in Eq. 2 (ref. 1) is defined as the rate in liters per hour (gallons
per hour) of water that the HPWH is capable of heating normalized to a temperature rise of
50C° (90F°).

_ VAT, 2)
tAT, ’
where
V and AT are previously defined;
t = duration of recovery test, expressed in hours;

AT, = 50C° (90F°).

The recovery rate as a function of ambient temperature is shown in Fig. 10. The recovery
rate increases 89% from 34.9 to 659 L/h (9.2 to 174 gal/h) as the ambient temperature
changes from 10 to 38°C (50 to 100°F).

4-1
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Fig. 9. Effect of ambient temperature on recovery efficiency.

4.2 STEADY-STATE TESTS
4.2.1 Measurement Reliability

The condenser heat balance of the refrigerant-side compared to the water-side was rarely
in agreement. An error analysis was made on the heat balance by calculating the effect of
an error in a data point measurement on the capacity. The results are tabulated in Table 3.

As is shown in Table 3, the water temperature has the greatest influence on capacity.
The water temperatures were being measured using a thermocouple (TC) strapped to the
outside of the water tube and covered with insulation. To provide a more accurate
measurement, the TC was removed from the pipe and immersed in a well installed in the
pipe. The TC now read closer to the actual water stream temperature. However, this new
method did not correct the heat balance error.
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Table 3. Error analysis on heat balance
Measured values Change . Changg
of values in capacity
Water temperature, C° (F°) 0.6 (1.0) 0.8% 9.0%
Water flow rate, L/s (gpm) 0.006 (0.1) 7.3% 7.3%
Refrigerant flow rate, L/s (gpm) 0.0006 (0.01) 3.7% 3.7%
Refrigerant temperature, °C (°F) 0.6 (1.0) 0.7% <1.0%

The water flow rate had the next greatest effect on capacity. The flowmeter was
recalibrated by opening the water loop and running the water through the flowmeter and
into a bucket located on a platform scale. The weight and duration of the calibration was
used to calculate the flow rate. The calculated reading compared closely to the flowmeter
reading. Again, this was not the cause of the heat balance error.

The refrigerant flowmeter was sent to ORNL Instrumentation and Controls Division
personnel for recalibration. Some epoxy particles were found in the flowmeter possibly
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clogging the orifice or not allowing the turbine blades to spin properly. The flowmeter was
cleaned up, recalibrated, and returned. More tests followed only to find the heat balances
still in error. The electronics part of the flowmeter was checked out by switching the pickoff
coil and pulse rate counter from the properly operating water flowmeter to the refrigerant
flowmeter. The refrigerant flow rate reading did not change.

Although the refrigerant temperatures had a very small effect on capacity, they were
compared to readings from a digital temperature probe. The measurements were in good
agreement.

In preliminary tests and one actual test, the heat balance did agree within 10%. The
measured values for the actual test were compared to the measured values of a test in which
the heat balance was within 25% error. Both tests were run at the same ambient conditions.
Table 4 compares the measured values. As is shown, the refrigerant flow rate has the
greatest difference at 19% while the other measurements are within acceptable agreement.

For some unexplained reason, the refrigerant flowmeter did not operate properly in the
system. Due to the confidence of all the other measurements used in the heat balance, the
tests were continued and the refrigerant flow rate value used in calculations was derived
from the condenser heat balance.

Table 4. Measurements used in heat balance

Percent
Test A Test B difference

Heat balance error, % 5 24
Refrigerant flow rate,

L/s (gpm) 0.013 (0.21) 0.011 (0.17) 19
Condenser water flow rate,

L/s (gpm) 0.086 (1.37) 0.086 (1.37) 0
Condenser inlet refrigerant

temperature, °C (°F) 85 (185) 82 (179) 3
Condenser exit refrigerant

temperature, °C (°F) 50 (122) 52 (125) 2
Condenser inlet water

temperature, °C (°F) 47 (117) 47 (117) 0
Condenser exit water

temperature, °C (°F) 54 (129) 54 (130) 1

4.2.2 Ambient Temperature Effect

The graphs described in this section are the results of the experimental tests run with a
HPWH inlet water temperature of 48.3°C (119°F), ambient temperatures ranging from 50 to
100°F, and relative humidities ranging from 28 to 97%. The effect of relative humidity on
the HPWH performance will be discussed later in this report. Some of the raw data is
presented in Table A.1 of Appendix A.

The ambient temperature is the major temperature driving force in the evaporator. As
the ambient temperature increases from 10 to 38°C (50 to 100°F), the evaporator saturation
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temperature increases from —1.4 to 15.8°C (29.4 to 60.4°F) and the evaporator exit pressure
increases from 290 to 496 kPa (42 to 72 psia) as shown in Fig. 11. These increases cause the
compressor inlet refrigerant vapor density to increase. The density of the saturated
refrigerant vapor as a function of evaporator saturation temperature is shown in Fig. 12.
The density increases 0.32 kg/m? (0.02 1b/ft?) for every 0.6C° (1F°) saturation temperature
rise.

The refrigerant mass flow rate (m,) is related to the density by Eq. 3 (ref. 2).

My = pDS1yq , &)
where
p = refrigerant vapor density,
D = total compressor displacement,
S = compressor motor speed,

7wt = overall volumetric efficiency.

The displacement and rated motor speed are constant. The overall volumetric efficiency
is only mildly dependent on ambient temperatures, as will be shown later. Therefore, from
Eq. 3, as the density increases at higher ambient temperatures the mass flow rate goes up
proportionally. Although higher mass flow rates require more compressor work, the
compressor work required per unit mass decreases. As shown in Fig. 13 as the ambient
temperature changes from 10 to 38°C (50 to 100°F), the required compressor work increases
27%, but the required compressor work per unit mass decreases 28%.

The evaporator capacity is defined as the heat energy transferred from the air to the
refrigerant in the evaporator. This term does not include the power input to the evaporator
fan motor which warms the air before it passes over the evaporator coil. As shown in Fig.
14 as the ambient temperature changes from 10 to 38°C (50 to 100°F), the evaporator
capacity increases 62%.

The heat rejected from the condenser into the water storage tank is basically a sum of
the increased evaporator capacity and increased power input to the compressor. From these
combined effects the heat rejected from the condenser (condenser capacity) increases 67%
for the 10 to 38°C (50 to 100°F) ambient temperature change as shown in Fig. 15.

The coefficient of performance (COP) for HPWH units is defined as the ratio of the
condenser capacity to the total power consumption.? This can be written as Eq. 4.

COP = — o __ )
Weomp + Wean + Woump ’
where
Qwna = condenser capacity,
Weomp = compressor power,
Wian = fan motor power,

Woump = DUmMp power.
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Fig. 12. Effect of evaporator saturation temperature on refrigerant density.

The power input to the fan motor and to the pump are almost independent of ambient
temperature change.
Dividing through the right hand side of Eq. 4 by 7, results in Eq. 5.

Ah
COP = —; od___ , ®)
I'Vcomp + (vaan + Wpump)
m, m,
where
Wrans Woump are previously defined,
Aheong = enthalpy change through condenser,
Wcomp/'rhr = compressor power per unit mass of refrigerant.

The resultant (We,,, Wpump)/m, term decreases as the ambient temperature rises since m,
increases. As previously stated, the required compressor work per unit mass of refrigerant
decreases as the ambient temperature increases. Thus the entire denominator of Eq. 3
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decreases at higher ambient temperatures. The enthalpy change through the condenser is
shown in Fig. 16 as a function of ambient temperature. As the ambient temperature changes
from 10 to 38° C (50 to 100°F), the enthalpy change decreases by just 4%. Thus as the
ambient temperature rises, the denominator of the COP equation decreases faster than the
numerator decreases resulting in higher values of COP. Figure 17 shows an improvement in
the COP of 34% from 1.89 to 2.54 as the ambient temperature changes from 10 to 38°C (50
to 100°F).

The compressor input power is expended in two ways: either transferred to the
refrigerant gas in the compressor or lost in heat transfer from the compressor shell. The
compressor input power can be expressed as Eq. 6 (ref. 2).

Wcomp = mr‘sAcomp + Qcan ’ (6)

where
mm, is previously defined,
Aheomp
Qan = ,
The compressor shell heat loss, calculated from the experimental data, is plotted as a

fraction of the compressor input power in Fig. 18 as a function of ambient temperature. As
the ambient temperature increases from 10 to 38°C (50 to 100°F), the compressor shell heat

enthalpy change through the compressor,

compressor shell heat loss.
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loss fraction decreases 28% from 35.5 to 25.5%. The heat loss from the compressor shell
heats the air flowing across the evaporator.

The overall calculated isentropic efficiency and volumetric efficiency increase slightly as
the ambient temperature increases as indicated in Table 5.

Table 5. Influence of ambient temperature on
compressor efficiency

Ambient Power input . .
Isentropic  Volumetric

temperature to compressor efficienc efficienc
[°C (°F)] [W (Btu/h)) y y

11 (51) 1096 (3740) 0.454 0.759
23 (713) 1316 (4490) 0.477 0.788
34 (93) 1373 (4685) 0.515 0.854

The overall isentropic efficiency given by Eq. 7 (ref. 2) is defined as the ratio of the ideal
compressor power to the actual compressor power.

, ’rhr(h,,,i.sen - hy) , M
Weomp
where
7y, Weomp are previously defined,
Roisen = exit enthalpy for no increase in entropy,
h, = enthalpy at compressor inlet.

The overall volumetric efficiency given by Eq. 3 is defined as the ratio of the actual
volumetric rate of gas moved by the compressor to the ideal pumping rate at rated motor
speed.

Rotary compressors have a high volumetric efficiency compared to reciprocating
compressors due to the small clearance volume and low re-expansion loss associated with
their design.! This allows smaller compressor size for a given application.

4.2.3 HPWH Inlet Water Temperature Effect

The graphs described in this section are the results of a steady-state test run at 23°C
(13°F) ambient temperature and 75% RH with entering water temperature to the HPWH
varying from 115 to 130°F. Seme of the raw data is presented in Table A.2 of Appendix A.

Condenser capacity calculations are based on the water-side data and not on the
refrigerant-side data due to the refrigerant flowmeter problems that were previously
discussed. Evaporator capacity calculations are based on the derived refrigerant-side data
and not the air-side data because of insufficient air-side data measurements.
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The inlet water temperature is the major driving force in the condenser. As the
condenser inlet water temperature increases, the condenser exit saturation temperature
increases, causing the enthalpy change through the condenser to decrease slightly as shown
in Fig. 19. Enthalpy change across the condenser decreases 4% for the 46 to 54°C (115 to
130°F) water temperature rise. The refrigerant mass flow rate increases slightly, but overall
the condenser capacity decreases due to the decreased heat transfer between the water and
the refrigerant. As shown in Fig. 20, the condenser capacity decreases 4% as the water
temperature increases from 46 to 54°C (115 to 130°F). The total power consumption
increases 13% as the entering water temperature rises from 46 to 54°C (115 to 130°F) as
shown in Fig. 21. The power input to the pump and fan motor are constant for the water
temperature change; therefore, the required compressor work is the only factor causing the
total power consumption to increase.

The COP is directly proportional to the decreasing condenser capacity and inversely
proportional to the increasing total power consumption. The COP declines 14% from 2.21 to
1.89 for the 46 to 54°C (115 to 130°F) water temperature rise as shown in Fig. 22,

The HPWH inlet water temperature has a small influence on the isentropic compressor
efficiency and volumetric compressor efficiency as indicated in Table 6.
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Table 6. Influence of inlet water temperature on
compressor efficiency

Inlet water Power input
temperature to compressor
[°C (°F)] [W (Btu/h)]

Isentropic  Volumetric
efficiency  efficiency

47 (116) 1290 (4402) 0.476 0.786
49 (120) 1327 (4528) 0.476 0.787
51 (124) 1380 (4709) 0471 0.775
53 (128) 1428 (4873) 0.459 0.759

4.2.4 Relative Humidity Effect

The experimental tests were performed in a 60 to 90% and in a 20 to 50% RH condition
for each ambient temperature. The high humidity tests listed in Table 7 produced a wet eva-
porator coil surface. A wet coil compared to a dry coil at the same dry bulb temperature has
higher rates of mass transfer because of the added latent heat. Thus the evaporator capacity
increases and that results in improved capacity and COP as indicated in Table 7.
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Table 7. Influence of relative humidity on performance

Ambient Humidity Evaporator Condenser
temperature level capacity capacity COP
[°C (°F)] (kW (10*Btu/h)] [kW (10% Btu/h)]
11 (51) Low 1.8 (6.0) 2.3 (1.7) 1.78
11 (51) High 21 (1.1) 2.5 (8.6) 1.84
21 (70) Low 24 (8.2) 3.0 (10.4) 2.16
21 (70) High 2.7 (9.2) 3.4 (11.6) 2.32
34 (93) Low 3.1 (104) 3.9 (13.3) 2.52

34 (93) High 3.1 (10.7) 3.9 (134) 2.54




5. COMPUTER DESIGN MODEL

The HPWH computer design model is a modification of the ORNL Heat Pump Design
Model (ref. 2). This model was selected for use in this project because (1) it is an available
comprehensive program that models the major HPWH components, and (2) it has been
recently modified to include a water-to-refrigerant condenser model.

The ORNL Heat Pump Design Model is a computer program designed to predict the
steady-state performance of conventional vapor-compression, electrically driven, air-to-air
heat pumps in heating and cooling modes. It was developed by using physical principles and
generalized correlations where possible rather than empirical correlations obtained from
manufacturers’ literature.

5.1 MODEL MODIFICATIONS

The new subroutines added to the ORNL Heat Pump Design Model are (1) a water-to-
refrigerant condenser model developed at Brookhaven National Laboratory (BNL) [2]
through work sponsored by DOE and (2) a circulating water pump model developed at
ORNL. A description of these routines and their incorporation into the model are explained
in the following sections.

A description of the input data format, a sample input data file, and a sample output file
for the HPWH computer design model are shown in Appendixes B, C, and D, respectively.

5.1.1 Water-to-Refrigerant Condenser Routine

The water-to-refrigerant condenser model includes both coaxial tube-in-tube and shell-
and-tube designs. Data were collected from experimental condenser tests conducted at BNL
except for model 100 which was tested at ORNL. All condensers have the required double-
wall configuration between the refrigerant and the water. The models were then developed
by empirically fitting published heat transfer and pressure drop correlations to these data.

Five different coaxial tube-in-tube condensers, referred to as models 16, 20, 30, 36, and
100, were modeled. The dimensions specific to each condenser needed for input to the
HPWH computer design model are given in Table 8. Refer to Fig. 23 and Appendix B for
definition of the dimensions given in Table 8. Condenser models 16 and 20 have a roughened
outer surface on the inner tube and helical fins on the inside surface. Refrigerant flows in

Table 8. Tube-in-tube condenser dimensions

MODNUM 16 20 30 36 100
TLENTT 186.0 234.0 158.0 173.0 192.0
ENFAC 171 171 4.24 3.86 1.2
XTEDIA 0.45 0.45 0.645 0.785 0.565
XTBDIA 0.5 0.5 1.044 1.221 0.565

XAEDIA 0.605 0.605 0.715 0.855 0.625
XABDIA 0.645 0.645 1.114 1.291 0.625
XOTDIA 1.055 1.065 1.277 1.388 0.954

5-1
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the inner tube countercurrent to the water flowing in the annulus. Condenser models 30 and
36 have helical corrugations in the inner tube. Water flows in the inner tube countercurrent
to refrigerant flowing in the annulus. Condenser model 100 has helical fins on the outer
surface of the inner tube. Water flows in the inner tube countercurrent to refrigerant
flowing in the annulus. Input data for the shell-and-tube condenser are not given because
the design is not common in HPWH units. Table 9 gives the coefficients for heat transfer
and pressure drop correlations needed in block data of the HPWH computer design model.

Table 9. Tube-in-tube condenser constants

MODNUM 16 20 30 36 100

Hi1 397 46 90 9.0 1.0
H2 0741 * 083 083  0.9806
H3 3.7 6.7 5.0 5.0 6.5
H4 1.0 2 065 065 0.0
H5 0.0 2 012 012 00
PF1 6.81 91 120 120 335

“Not applicable.

Because of the type of condenser designs modeled, the HPWH computer design model’s
use is limited to separated-type HPWH units with similarly designed condensers and is not
appropriate for integral-type HPWH units where the condenser is immersed in the water
storage tank.

To incorporate the condenser model in the ORNL Heat Pump Design Model, four new
routines were added and seven old routines were revised.® The new routines and a short
description of each follows:

TTCOND —  Calculates the refrigerant heat transfer coefficients, total heat transfer,
and refrigerant pressure drop for a coaxial tube-in-tube condenser.

STCOND — Calculates the refrigerant heat transfer coefficients, total heat transfer,
and refrigerant pressure drop for a shell-and-tube condenser.

GLYPRP —  Calculates physical properties of aqueous solutions of ethylene glycol.

FHTPO —  Calculates heat transfer coefficients for STCOND.

The revised routines and the changes made in each are as follows:

BLOCK —  Assigns values to constants of heat transfer and pressure drop correlations
used in the tube-in-tube condenser model. Sets default values for
water-to-refrigerant condenser parameters.

CALC —  Calculates geometry constants for water-to-refrigerant condenser.
CNDNSR —  Calls STCOND and TTCOND.
DATAIN — Reads input data for water-to-refrigerant condenser.

EVAPR —  Includes equations to add compressor heat loss to air from evaporator.
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OUTPUT —  Water-to-refrigerant condenser results are added to printout.

TABLES — Renames variable ITYPE (used in another subroutine) to ITYP.

5.1.2 Circulating Water Pump Routine

A routine modeling the cireulating water pump was a necessary addition to the HPWH
computer design model. The water flow rate through the condenser and the power input to
the pump are needed to calculate the performance of the HPWH unit.

A listing of the routine is shown in Appendix E. The routine begins by calculating the
viscosity and density of the water as a function of water temperature. The Reynolds number
is calculated and sent to function FRICT to compute the Moody friction factor. The water
velocity is calculated from the estimated water flow rate. The water flow rate is a function
of the total head present in the system. The power input can also be a function of the total
head, but for this specific pump it is a constant.

The total head of a system which a pump must operate against consists of the following
components:

Static head—caused by a difference in elevation of suction and discharge locations.
Friction head—caused by the flow of fluid through the pipe and fittings.

Velocity head—caused by a change in velocity of the fluid.

Pressure head—caused by the suction or discharge locations being under a pressure
other than atmospheric.

Ll

The reasons for the presence or absence of these different types of heads in the HPWH
system are explained below:

1. No static head is present because the HPWH unit connected to the water storage tank
is a closed system.

2. The friction head present can be determined by using Darcy’s equation, which will be
discussed later in this section.

3. No significant velocity head is produced because the water remains at a constant flow
rate throughout the system.

4. No pressure head is present because the suction and discharge locations are at
atmospheric conditions.

Thus the total head which the pump must operate against is caused by the friction loss
in the pipe and fittings. As mentioned previously, Darcy’s equation (Eq. 8) is used to
calculate this friction loss.

Hy=4f(L/D)(:*/2g) , (8

where

f = the Moody friction factor and is calculated from subroutine FRICT
of the model,

v = water velocity and is calculated from the initial estimate of the
water flow rate,



g = acceleration of gravity,

L/D = equivalent diameter and is calculated by adding up the friction losses
using the equivalent diameter method’ of the water flow through the
pipe, heat exchangers, 90° pipe elbows, and gate valve.

The pressure drop caused by the flowmeter located in the water line was also included in
the validation. This pressure drop was determined from the flowmeter manual® to be
approximately 14 kPa (2.0 psi).

The characteristic curves in Fig. 24 show the relationship of the total head of the pump
to the water flow rate and power input to the pump. These curves are obtained from a pump
manufacturer and pertain strictly to a specific brand of pump. For this pump, the power
input was essentially constant for all water flow rates. The brand of pump installed in the
tested HPWH unit is typical of most separated type HPWH units.

In Fig. 25, the pump curve shows the water flow rate for a given pump head. The system
curve shows the water flow rate for a given pressure drop in the HPWH water loop. The
water pump will always operate at the intersection of these two curves. The function ZERO
is used to find the intersection of the curves. Once the water flow rate is determined, the
power input to the pump is then calculated.

ORNL-DWG 85-8251

TOTAL HEAD

POWER INPUT

WATER FLOW RATE

Fig. 24. Circulating Water Pump characteristic curves.

ORNL-DWG 85-8252

TOTAL HEAD

WATER FLOW RATE

Fig. 25. Pump and system total head curves.
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To incorporate the pump routine in the ORNL Heat Pump Design Model, one new routine
was added and two old routines were revised. The new routine added was

XMW — Calculates the water flow rate and power input to the
circulating water pump.

The revised routines and the changes made in each are as follows:
DRIVER — Calls XMW and assigns values to geometric constants used by XMW.
OUTPUT — Adds XMW results to printout.

5.2 MODEL VALIDATION

Sufficient data were collected from the experimental tests to form a data base on the
steady-state performance of the HPWH unit. This data base was used to validate the
HPWH computer design model.

The compressor subroutine in the design model is based on biquadratic curve fits to
performance curves obtained for a rotary compressor from the compressor manufacturer’s
calorimeter measurements. These performance curves give compressor power input and
refrigerant mass flow rate as functions of refrigerant saturation temperature at compressor
shell inlet and exit. The performance curves pertain strictly to the superheat level at which
they were generated (20F° superheat). For actual operating conditions (15F° superheat),
small correction factors’ were applied for adjusting the compressor power input and
refrigerant mass flow rate.’

Table 10 shows predictions of the compressor map model comparing experimentally
measured values of compressor power and refrigerant mass flow rate with the compressor
manufacturer’s data values and the compressor map curve fit values. Both the compressor

Table 10. Comparison of measured values with
compressor map model predictions

Ambient Manufacturer’s  Map curve
temperature M:':ls:::d data fit
[°C (°F)] adjusted adjusted

Compressor power input, watts

10.6 (51.0) 1083.5 1019.5 1011.0
21.2 (70.2) 1304.0 1229.8 1234.4
34.3 (93.8) 1406.1 1344.6 1334.9

Refrigerant Mass Flow Rate, kg/h (1b,,/h)*

10.6 (51.0) 61.6 (135.8) 58.6 (129.3) 59.4 (131.0)
21.2 (70.2) 79.1 (174.4) 784 (172.9) 8.4 (172.9)
34.3 (93.8) 103.9 (229.0) 106.7 (235.2) 107.0 (236.0)

¢ Derived from measured values.

“These factors were based on reciprocating compressors but were used in this study because of the
lack of information on the effect of superheat change in rotary compressors. While some differences

between compressor types would be expected, it is assumed here that these would be second-order
effects.
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manufacturer’s data values and compressor map curve fit values have been adjusted for
superheat effects. The compressor map curve fit is derived from curve fitting biquadratic
equations to the manufacturer’s data. The manufacturer’s data underestimate the
compressor power consumption by an average of 53% and slightly underpredict the
refrigerant mass flow rate by an average of 1.0% as compared with actual laboratory
measurements. This is expected since the manufacturer’s data are usually accurate to only
+5%. The compressor power consumption values from the map curve fit are lower than the
manufacturer’s data values by an average of 0.4%. The refrigerant mass flow rate values
from the map curve fit are higher than the manufacturer’s data values by an average of
0.6%. Since the map curve fit value of compressor power and refrigerant mass flow rate is
used as input into the model, calculated values for these parameters will, thus, be subject to
these magnitudes of deviations from the measured values.

The pump head, water flow rate, and power input to the pump were experimentally
measured. These measured values and values calculated from the model are shown in Table
11. The calculated pump discharge pressure included a 14 kPa (2.0 psi) pressure drop caused

Table 11. Pump characteristics

Pump head Water flow rate  Power input to pump
[m (ft) of water)] [L/min (gpm)] [W (Btu/h)]
Measured 27 (9.0 5.22 (1.38) 57.1 (194.8)
Calculated 22 (1.2) 9.65 (2.55) 57.0 (194.5)
Corrected 2.8 (9.3) 5.26 (1.39) 57.0 (194.5)

by the water flowmeter as mentioned previously. Since time was not available to determine
the reason for the pressure drop differences, an additional amount of pressure drop was
added to the pump pressure head to force the water flow rate to equal the measured value.
This total amount is listed in Table 11 as the corrected value. Thus for all the validation
runs the corrected pump head model was used.

Validation runs were made for the 21.2°C (70.2°F) and for the 34.3°C (93.8°F) ambient
cases. Tables 12 and 13 show the comparison between the experimentally measured values
and the model calculated values for selected data points and performance results. In both
cases the refrigerant, air, and water temperatures agree within 2 to 3C° (4 to 5F°) except
for the evaporator inlet temperatures. Also for both cases the refrigerant pressures agree
within 10 to 20 kPa (1 to 3 Ib/in.?) except for the evaporator inlet pressure. The large
disagreements in the evaporator inlet conditions were traced to the model underprediction
of the refrigerant pressure drop across the evaporator by approximately 50%. However,
since the calculated system balance yields a lower evaporator exit pressure than the
measured, it seems likely that the pressure drop underprediction is in the inlet headers to
the evaporator and not across the evaporator. Therefore, this underprediction would not
significantly affect the evaporator heat transfer calculations.

For the 21.2°C (70.2°F) ambient case, the predicted refrigerant mass flow rate,
compressor power input, condenser capacity, and COP are low by 7.8%, 7.5%, 84%, and
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Table 12. Heat pump water heater model validation at

21.2°C (70.2°F) ambient, 54.1% RH, and 52.6°C

(126.6°F) entering water temperature

Measured Calculated®
Refrigerant temperatures, °C (°F)
Compressor
Inlet 14.8 (58.7) 13.1 (565.5)
Exit 93.9 (201.1) 93.3 (199.9)
Condenser
Inlet 88.8 (191.9) 87.7 (189.9)
Exit 61.0 (141.8) 61.1 (142.0)
TXV inlet 54.4 (129.9) 53.9 (129.1)
Evaporator
Inlet 12.3 (54.1) 1.7(45.8)
Exit 13.6 (56.4) 11.8 (53.2)
Refrigerant pressures, kPa (psia)
Compressor
Inlet 375.1 (54.4) 354.4 (51.4)
Exit 1707.8 (247.7) 1698.2 (246.3)
TXV inlet 1662.3 (241.1) 1687.1 (244.7)
Evaporator inlet 452.3 (65.6) 393.7 (57.1)
AP condenser, kPa (psi) 124 (1.8) 9.0 (1.3)
AP evaporator, kPa (psi) 779 (11.3) 37.9 (5.5)
Other temperatures, °C (°F)
Air, evaporator
Inlet 20.0 (68.0) 20.0 (68.0)
Exit 12.6 (54.7) 13.6 (56.5)
Water, condenser
Inlet 52.6 (126.6) 52.6 (126.6)
Exit 60.8 (141.4) 59.9 (139.9)
Compressor power input, W 1304.0 1206.3
Refrigerant mass flow rate, kg/h (1b,,/h) 79.1 (174.4) 72.9 (160.8)
Water flow rate, L/min (gpm) 5.22 (1.38) 5.22 (1.38)
Evaporator capacity, W (Btu/h) 2316.8 (7907.3) 2130.4 (7270.9)

Condenser capacity, W (Btu/h)
COPe¢

2951.9 (10,074.6)

2.000

2704.8 (9231.4)
1.967

*Without compressor map corrections.
*Derived from measured values.

°Includes power input to the fan motor and pump.

1.7%, respectively. For the 34.3°C (93.8°F) ambient case, the predicted refrigerant mass flow
rate, compressor power input, condenser capacity, and COP are within +09%, —6.7%,
—0.9%, and +5.1%, respectively, of the measured values.

The disagreements in the refrigerant mass flow rate and compressor motor power input
are mainly due to the compressor map inaccuracies, as previously discussed and shown in
Table 10. Therefore experimental data were used to refine the compressor map equations for
one case [10.6°C (51.0°F) ambient] to predict the compressor performance more accurately.
These corrections allow the accuracy of the heat exchanger predictions to be examined
independently of the accuracy of the compressor model predictions.
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Table 13. Heat pump water heater model validation at
34.3°C (93.8°F) ambient, 60.7% RH, and 50.1°C
(122.1°F) entering water temperature

Measured Calculated®
Refrigerant temperatures, °C (°F)
Compressor
Inlet 22.7 (72.8) 22.1 (71.7)
Exit 93.4 (200.2) 91.6 (196.8)
Condenser
Inlet 92.1 (197.8) 90.3 (194.6)
Exit 62.9 (145.3) 62.6 (144.6)
TXV inlet 58.7 (1371.7) 584 (137.1)
Evaporator
Inlet 20.3 (68.5) 17.4 (63.4)
Exit 21.4 (70.6) 20.9 (69.6)
Refrigerant pressures, kPa (psia)
Compressor
Inlet 475.7 (69.0) 466.8 (67.7)
Exit 1754.0 (254.4) 1726.4 (250.4)
TXV inlet 1685.1 (244.4) 1708.7 (247.1)
Evaporator inlet 570.9 (82.8) 5274 (76.5)
AP condenser, kPa (psi) 15.9 (2.3) 18.6 (2.7)
AP evaporator, kPa (psi) 95.8 (13.9) 579 (84)
Other temperatures, °C (°F)
Air, evaporator
Inlet 31.8 (89.2) 31.7 (89.1)
Exit 21.5 (70.7) 24.4 (76.0)
Water, condenser
Inlet 50.1 (122.1) 50.1 (122.1)
Exit 61.1 (142.0) 60.6 (141.1)
Compressor power input, W 1406.1 1311.8
Refrigerant mass flow Rate, kg/h (1b,,/h) 103.9 (229.0)® 104.8 (231.1)
Water flow rate, L/min (gpm) 5.11 (1.35) 5.19 (1.37)
Evaporator Capacity, W (Btu/h) 3004.6 (10,254.6) 3037.4 (10,366.7)
Condenser Capacity, W (Btu/h) 3874.5 (13,2234) 3838.3 (13,100.0)
COPe¢ 2.470 2.596

*Without compressor map corrections.
*Derived from measured values.
‘Includes power input to fan motor and pump.

Table 14 shows the measured values and the model-calculated values with and without
compressor map corrections for various data points and performance results of the 10.6°C
(51.0°F) ambient temperature case. As with the previous validation cases, the temperatures
and pressures are in good agreement except for the evaporator conditions due to the
underprediction by the model of the refrigerant pressure drop across the evaporator.
Table 15 shows the percentage difference between the measured values and the model-
calculated values with and without the compressor map corrections for the refrigerant mass
flow rate, compressor power input, condenser capacity, and COP. The compressor map
corrections do improve the predictions of refrigerant mass flow rate, compressor power
input, and condenser capacity, with the COP differences becoming a little larger due to
offsetting differences in power and capacity.
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Table 14. Heat pump water heater model validation at 10.6°C (51.0°F)
ambient, 66% RH, and 46.9°C (116.4°F) entering water temperature

Measured Calculated® Calculated®
Refrigerant temperatures, °C (°F)
Compressor
Inlet 6.3 (43.3) 5.5 (41.9) 5.2 (41.4)
Exit 86.1 (187.0) 85.6 (186.1) 87.4 (189.4)
Condenser
Inlet 79.4 (175.0) 8.4 (173.2) 80.4 (176.8)
Exit 52.9 (121.2) 53.4 (128.2) . 53.8 (128.8)
TXYV inlet 43.6 (110.4) 43.4 (110.2) 441 (111.3)
Evaporator
Inlet 3.8 (38.9) 0.1(32.1) 0.0 (32.0)
Exit 4.8 (40.6) 4.0 (39.2) 3.7 (38.6)
Refrigerant pressures, kPa (psia)
Compressor ‘ :
Inlet 286.1 (41.5) 278.5 (40.4) 275.8 (40.0)
Exit 1446.5 (209.8) 14534 (210.8) 1463.1 (212.2)
TXYV inlet 1414.8 (205.2) 1447.9 (210.0) 1447.9 (210.0)
Evaporator inlet 348.9 (50.6) 309.6 (44.9) 308.9 (44.8)
AP condenser, kPa (psi) 124 (1.8) 3.4 (0.5) 4.1 (0.6)
AP evaporator, kPa (psi) 60.0 (8.7) 29.6 (4.3) 31.7 (4.6)
Other temperatures, °C (°F)
Air, evaporator
Inlet 9.9 (49.9) 9.9 (49.9) 9.9 (49.8)
Exit 4.4 (39.9) 5.2 (41.4) 5.1 (41.2)
Water, condenser
Inlet 46.9 (116.4) 46.9 (116.4) 46.9 (116.4)
Exit 53.5 (128.3) 52.9 (127.3) 53.2 (127.7)
Compressor power input, W 1083.5 10015 1069.1
Refrigerant mass flow rate, kg/h (Ib,/h) 61.6 (135.8)° 57.5 (126.7) 59.2 (130.5)
Water flow rate, L/min (gpm) 5.22 (1.38) 5.19 (1.37) 519 (1.37)
Evaporator Capacity, W (Btu/h) 1931.0 (6590.4) 1797.3 (6134.2) 1838.5 (6274.8)
Condenser Capacity, W (Btu/h) 2376.5 (8110.8) 2194.8 (7490.9) 2279.9 (7781.1)
Cop¢ 1.900 1.879 1.845
“Without compressor map corrections.
bWith compressor map corrections.
°Derived from measured values.
¢Includes power input to fan motor and pump.
Table 15. Percent difference between the model calculated values
(without and with the compressor map corrections) and
the measured values at 10.6°C (51.0°F) ambient
Refrigerant Compressor Condenser Coefficient
mass power capacity of
flow rate input performance
Without
correction —6.7 —-176 -176 -11
With
correction -39 -13 —41 —29




6. RECOMMENDATIONS

Now that the model has been validated and proved capable of predicting the performance
of the HPWH system reasonably well, the next step should be to use the design model in a
parametric study.l’ Following is a list of potential design parameters for such a study that
would provide an analytical capability to evaluate the effect of improved components or new
design features on the HPWH system performance:

e condenser length,

¢ condenser tube diameter,

¢ refrigerant subcooling at condenser exit,

¢ evaporator tube diameter,

* number of evaporator tube rows,

* number of evaporator refrigerant circuits,
¢ compressor displacement,

e water flow rate, and

e air flow rate.

Caution should be exercised in selecting the most meaningful combinations of these
variables. Plots should be generated showing COP as a function of two design parameters
varied about their base case value.

The water circulating pump model is based on the characteristic curve of one specific
pump. It is not a generalized equation as previously discussed. The pump model would be
more useful in parametric studies if it were generalized similar to the outdoor fan model® by
using specific speed versus efficiency curves. This method would allow various pump sizes,
speeds, and water flow rates to be considered and provide proper pump efficiencies. The
model could then be used to find the best pump (one that requires the least amount of
energy) to match the system conditions selected.

Another design approach that should be undertaken is optimization. An optimizing
program has been used with success with the ORNL Heat Pump Design Model.l}'2 The
program allows the simultaneous optimization of selected design variables while
constraining other parameters to constant values or within specific limits. For the HPWH
study, the parameters previously mentioned for the parametric study should be optimized
simultaneously while holding the condenser capacity constant. In this way, maximum
performance would be sought at a fixed unit size.

The HPWH computer design model is available upon request to those involved in HPWH
design.
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EXPERIMENTAL DATA



Table A.1. Performance data for steady-state tests run

under various ambient conditions

Ambient conditions Water temperature (°F) Flow rates
Date Condenser
Temperature RH Refrigerant Water
(°F) (%) In Out (1b/h) (gpm)
10/31/83 51.0 65.7 120.4 132.2 135.3 1.38
2/22/84 51.0 97.6 119.7 1325 149.1 1.37
10/28/83 70.6 524 119.8 135.2 177.1 1.37
10/25/85 70.2 874 119.8 136.7 1984 1.39
9/28/83 929 299 120.1 139.6 2264 1.38
9/23/83 93.8 60.6 120.2 140.3 231.7 1.36
Refrigerant temperature (°F)
Compressor Condenser TXV Evaporator
In Out In Out In Out In Out
444 191.4 1794 130.8 114.2 40.7 39.9 41.6
474 193.0 172.7 128.4 112.1 49 442 4.7
58.0 194.9 185.8 136.3 124.9 544 53.5 55.6
649 195.2 188.8 1385 128.3 60.2 59.5 63.2
68.6 199.8 195.3 140.9 130.8 66.0 65.0 66.1
726 198.8 196.2 143.8 136.5 69.2 68.2 70.0



Table A.1 (continued)

Refrigerant pressures

Absolute (psia)

Differential (psi)

Compressor
TXV Evaporator Condenser  Evaporator

In Out in in DP DP

422 219.1 2144 51.5 18 89

46.1 2253 2204 55.7 18 9.3

53.9 231.6 2249 65.0 19 11.2

59.7 238.3 230.5 78 21 1211

65.5 249.6 240.5 78.4 23 13.0

68.6 249.6 239.6 823 24 13.7

Power inputs (W) Performance
Condenser capacity COP
Compressor Fan motor Pump (Btu/h)

1117.8 110.5 55.9 8008.8 1.83
1171.6 115.8 59.1 8694.0 1.89
1241.2 111.1 571 10386.6 2.16
1297.6 1119 57.0 11584.8 232
1373.3 111.0 57.1 13272.0 252
1387.1 109.8 56.1 13440.6 2.54

ol



Table A.2. Performance data for a steady-state test run
at various entering water temperatures ‘

Ambient conditions Water temperature (°F) Flow rates
Condenser
Date Temperature RH Refrigerant - Water
(°F) (%) In Out (1b/h) - (gpm)
2/28/84 733 nm 1182 134.3 186.6 - 1.37
73.2 739 120.2 136.3 187.0 1.37
782 744 1222 1382 186.4 1.37
73.2 75.3 124.2 140.0 186.0 1.38
733 744 126.1 1419 186.4 1.38
73.2 76.0 128.3 143.9 186.6 1.38
135 76.4 130.2 1458 186.6 1.38
735 8.8 13211 1477 186.0 1.37
3.7 781 134.1 149.6 1875 1.38
Refrigerant temperatures (°F)
Compressor Condenser XV Evaporator
In Out In Out In Out In Out
62.8 196.4 183.0° 134.6 122.8 58.0 57.2 60.5
63.0 199.0 185.3° 136.5 1244 58.3 575 65.8
63.2 201.2 187.3 138.2 125.9 58.5 57.7 61.0
63.8 202.9 189.1 139.9 1274 " 58.9 58.1 61.6
63.6 204.3 189.5 141.1 1284 58.6 57.8 61.6
64.6 207.1 192.0 143.6 130.5 59.6 58.8 62,5
65.1 209.6 194.6 145.5 132.2 60.3 594 63.0
65.8 2123 197.1 1474 134.0 60.8 60.0 63.6
66.2 2153 199.8 149.3 135.8 61.3 60.4 64.1



Table A.2 (continued)

Refrigerant pressures

Absolute (psia)

Differential (psi)

Compressor
TXV Evaporator Condenser  Evaporator

In Out in in DP DP

58.0 2354 2285 69.2 2.2 11.3

58.3 240.3 2334 69.5 22 114

584 245.2 238.2 69.7 21 115

58.9 250.0 243.1 70.3 2.1 11.5

584 252.9 245.9 70.0 21 i1

59.6 260.5 253.6 .1 21 116

60.0 265.9 258.9 1.7 2.0 118

60.7 2714 264.4 72.4 2.0 11.7

61.2 276.7 269.7 73.0 2.0 11.9

Power inputs (W) Performance

Compressor Fan motor Pump Conde(ng;:‘ /(;Spaclty cop
1271.8 112.8 57.5 10896.0 2.21
1297.2 111.8 57.2 10878.0 2.17
1316.2 1125 57.5 10792.8 2.13
1338.1 113.1 515 10717.2 2.08
1346.6 1124 515 10680.6 2.06
1380.0 1124 57.3 10599.6 2.00
1401.0 1123 57.6 10567.8 197
1428.2 1127 57.0 104934 1.92
1458.5 1124 57.2 10545.6 1.90

¢V



Appendix B

DESCRIPTION OF INPUT DATA FORMAT



TITLE, OUTPUT, and MODE DATA:
CARD #1 FORMAT (20A4)

ITITLE Descriptive title for system described by this set SAMPLE
of data

CARD #2 FORMAT (8I10)

LPRINT Output switch to control the detail of printed 1

results:

=0, for minimum output with only an energy input
and output summary printed

=], for a summary of the system operating condi-
tions and component performance calculations
as well as the energy summary

=2, for output after each intermediate iteration
converges

=3, for continuous output during intermediate
iterations

CARD #3 FORMAT (8110)

NCORH Switch to specify cooling or heating mode 1
=], for cooling mode
=2, for heating mode*

**ITYPE Switch to specify type of condenser ' 1
=(), air-to-refrigerant
=1, liquid-to-refrigerant

*MODNUM Switch to specify type of liquid-to-refrigerant 100
heat exchanger
=0, shell-and-tube
>0, tube-in-tube (16, 20, 30, 36, 100)

SUPERHEAT / CHARGE INVENTORY DATA:
CARD #4 FORMAT (I110,7F10.4)

ICHRGE Switch for specifying compressor inlet superheat 0
or system refrigerant charge
=(), specify refrigerant superheat (or quality)
and compute the required system refrigerant
charge
=1, estimate compressor inlet superheat and
specify the system refrigerant charge

SUPER if ICHRGE =0, the specified refrigerant superheat 15.79
or quality) at the compressor shell inlet (F
deg. or negative of the desired quality frac-
tion);

*In its present form, the HPWH design model cannot be run in heating mode because there
are no evaporating correlations given in the liquid-to-refrigerant heat exchanger model.
**Additions and/or changes for HPWH design model.
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if ICHRGE=1, an estimate of refrigerant superheat

or quality) at the compressor shell inlet (F
deg. or negative of the desired quality frac-
tion)

Variables Used Only if ICHRGE=1

REFCHG Specified system refrigerant charge (1by)

ACCVOL internal void space volume of the accumulator (in.%)
ACLVOL maximum liquid volume in the accumulator (in.?)
CMPVOL void space volume in the compressor can (in.%)

FLOW CONTROL DEVICE DATA:
the variables on this card depend on the
type of flow control device selected.

CARD #5 FORMAT (110,7F10.4)
Fixed Condenser Subcooling:
IREFC =0, for specified refrigerant subcooling at the
condenser exit
DTROC the specified refrigerant subcooling (or quality)

at the condenser exit (F deg. or negative of the
desired quality fraction)
Thermostatic Expansion Valve:

IREFC =1, for the thermostatic expansion valve
TXVRAT The rated capacity of the TXV (tons)

STATIC The static superheat setting for the TXV (°F)
SUPRAT The TXV superheat at rating conditions (°F)
BLEEDF The TXV bypass or bleed factor

NZTBOP A switch to omit TXV nozzle and tube pressure

drop calculations,
=0.0, to omit tube and nozzle pressure drops
=1.0, to include tube and nozzle pressure drop

calculations
Capillary Tube:
IREFC =2, for a capillary tube expansion device
CAPFLO the capillary tube flow factor, see ASHRAE Guide
and Data Book, Equipment Vol. (1975), Fig. 41,
pp. 20-25.
NCAP the number of capillary tubes in parallel
Short-Tube Orifice: :
IREFC =3, for a short-tube orifice
ORIFD the diameter of the short-tube orifice (inches)

ESTIMATES of the LOW and HIGH SIDE REFRIGERANT
SATURATION TEMPERATURES:

CARD #6 FORMAT (8F10.4)
TSICMP estimate of the refrigerant saturation tempera-
ture at the compressor inlet (°F)
TSOCMP estimate of the refrigerant saturation tempera-

ture at the compressor outlet (°F)

7.0

2.0
6.0
11.0
1.15
0.0

1.0

0.0544

42.9

149.45



COMPRESSOR DATA:

CARD #7

ICOMP

DISPL
SYNC

QCAN

CANFAC

B-4

FORMAT (110,7F10.4)

switch to specify which compressor submodel is

to be used,

=1, for the efficiency and loss model,

=2, for the map-based submodel.

total compressor piston displacement (in.?)

the synchronous compressor motor speed when

ICOMP=1 and FLMOT is specified on card #9,

the rated compressor motor speed (rpm) when

ICOMP=1 and FLMOT is to be calculated or when

ICOMP=2

compressor shell heat loss rate (Btu/h), used

if CANFAC is 0.0

Switch to control the method of specifying the

compressor shell heat loss rate, QCAN

=0.0, to specify QCAN explicitly

<1.0, to calculate QCAN as a fraction of the com-
pressor input power, POW, (i.e.,, QCAN =
CANFAC * POW)

=>1.0, to calculate QCAN from empirical fit:

QCAN = 0.90 * (1-motor*mechaniecal
efficiency) * POW

EFFICIENCY AND LOSS MODEL COMPRESSOR DATA:

CARD #8

CARD #9

VR
EFFMMX
ETAISN
ETAMEC

MTRCLC

FLMOT

QHILO

HILOFC

FORMAT (8F10.4)

Compressor actual clearance volume ratio
Maximum efficiency of the compressor motor
Isentropic efficiency of the compressor
Mechanical efficiency of the compressor

FORMAT (110,7F10.4)

Switch to determine whether to calculate the
full load motor power (FLMOT) or to use the
input value

=(), to calculate FLMOT

=1, to use the input value of FLMOT
Compressor motor output at full load (kW)

(not used if MTRCLC=1)

Heat transfer rate from the compressor inlet line
to the inlet gas (Btu/hr), used if HILOFC=0.0
Switch to determine internal heat transfer from
the high side to the low side, QHILO

=(0.0, to specify QHILO explicity

<1.0, to calculate QHILO = HILOFC * POW
=>1.0, to calculate QHILO = 0.03 * POW

1.428
(3600.)

3450.

0.0

0.33

0.06
0.82
0.70
0.80

(2.15)
300.0

0.0
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OR MAP-BASED COMPRESSOR MODEL INPUT DATA:

CARD #8
CPOW (1)

CPOW (2)
CPOW (3)

CPOW (4)

CPOW (5)

CPOW (6)

DISPLB

SUPERB

CARD #9
CXMR (1)

CXMR (2)

CXMR (3)

CXMR (4)

CXMR (5)

CXMR (6)

EVAPORATOR DATA:

CARD #10

TAII
RHI

FORMAT (8E10.3)

Coefficient for the second order term in con-
densing temperature for the compressor power
consumption

Coefficient for the linear term in condensing

temperature for the compressor power consumption

Coefficient for the second order term in
evaporating temperature for the compressor power
consumption

Coefficient for the linear term in evaporating

temperature for the compressor power consumption

Coefficient for the cross-term in condensing

and evaporating temperatures for the compressor
power consumption

Constant term in the fit to compressor power
consumption as a function of condensing and
evaporating temperatures (KW)

Base compressor displacement for the compressor
map (in.%)

Base "superheat” value for the compressor map

if positive, the base superheat entering the
compressor (F deg.)

if negative, the negative of the return gas
temperature into the compressor (°F)

FORMAT (8E10.3)

Coefficient for the second order term in
condensing temperature for the fit to refrigerant
mass flow rate

Coefficient for the linear term in condensing
temperature for the fit to refrigerant flow rate
Coefficient for the second order term in
evaporating temperature for the fit to refrigerant
mass flow rate

Coefficient for the linear term in evaporating
temperature for the fit to refrigerant mass flow
rate

Coefficient for the cross-term in condensing

and evaporating temperatures for the fit to
refrigerant mass flow rate

Constant term in the fit to refrigerant mass
flow rate as a quadratic function in both the
condensing and evaporating temperatures (lb,,)

FORMAT (8F10.4)

Air temperature entering the heat exchanger (°F)
Relative humidity of the air entering the heat
exchanger

4.533E—05

—9.219E—-03

—9.168E—05

—6.056E—03

1.375E—04
1.151E+00

1.430E+00

20.00E+00

(—95.00E+00)

—2.742E—03

3.918E—01

4.301E—02
1.312E+00
—6.953E—03

8.350E+01

68.0
0.541



CARD #11

QA
FANEF

DDUCT

FIXCAP

CARD #12
AAF
NT
NSECT
WT
ST

RTB

CARD #13
FINTY

FP
DELTA
DEA
DER
XKF
XKT
HCONT

CONDENSER DATA:

**CARD #14

TLENTT
ENFAC

**CARD #15

XTEDIA
XTBDIA
XAEDIA
XABDIA
XOTDIA
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FORMAT (8F10.4)

Air flow rate (¢fm)

<=1.0, the specified value of the combined fan-
fan motor efficiency

>1.0, the specified value of the fan power
(watts)

Diameter of each of six indentical air ducts with

equivalent lengths of 100 ft. (in.)

House heating load (Btu/h), used to calculate

the necessary backup resistance heat in heating

mode

FORMAT (8F10.4)

Frontal area of the coil (ft?)

Number of refrigerant tube rows in the direction
of the air flow

Number of equivalent, parallel refrigerant
circuits in the heat exchanger

Spacing of the refrigerant tubes in the direction
of the air flow (in.)

Spacing of the refrigerant tube passes perpen-
dicular to the direction of air flow (in.)

Total number of return bends in the heat
exchanger (all circuits)

FORMAT (8F10.4)

Switch to specify the type of fin surface,
=1.0, for smooth fins

=2.0, for wavy fins

=3.0, for louvered fins

Fin pitch (fins/in.)

fin thickness (in.)

Outside diameter of the refrigerant tubes (in.)
Inside diameter of the refrigerant tubes (in.)
Thermal conductivity of the fins (Btu/h-ft-F)
Thermal conductivity of the tubes (Btu/h-ft-F)
Fraction of the default computed contact
conductance between the fins and tubes

FORMAT (8F10.4)

total length of heat exchanger tubes (in.)
heat transfer enhancement factor

FORMAT (8F10.4)

inside diameter of inner tube, min (in.)
inside diameter of inner tube, max (in.)
outside diameter of inner tube, min (in.)
outside diameter of inner tube, max (in.)
inside diameter of outer tube (in.)

** A dditions and/or changes for HPWH design model.

525.
(0.153)

111.9
1000.0

0.0

1.7778
2.0

2.0
0.625
1.00

29.0

2.0

14.0
0.0045
0.3120
0.2890
128.3
196.0
1.0

192.0
1.20

0.565
0.565
0.625
0.625
0.954



**CARD #16

QAC
TAIIC

DATA FOR CONFIGURATION OPTIONS AND REFRIGERANT LINES:

CARD #17
MCMPOP

MFANIN

MFANOU

CARD #18
QSUCLN

QDISLIN
QLIQLN

CARD #19
DLL

XLEQLL
DLRVIC
XLRVIC
DLRVOC

XLRVOC

CARD #20
DSLRV

XLEQLP
DDLRV

XLEQHP

B-7

FORMAT (8F10.4)

water mass flow rate (1bp,/h)
entering water temperature (°F)

FORMAT (8I10)

switch for adding compressor can heat loss to
air from the outdoor coil

=(), compressor can loss not added to outdoor air

=1, compressor can loss added to air before
crossing the outdoor coil

=2, compressor can loss added to air after
crossing the outdoor coil

switch for adding heat loss from the indoor fan

to air stream, settings are similar to those for

MCMPOP

switch for adding heat loss from the outdoor fan

to air stream, settings are similar to those for

MCMPOP

FORMAT (8F10.4)

rate of heat gain in the compressor suction line
(Btu/h)

rate of heat loss in the compressor discharge
line (Btu/h)

rate of heat loss in the liquid line (Btu/h)

FORMAT (8F10.4)

ingide diameter of the liquid line, condenser

to TXV (in.)

equivalent length of the liquid line, condenser
to TXV (ft)

inside diameter of the vapor line between the
compressor and the evaporator (in.)

equivalent length of the vapor line between the
compressor and the evaporator (ft)

ingide diameter of the vapor line between the
compressor and the condenser (in.)

equivalent length of the vapor line between the
compressor and the condenser (ft)

FORMAT (8F10.4)

inside diameter of the suction line from the
evaporator to the compressor inlet (in.)
equivalent length of the low pressure line from
the evaporator to the compressor inlet (ft)
inside diameter of the discharge line from the
compressor outlet to the condenser (in.)
equivalent length of the high pressure line from
the compressor outlet to the condenser (ft)

** Additions and/or changes for HPWH design model.

681.44
126.6

63.8

315.22

544.57

0.3190

5.667

0.4440

2.92

0.319

2.50

0.444

0.0

0.319

0.0



Appendix C

SAMPLE INPUT DATA



TEST LATA FOR HEAT FPUMF WATER HEATER

1 1 120
0 15.79
0 7.00
2.90 149,45
D

2 1.428 3450.00 0.0 9.330
4.533E-05-9.219E-03-9.168BE-05~6.056E-03 1.373E-04 1.151E+00
~2,742E-03 3.918E-01 4.301E-02 1.,312E+00-6.953E-03 8.350E+01

68.0 0.341
o2%.0 111.9 1000.0 0.0
1.778 2.0 2.0 0.625 1.00 29.9
2. 14.0 0.0045 0.3120 0.2890 128.2
192.00 1.200
V. 365 0,565 0.625 0.625 0.9%4
679.80 126.0
0 1 0
63.80 315.22 S44.57
0.3199 9.667 0.44490 2.92 0.3190 2.50

0.4440 0.00 0.3190 0.00

1.43E+00

196.0

20.0E+00

1.0



Appendix D

SAMPLE OUTPUT



sees INPUT DATA ¢ssse

TEST DATA FOR HEAT PUMP wATER HEATER -~ 3 DATA 16

SUMMARY CUTPYUT

COJL ING MJIDE JF QPERATION
WATER-TO~ALR HEAT Pump

REFRIGERANT CHARGE IS NOT SPECIFIED

COMPRESSOR INLET SUPEIMEAT [S SPECIFIED

CUNCENSER  EXIT SUBCOOLING (S SPECIFLED

ESTIMATE QF @

SATURATION TEMPERATURE INTD COMPRESS

AT

AT

[s[.}

SATURATION TEMPERATJRE OUT JF COMPRESSOR

ZOMPRESSOR CHARACTERISTICS:
TOYTAL OISPLAZEMENT
GIVEN MOTOR SPEED

MAP-BASEL COMPHESSCR INPUT:
POMER CONSUMPTION=

MASS FLUW RATE=

BASE SUPERHEAT FGR COMPRESSUR MAP
BASE OISPLACEMENT FUR COMPRE SSCR Map

SUPERHEAT CORRECTICN TERMS
SUCTICN GAS HEATING FACTOR
YOL UME TR i C

HEAT

INOCCR UNIT: EVAPORATOR

%.5333E-05*CUNDENS ING
¢ =9, 16BE-O5%EVAPORATING
+  1.3T75E-048CONDENS ING

~2 74 2€~03 *CONDENS ING

¢ 4.301E-02¢E VAPORATING
+ ~6.953E-03%CONDENSING

EFFIZIENCY CURRECTICN FACTOR

3450. 000

15.79 F

7.00 F

42.90 F
149.45 F

L.928 CUBIC INCHES

RPM

TEMPERATURE®*®2 + -3,219E-03%CONDENS ING TEMPERATURE
TEMPERATURE®®2 ¢ —5,056E-03*EVAPCRAI INu TEMPERATURE
TEMPERA TURE®E VAPJDRATING TEMPERATURE ¢+ 1.151E 00

TEMPERATURE®®2 + 3.910E-OL*CONDENSING TEMPERATURE
TEMPERATURE**2 ¢ |.312E QD®EVAPORAT ING TEMPERATURE
TEMPERA TURE *E VAPORATI NG TEMPERATURE + 8.330E D1

23.000 F
L.430 CU IN

(SET IN BLOCK DATAI:

0.330
0.750

REJECTED FROM COMPRESSIR SHELL IS 0. 330 TIMES THE CGMPRESSCR POWER

INLET AIR TEMPERATURE 59,300 F RELATIVE HUMIDITY
AIR FLOW RATE 525,00 CFM SPECIFIED FAN POWER
1D CF EACH QF 6 EQUIVALENT DUCTS 1000.00 IN 40USE LOAD 1D BE MET BY INDQOR UNIT
FRONTAL AREA UF HX L.778 SG FT WAVY FINS
NUMBER JF TUBES IN DIRECTIJN OF AIR FLOW 2.00 FIN PITCH
NUMBER OF PARALLEL CIRCJLTS 2.00 FIN THICKNESS
Q0 OF TUBES IN Hx 0431200 IN THERMAL CONDUC TIVITYZ: FINS
1D OF TUBES IN Ax 0.28900 IN THERMAL CONDUCT IVITY: TUBES
HOR [ZONTAL TUBE SPACING 0.625 IN FRACTICN OF CCMPUTEC CONTACT CONOUCTANCE
YERTICAL TUBE SPACING 1,000 IN {UMBER OF RETURN BENDS
CONCENSER (S WATER TO REFRIGERANT
TUBE-IN-TUBE HEAT FXUHANGER PARAMETERS
MOCEL NJMBER Loo
TOTAL LENGTH 192.00 1IN
JUTSIDE DIAMETER 0.9%4 IN
HEAT TRANSFER EMPANCEMENT FACTOR 1. 200
ENTERING SCURCE TEMPERATURE 126.60 F
INSIDE DIAMETER d.555 (N
BRINE FLOx {LBS/HR) 673.680
PIWER TO THE INJOOR FAN ADODED TO A[R 2ZFORT CROSSENG THE INDOOR COIL.

REAT GAIN
HEAT (USS
HEAT LISS

N
In
IN

SUCTICN LINE
OISCHARGE LINE
LIQUID LINE

OESCRIPT ION OF CONMNECTING TUBINS:

63.8 83Tus+

3tv.2 BTu/H
S44.6 BTU/H

LIQUID LINE FROM INOOOR TC QUTOCCR HEAT EXCHANGER

149 0.31900 IN

EQUIVALENT LENGTH 5.67 FT
FRCM INDOGR COIL TO REVERSING VALVE

tu 0.44400 (N

EQUIVALENT LENGTH 2.92 FY
FRCM REVERSING YALVE TO COMPRESSOR INLET

10 0.44400 IN

EQUIVALENT LENGTH 2.C F7T

ITERAT ION TOLERANCES :

AMBCCN 0.200 F CMPCON 0.050 sTU/LEM
oNDCON 0. 200 F FLOCON 0.400 LBM/ M
Ev PCON 0.500 F CINMST 0.003 F

FRJY JUTIIO0R CUIL TO IEVERSING VALVE
0. 31900 IN
EQUIVALENT LENGTH 2.50 FT
FROM REVERSING VALVE TC COMPRESSCR QUTLET
10 9.3190C IN
EQUIVALENT LENGTH 0.0 FT

TILH
TOoLS

C.00100 BIU/LBM
0.00025 BTU/LBM-R

0. 54100

111.90
0.0

14.00

0.00450

128.20
190.00
1.000
29.00

WATTS
8TU/H

FINS/IN

IN
BTU/H-FT-F
BTU/H-FT-F



ssess CALCIRATED HEAT PUMP PERFORMANCE oexxs

SYSTEM SUMMARY REFRIGERANT

TEMPERA TURE

COMPRESSCR SUCTION LINE INLETY $3.2CC F
SHELL INLET 55.538
SHELL OQUTLET 200.293
CONDENSER INLEY 190.303 F
CUTLET 141.840
EXPANS1ON DEVICE 128.913 F
EVAPQRATOR [NLET 45.762 F
QUTLET 53.200
COWPRE SSOR PERF QRMANLE
CIMPRESSOR MOTOR POWER 1.208 KXW
REFRIGERANT MASS FLOW RATE 160.652 LBM/H
MOTOR SPEEC 3450.000 RPM
COMPRESSOR SHELL HEAT LJSS 1361.091 B8Tu/+
MATER PJMP SUMMARY -
FLCw RATE 1.38 GPM 682.4 LBM/HR
PUwE R 57.0 WATTS 194 .5 BTU/HR
HEAD PRESSURE:
CONDENS ER J.46 FT H20D 0.20 PSIA
EXTERNAL 8.86 3.77
TOT AL 9.30 FT H20 3.97 PSIA
CONCENSER [S WATER TD REFRIGERANT
TOTAL HEAT TRANSFER 9237. BTU/HR
REFRIGERANT PRESSURE DROP 1.245 PSI
WATER INLET TEMPERATURE 126 .60 F
wATER GUTLET TEMPERATURE 139.93 F

FLOW CINTROL DEVICE - CONDENSER SUBCIJILING 1S SPECIFIED AS

CORRESPOANDING TXv RATING PARAMETERS:

RATED CPERATING SUPERMEAT 11.000 F
SYATIC SUPERHEAT RATING 6.00C F
PERMANENT BLEED FACTOR 1.150
FRACTICN OF RATEC OPENING L.330

Txv CAPACITY RATING: 0.272 TOANS

WiTH NOZZLE AND TUBES

SATURATION REFR [GERANT REFRIGERANT

TE MPERATURE ENTHALPY QUAL ITY
39.967 F 83.5C0 8TU/LBM i.0000
39.748 83.397 1.00C0

149.139 101.099 1.0000
l49.116 F 99.136 3TU/LBM t. 0000
148 .637 4l.638 0.0
148.6064 F 38.248 BTL/LBNM C.0
45.752 F 38.248 8Tu/LBM 0.3103
39.9617 83.500 1.0000

EFFICIENCY

OVERALL [SENTROPIC 0.4912
VoL UM TRIC 0.7622
AT PRESSURE RATI] OF “. 8009

SUPERHMEAT CORRECTION TERMS
POWER 0.9965
MASS FLOW RATE 1.0068

1.000 F
CIRRESPONDING CAPILLARY TUBE PARAMETERS:
NUMBER JF CAPILLARY TUBES

i
CAPILLARY TUBE FLOW FACTOR 1.317

REFRISERANT ALR

PRESSURE TEMPERA TWRE
51.637 PSIA
51.437

246,961

266.722 PSIA 126.600 F
245.477 139.927
2465.422 PSIA
57.118 PSIA 68.000 F
51.637 56.505

CORRESPONOING CQRIFICE PARAMETER:
ORIFICE DIAMETER 0.0381 IN



PERFORMANCE GF EACH CIRCUIT [N THE EVAPORATOR

INLET AIR TEMPERATURE 68.000 F
HEAT LOSS FROM FAN 381.9 BYU/MH

ALR TEMPERATURE ENTERING COIL b8.661 F

QUTLET AIR TEMPERATURE 56 .505 F

M ISTURE REMUVAL OCCURS

SUMMARY OF OEMUMIDIFICAYION PERFORMANCE (TWJ-PHASE

LEADING EDGE POINT WH
OF COoIL REMOV
AlR AIR
ORY 8ULB TEMPERATURE 68.661 F 58.858 F
HURIDITY RATIO 0.00786 0.00786
ENTHALPY 25. 089 BTU/LBM 22.698 8T

RATE OF POISTURE REMOVAL

FRACTION OF EVAPORATOR THAT IS WET

LATENT HEAT TRANSFER RATE IN TWO-PHASE REGION
SENS IBLE HEAT TRANSFER RATE IN TWO-PHASE REGION
SENSIBLE TO TOTAL HEAT TRANSFER RATIC FOR TwWO-PHAS

OVERALL SENSIBLE TO TYITAL HEAT TRANSFER RATIO

OVERALL CONDITIONS ACROSS COIL

ENTERING EXITING
AlR AlR
DRY BULB TEMPERATJRE 68 .661 F 56.505 F
WET BULB TEMPERATURE 57.966 F 53.040 F
RELATIVE HUMIDITY 0.529 0.802
HNUMIDITY RATIO 0.00786 0.00776
TOTAL HEAT EXCHANGER EFFECTIVENESS (SENSIBLE) ]
SUPERHEATED
REGICN
NTU 0.6750
HEAT EXCHANGER EFFECTIVENESS 0.4510
CR/CA 0.3740
FRACTION OF HEAT EXCHANGER 0.1189
HEAT TRANSFER RATE 163.2 bTU/H
A[R MASS FLOW RATE 140,85 LBM/H
GUTLET AIR TEMPERATJURE 63.911 F
AIR SIDE:
MASS FLIW RATE 1184.5 LBM/H
PRESSURE DROP 0.162 IN H22
AEAT TRANSFER COEFFICIENT
DRY COIL le.162 BYUW/H-SQ FT-F
WET COIL 15.767 BTU/H=-5Q FT-F
CONTACT INTERFACE:
CONTACT CONDUCTANCE 924.898 8TU/H-5Q FT-F
ORY FIN EFFICIENCY 0.794

WET FIN EFFICIENCY (AVERAGE) 0.773
WET CONTACT FACTOR (AVERAGE) 1.165

UA VALUES PER CIRCUIT:VAPOR TWO PHASE
REGIGN REGIGN
REFR [GERANT SIDE L1.928 837,989 8TU/H~
ALR SICE
CRY cCo1lL 3B L0465 131.105 8TJ/H-
wET COIL 96 .332 BFU/H-
CONTACY [NTERFACE
ORY COIL 183.199 910.669 BTU/H-
wET COLL 516.651 BTU/ H-
COMB INED
CRY COIL 3.672 1234312 BIU/H-
wET COIL 62.751 BTU/H-
SUMMARY OF ENERGY INPUT AND JUTPUT:
TEST CATA FOR WEAT PUMP WATER MEATER -~ § DATA 16

POMER CONSUMPT [ON:

CCPPRESSCR 1208.5 WATTS 4124.5 BTU/HR

FAN tit.o 3819

PUMP 57.0 194.5

TOTAL 1377.4 WATTS 4701.0 BTU/HR
HEAT EXCHANGER CAPACITIES

CCNCENSER 9237.3 3TU/HR

EVAPCRATOR 7272.7

WA TER ~EATING PERFORMANCE:
cce 1.965
CaPaClYY 9237.3 BTU/HR

t#2 0021 STOP o

RES 10N}

ERE MJISTWRE .
AL BEGINS LEAVING EDGE JF CODIL
WALL AIR WALL
50. 804 F 5$5.505 F 49.71T F
G.00788 0.00775 0.00755 -
U/LBN 20.733 BTU/LBM 21.759 BTU/LBM 20.127 BTU/LBM
Qe 1164 LBM/M
0. 3291
12¢. BYU/K

J349. BTU/H
E REGIDN 0.9642

0.9658

5139

TWO-PHASE
REGION
0.7221
25142

0.88t1
3473.1 BIU/H
1J43.61 LBM/H

55.505 F

LEFRIGERANT SIDE: i
MASS FLOW RATE 80.3 LBM/H
PRE SSURE OROP 5.481 PSI

HEAT TRANSFER CJEFFICIENT
VAPOR REGION
TWO PHASE REGION

62.136 BTU/H-SQ FT-F
389.171 BTU/HM-SQ FT~F

F

£
F

'3
F

F
'3

HEAT LOSSES HEAT GAIN
COMPRE SSJR SHELL 1361.1 BTU/HR
OISTHARGE LINE 315.2
LIQUID LINE 544.6

SUCTION LINE 63.8 BTU/HR



Appendix E

LISTING OF CIRCULATING
WATER PUMP ROUTINE



(]

cOoOo0no OO0 OO0 ONO DO COOO0On0O0ON0e

[aNaERY e OO0

caO

FUNCTICN XMW (XMWL)
CUMMON / TEMP / WTINy XMU, RHD
COMMUN / GECM / XULHXy DHXy XLEXTy CEXTy EHX, EEXT

COMMCN / OUT / XMWFITy WATTSy HLHXs HLEXTy HLTOT,
HLHXPS, HLEXPS, HTCTFS, PTITLE(4)

THIS FUNCT ION USED IN CONJUNCTIUN wITH FUNCTICN ZERC BALANCES
THE WATER FLCW RATE CF THE CIRCULATING WATER PUMP TU THE
WATER-SIVDE HEAD PRESSURE OF A HEAT PUMP WATER HEATER.

INPUT CATA:
wTIN INLET WATER TEMPERATURE (F)
XLHX LENGTH OF THE WATER-TC-REFRIGERANT HEAT EXCHANGER (FT)

CHX INSIDE DJAMETcR OF THE INNER TUBE OF THE WATER-TO-
REFRIGERANT HtAT EXCHANGER (FT)
EHX SURFACE ROUGHNESS GCF WATER-TC-REFRIGERANT FHEAT

EXCHANGER (FT)
XLEXT EQUIVALENT LENGTH OF ThE PIPING EXTERNAL TO THE
HEAT E£XCHANGER (L/C)

DEXTY INSIDE DIAMETER OF THE PIPING &XTERMAL TC THE
HEAT EXCHANGER (FT)

EEXT SURFACE RCUGHNESS CF THE PIPING EXTERNAL TO
THE HEAT EXCHANGER (FT)

XMwWl AN ESTIMATE OF THE WATER FLOW RATE (GPM)

DUTPLT DATA:
XMW FIT THE WATER FLOW RATE (GPM)
WATTS THE PUMPING POWER (wATTS)

 NUTE:

-kX REFERS TC THE WATER-TO-REFRIGERANT HEAT EXCHANGER
-EXT REFERS TU THE PIPING EXTERNAL TC THE HEAT EXCHANGER

VISCCSITY OF WATER:

THIS IS A FIT TU DATA GIVEN IN MCQUISTCN'S AND PARKER'S

BJOKy L1G77, FOR WATER BETWEEN 60 AND 160 + (LBM/FT-HR).

XMUW(T) = 221445 * (Tx%(-1,076))

DENS ITY CF WATERS

THIS IS A FIT TC DATA GIVEN IN THE FANCBOUK OF CHEMISTRY
AND PHYSICS, 39TH EDITICNy, FOR THE WEIGHT CENSITY

OF WATER BETWEEM 60 AND 160 F (LB/CL FT).

RHOW(T) = 63.205 - 0.0137%7

CAPACITY OF THE CIRCULATING WATER PLMP:
THIS IS A FIT TC THE MANUFACTURER'S CATA (GPM).

XMWF(OP) = (-18.101%0P*DP+265.53%DP-£82C.68) /60,

PUWER CUNSUMPTIUN CF THE CIRCULATIANC WATER PUMP:
THIS IS A FIT Tu THE MANUFAUTURER'S DATA (wATTS).

WibP) = 57,0

XMy
RHO

XMUW (W T i)
RHCWIWT IN)

REYNOLD*S NUMEER OF THE wWATER,

REHZ = (RHG * 60./7.48) ® 4,0 * XMWl / (3.14159%CHX*XMU)
CALL FRICT(REHX, EHX, UDHX, FHX)

REEXT = (REG * 604/T7.48) % 4,0 % XMW1l / (3.14159%DEXT® XMU)
CALL FRICT(RECAT, FEXT, CEXT, FEXT)
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WATER VELOCITY (FT/SEC).

VHX = (XPWL1/7.48/6C.) / (3.14159%DHX¥CHX/4%.)
VEXT = (XMW 1/7.48/€0.) / (3.14159%DEXT*DEXT/4.)

PRESSLRE URQOP OF WATER (FT CF wATER).

HLHX = 4 .#(FEXAXLHX/DHX # VHX*VHX)/(2.%32.174)
HLEXT = 4% {(FEXTEXLEXTERVEXT*VEXT)/ (2.%32.174)

ADD IN PRESSURE DROP [N WATER LINE DUE TO FLOWMETER (FT CF WATER).
HLEXT = HLEXT+¢.68¢

TOTAL PRESSURE DROP OF WATER IN SYSTEM (FT OF WATER).

HLTOT = HLHX + HLEXT

CONVERT PRESSURE DRQOP FR(M FT (F WATER TQ PSI.

HLHXPS = HLHX *RHO/144.
HLEXPS = HLEXT*RHO/l44.
HTOTPS = HLTGT*RHO/144.
XMWF [T = XNWF{HLTOT)

XMW = XMkl - XMWFIT
WATTS = w(HLTOT)
RETURN

END
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