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NOTICE

This report was prepared as an account of work sponsored by an
agency of the United States Government. WNeither the United States
Government nor any agency thereof, nor any of their employees, makes any
warranty, expressed or implied, or assumes any legal liability or res-
ponsibility for any third party’s use or the results of such use of any
information, apparatus, product or process disclosed in this report or
represents that its use by such third party would not infringe privateI;
owned rights.
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OAK RIDGE NATIONAL LABORATORY HEAT PUMP
PERFORMANCE PREDICTION COMPUTER CODE
ADDITIONS AND VERIFICATION

T. J. Fagan, R. A. Lucheta, and D. T. Beecher
Heat Transfer & Fluid Dynamics Department

ABSTRACT

Under contract to Dak Ridge National Laboratory, the ORNL heat
pump performance prediction computer code was modified to include heat
transfer, pressure drop, and internal leakage in refrigerant reversing
valves, heat transfer and pressure drop in suction line accumulators
with internal heat exchangers, and to account for the effects of the
common corrugated fin pattern on air side heat transfer and pressure
drop in air-to-refrigerant heat exchangers. Measured and predicted
performance were compared for the Westinghouse/DOE advanced electric
heat pump for heating and cooling operation at both capacity levels at
several different ambient temperatures. This report describes the code
modifications and discusses the results of the comparisons between

predicted and measured performance.
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1. INTRODUCTION

The design of vapor compression refrigeration systems is a
highly iterative process with a large number of design variables.
Consequently the application of computer aided engineering (CAE) tech-
niques is highly atbtractive and considerable effort has been devoted
toward the development of mathematical models for predicting the cost
and performance of vapor compression refrigeration systems and
components in both the private and public sectors.

One of the most widely used codes in the public sector was
developed by the 8ak Ridge National Laboratory,1 To complement its in-
house code development and verification effort, ORNL has contracted with
the Westinghouse R&D Center to modify the code to include models of:
reversing valve refrigerant heat transfer, pressure drop, and internal
leakage; refrigerant heat transfer and pressure drop in suction line
accumulators with internal heat exchangers; air side heat transfer and
pressure drop effects in air-to-refrigerant heat exchangers due to the
common corrugated fin pattern; and to also provide additional veri-
fication of the code by comparing program predictions with the extensive
system performance data base established during testing of the
Westinghouse/DOE advanced dual-stroke electric heat pump.

The reversing valve influences the capacity and energy
efficiency of a heat pump in four basic ways:

* High and low pressure side refrigerant pressure drop.

e Internal heat transfer.

* Internal refrigerant leakage.

* External heat transfer.

Two basic types of suction line accumulators are applied to
air-to-air residential heat pumps. The most common type, shown sche-

matically in Figure 1-1, is essentially a low side receiver to prevent
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liquid slugging of the compressor during transients. Normally a venturi
section in the discharge line of the accumulator is used to aspirate oil
from the bottom of the accumulator and return it to the compressor. This
type of accumuiator infliuences system performance due to internal
refrigerant pressure drop and heat transfer to ambient. The second type,
with an internal heat exchanger, was applied commercially to the
Westinghouse Hi-Re-Li heat pump !ine and was used in the Westinghouse/
DOE advanced dual-stroke heat pump, as shown schematically in Figure 1-2.
This configuration allows the evaporator to be operated in the "flooded"
mode, with a small percentage of liquid in the refrigerant exiting the
evaporator. ’

The warm high pressure liquid refrigerant exiting the condenser
is passed through a coil of tubing near the bottom of the accumulator to
provide a heat source for vaporizing the liquid refrigerant entering the
accumulator from the evaporator to prevent liquid slugging of the com-
pressor. This mode of operation improves system performance since
evaporator capacity is maximized by eliminating the superheating section
where tube side convection coefficients are relatively low and the
refrigerant-to-air temperature difference is rapidly declining and by
maximizing the refrigerant pumping:capacity of the compressor by maxi-
mizing the density of the suction gas. The loss in refrigerant enthalpy
change associated with vaporization of the remaining liquid in the evap-
orator exit stream is compensated by a reduction in the quality of the
refrigerant entering the evaporator due to additional subcooling of the
high pressure liquid stream in the accumulator heat exchanger. While the
internal heat exchanger is not currently used in commercially available
residential equipment, it was necessary to incorporate a mode! in the
code to support the verification phése of the project.

The most common form of air~to-refrigerant heat exchanger in
residential equipment is the plate-finned tube configuration. Typically
some type of patterned fin is used which enhances air side heat transfer
via 3 "spoiler® mechanism in which the boundary layer is periodically
separated from the fin surface, taking advantage of the higher convection

coefficients associzhex! with developing flow. This increase in air
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side heat transfer is inevitably obtained at the expense of increased air
side pressure drop and air moving power. The ORNL code currently
incorporates a correlation developed by McQuiston2 for unpatterned fins
and applies a constant multiplier to the air side convection coefficient
for fins with a wavy or louvered surface, based on the data published by
Yoshii,3 Senshu,4 and Kirschbaum.5 However, Westinghouse experience has
shown that the level of heat transfer augmentation and the increase in
air side pressure drop due to given fin pattern type are not constant and
are a fuﬁction of the pattern geometry, heat exchanger configuration, air
velocity, and air inlet conditions. Consequently it was desirable to
develop a correlation for the effects of these parameters on the air side
heat transfer and pressure drop pefformance for the fin pattern most
commonly used by Westinghouse manufacturing div;sions, a simple
corrugated fin pattern. The Westinghouse correlation is based on single
fin model tests of a "V" type corrugated pattern consisting of short
straight sections connected by sharp bends rather than a sinousoidal

pattern. A typical configuration is shown in Figure 1-3.
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2. REVERSING VALVE MODELS

The electrically operated refrigerant reversing valve provides a
convenient and reliable means of allowing an air-to-air heat pump to
alternate between cooling and heating service and is a key element in the
reverse cycle defrost process. However, the presence of the valve
results in a decrease in both the capacity and energy efficiency of tﬁe
system due to internal and external heat transfer, refrigerant pressure
drop, and internal refrigerant leakage. There is some controversy in the
HVAC industry as to the relative importance of these losses.

The highly superheated high pressure refrigerant gas stream
passing from the compressor to the condenser is separated from the low
pressure refrigerant flowing from the evaporator to the accumulator,
which may be a two-phase mixture, saturated vapor or superheated vapor,
by a thin metal or plastic slide. Since a significant temperature
difference exists, heat is transferred, cooling the high pressure stream
and increasing the temperature or quality of the low pressure stream.
Normally the valve body is hotter than the ambient air and heat is
transferred to the air by natural convection or, if the valve is located
in the evaporator or condenser air stream, by forced convection. In
conventional systems, where the refrigerant exiting the evaporator is
superheated, the addition of heat to the low pressure refrigerant stream
reduces capacity. Heating the refrigerant vapor reduces its density and,
since the reciprocating compressor is basically a constant volume flow
device, reduces the refrigerant mass flow rate. In flooded evaporator
systems such as the Westinghouse Hi-Re-Li, there is no loss in mass flow,
but evaporator capacity is slightly reduced since the amount of sub-
cooling of the high pressure liquid stream exiting the accumulator heat
exchanger is reduced, resulting in an increase in the quality entering
the evaporator and consequently a decrease in the maximum quality change.

This obviously reduces cooling capacity.
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The loss of heat from the high pressure gas stream obviously
reduces capacity in heating service. However, this loss is partially
offset by the reduction in required evaporator capacity due to the
increased inlet quality. For a given evaporator heat transfer area the
evaporating temperature will tend to increase, resulting in a decrease in
the pressure ratio across the compressor and a slight increase in
refrigerant mass flow. Similarly in cooling service the amount of con-
denser capacity required is reduced, resulting in a small decrease in
condenser pressure and a slightly higher refrigerant mass flow rate.

Pressure drop occurs in both the high and low pressure refriger-
ant streams as they pass through the reversing valve due to a series of
contractions, bends and expansions. Refrigerant pressure drop penalizes
performance in several ways. Reducing the pressure of the compressor
suction gas reduces its density resulting in a decrease in refrigerant
mass flow rate. Since the pressure in the condenser is primarily a
function of the amount of heat to be rejected, pressure drop between the
compressor and condenser will increase the required compressor discharge
pressure, reducing the refrigerant mass flow rate and increasing com-
pressor power consumption.

Some form of internal sliding seal is present in all conventional
reversing valves. Since no seal of this type is perfect and a signifi-
cant pressure difference exists, leakage will occur. Most valve manu-
facturers claim that a leakage rate of 1% to 2% of the total refrigerant
mass flow is typical. Our own test56 showed that, after repeated
cycling, wear of the sealing surfaces can result in leakage rates of 10%
or more. Valves from four different vendors were subjected to repeated
cycling. Two valves from Manufacturer A showed excessive leakage after
13,000 cycles. A valve from Manufacturer C showed a sharp increase in
leakage between 80,000 and 100,000 cycles. A valve provided by Manufac-
turer B showed a gradual increase in |leakage rate, but remained within
the manufacturer’s specifications after 100,000 cycles. The leakage rate
of Valve D, which replaced Valve A after 67,000 cycles, was acceptable
after 33,000 cycles when the tests were terminated. The 2-year field
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test of the advanced electric heat pump7 showed that in a DOE region 1V
location the heat pump will experience between 200 and 300 defrosts and
approximately 3000 on/off cycles during cooling operation per year.
Since the reversing valve was de-energized during heating service and
energized during defrost and cooling service, the sum of the number of
defrosts and the number of on/off cycles in cooling service equals the
number of cycles of the reversing valve., Therefore the life of Valve A
would be less than four years. Valve B would have a life of more than
20 years, Valve C would last more than 24 years, and Valve D would have a
life of at least 10 years, assuming that cycling is the controlling
parameter in valve life. Deterioration of elastomeric sealing materials
with age may also be an important factor in determining valve life.
Internal leakage reduces system capacity since the refrigerant
flow through the evaporator and condenser are reduced. The hot high
pressure gas mixes with the low pressure gas entering the accumulator,
and therefore the compressor, reducing its density and consequentily the

compressor mass flow rate.

2.1 ANALYTICAL HEAT TRANSFER AND PRESSURE DROP MODEL

The primary reversing valve heat transfer and pressure drop model
was developed in 1978 at the Westinghouse Fluid Systems Laboratory,
formerly located in West Lafayette, Indiana, as part of our in-house
program to develop computer codes for analyzing and predicting the
performance of HVYAC components and systems. This model, described in
detail in Appendix A, is based primarily on first principles, with manu-
facturer’s data used to fix the values of some parameters. In its

original form, the input parameters were:

e Refrigerant mass flow rate.

* Compressor discharge temperature and pressure.

¢ Evaporator exit pressure and quality or superheat.
e Valve body ambient air temperature.

¢+ Valve mode!l identifier.
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Output parameters included:
* Condenser port refrigerant temperature and pressure.
*  Accumulator port refrigerant pressure and quality or super-
heat.
e Internal heat transfer.

* Heat loss to ambient.

The heat loss to the ambient air was based on natura! convection from the
valve body.

Since the ORNL code is based on fixed compressor suction super-
heat and the Westinghouse CRACOP code is based on fixed evaporator exit
superheat, it was necessary to alter the code logic to calculate the
evaporator port conditions with a fixed set of accumulator port condi-
tions. In addition, it was necessary to substitute the ORNL subroutines
for refrigerant thermodynamic and transport properties for the Westing-
house subroutines. A listing of the final version of the subroutine,
called VALVER, is presented in Appendix B. In addition to the internal
VALVER analytical mode!s for pressure drop and heat transfer, the VALVER
subroutine can cal! a different set of pressure drop and heat transfer
subroutines derived empirically from test data from the breadboard
version of the advanced electric heat pump. Since the reversing valve
used in the breadboard heat pump was from a different manufacturer than
the valves used as the basis for the primary model and detailed loss data
was not available, this valve could not be directly incorporated into the
VALVER analytical model. Note that the preprototype used a reversing
valve from a third manufacturer. A description of the empirical model is
presented in Section 2.2.

The calling sequence for the VALVER subroutine is:

VALVER (IV, PA, TA, XA, PCP, TCP, MDOT, TAMB,
PDLO, PDHI, QLEAK, QAMB, PRINT)
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Input parameters include:
1v = Valve Identifier
= 0 no valve
= 1 empirical breadboard model
25 Ranco #25 - analytical model
26 Ranco #26 -~ analytical model
30 Ranco #30 - analybtical model

]

PA = Compressor suction pressure (psia)

TA = Compressor suction temperature (°F)

XA = Compressor suction quality (1.0 = 100%)
PCP = Compressor discharge pressure (psia)
TCP = Compressor discharge temperature (°F)
MDOT = Refrigerant mass flow rate (lbm/hr)

TAMB = Valve ambient air temperature (°F)
PRINT = Logical switch for diagnostic printout
"FF = no printout
"T® = printout provided

Output parameters include:

PDLD = Pressure drop - low pressure side (psi)
PPHI = Pressure drop - high pressure side (psi)
QLEAK = Interna! heat transfer rate (Btu/hr)

QAMB = Heat transfer rate to ambient air (Btufhr)

2.2 EMPIRICAL HEAT TRANSFER AND PRESSURE DROP MODEL FOR
BREADBOARD UNIT

One of the major objectives of the design, construction, and
testing of the breadboard version of the advanced electric heat pump was
to verify the CRACOP computer code. A comparison of measured and
predicted performance showed that the pressure drop and heat transfer
associated with the reversing valve had a significant influence on
system performance. It is important to note that while the breadboard
unit used the same basic refrigerant circuit as the dual-stroke prepro-
totype unit, the compressor, line sizes and lengths, line couplings, and

the reversing valve used in the breadboard unit were different from
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those used in the preprototype. The Alco reversing valve used in the
breadboard unit was of a completely different configuration than the
Product Engineering valve used in the preprototype unit and had much
higher refrigerant pressure drop. The Alco reversing valve used in the
breadboard unit was of a similar configuration but from a different
manufacturer than the Ranco valves incorporated into the VALVER code.
Since manufacturers’ data were not available for the Alco valve, an
empirical mode! was developed from the test data. It was assumed that
the significant parameters were compressor sucticn side pressure drop
and internal heat transfer. Compressor discharge side pressure drop and
heat transfer to ambient were not considered. Compressor discharge side
pressure drop was neglected since we considered suction side pressure
drop to be the dominant effect. In theory the refrigerant mass flow
rate of a reciprocating compressor is a function of the displacement,
clearance volume, pressure ratio, and suction gas density. Pressure
drop on the compressor suction side affects both the pressure ratio and
the density of the suction gas. Pressure drop on the discharge side of
the compressor affects only the pressure ratio. Furthermore, pressure
drop on the suction side has a greater effect on the pressure ratio
since a given pressure difference represents a larger percentage of the
absolute pressure on the low pressure side.

The correlating parameters used were quite simple. The suction
side pressure drop was assumed to be a function of the velocity head of

the gas entering the reversing valve:

_ 2 A2
Pdv = Al(Mr /Rhos) 1)
where:
Pdv = Reversing valve low side pressure drop (psi)
Mr = Refrigerant mass flow rate (Ibm/hr)
Rhos = Reversing valve low side refrigerant inlet density

(tbmfcu ft)
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The internal heat transfer rate was assumed to be a linear function of
the temperature difference between the compressor discharge gas and the

accumulator exit gas:

Qva! = A3+ A4(Tco - Tao) (2)
where:
Qval = Reversing valve internal heat leak (Btu/hr)
co Compressor exit refrigerant temperature (°F)
Tao = Accumulator low side refrigerant exit temperature (°F)

The constants Al through A4 were evaluated by a2 conventional least mean
squares curve fitting technique applied to the data obtained for the
breadboard version of the advanced electric heat pump.

The instrumentation on the breadboard unit was not complete
enough to permit separation of the pressure drop in the connecting lines
and refrigerant couplings from the reversing valve pressure drop. There-

fore, the coefficients obtained include {ine and coupling pressure drops

and all line lengths should be set to zero in the ORNL model when this

model is used, except XLRVIC, the equivalent line length of the vapor

line between the reversing valve and the indoor coil, and XLRVOC, the

equivalent length of the vapor line between the reversing valve and the

outdoor coil. The length of the shorter of these two lines should be

sebt to zero and the length of the longer line to a small value, say

1.0 inch. This is necessary since the relative lengths of these lines
are used by the MAIN program to determine if the compressor is located
in the indoor unit or the outdoor unit. This is required to compensate
the heating or cooling capacity for the heat lost from the compressor
can.

Two different values of Al and A2 were obtained for heating and
cooling service. In the breadboard unit the compressor was located in
the indoor unit. 1In cooling service the vapor line connecting the
evaporator exit and the reversing valve was short and did not contain

couplings. Therefors the pressure drop between the evaporator exit and
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the compressor suction is much lower than in heating service where the
full length of the line connecting the indoor and outdoor units plus the
line couplings separate the evaporator outlet from the accumulator

inlet. The coefficients obtained were:

i
H

0.16876337
0.0763784

Heating Service: Al = 16.977202, A2

Cooling Service: Al = 5.9160745, A2

"
1}

For systems where the compressor is located in the outdoor unit

the coefficients must be reversed, since the greater pressure drop will

occur during cooling service, when the evaporator exit and accumulatoer
inlet are separated by the lines connecting the indoor and outdoor units
and by the line couplings. To identify the reversing valve location,
the equivalent lengths of the line connecting the evaporator and the
reversing valve XLEQSL, (XLRVIC cooling, XLRVOC heating) and the line
connecting the reversing valve to the condenser XLEQDL (XLRVOGC cooling,
XLRVIC heating) are compared. If the unit is in the cooling mode and
XLEQDL is greater than XLEQSL, the compressor is assumed to be located
indoors. If the unit is in the heating mode and XLEQSL is greater than
XLEQDL, the compressor is assumed to be indoors. If the lengths are
equal or zero, an outdoor compressor location is the default value.

The values obtained for the heat transfer equation coefficients
were A3 = -105.64513 and A4 = 8.721986. The same coefficients are used
for heating and cooling. Mo distinction is made with respect to
compressor location.

The empirical pressure drop model is incorporated in the func-
tion REVVPD and the empirical heat transfer mode! is the basis for the
function REVWHT. Both functions are called by the VALVER subroutine if
IV is set equal to 1 and are listed in Appendix C.

The calling sequence for function REVVPD is:

REVVPD (TREF, PREF, REFM)
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The inputs include:

TREF = Evaporator exit temperature (°F)
PREF = Evaporator exit pressure {psia)
REFM = Refrigerant mass flow rate (lbm/hr)

The output is:
REVVPD = lLow pressure side pressure drop (psi)

The calling sequence for function REVVHT is:
REVVHT (TCX, TVX)

Inputs include:
TCX = Compressor discharge temperature (°F)
TVX

Evaporator discharge temperature (°F)

The output is:
REVVHT= Reversing valve internal heat transfer rate {Btu/hr)

2.3 REVERSING VALVE REFRIGERANT LEAKAGE MODEL

The effects of internal refrigerant leakage in the reversing
valve are modeled using basic first and second law thermodynamic
relationships. The leakage rate is assumed to be a fixed percentage of
the compressor mass flow rate. The inputs to the model include: the
refrigerant mass flow rate of the compressor; the compressor suction
temperature, pressure and enthalpy; and the compressor discharge temper-
ature, pressure, and enthalpy. The reversing valve inlet temperature
and enthalpy are then calculated assuming a simple isenthalpic mixing
process.

The function FLKRV determines the refrigerant leakage rate. The
mixing process is analyzed in the (OMPV subroutine if the efficiency and
loss based compressor mode! is specified, and is analyzed in the subrou-
tine COMPMP if the map based compressor mode! is specified.

The FLXKRV function was configured to easily accept more complex

leakage models if desired. ¥For example, one could assume that the



leakage path is a narrow slot of arbitrary length, width, and height,
and then calculate the mass flow rate through the slot using the basic
principles of fluid mechanics. For incompressible laminar flow between

paralliel plates the flow rate is given by:

3
" _ 2 Pdif Rhoa g bW .
feak = 34l (3)
where:
Mleak = Refrigerant leak rate (lbm/sec)
Pdif = Pressure difference (Ibf/sq ft)

Rhoa = Average refrigerant density (lbm/cu ft)

g = Gravitationa! acceleration (32.174 ft-lbm/!bf—secz)
b = Plate spacing (ft)

W = Plate width (ft)

7 = Refrigerant absolute viscosity (Ibm/ft-sec)

L = Plate flow length (ft)

The parameters required by the particular leakage mode! are
transmitted via the COMMON block RVLKP. The integer parameter NRVLK
selects the type of leakage mode!; the constant parameters appropriate
to the model| are contained in the array RVLKP, which is dimensioned to
accept up to five parameters. The actual number of parameters to be
used for RVLKP for each value of NRVLK is set by the array
NLKTB(NRVLK+1), which is filled in the BLOCK DATA RLADP. At present the
only valid values of NRVLK are 0, no leakage, and 1, a fixed percentage
of the compressor mass flow rate. If NRVLK is O, NLKTB(1) is 0 — that
is, since there is no leakage, no values of RVLKP are required by the
leakage mode!l. Note that a value of O for NRVLK is entered to DATAIN
simply by placing a blank line at the appropriate position in the input
data file. If NRVLK is 1, NLKTB(2) is 1; a single value of RVLKP(1) —
specifying the leakage fraction — is entered via the DATAIN subroutine.
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The calling sequence of the function FLKRV is:

FLKRV (NRVLK, NLPMD, RVLKP, RFLHP, PRFHD, TRFHD,

HRFHD, PRFLD, TRFLD, HRFLD)

The input parameters are:

NRVLK

NLPDM

RVLKP

RFLHD
PRFHD

TRFHD

HRFHD

PRFLD

TRFLD

Switch to identify reversing valve

leakage model type (integer)

0 no leakage

i

1 fixed fraction of compressor mass flow
Number of parameters in the leakage model
[equal to NLKTB(NRVLK+1)]

0 if NRVLK = O

1 if NRVLK = 1

Array of parameters of the leakage model

(must be specified, but not used if NRVLK = 0)

RVLKP (1)

compressor mass flow rate if NRVLK = 1

1

leak rate as a fraction of the

Compressor mass flow rate (Ibm/hr)

Compressor discharge pressure (psia) (reversing

valve high side inlet) (must be specified, but not

used for NRVLK = 0 or 1)

Compressor discharge temperature (°F)
(reversing valve high side inlet) (must
be specified, but not used for NRVLK = O or
Compressor discharge enthalpy (Btu/ibm)
(reversing valve high side inlet)

(must be specified, but not used for NRVLK

Compressor suction pressure (psia)

(reversing valve low side outlet)
(must be specified, but not used for NRVLK

Compressor suction temperature (°F)

(reversing valve low side outlet)
(must be specified, but not used for NRVLK
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HRFLD

H

Compressor suction enthalpy (Btu/lbm)
(reversing valve low side outlet)

(must be specified, but not used for NRVLK = 0 or 1)

The output is:
FLKRV

fi

Reversing valve internal refrigerant leak rate (Ibm/hr)

A more complete discussion of the reversing valve internal

refrigerant leakage mode! and a listing of the function FLKRV are con-

tained in Appendix D.
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3. SUCTION LINE ACCUMULATOR MODEL

The refrigerant pressure drops and internal! heat transfer rate
associated with a suction line accumulator with an internal heat ex-
changer have been modeled using basic principles of heat transfer and
fluid mechanics. Inputs to the model include the dimensions of critical
compenents of the accumu!ator, the refrigerant mass flow rate, com-
pressor suction temperature, pressure and quality, and the temperature
and pressure of the high pressure liquid stream entering the accumulator
heat exchanger. The model determines the temperature, pressure, and
quality of the low pressure refrigerant stream entering the accumulator,
the temperature and pressure of the high pressure liquid refrigerant
stream leaving the accumulator heat exchanger and the internal heat
transfer rate. This model will be referred to as the "physical model."

A simplified model was also developed, which ignores all details
of accumulator construction. This model permits direct specification of
accumulator exit superheat, high and low side pressure drops, and heat
gain/loss between the accumulator and the ambient. Limitations on fund-
ing prevented testing this mode!, other than checking the syntactical
correctness of the program. Because of the highly structured form of
the program, we are confident that it will run properly. This model
will be referred to as the "performance model.®

The energy balancing portion of the model was incorporated into
the COMPV and COMPMP subroutines for the efficiency and loss based com-
pressor model, and for the map based compressor model, respectively.

The subroutine DHSUL is used to determine the high and low side refrig-
erant pressure drops in the accumulator and the high and low side
refrigerant enthalpy changes using estimated values of low pressure side
accumulator inlet pressure and quality provided by COMPV or COMPMP. The
COMPV or COMPMP subroutines iterate to find the low pressure inlet

conditions to the accumu!ator which will satisfy the requirement for a
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balance between the high and low pressure side refrigerant enthalpy
change. The parameters required by the model are contained in the
COMMON blocks ACPAR and ACTBL.

The model has been constructed to simplify the incorporation of
more detailed representations if desired. The model type is specified
by the integer parameter NACCU. The fixed parameters are contained in
the array ACPAR which is currently dimensioned to accept up to 20
accumulator-specifying parameters. The number of parameters to be used
is determined by the array NACTB(NACCU+1) which is dimensioned to accept
up to 12 values, corresponding to 12 distinct accumulator models. The
values of NACTB are set in BLOCK DATA RLADP. At present three values of
NACCU are valid: O for no suction line accumulator, 1 for the physical
model, and 2 for the performance model. If NACCU is 0, the array ACPAR
is not used and no inputs are required. If NACCU is 1, ACPAR requires
five geometric parameters, read as data in the DATAIN subroutine. If
NACCU is 2, ACPAR requires four performance parameters, read as data by
the DATAIN subprogram. A O value of NACCU can be entered simply by
placing a blank line of data in the appropriate position in the input
data file.

The calling sequence for subroutine DHSUL is:

DHSUL (NACCU, ACPAR, NACDM, NCORH, PLODM, TLODM, XLODM,
XLIDM, PHIDM, THIDM, XHIDM, RFLAD, DHLOD, DHHID,
DPLOD, DPHID)

The input parameters are:

NACCU = Switch to identify accumulator model
= 0 no accumulator;
= 1 accumulator with internal heat exchanger;
= 2 accumulator with specified superheat and pressure
drop;
ACPAR = Array of dimensional parameters

(required, but not used if NACCU = 0);
If NACCU = 1, as follows:
ACPAR(1)

inside diameter of internal heat
exchanger tubing (ft)
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ACPAR(2) = outside diameter of internal heat

exchanger tubing (ft)

ACPAR(3) = length of internal heat exchanger tubing (ft)
ACPAR(4) = inside diameter of vapor line (ft)
ACPAR(5) = total length of vapor line (ft)
(inlet + outlet)
If NACCU = 2, as follows:
ACPAR(1) = refrigerant superheat leaving the
accumulator on the suction side (°F)
ACPAR(2) = pressured drop on the low pressure
side of the accumulator (psia)
ACPAR(3) = pressure drop on the high pressure
side of the accumulator (psia)
ACPAR(4) = heat flow from the accumulator shell (Btu/sec)
NACDM = Number of values of NACCU required
= 0 if NACCU = 0
=5 if NACCU = 1
= 4 if NACCU = 2

(equivalent to MACTB(NACCU+1) in BLOCK DATA RLAPD)
NCORH = Switch to identify operating mode

1 cooling mode

2 heating mode

PLODM = Low pressure side exit pressure (psia)

TLODM = Low pressure side exit temperature (°F)

XLODM = Low pressure side exit quality (1.0 = 100%)

XLIDM = Estimated low pressure side inlet quality (1.0 = 100%)
PHIDM = High pressure side inlet pressure (psia)

THIDM = High pressure side inlet temperature (°F)

XHIDM = High pressure side inlet quality (1.0 = 100%)

RFLAD = Refrigerant mass flow rate (Ibm/hr)

Qutput parameters include:
DHLOD = Low pressure side refrigerant enthalpy change (Btu/Ibm)
DHHID = High pressure side refrigerant enthalpy change (Btu/lbm)
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DPLOD = Low pressure side refrigerant pressure drop (psi)
DPHID

High pressure side refrigerant pressure drop (psi)

A more complete discussion of the suction line accumulator mode!

and a listing of the DHSUL subroutine are included in Appendix E.
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4. REFRIGERANT THERMODYNAMIC PROPERTIES

The TRIAL subroutine performs an iterative calculation to deter-
mine the thermodynamic properties of superheated R22 vapor given the
pressure and one additional property, either specific volume, enthalpy
or entropy. When this subroutine was called by VALVER, it failed to
converge in many cases with small amounts of superheat. 1In an attempt
to circumvent this problem a modified version of TRIAL called TRIAL2 was
developed which uses a different iteration scheme. In both versions of
the subroutine the refrigerant temperature is the unknown parameter. In
TRIAL, a first estimate of the temperature T and a temperature step size
DT are input in addition to the known property value ARG. The
temperature is then set equal to T + DT and a tria! value of the known
property ARGN is determined by calling the VAPOR subroutine. If DT is
negative, the difference between the input and calculated arguments DIFF
is set to ARG - ARGN. If DT is positive, then DIFF = ARGN ~ ARG. The
absolute value of DIFF is compared to the convergence tolerance limit
TOL. If DIFF is less than or equal to TOL, the iteration is considered
complete. If DIFF is greater than TOL, the temperature estimate is set
to T - DT, DT is sebt equal to DT/2 and the process is repeated. If the
required accuracy is not achieved in forty iterations, the subroutine is
terminated with an error message. However, the cal!ling program will
continue Yo run with the final estimate of vapor temperature. If the
estimated value of T was initially set higher than the required
temperature, the subroutine will not converge since no provision is made
for changing the sign of DT. Therefore if the amount of superheat is
small, the first guess on T should be set equal to the saturation
temperature, or a small increment above the saturation temperature. If
DT is too large or too small, the subroutine may fail to converge in

forty iterations.
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In TRIAL2, the initial estimate of T is used to calculate the
first value of ARGN and DIFF is set equa! to ARGN - ARG. If the
absolute value of DIFF is less than or equa!l to TOL the iteration is
consider complete. If the absolute value of DIFF is greater than TOL
and DIFF is negative, the fiag ITEST is set equal to -1 and the
temperature estimate is modified by T + DT. If DIFF is positive, ITEST
is set to 1.0 and the temperature estimate is changed to T - DT. If the
sign of ITEST is different than the previous value, then DT is set equal
to DT/4. 1If the revised estimate of the temperature is less than the
saturation temperature corresponding to the input pressure, it is set
equal to the saturation temperature. If convergence is not obtained in
200 iterations an error message is output and the program proceeds using
the fina! temperature estimate.

TRIAL2 gave far fewer convergence errors than TRIAL, but was not
%bullet proof." How much of the improvement can be attributed to the
altered iteration scheme and how much to the increase in the allowed
number of iterations is a moot point.

The calling sequence for TRIAL2 is the same as that of TRIAL. A
listing of TRIAL2 is included in Appendix G.

4-2



5. FIN PATTERNATION EFFECTS

Correlations for predicting the increases in air side convection
coefficients and 2ir side pressure drop due to the common "V type
corrugated fin pattern in plate-finned tube air-to-refrigerant heat
exchangers have been incorporated into the ORNL code. These
correlations are based on single fin model tests and predict the ratio
of the air side heat transfer coefficient and air side pressure drop of
a patterned fin to that of a flat fin with the same tube geometry and
fin spacing. These correlations are called only when the evaporator fin
type identifier FINTYE and/or the condenser fin type identifier FINTYC
are set equal to 4.0. In the modified version of the ORNL heat pump
mode! the multiplying factors predicted by these correlations are
applied to the fiat fin air side convection coefficients and air side
pressure drops as determined by the correlations developed by McQuiston2
and incorporated by ORNL into the HAIR and PDAIR subroutines.

The correlation for predicting the increase in air side
convection coefficient due to the corrugated fin pattern was named
CORFHA and is called by a modified version of the HAIR subroutine, named
HAIR2. The correlation for predicting the increase in air side pressure
drop APDCOR is called from a modified version of PDAIR by the COND and
EVAPR subroutines. The added parameters are contained in the COMMON
block FINPAT. The correlations contained in CORFHA and APDCOR were
derived from 2 series of single fin simulation tests performed at the
Westinghouse R&D Center by D. T. Beecher. The derivation of these

correlations is described in detai! in Appendix F.

5.1 HEAT TRANSFER AUGMENTATION
The increase in air side heat transfer coefficient due to the

common corrugated or ®zig-zag® fin pattern was correlated as a function
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of geometric parameters and parameters associated with the air flowing

through the heat exchanger. The added geomebtric parameters include:

* The number of fin patterns per row of tubes in the

direction of air filow.

* The depth of the fin pattern from peak to valley.

The remaining geometric input parameters were required by the original
ORNL heat pump code:

*+ The fin spacing.

* The fin thickness.

*

The tube diameter.

+ The tube spacing perpendicular to the air flow direction.

x The tube spacing in the direction of air flow.

* The number of rows of tubes in the direction of air flow.

The air stream input parameters are the same as those required by the

original ORNL heat pump code and include:

* The
* The
* The
* The
* The

air velocity based on coil face area.

average air density.

average air therma! conductivity.

average air dynamic viscosity.

average air Prandt! number.

The calling sequence of the function CORFHA is:

CORFHA (FP, DELTA, DEA, ST, WT, FPD, NTR, NFP, VCF, KPA,

PRA, MUA, RHOA, IDIAG)

The input parameters are:

FP
DELTA
DEA
ST
WT
FPD

H

Fin spacing {fins/ft)

Fin thickness (ft)

Tube outside diameter (ft)

Tube spacing perpendicular to the air flow direction (ft)
Tube spacing in the air flow direction (ft)

Fin pattern depth (peak to valley) (ft)



NTR = Number of tube rows in the direction of air flow (real
value)

NFP = Number of fin patterns per row of tubes in the
direction of air flow (integer value)

VCF = Air velocity based on total coil face area (ft/min)

KPA = Average air thermal conductivity (Btu/hr-ft-°F)

PRA = Average air Prandt! number (dimensionless)

MUA = Average air dynamic viscosity (lbm/hr-ft)

RHOA = Average air density (lbm/cu ft)

IDIAG = Switch for diagnostic output (integer value)

it

0 = no diagnostic oubtput

1 = diagnostic output printed

The output is:
CORFHA = Air side convection coefficient multiplier

(dimensionless)

A listing for the function CORFHA is included in Appendix F.

§.2 AIR PRESSURE DROP AUGMENTATION

As noted in Appendix F, our efforts to obtain an accurate corre-
lation between air pressure drop, heat exchanger geometry, and the
properties of the air stream passing through the heat exchanger for the
single fin model data were not fully successful. However, a relatively
crude correlation of the single fin model data developed previously has
been included to provide a rcugh estimate of the increase in air side
pressure drop due to fin patternation. This correlation, which relates
the increase in air side pressure drop to the fin pattern depth, number
of fin patterns per tube row in the direction of air flow, and the air
velocity based on coil face area was incorporated into the function
APDCOR, which is called by PDAIR via COND or EVAPR. The calling

sequence is:

APDCOR (FPD, NFP, VCF)



The input parameters are:

FPD = Fin pattern depth (peak to valley) (ft)

NFP = Number of fin patterns per row of tubes in the direction
of air flow (integer value)

VCF = Air velocity based on coil face area (ft/min)

The output is:

APDCOR = Air pressure drop multiplier (dimensionless)

A listing for APDCOR is included in Appendix F.



6. ADDITIONAL PROGRAM CHANGES

In addition to the new subroutines and functions added to the
ORNL code it was necessary to modify several of the existing subroutines
to accommodate them. These include the DATAIN subroutine, which accepts
and displays the input data, and the CNDNSR subroutine, which calls the
efficiency and loss based compressor model or the map based compressor
model and the flow balancing subroutine FLOBAL and returns the differ-
ence between the calculated and specified condenser exit subcooling or
between the compressor and expansion device refrigerant mass flow rates.
The COND subroutine, which calculates total condenser heat transfer
rate, air and refrigerant properties, and refrigerant and air-side
pressure drops for fixed inlet refrigerant conditions and the EVAPR
subroutine, which calculates evaporator heat transfer rate, air and
refrigerant properties and refrigerant, and air-side pressure drops for
fixed exit refrigerant conditions, were modified to include the effects
of fin patternation on air side heat transfer and pressure drop. The
HAIR subroutine, which evaluates the air side heat transfer coefficient
for the air-to-refrigerant heat exchangers, was replaced by the HAIR2
subroutine, which optionally includes the effects of the familiar corru-
gated or "zig-zag" fin pattern by cal!ing the CORFHA subroutine. The
PDAIR subroutine was modified to include an optional cal! of the APDCOR
subroutine which predicts the effects of the corrugated fin pattern on
air side pressure drop.

The efficiency and loss based compressor mode!l COMP and the map
based compressor model CMPMAP were extensively altered to include calls
for the reversing valve heat transfer and pressure drop model, the
reversing valve leakage model and the suction line accumulator model.
The original subroutines were retained and the altered versions titled
CCMPY and COMPMP, respechively.

6-1



The OUTPUT subroutine, which displays the final program results,
was modified to include the added parameters associated with the revers-
ing valve, suction line accumulator and fin patternation models.

Listings for all of the modified subroutines are included in

Appendix G.

6.1 DATA INPUT SUBROUTINE

The DATAIN subroutine was modified to accept and display the
additional input parameters required by the reversing valve, accumulator
and fin pattern augmentation models. Severa! additional COMMON blocks
were added to facilitate transfer of these parameters between program
sections.

The first parameter in data line §13 is FINTY, the fin type
identifier for the indoor coil. Previously there were three valid
values for FINTY, 1.0 for flat fins, 2.0 for wavy fins, and 3.0 for
louvered fins. With the addition of the model for the effects of the
corrugated fin pattern on air side heat transfer a fourth value, 4.0 for
corrugated fins, became valid. If FINTY is input as 4.0, an additional
data |ine must be inserted between line #13 and line #14 containing the

following data:

LINE $13A FORMAT (2F10.4)

NFP = Number of fin corrugation per row of tubes in the
direction of air flow (integer value)
FPD = depth of the fin corrugation, peak to valley (in.)

If FINTY is input as 1.0, 2.0 or 3.0, data line #13A must not be
present.

Similarly, the first parameter on data line #17 is the fin type
identifier for the outdoor coil. If FINTY for the outdoor coil is input
as 4.0, line $#17A, containing the above data for the outdoor coil, must
be added. If FINTY for the outdoor coil is input as 1.0, 2.0, or 3.0,
line $17A must not be present.
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To accommodate the reversing valve refrigerant pressure drop and
pressure drop models data line #22 must be added to the input card deck

or data file. This line must contain:

LINE §22 FORMAT(I10,F10.3)
NRVALV

Switch to select reversing valve pressure drop and heat

transfer mode!

]

0 no reversing valve pressure drop and heat transfer

1 empirical breadboard model

25 Ranco #25 valve - analytical model

26 Ranco #26 valve ~ analytical model

30 Ranco #30 valve - analytical mode!

TAMBRV = Temperature of the air surrounding the reversing valve

(°F)

If NRVALV is input with a value other than 0, 1, 25, 26, or 30, the pro-
gram will terminate and an error message will be printed.
The reversing valve leakage model requires the data from data

line #23, which must be prepared in accordance with the following

format:
LINE $#23 FORMAT (14:F12.5: /3(6F12.4:/))

Notice that if more than one floating-point parameter is to be
entered in accordance with NRVLK, additional lines, each containing up

to three parameters, must be prepared. However, only the required
number of parameters need and should be entered. The parameters have

the following significance:

NRVLK = switch to select reversing valve internal leakage model
(integer value)
= 0, no reversing valve internal leakage (a blank data

line #23 will create this option)

i

1, fixed reversing valve internal leak rate
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If NRVLK = 1 then the following data must also be included:

RVLKP(1) = fixed reversing valve leak rate as a fraction of the

compressor mass flow rate

The reversing valve leakage model has been constructed in 2 manner which
will easily accommodate more complex models if desired. RVLKP is an
array which can include up to five parameters. The number of parameters
is 2 function of NRVLK as specified by the array NLKTB(NRVLK+1) con-
tained in BLOCK DATA RLADP and dimensioned to accept up to five parame-
ters. At present the only valid values of NRVLK are 0 and 1. If NRVLK
is set to 0, no values of RVLKP are required. If NRVLK is set to 1, one
value of RVLKP is required.

The input data for the suction line accumulator mode! is pro-
vided by data line $#24, which must contain:

LINE #24 FORMAT (14:F12.5: /3(6F12.4:/))

NACCU = switch to select suction line accumulator heat transfer
and pressure drop mode! (integer value)
= 0, suction line accumulator heat transfer and
pressure drop not included (a blank data !ine $24
will achieve this)
=1 or 2, suction line accumulator heat transfer and

pressure drep included

If NACCU = 1 the following data must be included:

ACPAR(1) = inside diameter of accumulator heat exchanger liquid
line) tubing (in.)

ACPAR(2) = outside diameter of accumulator heat exchanger (liquid
line) tubing (in.)

ACPAR(3) = length of tubing in the accumulator heat exchanger (ft)

ACPAR(4) = inside diameter of accumulator vapor vapor line (in.)

ACPAR(5) = total length of accumulator vapor line (inlet + outlet)

in (ft)
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If NACCU = 2 the following data must be included:

ACPAR(1) = refrigerant superheat leaving the accumulator on the
suction side (°F)

ACPAR(2) = pressure drop on the low pressure side of the
accumulator (psia)

ACPAR(3) = pressure drop on the high pressure side of the
accumulator (psia)

ACPAR{4) = heat flow from the accumulator shell (Btu/sec)

Note that like the reversing valve leakage mode!, the accumu-
lator heat transfer and pressure drop subroutine has been configured to
easily accept a more complex mathematical representation. ACPAR is an
array dimensioned to accept up to 20 parameters. The number of parame-
ters associated with each value of NACCU is defined by the array
NACTB(NACCU+1) contained in BLOCK DATA RLADP and dimensioned to accept
up to 12 parameters, corresponding to 12 different accumulator models.
At present the valid values of NACCU are 0, 1, and 2. If NACCU is O,
NACTB(1) is O and no input parameters are required. If NACCU is 1,
NACTB(2) is 5 and the five parameters listed above are required. If
NACCU is 2, NACTB(3) is 4 and the four corresponding parameters above
are required.

The COMMON blocks added include RVALVE containing the parameters
associated withe the reversing valve refrigerant pressure drop and heat
transfer models, RVLKP containing the parameters of the reversing valve
internal refrigerant leakage model, ACPAR and ACTBL containing the
suction line accumulator refrigerant heat transfer and pressure drop
parameters and FINPAT, which contains the parameters required by models
predicting the effects of fin patternation on air side heat transfer and

pressure drop.

6.2 CONDENSER BALANCING SUBROUTINE
The only changes required in the CNDNSR subroutine were to

substitute 2 cal! for the modified version of the loss and efficiency
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compressor model COMPY for ‘the original mode! COMP and a ca!l for the
modified map based compressor mode! COMPMP for the original version
CMPMAP .

6.3 CONDENSER HEAT TRANSFER SUBROUTINE

The COND subroutine, which calculates the total condenser heat
transfer rate, air and refrigerant properties, and refrigerant and air
side pressure drop in the condenser for fixed inlet refrigerant condi-
tions, was altered to call the HAIR2 subroutine for evaluating the air
side heat transfer coefficient in place of the HAIR subroutine. This
change was required to provide access to the correlation for air side
heat transfer augmentation due to fin patternation CORFHA, which is
called by HAIR2. The call for the air side pressure drop subroutine
PDAIR was modified to include the additional parameters required by the
mode! predicting the increase in air side pressure drop due to corru-
gated fin patternation APDCOR, which is called by PDAIR. The COMMON
block FINPAT was added to COND.

6.4 EVAPORATOR HEAT TRANSFER SUBROUTINE
The EVAPR subroutine, which calculates the total evaporator heat

transfer rate, air and refrigerant properties, and refrigerant and air
side pressure drop in the evaporator for fixed exit refrigerant

conditions, was also altered to call the HAIR2 subroutine in place of
M the HAIR subroutine. The call for the air pressure drop subroutine
PDAIR was altered to include the additiona! parameters required by the
APDCCOR subroutine. The CIOMMON block FINPAT was also added to EVAPR.

6.5 EFFICIENCY AND LOSS BASED COMPRESSOR MODEL

The efficiency and loss based compressor mode!, COMP, computes
the refrigerant mass flow rate and power consumption given the com-
pressor suction and discharge cenditions. In addition, the evaporator
discharge and condenser inlet conditions are computed using the line
heat transfer rates input to DATAIN and the refrigerant pressure drops

in the lines using the DPLINE subroutine. The heat transfer rates and
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refrigerant pressure drops associated with the reversing valve and the
suction !ine accumulator, computed by the VALVER and DHSUL subroutines,
were included in 2 similar manner. It was also convenient to call the
reversing valve refrigerant leakage subroutine FLKRV at this location.
The COMMON blocks RVALVE, ACPAR, and RVLKP were added to transfer in the
additional parameters required. Due to the extensive nature of the
modifications the modified version was named COMPV and the original

version was maintained with no changes.

6.8 MAP BASED COMPRESSOR MODEL

The map based compressor model CMPMAP computes the refrigerant
mass flow rate and power consumption given the compressor suction and
discharge conditions using second order polynomial curve fits applied to
the compressor map data. In addition, the evaporator discharge and
condenser inlet refrigerant conditions are calculated using refrigerant
line heat transfer rates input via the DATAIN subroutine and refrigerant
pressure drops calculated by the DPLINE subroutine. The heat transfer
rates and refrigerant pressure drops associated with the reversing valve
and the suction line accumulator, as calculated by the VALVER and
DHSUL subroutines, are also included. The reversing valve refrigerant
leakage subroutine FLKRY is also called from this subroutine. The
COMMON blocks RVALVE, ACPAR, and RLVKP were included to transfer in the
additional parameters required. Due to the extensive modifications
required, this subroutine was renamed COMPMP and the original version

was maintained unchanged.

6.7 OUTPUT SUBROUTINE

The QUTPUT subroutine provides a conveniently formatted printout
of the fina! results of the system performance simulation following the
completion of all of the iterative loops. The subroutine consists pri-
marily of formats and write statements with the associated parameters

transferred in via COMMON blocks. The Westinghouse modification con-
sisted of adding the COMMON blocks RVALVE, ACPAR, RVLKP, and FINPAT and
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formats and write statements to print selected variables contained in

these COMMON blocks. Several additiona! paramebters asscciated with the

reversing valve heat transfer and refrigerant pressure drop model are

printed including:

DPLOV

DPHIV

QEXTV
QINTV

H

fl

Reversing valve refrigerant pressure drop - low pressure
side (psi)

Reversing valve refrigerant pressure drop - high pressure
side (psi)

Reversing valve heat transfer to ambient air (Btu/hr)

Reversing valve internal heat transfer (Btu/hr)

The additional parameters associated with the effects of fin patterna-

tion on air side heat transfer and pressure drop added to the printout

include:

XAPE

XAPC

XFPE

XFPC

Air pressure drop multiplying factor due to fin patterna-
tion for the evaporator

Air pressure drop multiplying factor due to fin patierna-
tion for the condenser

Air side convection coefficient multiplying factor due to
fin patternation for the evaporator

Air side convection coefficient multiplying factor due to

fin patternation for the condenser
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7. VERIFICATION

During the verification phase of the project, the ORNL heat pump
code, with the reversing valve heat transfer and pressure drop models,
the reversing valve !eakage model and the accumulator model incorpor-
ated, was run using input data corresponding to the actua! test condi-
tions encountered during testing of the first preprototype of the
Westinghouse/DOE advanced electric heat pump. The input data was
selected to match the test conditions as closely as possible. For
example, if the desired indoor air dry bulb temperature and relative
humidity were 80°F and 50% and the actual test conditions were 79°F and
51% relative humidity, the actual test conditions were input to the
program rather than the desired conditions. The measured indoor and
outdoor air flows for each individual test were used rather than the
desired values or average values.

Note that the electric expansion valve used in the preprototype
was manually controlled during the verification tests. Our ultimate
objective was to use refrigerant temperature sensors in combination
with a microprocessor based control system to control condenser exit
subcooling during heating mode operation and evaporator exit superheat
during cooling operation via a feedback loop. At the time these tests
were performed, the microprocessor control system was still under devel-
opment. The breadboard microprocessor proved to have insufficient
memory to perform this control function and during the field test7 the
expansion valve was controlled by an algorithm relating expansion valve
operating voltage to operating mode and ambient temperature rather than
a feedback control loop. Due to the use of manua! control of the
expansion valve and a tendency for the refrigerant system operating
conditions to "hunt," the desired level of subcooling during heating
operation and superheat during cooling operation were not achieved in

all of the verification tests. In particular, some of the cooling runs
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have very low evaporator exit superheat and the exit refrigerant may
have been slightly wet in some cases.

Verification runs were completed for all four steady state oper-
ating modes, high and low capacity heating and high and low capacity

cooling. The nomina! outdoor ambient temperatures considered were:

#*

High Capacity Heating; 47°F, 35°F, 17°F z2nd O°F.
Low Capacity Heating; 47°F and 35°F.

High Capacity Cooling; 82°F, 95°F and 106°F.

Low Capacity Cooling; 76°F, 82°F and $5°F.

*

*

*

For each of these conditions, the program was run with corrections for
pressure drop in the connecting lines for al! three of the Ranco
reversing valve models built into the VALYER subroutine and for the
empirica! reversing valve heat transfer and pressure drop model with the
connecting line lengths set to zero (the empirical model includes line

pressure drops).

7.1 INPUT DATA

The input data for the ORNL code includes the number of parallel
refrigerant circuits in the indoor and owtdoor zir-to-refrigerant heat
exchangers. Since both the indoor and outdoor air-to-refrigerant heat
exchangers used in the advanced electric heat pump have refrigerant
circuits that branch or combine, it was necessary to input a "mean®
number of parallel refrigerant paths. For example, as shown in
Figure 7-1, the indoor coil of the Westinghouse/DOE advanced electric
heat pump5 consists of three paralle! sections. In the heating mode,
each section has two parallel circuits at the inlet, each containing
12 tubes. These circuits combine into 2 single circuit containing
10 tubes. Therefore there are 6 paralle!l circuits containing 72 tubes
at inlet and three parallel circuits containing 30 tubes at the coil
exit. One of the sections contains an unused hairpin, giving 2 total of
104 tubes in the heat exchanger. To determine the number of parallel

circuits to be input to the ORNL cede, a trial-and-error approach was
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used with high capacity heating performance at 47°F ambient temperature
as a reference case. It was found that 4.5 paralle! circuits gave a
good match between measured and predicted refrigerant pressure drop in
the indoor coil. This is not greatly different from the weighted
average number of circuits:

wai = [(6 X 72)+(3 X 30)1/102 = 5.12
The outdoor air to refrigerant heat exchanger consists of four separate
coils connected in parallel. The refrigerant circuit for each of the
coils in the heating mode, shown in Figure 7-2, consists of a single
circuit containing 14 tubes at inlet branching into two circuits of 14
tubes each at the outlet. For the four coils combined there are four
paralle! circuits containing a total of 72 tubes at inlet and eight

parallel circuits containing a total of 112 tubes at the outiet giving a

weighted average of:
W, = [(4 X 72)+(8 x 112)1/184 = 4.87

The trial-and~error method indicated that the number of paralle!l
circuits giving the best match between measured and predicted
refrigerant pressure drop was 8.0.

A similar trial-and-error approach was applied in the cooling
mode at the high capacity rating condition of 95°F cutdoor ambient
temperature and 80°F dry bulb, 67°F wet bulb indoors. The number of
parallel circuits in the indoor ceil giving the best match between
predicted and measured refrigerant pressure drop was found to be 4.0
para!le! paths. The number of parallel paths in the outdeor coil giving
the best match between measured and predicted refrigerant pressure drop
vwas 5.8. In the low capacity cooling mode, one-third of the indoor coil
is cut out of the circuit by a solencid valve to maintain a2 low encugh
evaporating temperature to provide a comfortable sensible/total capacity
ratio. For the 95°F low capacity cooling mode the number of indoor
paralle! refrigerant circuits giving the best match between predicted

and measured refrigerant pressure drop was found to be 2.9.
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An analysis of the sensitivity of the predicted capacity and
energy efficiency to the number of refrigerant circuits in the indoor and
outdoor heat exchangers was performed for both heating and cooling
service and is described later in this report.

Another parameter evaluated empirically was the product of the
overall heat transfer coefficient and the heat transfer area for the
accumulator heat exchanger. As noted previously, the advanced electric
heat pump uses a unique refrigerant circuit which provides for flooded
evaporator operation in the heating mode and superheated evaporator exit
conditions in cooling service. In the heating mode, the liquid remaining
in the evaporator exit stream is vaporized in the accumulator by heat
absorbed from the high pressure liquid stream passing from the condenser
outlet to the expansion valve inlet via a heat exchanger consisting of a
flat spira! of bare tubing near the bottom of the accumulator. During
this process the high pressure liquid stream is deeply subcooled
resulting in a significant decrease in the quality of the liquid entering
the evaporator.

In cooling service the stream passing through the accumulator
heat exchanger flows between the expansion valve outlet and the evapora-
tor inlet and little temperature difference exists. Consequently, the
heat transfer rate is small and has been neglected in modeling the
system.

Two different approaches to mode!ing the effects of the accumula-
tor heat exchanger were considered. The first approach is to assume that
the heat exchanger capacity is always sufficient to evaporate all
remaining !iquid in the evaporator exit stream. If the evaporator exit
conditions are not specified, as in the case of the ORNL code, thermody-
namic considerations alone are not sufficient to define the operating
conditions. A wide range of evaporater exit qualities and concomitant
values of expansion valve inlet subcooling exist which will satisfy the
requirements of the first law of thermodynamics. The operating condi-
tions are determined by the refrigerant charge level and the characteris-
tics of the expansion device. Increasing amounts of subcooling entering

the expansion device will result in 2 decrease in the inlet and exit
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quality of the evaporator and, assuming no great change in the slip
factor between the liquid and vapor phases, an increase in the
refrigerant charge contained in the evaporator and accumulator.

The second approach, while less rigorous physically, proved to be
far more compatible with the internal logic of the ORNL code. The
enthalpy change of the refrigerant liquid is given by:

) (3)

Vi

Qac = MGCr(Tcx - T

The heat transfer rate is given by:

Qac = UoAtLt[(Tcx"Tex) - a '_Tex)]/ln[(Tcx'Tex)/(Tvi-Tex)] (4)

Vi

Combining these relationships gives:

Qac = MGCr (Tcx—Tex) [1.0 - e(-UoAtLt/MGCr)] (5)
If the overall heat transfer coefficient U0 is assumed to be a fixed
value, then the primary unknown (assuming Mr' Tcx’ and Tex are deter-
mined primarily by other system considerations) is the fength of tubing
in the heat exchanger Lt' The value of Lt giving an expansion valve
intet temperature equal to the measured value was determined iteratively
for each of the heating runs analyzed. The value of Lt was not a con~
stant, ranging from 30.0 ft to 45.0 ft, indicating that the assumption
of a constant overall heat transfer coefficient Uo is an
oversimplification of the problem. This is not surprising since we
would expect both the inside and outside convection coefficients to be a
function of refrigerant mass flow rate, density, quality, and other
fluid properties. The values of Lt used for each of the heating runs is
shown in Table 7-1. The value of Lt obtained for the 17°F high capacity
heating mode is inconsistent with the values obtained for the other high
capacity heating operating conditions. The reason for this
inconsistency is unclear. It may have been the result of a variation in

the refrigerant
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Table 7-1. Equivalent Lengths of Tubing in
the Accumulater Heat Exchanger

Outdoor Ambient Heating Mode
Temperature High Capacity Low Capacity
47°F 37.5 ft 30.0 ft
35°F 32.5 ft 32.5 ft
17°F 45 .0 1t
0°F 30.0 ft
charge level or due to a buildup of frost on the evaporator coil. As

shown in Table 7-20, the overall system heating capacity and coefficient
of performance are relatively insensitive 4o the the value used for Lt'
The parameter most influenced by Lt is the evaporator exit quality,
which is difficult to measure accurately.

Appendix H contains sample input data files for all of the
combinations of operating mode and ambient temperature considered in the
verification study. The samples shown are for a Ranco §26 reversing
valve with 2% refrigerant leakage. The suction line accumulator model
is used for the heating cases. for the cooling cases the suction line
accumulator mode! is not called since the evaporator exit refrigerant is
assumed to be superheated and heat transfer in the accumulator is

assumed to be negligible.

7.2 REVERSING VALVE HEAT TRANSFER AND PRESSURE DROP
7.2.1 Heating Mode

Table 7-2 summarizes the results of the verification runs for
the high capacity heating mode at an outdoor ambient temperature of
47°F. The first column shows the test data. The second column shows
the results for no reversing valve, but with connecting line losses
included. The connecting line diameters and lengths used are shown in
Table 7-3 and represent the actual line diameters and lengths present
during the tests with equivalent lengths for bends added. The next

three columns show the results for the three Ranco reversing valve
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Table 7-2. Test 183 High Capacity Heating 0 47 Deg F

Test
Comprassor
Mass Flow, lbm/hr 532.2
Power Input, Watts 3585
Heat Loss, Btu/hr 2032
Inlet Pressure, psia 66.8
Inlet Temperature, deg F 28.4
Inlet Superheat, deg F 2.6
Inlet Enthalpy, Btu/!Ibm 167.1
Exit Pressure, psia 239.8
Exit Temperaturs, deg F 179.9
Exit Superheat, deg F 61.3
Exit Enthalpy, Btu/ibm 125.8
Lines & Raversing Valve
Pressure drop, psi 8.49
Heat Transfer, Btu/hr 651.2
Condenser
Inlet Pressure, psia 233.3
Inlet Temperature, deg F 163.8
Inlet Superheat, deg F 58.3
Inlet Enthalpy, Btu/lIbm 124.6
Exit Pressure, psia 231.6
Exit Temperature, deg F 93.9
Exit Subcooling, deg F 13.1
Exit Enthalpy, Btu/lbm 37.4
Lines & Accumulator
Pressure Drop, psi ?
Heat Transfer, Btu/hr 6212
Expansion Valve
Inlet Pressure, psia ?
Iniet Temperature, deg F 50.3
Inlat Subcooling, deg F ?
Iniet Enthalpy, Btu/lbm 24.4
Evaporator
Inlet Pressure, psia 77.6
Inlet Temperature, deg F 35.0
Iniet Quality 2.050
Inlet Enthalpy, Btu/lbm 24.4
Exit Pressure, psia 74.0
Exit Tempsrature, deg F 33.4
Exit Quality 7.852
Exit Enthalpy, Btu/lbm 94.8
lL.ines, Reversing Valve
& Accumulator
Pressure Drop, psi 7.23
Heat Transfer, Btu/hr 8652
Heating Capacity, Btu/hrx 46408
Coafficient of Performancesx 3.81

Lines
Only

566.0
3675
2074
69.
3.

a.
1a7.

242.

176.
59,

125.

DWW N

2.96
2.9

239.
189.
18
125.
238.
95.
13,
38.

RO W

2.11
7158

234.5
52.86
65.8
25.1

74.2
33.8
o.063
25.1
71.7
31.8
2.854
94.5

7.88
7188

48706
3.99

Ranceo
#25

§54.3
3559
2065
69.
3.

a.

197.

241.

189.
69.

125.

DOV ONE=NEW

3.10
560.4

239.
164.
56.
124,
236.
95.
13.
37.

W= DTN WO A

2.1¢
7353

231.9
56.8
57.3
24.6

74.2
33.6
0,056
24.6
71.8
31.7
2.838
93.2

2.44
7856

48058
3.96

Rance
#26

638.1
3516
2048
67.
28.

a.

107.

241.

172.

ROV ROD O

126.

235,
179.

82.
125.
233.

13.
37.

D NOOWNn®

1.93
6923

231.9
£2.8
56.86
24.5

74.4
33.7
9.056
24.5
72.1
32.9
2.849
94.1

5.9
6949

488156
3.92

* Mot corrscted for blower work and compressor losses
*»x Does not include fan, blower and control power
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Ranco
#30

549.8
3547
2858
€8.
30.

0.

187.

241,

170.

B =AW DA O

125.

3.39
463.2

237.
165.
66,
124.
235.
95.
13.
37.

W - 0w hA W

2.97
7048

233.9
52.1
5.7
25.8

74.3
33.86
3.961
25.0
71.9
31.8
©.845
93.7

2.97
7476

47818
3.98

Empri-
cal

539.6
3465
2011

28.
107.

234,
168.

AR ENOOO

125.

o
w

1107.

234,
188,

123.
232.
94.
13.
37.

AN ENKHN

1.20
6920

231.4
50.9
56.0
24.8

74.8
34.0
@.9058
24.6
72.8
32.3
9.829
82.4

5.01
8g2e7

46352
3.92



Table 7-3. Equivalent Lengths and Internal Diameters
of Connecting Tubing - Advanced Electric Heat Pump
in Test Configuration

Location Internal Equivalent
Diameter Length
inches feet
Liquid line from indoor 0.430 40.0
to outdoor heat exchanger
From indoor coil to reversing 0.680 3.0
valve
From outdoor coil to reversing 0.805 25.0
valve
From reversing valve to 0.680 7.0

compressor inlet

From reversing valve to ‘ 0.430 10.0
compressor outlet
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models included in the VALVER subroutine plus the connecting line losses.
The last column presents the results for the empirical mode!l with the
connecting !ine lengths set to zero since the empirical mode! includes
line losses. Note that the capacity and COP shown are based on
refrigerant side calorimetry and do not include the effects of fan power,
compressor losses {oil cooler), controls, etc. Note also that the heat
transfer for thes lines between the compressor and the condenser and in
the high pressure side of the reversing valve (row 13 in Table 7-2)
includes heat transfer to the ambient air and is therefore greater than
the difference between the heat transfer between the evaporator discharge
and the compressor inlet (row 23) and the heat transfer in the high
pressure side of the accumulator (row 37).

Obviously including reversing valve heat transfer and pressure
drop significantly improves agreement between predictedrand measured
performance. The $#25 and #30 valves are of similar construction but
different ratings, 9.0 tons and 5.5 tons, respectively. Consequently the
refrigerant pressure drop is lower with the #25 valve, but the heat
transfer rate is higher due to the larger slide surface area. The §26
valve has a nomina! rating of 2.0 tons and significantly higher refrig-
erant pressure drop than the #25 and $30 valves, but a heat transfer rate
more than an order of magnitude lower due to a sma!ler s!ide surface area
and the use of a plastic (Deirin) slide in place of the metal slides used
in the other two valves.

Hote that the capacity and COP are lower with the $26 valve than
with the $25 and §30 valves. This supports our hypothesis that reversing
valve pressure drop has a greater impact on capacity and energy
efficiency than internal heat transfer. Note also that the empirical
mode!, which does not include an allowance for pressure drop between the
compressor exit and the condenser inlet, is similar in capacity and COP
to the §28 valve, which has the largest compressor discharge side
pressure drop, supporting the assertion that pressure drop on the
compressor suction side penalizes performance far more than pressure drop
on the compressor discharge side. Valve §26 gives the best match between

2

predicbed capacity and C0P of the analytical models. The empirical model
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more closely matches capacity than the #26 valve, but does not match the
COP as accurately.

Table 7-4 summarizes the results for the high capacity heating
mode at an ambient temperature of 35°F. The $30 valve case most closely
matches the measured capacity, but the $26 valve case more closely
predicts the measured COP. In most respects the §30 valve case most
closely matches the measured parameters.

The results for the 17°F high capacity heating runs are shown in
Table 7-5. The predicted capacities and COPs are higher than the mea-
sured values for all of the cases considered. This is primarily the
result of the inaccuracy of the compressor map curve fit near or below
the lowest compressor suction saturation temperature used in the curve
fit. Note that while the #30 valve case quite accurately mirrors the
measured compressor suction and discharge pressures, the predicted
refrigerant mass flow rate exceeds the measured value by 12.5%. The ORNL
code uses a compressor map curve fit of the form:

Mr = BchTc + B2Tc + B3TeTe + B4Te + BSTCTe + B8 (6)

Our own experience has shown that a fit of the form:

Mr = CO + CIT_ »+ C2TeTe )
where:

Co = C00 + COITC + COQTCTC (8)

€1 = €10 + C1IT_ + C12T T_ (9)

C2 = C20 «+ C21Tc + C22TcTc (10)

gives a superior match to the map data for the wide range of operating
conditions encountered in heat pumps.

For O°F high capacity heating, the compressor map curve fit gave
a poor match to the measured refrigerant mass flow rate and power con-
sumption. Therefore the program was run with a fixed refrigerant mass

flow rate and compressor power input to evaluate the performance of the
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Table 7-4. Test 199B High Capacity Heating O 35 Deg F

Test
Compressor
Mass Flow, Ib/hr 447.7
Power Input, Watts 3197
Heat Loss, Btu/hr 2225
Inlet Pressure, psia §7.5
Inlet Temperature, deg F 19.8
Inlet Superheat, deg F 2.0
Inlet Enthalpy, Btu/lbm 196.3
Exit Pressure, psia 218.0
Exit Temperature, deg F 168.9
Exit Superheat, deg F 64.3
Exit Enthalpy, Btu/lbm 125.8
Lines & Revarsing Valve
Pressure Drop, psi 6.49
Heat Transfer, Btu/hr 654.8
Condanser
Inlet Pressure, psia 212.8
Inlet Temperature, deg F 158.8
Inlet Superheat, deg F 57.9
Inlet Enthalpy, Btu/lbm 124.4
Exit Pressure, psia 210.4
Exit Temperature, deg F 95.1
Exit Subcooling, deg F 4.8
Exit Enthalpy, Btu/lbm 37.7
Lines & Accumulator
Pressure Drop, psi ?
Heat Transfer, Btu/hr 8926
Expansion Valve
Inlet Pressure, psia ?
Inlet Temperature, deg F 43.0
Inlet Subcooling, deg F ?
Inlet Enthalpy, Btu/ibm 22.3
Evaporator
Inlet Pressure, psia 66.9
Inlet Temperature, deg F 25.5
Inlet Quality 0.0565
Inlet Enthalpy, Btu/Ibm 22.3
Exit Pressure, psia 83.8
Exit Temperature, deg F 25.3
Exit Quality 2.827
Exit Enthalpy, Btu/libm 91.3
lLines, Revarsing Valve
& Accumulator
Pressurs Drop, psi 8.31
Heat Transfer, Btu/hr 6738
Capacity, Btu/hrs 38816

Coefficient of Performancexx 3.56

Lines

Only

453,

5

3166
2161

68.

3

28.5

2.
1886.
218,
185,

82.
126.

MNP LD

2.26

218,
184.

125,
214,
98.

38.

NSO TSSO

1.26
6810

213.
45.
55,
23.

83,
24,

2
7
2
2

1
7

2.267

23.
61.

2
2

23.0
2.831
91.4

2.84
6810

39591
3.68

Ranco
#25

453.9
3141
2144
58.
28.

a.

126.

217.

164.
62.

125.

WA LE2QEN

2.37
614.6

214.
158.

124.
213.
96.

RO ND O WD

38.

1.28
6754

211.¢
45.8
4.9
23.1

83.3
24.8
@.968
23.1
61.3
23.2
2.820
96.5

3.11
7206

39249
3.64

Ranco
#26

433.6
3113
2125
66.
20.

a.

126,

217.

186.
€4,

125.

OO WWw 8N

4.58
43.8

212.
185.

125,
211.
95.

WU AW U

37.

1.18
6677

219.2
43.2
66.8
22.8

63.3
24.9
¢.059
22.%5
61.6
23.4
9.824
99.8

5.21
8695

38113
3.69

% Not corrected for blower work and compressor losses

#x Does nobt includs fan, blower and control power
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Ranco
#30

448.3
3137
2141
57.
29.

2.

196.

2186.

184,
82,

125,

NOO~NLION

2.68
448.7

214.
159.
58.
124.
212,
98.
4.
38.

QOOW~NN WO+

1.28
7301

211.4
40.5
59.8
21.7

83.1
24.7
J.951
21.7
61.3
23.1
3.806
89.2

3.53
7701

38778
3.62

Empri-
cal

442.8
3077
2199
58.
19.

a.

196,

211.

162.
82,

125.

WOOOWHN A

&
0 &

1142,

211.
156.
49,
122.
219,
95.

NONONO

37.

2.69
7188

209.4
49.0
£9.8
21.8

683.5
26.9
0.948
21.5
61.7
23.5
0.787
87.58

4.88
8309

37638
3.58



Table 7-5. Test 198 High Capacity Heating @ 17 Deg F

Test
Compressor
Mass Flow, Ib/hr 281.7
Power Input, Watts 2695
Heat Loss, Btu/hr 268¢
Inlet Pressure; psia 43.2
Inlet Temperature, deg F 8.5
Inlet Superheat, deg F 3.1
Inlet Enthalpy, Btu/ibm 185.5
Exit Pressure, psia 194.2
Exit Temperature, deg F 176.6
Exit Superheat, deg F 82.4
Exit Enthalpy, Btu/Ibm 128.6
Lines & Reversing Valve
Pressure Drop, psi 3.68
Heat Transfer, Btu/hr 591.8
Condenser
Inlet Pressure, psia 190.6
Inlet Temperature, deg F  165.3
Inlet Superheat, deg F 72.8
Inlet Enthalpy, Btu/lbm 126.5
Exit Pressure, psia 188.8
Exit Temperature, deg F 85.2
Exit Subcooling, deg F 8.9
Exit Enthalpy, Btu/lbm 34.7
Lines & Accumulator
Pressure Drop, psi ?
Heat Transfer, Btu/hr 4671
Expansion Valve
Inlet Pressure, psia ?
Inlet Temperature, deg F 27.4
Inlet Subcooling, deg F ?
Inlet Enthalpy, Btu/lbm 17.8
Evaporator
Inlet Pressure, psia 5.14
Inlet Temperature, deg F 14.9
Inlet Quality @.053
Inlet Enthalpy, Btu/libm 17.8
Exit Pressure, psia 49.4
Exit Temperature, deg F 12.0
Exit Quality ¢.817
Exit Enthalpy, Btu/lbm 88.8
Lines, Reversing Valve
& Accumulator
Pressure Drop, psi 6.20
Heat Transfer, Btu/hr 4704
Capacity, Btu/hrx 25860

Coefficient of Performancexx 2.78

Lines
Only

319.9
2695
2088
44.3

8.8
3.

1@5.

198.

163.
88,

126.

L= Bw B £ VS I B

194.
163.

128.
193.
86.

NEONE NN &

35.

2.82
5182

192.3
31.7
8l.8
19.2

& S
@ - F &
DOND2ORR®
s e » o« M= a
NN NONDNW

1.37
6102

28969
3.1%

Ranco
#25

318.9
2791
2673
43.

8.
3.

186.

194.

163.
69.

126.

[N =OMN

1.45
463.2

193.
156,
82.
124
192,
86.

HFROONGNOS

36.

.82
5074

191.4
31.8
61.3
19.2

(]
>

N « e e
AODBENOOD

©
@ . PR
DUNNOZOD

1.56
5463

28542
3.1

Ranco
#26

308.9
2669
2641
42,

7.
3.

195,

194,

185,
71.

1286.

BB OOAE RN

192.
164.

126.
191.

D DWW WY W

35.

5162

199.5
28.2
64.6
18.2

B
wmumwawa

®
NEOWN DO O

LY
@ - P
f I

3.99
65183

28008
3.97

* Not correctsd for blower work and compressor losses

»x Does not inciude fan, blower and control power

Ranco
#390

316.8
2683
28586
43.

8.
3.

195.

194.

163.
69.

126,

QNN ON

421.9

192.
158,

124.
191.
88.

H;OA!O\IQA(D

36.

©.80
58t

181.1
31.1
61.9

o 2]
@ - P >
WONNWH OO
s pbe e e D s
W RO S

1.87
5459

28393
3.1¢

Empri-
cal

391.9
2809
2583
41.

8.
3.

105,

188.

183.
71.

126.

wWh NN WD

[
[l

1289.

188,
141.

122.
187.
84,

O 00D DD

34.

.45
5121

187.3
26.9
65.8
17.8

=
ES
A s e M e
QINDOE SO

)
® - PN
PNOONSO I

4.68
8411

26303
2.95



remainder of the mode!. The results are shown in Table 7-6. The $#25 and
$#30 valves give the best match with the measured performance. Since the
refrigerant mass filow rates are low, the refrigerant pressure drops are
relatively low for all of the valve models. As a result heat transfer
becomes more important than at higher mass flow rates and the low heat
transfer rate of the $#26 valve results in superior system performance.
All of the Ranco valve models give pressure drops lower than the measured
values. HNote also that the empirical model, which greatly overestimates
the internal valve heat transfer, underestimates capacity and COP by a
significant margin, supporting the conclusion that heat transfer is more
significant at low ambient temperatures.

The results for the low capacity heating runs at 47°F are presented
in Table 7-7. A!l three Ranco valve models match the measured capacity
fairly accurately, with the #25 valve giving the best match on capacity
and refrigerant mass flow rate and the 26 valve more closely matching
the measured COP. Due to the low refrigerant mass flow rates compared to
high capacity operation, the refrigerant pressure drops are moderate with
all three valves. The $#26 valve gives lower capacity and COP than the
#25 and §30 valves, indicating that refrigerant pressure drop is more
significant than internal heat transfer in this operating regime. The
empirical mode!, which gives the highest heat transfer and pressure drop,
underestimates the capacity and COP by the widest margin. This is
~primarily due to the fact that the reversing valve used in the breadboard
unit was undersized relative to the compressor capacity and had excessive
refrigerant pressure drop.

Low capacity heating results at 35°F outdoor ambient temperature
are shown in Table 7-8. Capacity and COP are underestimated for all of
the cases considered. MNote that while the #25, $#26 and $30 valves all
predict compressor suction and discharge pressures with reasonable
accuracy, the measured refrigerant fiow rate is 9 to 12% higher than the
predicted flow rate and measured compressor power input is about 4%
higher than predicted values. This is the result of the inaccuracy of
the six coefficient map curve fit near the lower limit of the suction

piressure inpuh Jdata The more complex nine coefficient model described
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Table 7-8., Test 11& High Capacity Heating @ 8 Deg F
Fixed Refrigerant Flow

Test
Compressor
Mass Flow, lbm/he 157.8
Power Input, Watts 2284
Heat Loss, Btu/hr 3761
Inlet Pressure, psia 33.5
Inlet Temperature, deg F -3.6
Inlet Superheat, deg F 3.1
Inlet Enthalpy, Btu/libm 124.1
Exit Pressure, psia 174.9
Exit Temperature, deg F 18@.5
Exit Supsrheat, deg F 83,7
Exit Enthalpy, Btu/ibm 13%.90
Lines & Reversing Yalve
Pressure drop, psi 2.73
Heat Transfer, Btu/hr 622.8
Condenser
Inlet Pressure, psia 172.1
Inlet Temperature, deg F 162.8
Inlet Superheat, deg F 77.1
Inlet Enthalpy, Btu/lbm 126.7
Exit Pressure, psia 170.2
Exit Temperature, deg F 81.8
Exit Subcooling, deg F 3.9
Exit Enthalpy, Btu/!bm 33.4
Lines & Accumulator
Pressure Drop, psi ?
Heat Transfer, Btu/hr 3036
Expansion Valve
Inlet Pressure, psia ?
Inlet Temperature, deg F 14.2
Inlet Subcooling, deg F ?
Inlet Enthalpy, Btu/lbm 14,2
Evaporator
Inlet Pressure, psia 35.9
Inlet Temperature, deg F ~-3.5
Inlet Quality @.050
Inlet Enthalpy, Btu/!bm 14.2
Exit Pressure, psia 34.8
Exit Temperature, deg F ~5.7
Exit Quality 2.784
Exit Enthalpy, Btu/ibm 83.4
Lines, Reversing Valve
& Accumulator
Pressure Drop, psi 8.05
Heat Transfer, Btu/he 3299
Heating Capacity, Btu/hr= 14729
Coefficient of Performancexx 1.89

* Not corrected for blower work and compressor losses

Lines

Only

157.

8

2284
3820

33.

7

-3.3

3.
194.
167.
178.

92.
129.

187.
176.

129.
166.
79.

33.

Q.GIQ(OO‘l\l-hN

NN W

2941

188,
14,
89.
14,

34,
.9

-4

7
4
1
4

8

0.065

14.
34,
-5,

2
3
6

G.808

88.

7

0.60
2941

18229
1.95

Ranco
#25

157.8
2284
3829
33.
-3.

3.

124,

167.

178,

N & W~

128.

-
o3
&
QORNWN © W

2935

186.5
14.5
68.9
14.4

34.9
-4.8
2.065
14.4
34.4
-5.5
3.791
84.1

@.68
3191

14882
1.91

*x Does not include fan, blower and control power

Ranco
#26

167.8
2284
3820
33.
~-3.

3.

104,

168,

178.
g2.

129.

SN RO W

g.98
62.3

187.
174,
9d.
129.
166.
79,

VD OE WS

33.

2932

188.7
14.8
88.9
14.4

356.0
~4.6
9.056
14.4
34.8
~5.2
7.896
85.5

1.30

- 2958

16187
1.94

Ranco
#3@

157.8
2284
3820
33.
-3.

-~f

P
o]
[+

DO ONWT =D

2940

166.5
14.4
69.0
14 .4

34.9
-4.8
©0.05%
14.4
34.4
-6.4
g.790
84.0

9.79
3208

148990
1.981

Empri-
cal

157.8
2284
3820
39.
7.5

©

1e3,
184,
173.

O ND W=

129.

1498,

164,
124,

118,
184,
79.

N BB O AN

3az.

[
= -
O v
(=3 o

-~
W oA
00w

35.4
-4.2
2.048
13.1
35.90
-4.7
0.692
74.8

4.2¢
4588

13713
1.78



Table 7-7. Test 1087 Low Capacity Heating @ 47 Deg F

Test Lines Ranco Ranco Rance Empri-
Only #25 #26 #30 cal

Compressor
Mass Flow, Ib/hr 36@.1 344.1 345.2 335.5 343.8 332.9
Power Input, Watts 1934 1917 1914 1892 1897 1873
Heat Loss, Btu/hr 837 851 847 849 846 831
Inlet Pressure, psia 78.6 78.8 78.5 77.%5 78.4 78.9
Inlet Temperature, deg F 38.2 38.2 38.2 37.5 38.1 36.4
Inlet Superheat, deg F 1.6 1.8 1.6 1.5 1.5 1.5
Inlet Enthalpy, Btu/lbm 198.1 1¢8.1 198.1 1¢8.1 108.1 108.9
Exit Pressure, psia 219.1 215.9 215.1 215.5 216.1 209.2
Exit Temperature, deg F 151.8 164.7 160.¢ 161.4 160.2 159.7
Exit Superheat, deg F 51.8 58.9 68.5 69.7 58.7 60.2
Exit Enthalpy, Btu/lIbm 123.8 124.7 124.6 124.8 124.6 124.7
Lines & Raversing Valve
Pressure Drop, psi 4,14 1.34 1.42 2.81 1.556 3.0
Heat Transfer, Btu/hr 428.8 9.9 366.3 37.6 332.5 981.9
Condenser
Inlet Pressure, psia 205.9 214.8 213.7 212.7 213.5 209.2
Intet Tempsrature, deg F 144.7 160.5 164.5 188.3 155.1 145.1
Inlet Superheat, deg F 46.4 b59.1 53.B b9.6 54.1 45.8
Inlet Enthalpy, Btu/lbm 121.8 124.7 123.5 124.8 123.8 121.8
Exit Pressure, psia 204.2 213.7 212.8 211.9 212.6 208.4
Exit Temperature, deg F 95.8 99.1 98.7 98.4 98.7 97.3
Exit Subcooling, deg F 2.9 2.8 2.9 2.1 2.8 2.8
Exit Enthalpy, Btu/lIbm 37.9 39.¢ 38.92 38.8 38.9 38.4
Lines & Accumulator
Pressure Drop, psi ? ©.76 ©.768 ©.72° ©.75 0.37
Heat Transfer, Btufhr 3763 4423 4373 4175 4387 4399
Expansion Valve
Inlet Pressure, psia ? 212.9 212.,1 211.2 211.9 2¢8.¢
Inlet Temperature, deg F £¢.9 56.1 58.3 66.7 56.0 62.e
Inlet Subcooling, deg F ? 44.7 44,2 43.5 44,5 48.3
Iniet Enthalpy, Btu/lbm 27.2 28.1 28.2 26.3 28.1 25.2
Evaporator
Inlet Pressure, psia 83.84 80.2 82.3 89.3 80.4 81.0
Inlat Tempsrature, deg F 39.8 37.9 38.0 38.¢ 38.04 38.5
Inlst Quality 0.974 2.0681 3.061 2.063 0.060 Q.948
Intet Enthalpy, Btu/lbm 27.2 28.1 28.2 26.3 268.1 25.2
Exit Pressure, psia 81.4 79.3 79.4 79.4 79.4 88.2
Exit Temperature, deg F 38.7 37.3 37.3 37.4 37.4 37.9
Exit Quality 0.877 ©.855% 0.847 Q.868 @.846 ©.814
Exit Enthalpy, Btu/lbm 97.5 95.3 94.6 95.8 94.5 91.8
l.ines, Reversing Valve
& Accumulator
Pressure Drop, psi 2.79 @.74 ©.88 1.95 1.9 4.21
Heat Transfer, Btu/hr 37286 4423 4688 4192 4879 6372
Capacity, Btu/hrx 29468 29849 29213 28835 29143 27679

Coefficient of Performancexx 4,45 4,51 4.48 4.47 4.48 4,33

* Not corrected for blower work and compressor losses
«* Doogs not include fan, blower and control power
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Table 7-8. Test 109A Low Capacity Heating @ 35 Deg F

Compressor
Mass Flow, Ib/hr
Power Input, Watis
Heat Loss, Btu/hr
Inlet Pressure, psia
Inlet Temperature, deg F
Inlet Superheat, deg F
Inlet Enthalpy, Btu/!bm
Exit Pressure, psia
Exit Temperature, deg F
Exit Superheat, deg F
Exit Enthalpy, Btu/ibm

Lines & Reversing Valve
Pressurs Drop, psi
Heat Transfer, Btu/hr

Condenser
Inilet Pressure, psis
Inlet Temperature, deg F
Inlet Superheat, deg F
Inlet Enthalpy, Btu/lbm
Exit Pressure, psia
Exit Temperature, deg F
Exit Subcooling, deg F
Exit Enthalpy, Btu/ibm

Lines & Accumulator
Pressure Drop, psi
Heat Transfer, Btu/hr

Expansion Valve
Iniet Pressure, psia
Inlet Temperature, deg F
Inlet Subcooling, deg F
Inlet Enthalpy, Btu/lbm

Evaporator
Inlet Pressure, psia
Inlet Temperature, deg F
Inlet Quality
Inlet Enthalpy, Btu/libm
Exit Pressure, psia
Exit Temperature, deg F
Exit Quality
Exit Enthalpy, Btu/lbm

Lines, Reversing Valve
& Accumulator
Pressure Drop, psi
Heat Transfer, Btu/hr

Capacity, Btu/hr=

Coefficient of Performancexx

Test

285.2
1766
2158
65,
29.

2.

167.

195.

153.
58.

124,

QO &EDQ2NNW

2.96
499.8

192.
144,
64.
122.
191.
88.

@O N NWSRQO

35.

?
3697

?
44.3
e

22.8

89.4
29.8
2.049
22.8
88.3
29.9
@.854
94.2

2.98
3766

24699
4.19

Lines
Only

268.8
1891
2164
86.
29.

2.

197.

196,

14¢.
45.

121.

ANWOAENNON

o.83
9.0

194.
143.
45,
121
194.
89.

WO WHF & 0=~

35.

¢.46
323¢

193.6
46.8
47.1
23.%

88.4
27.5
0.082
23.5
5.8
28.9
9.865
94.9

2.54
3239

22108
3.83

Ranco
#25

2569.8
1782
2178
85.
29.

2.

197.

194.

14@.
46.

l21.

LS BOBNEN

0.88
302.9

194,
134,
49.
129.
193.
89.

DWW NN W -

35.

2.46
3178

193.2
47.6
46.3
23.8

8.6
27.8
0.064
23.6
85.9
27.9
@.857
94.2

2.64
3429

21994
3.77

Ranco
#26

2§3.9
1892
2183
84.
28.

2.

197.

198.

141.
48,

121.

D WH NN

1.77
35.9

193.
149,

121.
192.
88,

WD WD W

35.

@.45
3257

192.7
45.2
48.4
23.9

66.7
27.7
0.058
23.90
88.1
27.2
0.860
94.5

1.42
3273

21737
3.77

% Not corrected for blower work and compressor losses

=x Does not include fan, blower and control power

Ranco
$#39

268.8
1699
2163
65,
29.

2.

197.

194,

140,
45,

121.

BN O DN

2.96
283.4

193,
134.

121,
193.
88.

0 WW W o0

35.

2.48
3172

192.9
47.3
48.4
23.8

8.8
27.8
9.063
23.8
5.9
27.0
0.858
94.2

2.79
3426

21838
3.79

Empri-
cal

245.8
1681
2126
82.7
27.1

2.

197.

189.

144,
48.

121.

NRANNN

998,

189.

122.

118,
189,

WO LHBRNNON

35.

2.22
3392

188.9
41.4
5¢.8
21.9

67.3
28.2
0.943
21.9
86.7
27.7
2.809
9%.1

4.04
4208

20288
3.58



previously also does not fit the low capacity compressor map data as
accurately as it fits the high capacity data, particularly at the lower
end of the suction pressure range. This may be due to the effects of the
relatively large clearance volume of the dua! stroke compressor in the
short stroke mode on volumebtric efficiency, particularly at moderate to
high pressure ratios. At low suction pressures the mass flow rate curves
are close together and the power consumption curves cross over, making
accurate curve fitting quite difficult. One approach to improving the
match between measured and predicted compressor performance would be to
split the compressor map into two or more regions and apply separate

curve fits to each region.

7.2.2 Cooling Mode

The measured and predicted results for high capacity cooling at
an outdoor ambient temperature of 95°F are shown in Table 7-9. Clearly
the §26 valve model gives the most accurate estimate of capacity, re-
frigerant mass flow rate and energy efficiency ratio (EER). As in the
mild temperature heating cases, reversing valve pressure drop has a
greater impact on capacity and efficiency than internal heat transfer.
The empirical model, which has the highest compressor suction side pres-
sure drop and the highest internal heat transfer rate, underestimates
capacity by 4.5%, but overestimates EER by about 1%.

Note that the voltage supplied to the electric expansion valve
was controlled manvally during these tests. While we attempted to main-
tain 2 low level of superheat in order to maximize performance, the
temperatures and pressures in the refrigeration loop tended to "hunt®
during the tests and the value of superheat shown in the tables is the
average of several scans of the data over a period of 30 minutes or more.
As a result, the levels of superheat obtained during severa! of the
ceoling tests were very low and it is possible that superheat was not
actually obtained and the refrigerant exiting the evaporator may have
been slightly "wet® in some of the cooling runs.

High capacity cooling results for 82°F outdoor ambient tempera-

ture ara shown in Teh'ls 7-10. The #25 and #30 valves most closely match
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Table 7-9. Test 111 High Capacity Cooling & 85 Dag F

Compressor
Masz Filow, lb/hr
Power Input, Watts
Heat Loss, Btu/hr
Inlet Pressure, psia
Inlet Temperature, deg F
Inlet Superheat, deg
Inlet Enthalpy, Btu/libm
Exit Pressure, psia
Exit Tempzrature, dag F
Exit Superheat, deg F
Exit Enthalpy, Btu/lbm

lline & Reversing Valve
Pressure drop, psi
Heat Transfer, Btu/hr

Condensear
Inlet Pressure, psia
Inlet Temparsture, deg F
Inlet Superhaazt, deg F
Iniet Enthalpy, Btu/ibm
Exit Pressure, psia
Exit Temperature, deg F
Exit Subcooling, deg F
Exit Enthalpy, Bbu/libm

Evaperator
Iniet Pressure, pzis
Inlet Temperaturas, deg F
Inlet Quality
Inlet Enthalpy, Btu/lbm
Exit Pressure, psis
Exit Temperature, deg F
Exit Superhest, deg F
Exit Enthalpy, Btu/lbm

Lines % Reverszing Valve
Pressure Drep, psi
Heat Trznsfer, Btu/hr

Capacity, Btu/hrx
EER, Btu/W~hrxx

Test

736.8
4389
3787
88.7
44 .

1.
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4z.
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3

122.
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43.
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44,
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11.8

Ranco
425

789.9
4328
3988
91.
48,

1.

138.

289,

184.
42,

122.

00 ~1 0= i €O kD ;D

5.83
87¢.%

275.
159.

38,
12%.
272.
114,

{QLKD%‘H‘C‘\’I({J'E]

44,

112.1

3.211

49331
11.4

Ranco
#26

741.6
43292
3981
89.
45.

1.

198.

282.

186.
44,

123.

MW O WS

272.

44,
123.
27@.
114,

QW B = e D
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20 AN A WN N
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&
&
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1% 0
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> e
v
-1

48652
11.1

* Not correctad for blowsr work and cemprassor losses
x4 Does not include fan, blower and control power
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Ranco
$#3¢

764.2
4319
3989
91.
48,

1.

188,

288.

164.
42.

122.

DD NN N

5.52
457 .3

274.
184,

43,
122.
271.
114,

VDL ODONN NSO

44,

112.
57.
2.21

ES
kS
NQNAAE_EG NG

49975
11.4

Empri-
cal

723.¢
4156
3829
88.
43,
1.
198.
2708.
182.
43.
izz2.

0 N TIW MO

933.

27¢.
158,

37.
121.
287.
113.

DO OHW

43.

112.8
57.8
9.288
43.6
98.8
48.3
2.9
187.2



Table 7-19. Test 114 High Capacity Cooling @ 82 Dag F

Test
Compressor
Mass Flow, Ib/hr 758.9
Power Input, Watts 3750
Heat Loss, Btu/hr 3340
Inlet Pressure, psia 89.0
Inlet Temperature, deg F 44.4
Inlet Superheat, deg F 2.5
Inlet Enthalpy, Btu/lbm 108.8
Exit Pressure, psia 233.6
Exit Temperature, deg F 142.1
Exit Superheat, deg F 34.5
Exit Enthalpy, Btu/lbm 120.1
Lines & Reversing Valve
Prassure Drop, psi 39.456
Heat Transfer, Btu/hr 277.4
Condenser
Inlet Pressure, psia 224.2
Inlet Temperature, deg F  133.3
Inlet Superheat, deg F 28.8
Intet Enthalpy, Btu/lbm 118.8
Exit Pressure, psia 221.9
Exit Temperature, deg F 98.3
Exit Subcooling, deg F 6.3
Exit Enthalpy, Btu/lbm 38.7
Evaporator
Inlet Pressure, psia 126.9
Inlet Temperature, deg F 54.8
Infet Quality 2.1556
Inlet Enthalpy, Btu/lIbm 38.7
Exit Pressure, psia 92.3
Exit Tempsraturs, deg F 47.9
Exit Superheat, deg F 1.9
Exit Enthalpy, Btu/lbm 198.7
Lines, Reversing Valve
& Accumulator
Pressure Drop, psi 3.27
Heat Transfer, Btu/hr 277.4
Capacity, Btu/hr= §3102

Coafficient of Performancexx 14.18

Lines
Only

779.1
3847
3939
89.4
44.7

9.5

108.5

239.8

144.8
35.4

120.4

6.68
2.9

233.
143.

120.
229.
i91.

O’:(DQNAL‘OW

39.

199.9
56.5
g.161
39.6
98.6
46.0@
2.9
198.8

1.21
2.9

63762
13.97

Ranco
#25

778.6
3838
3929
89.
44,

2.

108.

238,

144,
35.

120.

@WaN A D OTN N

5.93
496.5

232.
140.

118.
228.
129,

DLW W N n

39.

129.8

2,161

1.88
459.9

53133
13.85

Ranco
§#26

749.1
3859
3942
87.0
43.0

2.8

128.4

241.9

147.¢
38.7

120.7

12.89
26.2

231.¢
144.8
37.8
120.7
227.6
1900.4
6.3
39.4

109.8

g.159

51718
13.43

* Not corrected for blower work and compressor losses

** Does not include fan, blower and control power
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Ranco
#30

772.8
3837
3939
88.
44,

g.

128.

238

144,
35.

120,

& W oo T w o

6.48
392.56

232,
141.

119.
228,
1ga.

mwwwobmw

39.

110.9
£6.5
9.169
39.5
81.3
45.4
0.0
108.9

2.42
363.9

51971
13.81

Empri-
cal

733.3
3667
3754
84,
41.

2.

108.

228.

142.
36.

120¢.

N wnnod

]
-~ &

770.

228.

137.

119,
226,

HO)QNM:—'H(“

39.

112.9
56.6
9.156
39.1
83.9
47.¢
2.9
197.3

9.23
771.8

49953
13.82



the measured capacity. A!l of the models, except the empirical model,
overestimate the compresser power inpwt by about 100 ¥ leading to an
urderestinmate of the EER. The empirical mode! underestimates capacibty by
about 6% and compressor powser input by 2.2% resulbing in 2 4% under-
estimate of the EER.

Teble 7-11 summarizes the resu!ts for the high capacity cocling
mode at an outdeor ambient of 108°F. All of the mode!s overestimate the
cooling capacity. The $#26 valve gives the bast match between predicted
and measured EER. The predicted refrigerant mess flow rates exceed the
measursd mass flow rate by @ to 16%. Note that for the §26 valve modsl
the predicted compressar suction pressure is within 2 psi of the measured
value ard the predicted compresser discharge pressure is 13.3 psi higher
than the measured value. Therefore we would expect the predicted
refrigerant mass flow rate to be lower thzn the measured mass flow rate

)

and the converse is true. Here agzin we obsarve insccuracies in the map
curve Tit near bthe limits of the range of thes input data. In this case
wz are near or above the upper limit of the range of compressor discharge
pressure daba.

Predicted znd meazured low capacity cooling performances at 76°F
outdoor embienl temperzture are compared in Table 7-12. All of the

iencies are lower Lhan the measured

-}
9]

predicted capacities and esnergy ef
values, with Lhe no reversing valve case giving the best match to the
measured capacity and EER. The $25 and §30 valve models give a good
match to bthe measured refrigerant mass flow rate and give capacities
within 3% ol the measured value. C(oipressor suction pressure is pre-
dicted with good 2ccuracy, bub oredicted compressor discharge pressures
are about 7 psi higher thzn the measured value. Predicted compressor
power consumption is within 1.2% of the mecasured value for these twe
cases. 1he #28 vzlve gives lower capacity and EER than the $25 and #30

oF

valves, showing thab refrigerant pressure drop penalizes performance more
than internal keat transfer in this operating regime.

Table 7-13 compares predictad and measured low capacity cooling
performance at an outdcor ambient tLemperature of 82°F. All of the pre-

dicted capacities and erergy efficiency ratios are 2gain less than the

W
7 o



Table 7-11. Test 117 High Capacity Cocling O 128 Deg F

Test Lines Rance Rancoe Ranco
Only #26 #28 #39

Compressor
Mass Flow, Ib/hr 638.56 737.5 738.9 710.3 733.4
Power Input, Watts 4532 4961 4963 4904 4948
Heat Loss, Btu/hr 4718 8279 5981 5921 5066
Inlet Pressure, psia 89.2 93.4 93.56 99.9 93.0
Inlet Temperature, deg F 59.8 63.3 653.4 51.8 53.1
Inlet Superheat, deg F 8.8 6.8 6.8 6.6 8.6
Inlet Enthalpy, Btu/lbm 169.6 189.9 199.9 109.8 109.9
Exit Pressure, psia 326.1 338.9 338.3 339.4 338.86
Exit Temperature, deg F 189.4 189.2 18%.1 199.8 189.3
Exit Superheat, deg F 56.8 62.3 52.3 53.8 52.5
Exit Enthalpy, Btu/lbm 128.5 126.6 125.9 126.2 126.9
Lines & Reversing Valve
Pressure Drop, psi 9.93 3.99 4.00 7.50 4.40
Heat Transfer, Btu/hr §32.9 .4 629.8 40.4 512.7
Condenser
Iniet Pressure, psia 318.1 335.4 334.8 331.9 334.2
Iniet Temperature, deg F 177.5 188.5 184.7 189.9 185.5
Inlet Superheat, deg F 46.3 B2.8 48.8 b53.9 49.7
Inlet Enthalpy, Btu/lIbm 124.2 1286.8 125.1 126.2 125.3
Exit Pressure, psia 314.3 333.9 333.7 330.9 333.1
Exit Temperature, deg F 113.7 118.86 118.4 117.8 118.3
Exit Subcocling, deg F 7.1 17.1 17.1  17.1 17.1
Exit Enthalpy, Btu/lIbm 43.6 45.3 45.2 45.0 45.1
Evaporator
Inlet Pressure, psias 198.2 123.8 104.1 104.90 104.1
Inlet Temperature, deg F §6.1 62.9 63.2 53.2 53.2
Inlet Quality $.197 9.240 ©.238 9,238 ©.238
Inlet Enthalpy, Btu/lbm 42.6 45.3 45.2 45.8 45,1
Exit Pressure, psia 91.9 94.5 95.4 96.7 96.2
Exit Temperature, deg F 47.9 ©bB3.5 49.6 53.2 50.3
Exit Superheat, deg F 1.3 8.1 1.9 6.1 2.4
Exit Enthalpy, Btu/ibm 198.8 1€9.9 199.1 109.7 109.2
Lines, Reversing Valve
& Accumulator
Pressure Drop, psi 2.7¢ 1.1 1.66 4.80 2.20
Heat Transfer, Btu/hr 510.8 3.8 569.2 24.1 466.2
Capacity, Btu/hrx 42333 47643 47218 45958 47211

Cosfficient of Performancexx 9,34 9.60 9.51 9.37 9.59

* Not corrected for blower work and compressor losses
**x Does not include fan, blower and control power
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Empri-
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693.8
4755
4869
88.
50.
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329.

187.
63.

126.

DWW

1909,

329.
180.

46.
124,
327.
117.

NSO AR ND

44,

108.4
54.90
0.238
44.7
97.7
49.4
0.0
198.1

9.92
1092.9

43987
9.26



Table 7-12. Test 118 Low Capacity Cooling 8 76 Deg F

Tesh
Comprezsor
Mass Flow, lb/hr 845. 9
Power Input, Watis 19¢%
Heat Loss, Btu/hr 2458
Inlet Pressure, psia 91.1
Inlet Temperaturs, deg F 48.56
Inlet Superheat, deg ¥ 1.2
Inlet Enthalpy, Btu/lbm 183.8
Exit Pressure, psia 185.4
Exit Temperature; deg F 114.1
Exit Superhezt, deg F 23.2
Exit Enthalpy, Btu/lbm 116.6
Lines & Rsversing Valve
Pressura Drop, psi 5.88
Heat Transfaer, Btu/hr 72¢.8
Condenser
Inlet Pressure, peiz 172.8
Inlet Temperature, deg F  198.8
Inlet Superhesat, deg F 17.8
Inlet Enthzlpy, Btu/lbm 115.1
Exit Pressure, psia 177.2
Exit Tempsrature, deg F 83.6
Exit Subcoeling, deg F 4.1
Exit Enthalpy, Bfu/lbm 34.2
Evaporator
Inlet Pressure, psia 192.3
Inlet Tomperaturs, deg F 51.8
Inlet Quality g.111
Inlset Enthalpy, Btu/lbm 34.1
Exit Pressurs, psia 91.8
Exit Tempsrature, deg F 48.8
Exit Superheat; deg F 1.1
Exit Eathalpy, Btu/lbm 198.8
Lines, Revarsing Valve
& Accumulator
Pressura Drop, psi .42
Heat Transfer, Biu/hr 2.4
Capacity, Btu/hrx 37787

Coafficient of Performancexx 18,93

Linas
Only

N DD MmAN 0D wW

389468
18.31

Ranco
#28

624.1
2123
3128
91.
48,

1.

128,

192,

114,
21.

118.

W MWDMNDBNDDRD
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o
=TT 0D N

&S =

o
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W e B P DD

P ROR
L0 Wy D O KR A

[
L]

2.7
248,

Ui W

38768
18.21

Ranco
#26

491.8
2928
3193
o,
48,

1.

198.

194,

118.
21.

118.

N0 = WD NN

5.81
15.7

188.
114,
22.
118.
188.
87.

(S e S B+ e e |

as.

19%.9
54.2
@.117
35.3
93.2
A7.3
g.4
198.8

2.48
8.8

38183
17.87

x  Not corrected for blowsr work and compressor losses

*% Does not include fan, blowsr and centrol power

Ranco
$30

581.5
2817
3098
91.
48,

1.

123,

192.

115,
21.

118,

AR DOON NS

3.34
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189,
112,

19,
1158,
187,
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W WD A
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186.7
4.1
g.118
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92.5
48,1
a.8
188.4
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17.
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184.
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4.5
#.114
35.1
95.2
47.8
2.9
197.8

7.99
582.5

34172
17.43



Table 7-13. Test 115 Low Capacity Cooling Q

Test
Compressor
Mass Flow, lb/hr 511.9
Powser Input, Watts 2998
Heat Loss, Btu/hr 2635
Inlet Pressure, psia 93.9
Inlet Temperature, deg F 47.8
Iniet Superheat, deg F 2.8
Inlet Enthalpy, Btu/lbm 198.8
Exit Pressure, psia 208.9
Exit Temperature, deg F 118.9
Exit Superheat, deg F 22.4
Exit Enthalpy, Btu/lbm 1186.7
Lines & Reversing Valve
Pressure Drop, psi 5.83
Heat Transfer, Btu/hr 769.2
Condenser
Inlet Pressure, psia 196.9
Inlet Temperature, deg F  118.4
Inlet Superheat, deg F 15.9
Inlet Enthalpy, Btu/lbm 115.2
Exit Pressure, psia 183.1
Exit Temperature, deg F 381.8
Exit Subcooling, deg F 1.9
Exit Enthalpy, Btu/lbm 38.7
Evaporator
Infet Pressure, psia 108.5
Inlet Temperature, deg F £4.3
Inlet Quality 9.121
Iniet Enthalpy, Btu/ibm 36.7
Exit Pressure, psia 94.7
Exit Temperature, deg F 48.3
Exit Superheat, deg F 2.8
Exit Enthalpy, Btu/lbm 198.8
Lines, Reversing Valve
& Accumulator
Pressure Drop, psi 9.78
Heat Transfer, Btu/hr 21.0
Capacity, Btu/hr= 37383

Coefficient of Performancexs 17.81

Lines
Only

491.2
21086
3234
93.
47.
2.

198.

208.

121.
22.

118.

0w AW

2.568

208.
120.
22.
118.
204 .
96.

QOO0 OW

38.

198.7
b4.7
g.148
38.90
93.8
47.86
2.5
1¢8.8

0.49
9.9

34786
16.562

Ranco
f25

491.9
2187
3235
93.3
47 .4

2.8

1@8.8

208.7

121.6

188.9

@.147
38.0
94.2
47.1

2.9

198.3

@.69
266.1

34589
18.42

Rance
$28

480.7
2194
3232
92.5
47.90

9.8
1¢8.8

219.6

122.6
22.8

117.2

5.15
17.3

205,56
121.2
23.9
117.9
2¢3.8
96.7

197.9
54.9
$.146
37.9
94.8
47.8
2.6
igs.8

2.34
9.8

34051
16.18

* Not corrected for blower work and compressor losses

** Does not include fan, blower and control power
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82 Deg F

Ranco
#30

489.8
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3231
93.
47.

2.
1e8.

208.
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0N, OB/ W
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196.8
54.8
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38.0
94.1
47.2
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1.02
2308.1

34458
18.38

Empri-
cal

481.6
2041
3138
89.1
44.8

g.8
le¢s.8

203.4

124.4
22.9

116.9

107.8
56.3
0.142

97.90
48.9

107.4

7.83
563.9

32178
15.77



measured valuse. The predicted rafrigerant mass flow rates are 4 to 10%
less tharn the measured flow rate. The #25 and #30 valve cases predict
the compressor suction prassurs with gcoed accuracy, bub overestimate the
compressor discharge pressure by 2bout 8 psi.  The $#26 valve gives lowe:
capzcity and EER than the £25 and 430 valves, indicating that refrigerant
pressura drop effacts dominate heat transfer effects for this case.
Predicted and measured low capacity cooling performance at 85°F

outdoor ambient temperazture are presented in Table 7-14. The §25 and 430

e

valves give a reasonable match between measured and predicted capacity
by about 3% and EER by less than 2%.

and FER, overestimating capacit;
The #26 valve gives the hest match Lo the measured capacity (within 2%)

<

and FER {within 0.8%). All of the Ranco valve mode! cases overestimate

the compressor suchion pressure by 3 to 4 psi and the compressor

7.3 SEMSITIVITY ANALYSIS
7.2,1 Refrigesrart Circuitey

In order to evaluate the sensitivity of the mode! to the number
of refrigerant circuits in the heat exchangers, a !imited number of
computer runs were wade using the number of circuits best matching the
measured refrigerant pressure drop in the cooling mode for heating
sarvice and the number of circuits best matching the measured refrigerant
pressure drep in the heating mode for cooling service with the §26
reversing valve wmoda!l.

The high capacity heating results for outdeocr ambient tempera-
tures of 47°F and 17°F are shown in Tables 7-15 and 7-16, respectively.
Surprisingly, the runs made using cecling circuitry in the high capaciby

heating mode more closely match the measured performance than the runs

made using heating circuitry in many respects. The changes in capacity,
refrigerant mass Tlow rate, and energy efficiency ratio are relatively

Table 7-17 compares predicbed and measured low capacity heating
performance at 47°F ocutdoor ambient temperaturs for the §26 reversing
L

valve mode!l with cooling circuitry and heating circuitry. Here again



Table 7-14. Test 113 Low Capacity Cooling @ 95 Deg F

Test
Compressor
Mass Flow, lb/hr 432.0
Power Input, Watts 2229
Heat Loss, Btu/hr 3221
Inlet Pressure, psia 92.6
Inlet Temperature, deg F 47.7
Inlet Superheat, deg F 1.5
Inlet Enthalpy, Btu/lbm 128.9
Exit Pressure, psia 241.1
Exit Temperature, deg F 138.7
Exit Superheat, deg F 28.7
Exit Enthalpy, Btu/libm 119.9
l.ines & Reversing Valve
Pressure Drop, psi 8.24
Heat Transfer, Btu/hr 824.5
Condenser
Intet Pressure, psia 234.9
Inlet Temperature, dag F  128.8
Inlet Superheat, deg F 20.5
Intet Enthalpy, Btu/lbm 117.1
Exit Pressure, psia 233.3
Exit Temperature, deg F 183.9
Exit Subcooiing, deg F 3.7
Exit Enthalpy, Btu/lbm 49.6
Evaporator
Iniet Pressure, psia 105.4
Inlet Temperature, deg F 54.2
Inlet Quality ©.178
Inlet Enthalpy, Btu/ibm 40.4
Exit Pressure, psia 93.4
Exit Temperature, deg F 47.7
Exit Superheat, deg F 1.9
Exit Enthalpy, Btu/lbm 128.8
l.ines, Reversing Valve
& Accumulzator
Pressure Drop, psi 2.78
Heat Transfer, Btu/hr 67.7
Capacity, Btu/hrx 296523

Coefficient of Performancexx 13.2§

l.ines
Only

452.8
2265
3093
96.
49.

1.

129.

245,

141.
30.

119.

L S O0T0 N0

1.93
2.9

243.9
141.1
38.2
119.4
242.7
198.8
3.7
41.4

107.6
56.2
©.188
41.4
96.b6
50.1
1.4
199.1

2.41
9.0

30630
13.62

Ranco
#25

454 .

1

2259
3684

96.
5¢.9
1.5
199.1
.6
2
g
3

245

141,
29.
119.

3

2.04

328.

243.
137.

28.
118.
242.

ANuNrONO®

8

.68

289.

3

30452
13.48

Ranco
#26

443.4
2253
30876
95.
49.

1.

109.

247.

142.

nwassSNnaeEw

119.

243.1
141.2

3g.8
119.4
242.9
196.8

3go12
13.32

* Not corrected for blower work and compressor losses

«+ Does not include fan, blower and control power
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Ranco
#3909
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QO N N
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96.9
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ifable 7-15. Test 193 High Capacity Heating & 47 Deg F
Ranco #2686 Raversing Valve

Test Heating Cooling
Circuitry Circuitry

Compressor

Mass Flow, lbm/hr 532.2 53@.1 5623.8
Power Input, Watts 3668 35615 3484
Heat loss, Btu/hr 2032 204% 2021
Inlst Pressure, psia 66.8 67.1 66.4
Inlet Temperaturas, deg F 28.4 28.8 28.0
Inlet Superhezt, deg F 2.6 2.6 9.6
Inlet Enthalpy, Btu/ibm 107.1 127.2 107 .2
Exit Pressurs, psia 239.8 241.8 239.4
Exit Temparzture, deg F 1792.9 172.¢ 171.6
Exit Superhesat, deg F 61.3 81.9 62.1
Exit Enthalpy, Btu/lbm 126.8 128.2 1268.8
L.ines & Raversing Yalve
Pressura drop, psi 8.48 b.88 5.88
Heat Transfar, Btu/hr 851.2 42,8 41.4
Condenssr
Inlet Pressure, psia 233.3 2356.3 233.8
Inlet Temperature; deg F 183.8 174.5 178.2
Inlet Supsrheat, deg F 56.3 82.3 82.5
Inlet Enthalpy, Btu/lbm 124.8 125.2 125.9
Exit Pressure, psia 231.8 233.9 231.1
Exit Temperature, deg F 93.9 94.7 23.7
Exit Subcooling, deg F 13.1 13.1 13.1
Exit Enthalpy, Btu/lbm 37.4 37.8 37.3
Lines & Accumulator
Pressurs Drop,; psi ? 1.93 1.88
Hezt Transfer, Btu/hr 6912 6923 86855
Expansion Yalvs
Iniet Prossure, psia ? 231.9 229.3
Iniet Temparaturse, deg F 54.3 62.8 59.8
Inlet Subcooling, deg F ? 58.8 55.4
Inlet Enthalpy, Btu/lbm 24.4 24.5 24.8
Evaporator
Inlet Prossure, psia 77.8 74.4 77.¢
Inlet Tempsraturs, deg F 35.2 33.7 35.86
Inlet Quality 0.950 0.958 2.8650
Inlet Enthalpy, Btu/ibm 24.4 24.56 24.68
Exit Pressure; psia 74.9 72.1 71.4
Exit Tempsrature, deg F 33.4 32.9 31.4
Exit Quality g.862 2.849 7.883
Exit Enthalpy, Btu/lbm 94.8 94.1 94.4
Lines, Reversing Valve
& Accumulator
Pressure Drop, psi 7.23 5.95 5.080
Heat Transfer, Stu/hr 8652 8942 £828
Heating Capacity, Btu/hrx 46448 48316 48418
Coefficient of Performancess 3.81 3.99 3.99

* Nobt corrected for blower work snd compressor lossas
=% Doss not include fan, blowsr and control power
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Table 7-18. Test 186 High Capacity Heating @ 17 Deg F
Ranco #28 Reversing VYalve

Test Heating Cooling
Circuitry Circuitry
Compressor
Mass Fiow, Ibm/hr 281.7 386.9 383.5
Power Input, Watts 2895 2669 2839
Heat Loss, Btu/hr 2680 2641 2812
Inlet Pressure, psia 43.2 42.2 41.7
Inlet Temperature, deg F 8.5 7.3 8.7
Inlet Superheat, deg F 3.1 3.1 3.1
Inlet Enthalpy, Btu/lbm 125.6 185.4 105.3
Exit Pressure, psia 194.2 194.8 192.9
Exit Temperature, deg F 178.8 165.8 185.9
Exit Superheat, deg F 82.4 71.3 71.3
Exit Enthalpy, Btu/ibm 128.8 126.4 128.4
Lines & Reversing Valve
Prassure drop, psi 3.80 2.71 2.88
Heat Transfer, Btu/hr £§91.86 52.8 61.9
Condenser
Inlet Pressure, psia 199.8 192.1 190.2
Inlet Temperature, deg F 166.3 164.3 163.6
Inlet Superheat, deg F 72.5 79.9 76.9
Inlet Enthalpy, Btu/ibm 128.5 126.3 126.2
Exit Pressure, psia 188.6 191.3 189.2
Exit Temperature, deg F 85.2 88.3 85.5
Exit Subcooling, deg F 8.9 6.8 6.8
Exit Enthalpy, Btu/libm 34.7 36.9 34.8
Lines & Accumulator
Pressure Drop, psi ? 9.78 2.74
Heat Transfer, Btu/hr 4761 5162 5094
Expansion Yalve
Inlet Pressure, psia 7 190.8 188.4
Intet Temperature, deg F 27.4 28.2 27.5
Iniet Subcooling, deg F ? 84.8 84.5
Iniet Enthalpy, Btu/lbm 17.8 18.2 18.9
Evaporator
Inlet Pressure, psia £1.4 48.5 47.8
Inlet Temperatura, deg F 14.0 9.9 16.4
Infet Quaiity @.953 ©.9568 3.452
Iniet Enthalpy, Btu/libm 17.8 i8.2 18.8
Exit Pressurse, psia 49.4 45.3 44.7
Exit Temperature, deg F 12.0 7.8 7.1
Exit Quality ¢.817 ?.820 9.820
Exit Enthalpy, Btu/lbm 88.8 88.5 88.5
Lines, Reversing Yalve
& Accumulator
Pressure Drop, psi 8.20 3.99 3.08
Hest Transfer, Btu/hr 47904 5183 5115
Heating Capacity, Btufhrx 26864 28008 27758
Coefficient of Parformancexx 2.78 3.97 3.98

* Not corrected for blower work and compressor losses
x% Does not include fan, blower and control power
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Table 7-17. Test 127 low Capacity Heating @ 47 Deg F
Ranco §28 Reversing Valve

Test Heating Cooling
Circuitry Circuitry

Compresser

Mzss Flow, lbm/hr 359.1 335.6 335.8
Powsr Input, Watts 1934 1892 1884
Heat Loss,; Btu/hr 837 849 838
Inlet Pressure, psia 78.6 77.5 77.4
Inlet Temperature, deg F 38.2 37.5 37.4
Inlet Superhest, deg F 1.5 1.5 1.6
Inlst Enthalpy, Btu/libm 1@8.1 128.1 1¢8.1
Exit Pressure, psia 214.1 215.5 214.8
Exit Temperature, deg F 151 .8 181.4 16¢.8
£x1t Superhezt, deg F 61.8 69.7 59.4
Exit Enthalpy, Btu/lbm 123.8 124.8 124.7
l.ines & Reversing Valve
Prassure drop, psi 4.14 2.81 2.82
Hazat Transfer, Btu/hr 428.8 37.8 37.3
Condanssr
Inlet Pressure,; psia 225.9 212.7 211.9
Inlet Temperature, deg F 144.7 162.3 159.7
Inlet Superheat, deg F 468 .4 58.6 59.2
Inlet Enthalpy, Btu/lbm 121.8 124.8 124.8
Exit Pressure, psia 204.2 211.9 218.7
txit Tempsrature, deg F 96.8 9&.4 93.7
Exit Subcooling, deg F 2.0 2.1 2.1
Exit Enthalpy, Btu/lbm 37.9 38.8 38.6
Lines & Accumulator
Pressure Drop, psi ? 3.72 9.72
Heat Transfer, Btu/hr 3763 4176 4388

Expansicn Valve

Inlet Prassure, psia ? 211.2 216.9
Inlet Tempsrature, deg F 8.7 58.7 54.1
Inlet Subcooling, deg F ? 43.56 45.7
Inlet Enthalpy, Btu/ibm 27.2 28.3 25.8
Evaporator
Inlst Prossure, psia 83.¢ 82.23 81.8
Intet Temperature, deg F 39.8 38.9 38.8
Inlet Quality e.074 ?.083 3,251
Inlet Enthalpy, Btu/lbm 27.2 28.3 25.8
Exit Pressure, psis 81.4 79.4 79.3
Exit Temperature, dsg F 38.7 37.4 37.3
Exit Quality ©.877 2.858 @.851
Exit Enthalpy, Btu/lbm 97.8% 95.8 94.9
Linas, Raversing Valve
& Accunulator
Pressurs Drop, psi 2.79 1.85 1.95
tHlaat Transfer, Btu/hr 3728 4192 4494
Heating Capacity, Btu/hrx 29388 28836 28857
Coefficient of Performancesx 4.48 4,47 4.49

# Nobt corracted for blower work and compressor losses
*x Does not include fan, blowar and contro! power



the use of cocling circuitry in the heating mode actually improves the
match between measured and predicted performance in many respects.

High capacity cooling performance with the #26 reversing valve
mode! for both cooling and heating refrigerant circuitry at outdoor
ambient temperatures of 82°F and 95°F are shown in Tables 7-18 and 7-19.
Clearly the use in the cooling mode of refrigerant circuitry matching the
refrigerant pressure drop in the heating mode results in a poorer match
between predicted and measured performance in most respects. However, as
in the heating cases, the changes in capacity, refrigerant mass flow rate
and energy efficiency ratio are relatively smal! (in the 1 to 2% range).

It should be noted that the output of the transducers used to
measure the refrigerant pressure drop in the heat exchangers had a poor
signal-to-noise ratio, resulting in a relatively large standard devia-
tion. This was not the result of inaccuracy of the instruments per se,
but was primarily due to the pressure pulses associated with the recip-
rocating compressor. Since the differential pressure transducer used had
a very high frequency response rate, these pulses were reflected in the
transducer output. Therefore, accurately matching the measured and
predicted refrigerant pressure drops is probably not justified in view of
the limited accuracy of the data. Using the weighted average number of
refrigerant circuits or the number of parallel circuits entering the

condenser and exiting the evaporator should give acceptable results.

7.2.2 Accumulator Haat Exchanger Length

As noted previously, the length of tubing in the accumulator heat
exchanger was debermined empirically and varied over a fairly wide range.
Table 7-20 shows the sensitivity of the model to accumulator heat
exchanger length for high capacity heating at 17°F ambient temperature.
While including the model obviously improves agreement between predicted
and measured performance, the capacity, refrigerant mass flow rate and
coefficient of performance are all rather insensitive to the length of
tubing in the heat exchanger. Increasing the heat exchanger tubing
length from 3C ft to 45 ft increases the amount of subcooling entering

the expsnsion valve from 25.7°F bto 64.86°F and lowers the evaporator inlet
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Table 7-18. Test 111 High Capacity Cooling & 35 Deg

Ranco #28 Reversing Valve

Cooling Circuitry vs Heating Circuitry

Comprassor

Mass Fiow, !b/hr

Power Input, Wattis

Heat Loss, Btu/hr

Inlet Pressure, psisz
Inlet Temperature, deg F
Inlet Superheat, deg F
Inlet Enthalpy, Btu/ibm
Exit Pressure, psisa
Exit Temperaturs, deg F
Exit Superhsat, deg ¥
Exit Enthalpy, Btu/lbm

lLing & Reversing Valve

Pressurs drop; psi
Hezt Transfer, Btu/he

Condanser

Inlet Pressure, psis
Inlet Temperatura, deg F
Inlet Supsrheat, deg F
Infet Enthalpy, Btu/lbm
Exit Pressuro, psia

Exit Temparature, deg F
Exit Subcooling, deg F
Exit Enthalpy, Btu/lbm

Evaporator

Intst Pressure, psis
Inlet Temparature, deg F
Inlet Quality
Inlet Enthalpy, Btu/lbm
Exit Pressura, psia
Exit Temperzture, dag F
Exit Superheat, deg F
Exit Enthsipy, Btu/lbm

Linze & Raversing Valve

Prassurs Drop, psi
Heat Transfer, Btu/hr

Capacity, Btu/hrx
EER, Blu/W-hrsx

*

Test Cooling
Circuitry
736.8 741.8
4389 4324
3767 3981
88.7 89.1
44.8 45.8
1.1 1.1
128.8 198.7
278.9 282.3
163.6 166.5
42.4 44.3
122.7 123.2
9.83 9.41
1298.5 33.4
269.1 272.9
153.7 184 .4
35.3 44.9
124.9 123.1
2686.3 279.1
113.2 114.3
4.4 4.4
43.5 43.8
129.8 111.7
58.4 67.86
a.204 g.289
43.2 43.8
92.8 94.3
47.9 47.2
2.2 6.2
198.7 128.8
3.82 65.14
57.9 14.1
48247 48852
11.4 11.1

Heating
Circuitry

756.8
4379
4035
g,
46.1

1.1

198.7

286.4

2]

128.7
£65.8
8.229
44.3
26.9
48.4

1¢8.7
5.23
14.4

43718
11.1

Mot corrected for blower work and compressor losses
*x Does not include fan, blower and control power
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Table 7-19, Test 115 High Capacity Cooling O 82 Deg F
Ranco #28 Reversing Vaive
Coosling Circuitry vs Heating Circuitry

Test Cooling Heating
Circuitry Circuibry
Comprassor
Mass Flow, Ib/hr §11.9 488.7 480.9
Power Input, Watts 2998 2104 2113
Heat Loss, Btu/hr 2635 3232 3245
Inlet Pressurs, psia 93.9 92.56 92.8
Iniet Temperature, deg F 47.8 47.9 47.1
Inlet Superheat, deg F 3.8 2.8 6.8
Inlet Enthalipy, Bbu/lbm 128.8 198.8 198.8
Exit Pressure, psia 208.9 212.8 212.2
Exit Temperaturs, deg F 118.9 122.8 123.2
Exit Superheat, deg F 22.4 22.8 22.8
Exit Enthalpy, Btu/ibm 118.7 117.8 117.1
Line & Reversing VYalve
Pressure drop, psi 5.83 6.156 6.12
Heat Transfer, Btu/he 759.2 17.3 17.8
Condenser
Inlet Pressure, psia 196.8 205.% 207.8
Inlet Temperature, deg F 119.4 121.2 i21.8
Inlst Superheat, deg F 15.¢9 23.9 23.9
Inlet Enthalpy, Btu/lbm 115.2 117.9 117.9
Exit Pressure, psia 193.1 203.8 206.4
Exit Temperature, deg F 91.8 95.7 ©98.7
Exit Subcooliing, deg F 1.9 1.9 1.9
Exit Enthalpy, Btu/ibm 38.7 87.9 38.2
Evaporator
Inlet Pressure, psia 196.5 167.9 108.2
inlet Temperature, deg F 54.3 64.%9 54.4
Inlet Quality $.121 @.148 9.1581
Inlet Enthaipy, Btu/lbm 38.7 37.9 38.2
Exit Pressure, psis 94.7 94.8 96.1
Exit Temperature, deg F 48.3 47.8 47.8
Exit Superhmat, deg F 3.8 2.9 2.9
Exit Enthalpy, Btu/ibm 198.8 198.8 1¢8.8
lLines & Reversing Valve
Pressurs Drop, psi .78 2.34 2.34
Heat Transfer, Btu/hr 21.@ 9.6 9.1
Capacity, Btufhre 37383 340851 33935
EER, Btu/W-hese 17.81 16.18 16.86

= MNot corrected for blower work or compressor losses
*% Does not include fan, blower snd control power



Tabls 7-22, Test 1@6 High Capacity Heating & 17 Deg F

Ranco #26 Raversing Valvs

Test
Compressor
Mass Flow, Ib/hr 281.7
Power Input, Watts 2895
Meat Loss, Btu/hr 2690
Intet Pressure, psia 43.2
Inlet Temperature, deg ¥ 8.5
Inlet Superhesat, deg F 3.1
Inlet Enthalpy, Btu/ibm 185.8
Exit Pressure, psis 194.2
Exit Temperature, deg F 178.86
Exit Supsrheaat, deg F 82.4
Exit Enthalpy, Btu/lbm 128.8
Lines & Raversing Valve
Prassure Drop, psi 3.69
Heat Transfer, Btu/hr 591.8
Condenser
Inlet Pressure, psia 182.8
Inlet Temperature, deg F 186.3
Inlet Superheat; dsg F 72.5
Inlet Enthalipy, Btu/lbm 128.5
Exit Prassure, psia 188.8
Exit Tempsrature, deg F 85.2
Exit Subcooling, deg F 6.9
Exit Enthalpy, Btu/lbm 34.7
Linss & Accumulator
Pressurs Drop, psi ?
Heat Transfer, Btu/hr 4761
Expansion Yalve
Inlet Pressure, psia ?
Inlst Temperature, deg F 27.4
Inlet Subceoling, deg F ?
Inlet Enthalpy, Btu/lbm 17.8
Evaporator
Inlet Prassurs, psia 61.4
Inlet Tempsrature, deg F 14.9
Inlet Quality 0.963
Inlet Enthalpy, Btu/lbm 17.8
Exit Pressurs, psia 49.4
Exit Temparature, deg F 12.9
Exit Quality 0.8L7
Exit Enthalpy, Btu/lbm 88.8
Lines; Revarsing VYalvs
& Accumulator
Pressure Drop, psi 8.2¢
Heat Transfer, Btu/hr 4704
Capacity, Btu/hrx 26858

Coefficient of Performancesx 2.78

None

31¢.

>
pa

2677
2649

42.
7.
3.

1@5.
185.
165.

4.

128.

gL N

5 .

192.
183.
126.
191.

88,

36.

= =
5 . B s ES
NRONOTNODR

[IU N

[ e

o .

S By e e e .
S e QO aw

6

fiS e I AR N

2.58

21.

1

28272
3.4%

Accumulator Heat
Exchangsr Length - ft

.o

307.1
2878
2843
42.

7.
3.

185,

104,

185.
71.

128.

BN RO S =W

2.71
51.9

192.
184,
76,
128.
191.
§8.

S ON R WD W

35,

193.
58,
38.
28,

Lol S Y = 4]

3.14
2749

28932
3.98

37.¢@

397.1
2879
2643
42,

7.
3.

195.

194.

185,
71.

126.

SN0 s = WwN

2.71
51.

&)

192,
184.
79.
128.
191.
86.

T O N & W W

35.

3965

190.7
42.1
49.8
22,1

3.12
3988

28232
3.2¢

* Not corractad for blower work and compressor losses
=% Does not include fan, blowsr and control powar

45.0

306.9
2669
2641
42.

7.
3.

1905.

194,

165.
71.

128.

BNV I I VA N

192,

126.
191.
86.

VO WL WWwr

35.

5182

199.5
28.2
64.6
18.2



gquality from 14.2% to 5.8%, but the changes in capacity, refrigerant mass
flow rate, compressor suction and discharge conditions, condenser inlet
and exit conditions, and evaporator inlet and exit temperature are quite
small. Therefore, it does not appear to be necessary to accurately
predict the amount of subcooling entering the expansion vaive for the
purposes of these validation comparisons in order to obtain an accurate
prediction of overall system performance, provided that the condenser
exit subcooling and compressor inlet superheat are specified directly.

If one of the expansion device models were being used this would not be

the case.

7.4 REVERSING VALVE LEAKAGE

The effects of internal refrigerant leakage from the high pres-
sure side of the reversing valve to the low pressure side were investi-
gated for heating and cooling modes at both capécity levels. The $#26
reversing valve model was used in all cases. For the heating cases the
program was run with fixed compressor suction superheat. It was assumed
that the refrigerant flow control mechanisms (expansion valve plus
accumulator heat exchanger) would maintain a flooded evaporator in the
heating mode regardiess of the amount of reversing valve leakage. For
the cooling mode both fixed compressor suction superheat and fixed
evaporator exit superheat cases were considered since the unit was

designed to operate with evaporator superheat in the cooling mode.

7.4.1 Heating Mode

Table 7-21 summarizes the results for the high capacity heating
mode at 47°F outdoor ambient temperature for reversing valve leakage
rates equal to O, 1%, 2%, 5%, and 10% of the compressor refrigerant mass
flow rate. Valve manufacturers claim leakage rates in the 1% to 2%
range, and our besbss confirm that for new valves, leakage rates in this
range are btypical. The effects of leakage on system capacity and COP are

surprisingly small. A 2% leak rate reduces capacity by 1.09% and
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Tabla 7-21 Test 143 High Capacity Heating @ 47 Deg F

Ranco #28 Rsversing Valve

Test
Comprassor
Mass Fiow, lbm/hr 532.2
Power Input, Watts 3685
Heat Loss; Btu/hr 2832
Inlet Pressurs; psia 66.8
Inist Temperature, deg F 28.4
Inlet Superheat, deg F 0.6
Inlet Enthalpy, Btu/lbm 127.1
Exit Pressure, psia 232.8
Exit Temperature, deg F 1769
Exit Superhanst, deg F 81.3
Exit Enthalpy, Btu/lbm 125.8
Lines & Reversing Valve
Preszure drop, psi 8.49
Heat Transfar, Btu/hr 851.2
Condenssr
Inlet Pressure, psia 233.3
Inlet Temperature, deg F 163.8
Inlet Suparhest, deg F 68.3
Inlet Enthalpy, Btu/lbm 124.8
Exit Pressure, psia 231.8
Exit Temparaturs, deg F 93.9
Exit Subcooling, dsg F 13.1
Exit Enthalpy, Btu/lbm 37.4
Lines & Accumulator
Pressure Drop, psi ?
Heat Traznsfer, Btu/hr 6912
Expansion Valve
Inlet Pressurs, psia ?
Inlet Temperature, deg F £§49.3
Inlet Subcooling; dasg F ?
Inlet Enthalpy, Btu/lbm 24.4
Evaporator
Inlet Pressure, psia 77.8
Inlet Tempazrature, deg F 35.0
Inlet Quality ¢.05@
Inlet Enthaipy, Btu/lIbm 24.4
Exit Pressure, psia 74.0
Exit Temperaturs, deg F 33.4
Exit Quality ©.852
Exit Enthalpy, Btu/lbm 94.8
Lines, Reversing Valve
& Accumulator
Pressure Drop, psi 7.23
Heat Transfer, Btu/thr 6652
Heating Capacity, Btu/hrs 48428
Coefficiant of Performancers 3.81

No
Leaak

638.1
3515
2040
87.
28.

g.
1a7.

241.

172.
81.

128.

OTNAPNDOO

235.
178.

125.
233.
94.
13.

D~ OO WD

1.93
8923

231.9
6Z.8
56.8
24.5

74.4
33.7
@.956
24.5
72.1
32.9
2.849
94.1

6.05
8940

48815
3.9@

=
DO~ NDDWROTRN

235.
176,

82.
125.
233.

13,
37.

o2 T o N e VI N I

1.93
£837

231,
6G.
66.
24,

oD W, s

74.8
33.8
#.955
24.8
72.3
32.1
7.546
93.9

.03
7518

48571
3.89

2%
Laak

635.2
3414
20389
87.
28.

2.

167.

248,

171.

QNP TNOWD T

125.

-
N
o

T W0 W0 ND D

236.8

8.2
24.5

74.7
33.9
2.065
24.5
72.5
32.3
2.843
93.8

5.62
81ze

48306
3.88

# Not corrected for blower work and conmpreassor lossas
#=* Does not include Tan, blower 2nd control power
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5%
Laak

543.9
3513
2238
63.
29.

a.

147.

238.

169.

DGR W ®a

125.

.11
34582.2

232.
168.

125.
231.
93.

W AN UTO

37.

75.3
34.3
?2.058
24.7
73.1
32.7
3.838
93.%

4.98
10263

45514
3.89

10%
Leak

656.3
3517
2049
69.
33,

197.
235,
165,

N = O®adN0-

125.

8.27
7612.3

229.
165.

125.
228,
92.
13.
37.

SnoaNNOM

6035

226.0
52.1
63.1
25.9

76.9
34.9
©.857
256.9
74.1
33.4
@.822
91.¢

4.92
137¢0

44140
3.68



COP by 1.03%. A 10% leak rate results in a reduction in capacity of
5.71% and a 5.64% decrease in COP. The cases with 1% to 2% leakage match
the measured performance more accurately than the zero leakage example,
supporting our own test data and the claim by the valve manufacturers
that a leakage rate in this range is typical. The refrigerant mass flow
rate shown is the flow rate through the compressor. The flow rate
through the heat exchangers and expansion valve is equal to the
compressor mass flow rate minus the leakage flow.

Table 7-22 presents the results for the high capacity heating
mode at an outdoor ambient temperature of 17°F. The results are quite
similar to the 47°F cases. A 2% leak rate reduces capacity by 1.35% and
COP by 1.24%. The effects seem to be slightly greater than at 47°F.

Low capacity heating results at 47°F are shown in Table 7-23.

The reduction in capacity due to reversing valve refrigerant leakage is
quite similar to the high capacity results at the same ambient tempera-
ture. The impact on COP is slightly larger than for the high capacity
cases.

The reversing valve leakage rate tests performed by Westinghouse6
indicated that for the reversing valve used in the preprototybe heat pump
the leakage mass flow rate varies as approximately the 0.8 power of the
absolute pressure ratio across the valve. Therefore reversing valve
leakage will represent a larger fraction of the refrigerant mass flow
rate at high pressure ratios due to a higher leak rate combined with a
decrease in the refrigerant mass flow delivered by the compressor. If we
assume that in the high capacity heating mode at 47°F the reversing valve
leakage is equal to 2% of the compressor mass flow rate, and that the
leak rate varies as the 0.8 power of the absolute pressure ratio, the
relationship between the reversing valve leakage and ambient temperature
shown in Table 7-24 is obtained.

7.4.2 Cocling Mode

The effects of reversing valve leakage on high capacity cooling

performance at an outdoor ambient temperature of 95°F with fixed
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Table 7-22. Test 108 High Capacity Hesting & 17 Deg F
Ranco #28 Reversing Valve

Comprassor
Mass Flow, Ib/hr
Power Input, Watts
Heat Loss, Btu/hr
Inlet Pressure, psia
Inltet Temperature, deg F
Inlet Superhzat, deg F
Inlet Enthalpy, Btu/lbm
Exit Pressure, psia
Exit Temperature, deg F
Exit Superhsat, deg F
Exit Enthalpy, Btu/ibm

Lines & Reversing Valve
Pressure Drop, psi
Heat Transfer, Btu/hr

Condenser

Inlet Pressure, psia
Inlet Temperature, deg F
Inlet Superheat, deg F
Intet Enthalpy, Btu/ibm
Exit Pressure, psia

Exit Temperature, deg F
Exit Subcooling, deg F
Exit Enthalpy, Btu/lbm

Lines & Accumulator
Pressure Drop, psi
Heat Transfer, Btu/hr

Expansion Valvs
Inlet Pressure, psia
Inlet Temperature, deg F
Iniet Subcooling, deg F
Inlet Enthalpy, Btu/lbm

Evaporator
Inlet Prassure, psia
Intet Temporature, deg F
Inlet Quality
Inlet Enthalpy, Btu/lbm
Exit Pressure, psia
Exit Temperature, deg F
Exit Quality
Exit Enthalpy, Btu/lbm

Lines, Reversing Yalve
& Accumulator
Pressure Drop, psi
Heat Transfer, Btu/hr

Capacity, Btu/hrs
Coefficient of Parformance

Test

281.7
2695
2880
43.2

125.
194.
178.

o
&

128.

®H BN MH N

691.8

194,
185.

72.
128.
188.

~NOMNDBE WD

4761

27.4
?

17.8

51.4
14.8
2.2563
17.8
49.4
12.0
0.817
88.8

8.2¢
4704

25884
xx 2,78

Mo
Leak

308.9
2669
2841
42.

7.
3.

135.

194.

185.
71,

128.

S W DA WN

192.

78.
128.
191.

88.

00 W W W Wk

35.

D
E-N
NO O

S
o .

P
TRO N DS

&
@ - P,
DVONOOmDOD

3.69
5183

28098
3.487

1%
Leak

308.¢
2665
2638
42,
7.
3.
195.
194.
185,
79.
128,

' I S N O NP )

-
o]
-

MO = QNN

48.8
9.4
¢.957
18.1
45.3
7.7
7.818
88,1

3.68
5688

27818
3.88

2%
Leak

323.1
2666
2839
42.4

7.
3

125,

194,

184,
7.

126.

P D €O B B O

2.72
831.¢

191.
183,

126.

198,
8E.

D WD dME AW

34.

g.78
5248

i8¢.
28,
64.

N &0

Y
1.

Q
WWRHDOHPOD

B
=0 NI Ww H

[

(=]
o -

3.97
§8562

27629
3.%4

* Mot corrected for blower woerk and compressor losses

%4 Does not include fan, blowar and control power
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5%
Leak

312.56
2685
2637
42.

7.
3.

125.

193.

183.
89,

126.

O Om Ao~

2.74
2919.8

19¢.
182.
€g.
128.
189.
gh.
8,
34,

DD NArmNN

2.78
4805

188.7
29.7
82.5
18.68

3.04
7048

27953
2.97

10%
Leak

318.9
2689
2662
43,

8.
3.

195.

191.

162.
69.

125,

O NN = O~ =

2.78
4052.8

188.
189.
€8,
125.
187.
B4,

OO~ ON

34,

#.78
4151

186.9
35.8
56.5
23.1

47.2
9.7
2,976
20.1
4€.1
8.6
2,863
87.9

2.99
8637

28087
2.85



Table 7-23.

Compressor
Mass Flow, lb/hr
Power Input, Watts
Heat Loss, Btu/hr
Inlet Pressure, psia
Inlet Tempsrature, deg F
Inlet Superheat, deg F
Inlet Enthalpy, Btu/ibm
Exit Pressure, psia
Exit Temperature, deg F
Exit Supsrheat, deg F
Exit Enthalpy, Btu/libm

Lines & Reversing Valve
Pressure Drop, psi
Heat Transfer, Btu/hr

Condenser
Inlet Pressure, psia
Inlet Temperature, deg F
Inlet Superheat, deg F
Inlet Enthalpy, Btu/lbm
Exit Pressure, psia
Exit Temperature, deg F
Exit Subcooling, deg F
Exit Enthalpy, Btu/ibm

Lines & Accumulator
Pressure Drop, psi
Heat Transfer, Btu/hr

Expansion Valve
Inlet Pressure, psia
Intet Temperature, deg F
Inlet Subcooling, deg F
Inlet Enthalpy, Btu/lbm

Evaporator
Inlet Pressure, psia
Inlet Temperature, deg F
Inlet Quality
Inlet Enthaipy, Btu/lbm
Exit Pressure, psia
Exit Temperature, deg F
Exit Quality
Exit Enthalpy, Btu/ibm

Lines, Reversing Valve
& Accumulator
Pressure Drop, psi
Heat Transfer, Btu/hr

Capacity, Btus/hrx
Coefficient of Performance

* Not corrected for blowe
*« Does not include fan, b

Ranco #26 Reversing Valve

Test No 1% 2%
Leak Leak Leak
356.1 335.5 337.2 33B.9
1934 1892 1991 1897
837 849 843 842
78.86 77.8 77.6 11.7
38.2 37.5 37.5 37.8
1.5 1.5 1.6 1.5
1¢8.1 198.1 1#8.1 128.1
216.1 215.5 215.1 214.7
151.6 161.4 161.3 168.5
§1.8 69.7 59.7 59.2
123.0 124.8 124.8 124.7
4.14 2.81 2.83 2.84
428.8 37.86 458.2 882.3
205.9 212.7 212.3 211.8
144.7 160.3 168.2 159.5
48.4 E9.5 59.8 59.1
121.8 124.8 124.7 124.8
204.2 211.9 211.5 211.8
95.8 98.4 98.3 98.1
2.0 2.1 2.0 2.0
37.9 38.8 38.7 38.7
? @.72 ©.72 @8.72
3763 4175 4361 4253
? 211.2 218.7 210.3
8s.¢ b58.7 ©54.6 55.2
? 43.8 45.8 44.7
27.2 28.3 25.7 25.9
83.86 82.3 80.4 88.5
39.8 38.4 38.1 38.1
0.674 0.063 ©.056 0.057
27.2 28.3 26.7 25.9
81.4 79.4 79.6 79.7
38.7 37.4 37.8 37.%
0.877 ©.858 ©.848 ©.847
97.6 95.6 94.7 94.8
2.79 1.96 1.95 1.94
3726 4192 4839 5291
28368 28835 28894 28530
wx 4.45 4.47  4.42 4.41

r work and compressor losses
lower and control power
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5%
Leak

2181.7

210.6
158.7
58.7
124.5
209.8
97.7
2.2
38.8

8.72
4058

289.1
58.2
43.3
28.2

80.9
38.4
2.060
26.2
80.1
37.8
2.841
94.1

1.94
6430

28107
4.31

Test 187 Low Capacity Heating O 47 Deg F

10%
Leak

352.8
1919

WD 0~

208.
166.
67.
124,
207.
97.

WS aENDON

38.

9.73
3811

81.4
38.7

9.061
26.3
80.6
38.2

8.827
93.0

1.93
8634

27256
4.186



Table 7-24. Projected Reversing Valve Leak Rates for the
Preprototype Heat Pump in Heating Service

Compressor Leakage Percent
Mass Flow Rate Mass Flow Rate l.eakage
tbm/hr Ibm/hr

High Capacity - 47°F $532.2 10.8 2.0%«
High Capacity - 35°F 447.7 11.1 2.5%
High Capacity - 17°F 218.7 12.7 3.8%
High Capacity - O°F 157.8 14.4 9.1%
Low Capacity - 47°F 350.1 8.5 2.4%
Low Capacity -~ 35°F 285.2 9.2 3.2%

* Assumed value.

compressor suction superhezt are shown in Table 7-25. A 2% leak rate
results in a capacity reduction of 1.34% and a decrease in COP of 1.72%.
The effects appear to be slightly greater than in heating operation.

Low capacity cooling results for 82°F outdoor ambient temperature and
fixed compressor suction superheat are shown in Table 7-26 and are quite
similar to the 95°F high capacibty cooling results. Based on the assump-
tions used Lo generate Table 7-24, the projected reversing valve leakage
rates are 1.3% of the compressor mass flow rate for the 95°F high capac-

ity cocling case and 1.4% for the 82°F low capacity cooling case.

7.4.3 Discussion of Reversing Yelve Leakage Effects

The results for all of the lezkage cases run with fixed com-
pressor sucbion superheat are summarized in Table 7-27. The percentage
loss in capacity and COP dus to lezkage is generally 50% to 70% of the
leak rate. Part of the reason for the relatively smal! impact of leak-
age is that the refrigerant mess flow rate through the compressor is
higher when leakage occurs. Since the heat exchanger loading is reduced

by refrigerant leakage in the reversing valve, the average evaporator



Table 7-25. Test 111 High Capacity Cooling O 956 Deg F
Ranco #26 Reversing Valve

Test No % 2% 8% 1e%
Leak Leak Leak Leak Leak
Compressor
Mass Flow, (b/hr 736.8 741.6 745.1 749.¢ 760.8 780.¢
Power Input, Wattis 43B9 4320 4335 4337 4332 4354
Heat Loss, Btu/hr 3787 3981 3995 3997 3992 4012
Inlet Pressure, psia 88.7 89.1 89.5 89.8 90.8 92.4
Inlet Temperature, deg F 44.8 45.0 45.3 455 48.1 47.1
Inlet Superheat, deg F 1.1 1.1 1.1 1.1 1.1 1.1
Iniet Enthalpy, Btu/ibm 198.6 1#B.7 108.7 1¢8.7 108.7 1¢8.8
Exit Pressure, psia 278.9 282.3 282.0 281.6 289.6 278.8
Exit Temperature, deg F 163.6 168.5 186.4 188.1 18b6.¢ 183.8
Exit Superheat, deg F 42.4 44.3 44.3 44.1 43.3 42.8
Exit Enthalpy, Btu/lIbm 122.7 123.2 123.2 123.1 122.9 122.7
Lines & Reversing Valve
Pressure Drop, psi 9.83 9.41 9.456 9.50 9.62 9.83
Hest Transfer, Btu/hr 1298.5 33.4 O51.0 1876.6 47908.0 5604.8
Condenser
Iniet Pressure, psia 2689.1 272.9 272.8 272.2 271.8 289.¢
Inlet Temperature, deg F 153.7 184.4 164.4 1684.9 1683.0 181.7
Inlet Superheat, deg F 35.3 44.9 44,9 44.7 44.0 43.3
Inlet Enthalpy, Btu/lbm  126.9 123.1 123.1 123.1 122.9 122.7
Exit Pressure, psia. 266.3 278.1 269.8 268.0 288.4 266.4
Exit Temperature, deg F 113.2 114.3 114.2 114.2 113.8 113.2
Exit Subcooling, deg F 4.4 4.4 4.4 4.4 4.4 4.4
Exit Enthalpy, Btu/Ibm 43.5 43.8 43.8 43.8 43.7 43.8
Evaporator
Inlet Pressure, psia 189.8 111.7 111.8 111.8 112.8 112.2
Inlet Temperature, deg F 66.4 £7.5 &Y.8 7.6 67.7 7.8
Inlet Quality 2.2¢4 0.209 O9.209 ©6.209 ©.207 ©.204
Iniet Enthalpy, Btu/lbm 43.2 43.8 43.8 43.8 43.7 43.5
Exit Pressure, psia 92.8 94.3 94.8 94.9 95.9 97.4
Exit Temperature, deg F 47.8  47.2 AT.5 47,7 48.2 49.2
Exit Superheat, deg F 9.9 0.2 9.9 2.9 2.8 9.0
Exit Enthalpy, Btu/lbm 108.7 1¢8.8 108.5 108.4 108.8 107.3
Lines & Reversing Yalve
Pressure Drop, psi 3.82 6.14 5,12 £.11 §5.98 5.82
Heat Transfer, Btu/hr 57.9 14.1 931.6 1867.9 4890.2 9686.4
Capacity, Btu/hrx 48247 48052 47730 47410 48648 44763

Coafficient of Performances»x 11.0 11.1 11.9 18.9 1¢.7 1.3

* Not corrected for blower work and compressor losses
*+ Does not inciude fan, blower and control power
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Table 7-26. Test 115 Low Capacity Cooling @ 82 Deg F
Ranco #28 Revarsing Valve

Test
Compressor
Mass Fiow, lb/hr 511.¢
Powar Input, Watts 2098
Heat Loss, Btu/hr 2836
Inlot Pressure, psisa 93.9
Inlat Tempesrature, deg F 47.5
Inlet Superheat, deg F 5.8
Inlet Enthalpy, Btu/lbm 128.¢
Exit Prassure, psia 202.9
Exit Tempsrature, deg F 118.9
Exit Superheat, deg F 22.4
Exit Enthalpy, Btu/lbm 118.7
Lines & Raversing Valvs
Pressura Drop, psi .83
Heat Transfer, Btu/hr 769.2
Condenser
Inlet Pressurs, psia 196.3
Inlet Temperature, deg F 110.4
Inlet Superhezt, deg F 16.9
Inlet Enthalpy, Btu/lbm 116.2
Exit Pressurs, psia 193.1
Exit Temperatura, deg F 91.8
Exit Subcooling, deg F 1.9
Exit Enthalpy, Btu/lbm 8.7
Evaporater
Inlet Pressure, psia 196.5
Inlst Temperaturs;, deg F 54.3
Inlat Quality 2.121
Inlst Enthalpy, Btu/lbm 36.7
Exit Preossure; psia 94.7
Exit Temperature, deg F 48.3
Exit Superheat, deg F 2.8
Exit Enthalpy, Btu/lbm 108.8
Lines & Raversing Valve
Pressura Drop, psi 2.78
Heat Transfer, Btu/hr 21.2
Capacity, Btu/hr= 37383

Coefficient of Performancexs 17.81

No
L.eak
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3232
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117.
203,
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167.8¢
4.9
2.148
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QOO

2,34
9.8

34851
16.18

1%
lLesk

481.6
2193
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47.
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2.33
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15.94

* Not corrected for blower work and compressoer losses
*x% Doas not includs fan, blower and control powar
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Table 7-27 Effect of Reversing Valve Refrigerant Leakage
On Capacity and Energy Efficiency

1% 2% 5% 10%
Leak Leak Leak Lezak
° % Decrease
47 F High Capacity Heating

Reference Capacity, Btu/hr 46815
Reference COP 3.90

.52 1.09 2.78 5.71
.61 1.03 2.56 5.64

OO

.35 3.40 6.85

17 F High Capacity Heating 28006 0.67
0 .24  3.26 7.23

Reference Capacity, Btu/hr 3.07 .63
Reference COP

1
1

47 F Low Capacity Heating
Reference Capacity, Btu/hr 28835 0.49 1.06 2.52 5.48

Reference COP 4.47 0.96 1.32 3.44 6.81
95 F High Capacity Cooling

Reference Capacity, Btu/hr 48052 0.67 1.34 3.15 6.84

Reference EER, Btu/W-hr 11.1 1.01 1.72 3.41 7.57
82 F Low Capacity Cooling

Reference Capacity, Btu/hr 34051 0.91 1.40 2.57 5.76

Reference EER, Btu/W-hr 16.2 0.87 1.49 4.57 6.69
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pressure rises slightly and the average condenser temperature drops
somewhat., resulting in a decrease in the pressure ratio across the com-
pressor, which results in an increase in compressor mass flow rate.
This increase is obvious!y always less than the !eak rate, so the flow
through the heat exchangers and expansion valve is always reduced by
refrigerant leakage in the reversing valve.

For 2 system with flooded evaporator operation the assumption of
constant compressor suction superheat is reasonable for moderate leak
rates. For air conditioning service, where the evaporator is not flood-
ed, the assumption of fixed compressor suction superheat is somewhat
unrealistic. We would expect the expansion device to maintain constant
evaporator exit superheat and that as the leak rate increased, the com-
pressor suction superhest would increase due to mixing of the relatively
cold stream entering the accumulator with the hot gas leaking from the
compressor discharge stream. While the logic of the ORNL code is based
on fixed compresser suction conditions, we can simulate this operating
mode by varying the amount of compressor suction superheat to mainbtain a
constant evaporator exit superheat. This method is highly iterative and
only a single example, high capacity coeling at 95°F was considered.

The results are shown in Table 7-28. As expected, the effect of leakage
is greater than for the fixed compressor suction superheat case, but
remains relatively small. A 5% leak rate reduces capacity and EER by
3.2%.

7.5 FIN PATTERNATION EFFECTS

The ORNL code utilizes the McQuistonQ correlation for air side
heat transfer in plate-finned-tube air-to-refrigerant heat exchangers
with smooth fins and adds correction factors for wavy and louvered fins.
These corrections are in the form of a constant multiplying factor which
is independent of heat exchanger geometry or air properties. The air
side heat transfer coefficient is multiplied by 1.45 for wavy fins3 or
1.75 for louvered fins.4 The correlation added by Westinghouse for
corrugated fins alsc generates a correction factor which is applied to
the smooth fin correlation, which in turn is 2 function of both heat

exchanger geometry and air velocity and transport properties.
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Table 7-28 Test 111 High Capacity Cooling @ 95 Deg F
Ranco #28 Reversing Valve
Fixed Evaporator Exit Superheat

No
Leak
Compressor
Mass Flow, ib/hr 722.7
Po@er Input, Watts 4332
Heat Loss, Btu/hr 3992
Inlet Pressure, psia 88.5
Intet Temperature, deg F 53.8
Inlet Superheat, deg F 1.9
Intet Enthalpy, Btu/libm 119.2
Exit Pressure, psia 281.6
Exit Temperature, deg F 176.4
Exit Superheat, deg F 653.4
Exit Enthalpy, Btu/ibm 1256.2
Line & Reversing Valve
Pressure drop, psi 9.27
Heat Transfer, Btu/hr 35.4
Condenser
Inlet Pressure, psia 272.3
Inlet Temperature, deg F 173.5
Iniet Superheat, deg F 54.1
Inlet Enthalpy, Btu/ibm 126.1
Exit Pressure, psia 289.7
Exit Temperature, deg F 113.8
Exit Subcooling, deg F 5.9
Exit Enthalpy, Btu/lbm 43.8
Evaporator
Inlet Pressure, psia 110.1
Inlet Temperature, deg F 56.8
Inlet Quality 9.209
Inlet Enthaipy, Btu/libm 43.8
Exit Pressure, psia 93.6
Exit Temperature, deg F §6.2
Exit Superheat, deg F 8.4
Exit Enthalpy, Btu/lbm 118.2
Lines & Reversing Valve
Pressure Drop, psi 5.18
Heat Transfer, Btu/hr 14.5
Capacity, Btu/hrx 48128
EER, Btu/W-hra« 11.11

* Not corrected for biower work and compressor losses
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Leak

723.3
4330
3990
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64.
18.
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17s.
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9.27
941.3

271.
173.
54.
125.
269.
113.
5.
43.56

QAW NN

199.9
b6.5
9.289
43.5
93.7
B5.4
8.5
119.2

5.07

920.0

47724
11.92

2%
Leak

725.8

9.31
1866.4

271.3
174.8
55.5
125.4
268.7
113.4
.9
43.8

129.9
58.5
2.299
43.5
94.8
56.8
8.5
119.2

5.08
1835.9

47429
19.93

=x Does not include fan, blower and control power
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Two independent correlations are used by the ORNL code for air-
side pressure drop in plate-finned-tube heat exchangers. The first
(from Reference 2) is used exclusively for smooth fins. The second is
used for wavy and louvered fins. The correlation used for louvered fins
is the wavy fin corra!ations with a constant multiplying factoer of 1a14
applied. The Westinghouse correlation for corrugated fins generates a
multiplying factor which is applied to the smooth fin correlation. This
multiplying factor is a function of the number of fin patterns per tube
row in the air flow direction, the fin pattern depth and the air
velocity at the coil inlet.

To determine the sensitivity of the model to the type of fin
pattern selected, the program was run with ail four options for two
cases, high capacity heating at 47°F ambient temperature and high capac-
ity cooling at 95°F ambient tempersbture. For the corrugated fin pattern
cases the actua! fin geometry of twn patterns per tube row with a pat-
tern depth of 0.046 in. was used. The terms wavy fin and corrugated fin
have been applied to distinguish the ORNL model (wavy fins), which
assumes fTixed multiplying factors for Tin patternation, from the West-
inghouse model (corrugated fins), which calculates the multiplying
factor as a function of fin geometry, air properties, and air side
velocity. The fin pattern used in the single fin mode!l tests is similar
to the "wavy® pattern used by the two leading OEM suppliers of air to
refrigerant heat exchangers. However, one of the most commonly used
fwavy® patterns has three patterns per tube row with a pattern depth of
0.038 in., giving a greater increase in both air side heat transfer and
air side pressure drop than the fin pattern used in the preprototype.
The ORNL rep@rtl does not give debailed information con the fin geometry
used as 2 basis for the multiplying factors used.

The results for the high capacity heating case are presented in
Table 7-29. As expected, the smooth fin case gives the lowest capacity
and COP and the louvered fin case the highest. The performance predict-

ed for the corrugated fin case was higher than for the smooth fin case,
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Table 7-29 Test 103 High Capacity Heating @ 47 Deg F

Ranco #26 Reversing Valve

Test Smooth  Wavy Louvered Corrugated

Fins Fins Fins Fins
Compressor
Mass Flow, lbm/hr 632.2 514.7 530.1 537.1 519.2
Powar Input, Watts 35665 3562 35156 3508 35561
Heat Loss, Btu/hr 2032 2968 2049 2035 2080
Inlet Pressure, psia 686.8 86.2 67.1 67.6 86.5
Iniet Temperature, deg F 28.4 27.9 28.6 29.0 28.1
Inlet Superheat, deg F g.8 9.8 2.8 2.¢ 2.8
Inlet Enthalpy, Btu/Ibm 107.1 107.1 107.2 167.2 167.2
Exit Pressure, psia 239.8 249.9 241.86 238.5 247.7
Exit Temperature, deg F 17¢.9 177.1 172.¢ 178.2 175.7
Exit Superheat, deg F 61.3 84.4 61.9 61.0 63.7
Exit Enthalpy, Btu/lbm 126.8 126.7 126.8 125.7 126.5
Lines & Reversing Valve
Pressure drop, psi 6.49 65.50 5.96 8.16 5.82
Heat Transfer, Btu/hr 851.2 43.2 40.8 40.3 42.6
Condenser
Inlet Pressure, psia 233.3 244.4 235.8 232.3 242.9
Inlet Temparature, deg F 163.8 175.8 176.5 188.7 174.3
Inlet Superhsat, deg F 56.3 64.7 62.3 81.85 84.9
Intet Enthalpy, Btu/lbm 124.6 1268.7 125.8 125.7 128.%
Exit Pressure, psia 231.6 242.9 233.9 230.5 240.4
Exit Temperature, deg F 93.9 97.5 94.7 93.8 98.7
Exit Subcooling, deg F 13.1 13.1 13.1 13.9 13.1
Exit Enthalpy, Btu/Ibm 37.4 38.5  37.6  37.3  38.2
Lines & Accumulator
Pressure Drop, psi ? 1.83 1.93 1.98 1.88
Heat Transfer, Btu/hr 8912 7287 8923 6828 7191
Expansion Valve
Inlet Pressure, psia ? 241.¢ 231.9 228.56 238.8
Inlet Temperature, deg F 56.3 49.8 56.68 50.7 56.9
Inlet Subcooling, deg F ? 80.2 68.6 55.3 9.2
Inlet Enthalpy, Btu/libm 24.4 24.3 24.5 24.8 24.4
Evaporator
Iniet Pressure, psia 77.8 73.2 74.4 75.9 73.6
Inlet Temperature, deg F 36.90 32.8 33.7 34.1 33.1
Inlet Quality 8.050  ©.056 ¢.256 2.958 &.056
Iniet Enthalpy, Btu/lbm 24.4 24.3 24.5 24.8 24.4
Exit Pressure, psia 74.0 71.1 72.1 72.7 71.4
Exit Temperature, deg F 33.4 31.2 32.0 32.4 31.4
Exit Quality @.862 3.837 ¢.849 3.853 0.849
Exit Enthalpy, Btu/lbm 94.8 93.9 94.1 94.56 93.3
Lines, Reversing Valve
& Accumulator
Pressure Drop, psi 7.23 4.85 5.05 65.13 4.91
Heat Transfer, Btu/hr 8652 7306 6939 6846 7209
Heating Capacity, Btu/hr = 48408 453886 48815 47478 45804
Coefficient of Performancesx 3.81 3.73 3.99 3.97 3.78

* Not corrected for blower work and compressor losses

**x Does not include fan, blower and control power
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but lower than the wavy and louvered fin cases. The calculated heat
transfer multiplying factors for the corrugated fin case were 1.10 for
the condenser and 1.09 for the evaporator. In the single fin model
tests, the fins were heated and no condensed moisture was present. In
the absence of data for wet fins, it has been assumed that the
multiplying factors for air side heat transfer and pressure drop are the
same for wet and dry fins. The match between predicted and measured
capacity and COP is best for the corrugated and wavy fin cases, which
attests to the accuracy of the mode!.

The results for the high capacity cooling case, summarized in
Table 7-30, follow the same pattern as the heating results with the
smooth fin case giving the lowest capacity and EER and the louvered fin
case the highest. The performance of the corrugated fin case is higher
than the smooth fin case and lower than the wavy fin case. The calcu-
lated heat transfer multiplying factors for the corrugated fin case were
1.08 for the condenser and 1.10 for the evapcrator. As in the case of
the heating tests, the multiplying factors for wet fins have been
assumed to be the same as for dry fins since no wet fin data were avail-
able. The corrugated and wavy fin cases give the best match to the
measured capaciby and EER.

The predicted values of air pressure drop for the four different
fin models are shown in Table 7-31. The indoor unit pressure drops are
based on a duct diameter DDUCT of 8.0 inches and 2 house heating load
FIXCAP of 42000.0 Btu/hr in all cases. I% is interesting to note that
due to the use of different correlations for smooth fins and wavy and
louvered fins, the predicted air pressure drops for the wavy and
louvered fin cases are less than for the smooth fin cases, an obvious
inconsistency. The calculated air pressure drop multipliers for the
corrugated fin in the high capacity heating mode were 1.40 for the con-
denser and 1.44 for the evaporator. In the high capacity cooling mode
with a corrugated fin, the calculated z2ir pressure drop multiplying

factors were 1.42 for the evaporator and 1.41 for the condenser.
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Tabie 7-30 Test 111 High Capacity Cooling Q 956 Deg F
Ranco #26 Reversing Valve

Test Smooth  Wavy Louvered Corrugated

Fins Fins Fins Fins
Compressor
Mass Flow, Ib/hr 738.8 721.8 741.8 748.1 727.5
Power Input, Watts 4389 4327 4308 4294 4358
Heat lLoss, Btu/hr 3787 3988 3968 3957 4008
Inlet Pressure, psia 88.7 87.7 89.2 89.8 88.2
Inlet Temperature, deg F 44.8 44.1 45.1 45.3 44.4
Iniet Superheat, deg F 1.1 1.1 1.1 1.1 1.1
Inlet Enthalpy, Btu/ibm 198.8 1¢8.6 198.7 128.7 108.6
Exit Pressure, psia 278.9 287.1 282.1 280.1 286.9
Exit Temperature, deg F 163.6 168.9 1868.2 185,22 168.7
Exit Superheat, deg F 42.4 45.4 44,1 43.6 45.86
Exit Enthalpy, Btu/lbm 122.7 123.5 123.1 123.¢ 123.%
Line & Reversing Valve
Pressure drop, psi 9.83 8.83 9.41 9.61 8.98
Heat Trensfer, Btu/hr 1296.6 a3.e 32.8 32.9 33.6
Condenser
Inlet Pressure, psia 269.1 278.3 272.7 279.8 2771.@
Inlet Temperature, deg F 153.7 167.4 164.2 183.1 188.7
Inlet Superheat, deg F 35.3 46.9 44.7 44.3 48 .8
Inlet Enthalpy, Btu/lbm 128.9 123.8% 123.1 122.9 1238.5
Exit Pressure, psia 286.3 275.7 289.9 287.7 274.4
Exit Temperature, deg F 113.2 116.9 114.2 113.8 116.8
Exit Subcooling, deg F 4.4 4.4 4.5 4.4 4.4
Exit Enthalpy, Btu/lbm 43.5  44.4  43.8  43.8  44.2
Evaporator
Inlet Pressure, psia 199.8 199.6 111.7 112.4 116.2
Infet Temperature, deg F 56.4 58.3 B57.5 6§7.9 66.7
Inlet Quality g.204 ©6.219 0.209 0.208 @.217
Intet Enthalpy, Btu/ibm 43.2 44.4 43.8 43.8 44.2
Exit Pressure, psia 92.8 92.7 94.3 94.8 93.2
Exit Temperature, deg F 47.4 48.3 47.3 47.8 46.6
Exit Superhest, deg F 2.9 0.9 2.9 2.0 2.9
Exit Enthaipy, Btu/lbm 128.7 108.6 108.6 108.7 108.6
Lines & Reversing Valve
Pressure Drop, psi 3.82 4.97 .14 6.19 6§.902
Heat Transfer, Btu/hr £7.9 14.4 14.1 13.8 13.8
Capacity, Btu/hrx 48247 46348  4BO97 486689 48869
EER, Btu/W-hraex 11.9 19.7 11.2 11.3 18.8

* Not corrected for blower work and compressor losses
** Does not include fan, blower and control power
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Table 7-31. Predicted Air Pressure Drops in Inches of HZU

Smooth Wavy Louvered Corrugated
Fins Fins Fins Fins

High Capacity Heating @ 47°F
Condenser Side(l) 0.8706 0.6493 0.86584 0.7170
Evaporator Side 0.0580 0.0550 0.0610 0.0800

High Capacity Cooling @ 95°F
Condenser Side 0.0537 0.0454 0.0499 0.0764
Evaporator Side(l) 0.8670 0.7380 0.7580 0.7200

(1) Includes pressure drop in ductwork, cabinet, etc. DDUCT = 8.0
inches, FIXCAP = 42,000 Btu/hr
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8. SUMMARY

The primary objective of the ORNL heat pump performance computer
¢ode is to provide the user with a rapid and economical means of pre-
dicting the approximate performance of a heat pump or air conditioner of
a given configuration prior to constructing and testing a prototype.

The potential for significant savings in time and money is obvious.

The code is also highly useful for constructing a complete per-
formance map for a given system from a limited number of test points.
This ability is particularly useful in providing a data base for methods
of predicting seasonal and annual performance of heat pump and air con-
ditioning systems.

The code has proven highly suitable for performing both of these
tasks. Under most operating conditions, it can predict the capacity and
energy efficiency of a properly defined system with an accuracy
approaching that of the laboratory methods used to measure these param-
eters. In addition, the code provides a detailed prediction of the
operating parameters of the refrigeration cycle that is sufficiently
accurate to aid in refining and optimizing 2 system with respect to a
given set of objectives.

The addition of models for predicting the effects of reversing
valve refrigerant pressure drop, heat transfer and internal leakage,
suction line accumuliator refrigerant pressure drop and internal heat
transfer and of fin patternation on air side heat transfer and pressure
drop has enhanced the accuracy and flexibility of the code without
sacrificing "user friendliness® to a significant degree. The number of
additional user supplied input parameters is minimal and the added
features are all optional.

The verification phase of the project significantly increased
our confidence in the ability of the code to accurately predict system

performance in the rangs of ambient temperatures where the bulk of
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system operation occurs. At ambient temperature exbremes, very low
temperatures in the heating mode and very high temperatures in the cool-~
ing mode, the accuracy of the mode! declines for cases using the map
based compressor model, primarily due to inaccuracies in the mass flow
and power input curve fits near the |imits of the input data. The
accuracy of the program can be improved for these cases by relatively
minor changes in the code or in the methed of application. In particu-
lar, the substitution of map-based compressor mode! with a larger number
of parameters, such as the mode| used by Westinghouse which uses nine
coefficients in place of the six used by the ORNL model, wou!d allow
more accurate matching of the compressor characteristics over a wider
range of operating conditions. Alternately, the existing map~based
mode! could be used with multiple sets of coefficients for various
operating regimes.

The refrigerant pressure drop, heat transfer, and internal leak-
age associated with the reversing valve have a significant impact on
system performance and energy efficiency. The addition of these models
significantly improves the ability of the code to predict heat pump
performance.

The addition of the suction line accumulator heat transfer and
pressure drop mode! significantly improved the ability of the code to
predict the thermodynamic cycle points of the Westinghouse/DIE advanced
electric heat pump in the heating mode. However, the impact on system
capacity and energy efficiency are relatively small and for systems with
a conventional accumulater, without an inbernal heat exchanger, accumu-
lator effects can be ignored without significantly compromising the
accuracy of the results.

The addition of the models for predicting the effects of the
corrugated fin pattern on air side heat transfer and pressure drop make
the model more flexible and realistic, since patterned fins are far more
common than smooth fins in the industry and patternation significantly
influences both air side heat transfer and air side pressure drop.

Table 8-1 compares the measured performance of the preprototype

advanced electric heat pump with the predicted performance using the
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Table 8-1. Comparison of Measured and Predicted Performance
with Ranco #26 Reversing Valve with Leakage

Ambient Valve Measured Predicted
Temp. Leakage Capacity Capacity Error Measured Predicted
°F % Btu/hr Btu/hr % cop cop Error

High Capacity Heating

47 2.0 46408 46306 0.2 3.81 3.86 1.3
17 5.0 25860 27053 4.6 2.78 2.97 6.8
Low Capacity Heating
47 2.0 29368 28530 2.9 4.45 4.4 0.9
High Capacity Cooling
95 1.0 48247 47730 1.1 3.22 3.19 0.9

Low Capacity Cooling
82 1.0 37363 33574 10.1 5.22 4.67 10.5

model ing parameters which, in our opinion, give the best overall match
to the measured performance of the cases investigated in detail, the
Ranco #26 reversing valve, with the approximate leakage rates projected
in Table 7-24 and a wavy fin pattern. The accumulator mode! was used
for the heating runs and was not included in the cooling runs. This
comparison was completed prior to the implementation of the corrugated
fin model and project resources did not permit a full evaluation of the
corrugated fin model, which may give an better match between predicted
and measured performance than the wavy fin model.

This combination of modeling parameters results in an excellent
match between predicted and measured performance in the both heating and
cooling modes at the ARI rating conditions, 47°F outdoor ambient tem-

perature heating and 95°F outdoor ambient temperature cooling. Both

8-3



capacity and COP are predicted with a accuracy well within the experi-
mental error limits permitted by the ARI rating method.

For the high capacity heating mode at 17°F outdoor ambient
temperature, the predicted capacity and COP are higher than the measured
values. As noted in Section 7.2.1, this discrepancy is primarily due to
the difference between the measured refrigerant mass flow rate and the
mass flow rate predicted by the map based compressor model at high
pressure ratios.

In the low capacity cooling mode at 82°F ambient temperature the
predicted cooling capacity and (0P exceed the measured values by 10% to
11%. Most of this discrepancy is due to the map based compressor model.
The map based mode! does not accurately match the performance of the
dual-stroke compressor in the low capacity mode. The large clearance
volume of the dual-stoke compressor in the low capacity mode results in
characteristics which are not typical of reciprocating compressors and
are difficult to represent mathematically. 1t should also be noted that
the evaporator exit superheat deduced from the test data was less than
1°F and due to the accuracy !imitations of the instrumentation, the
actual evaporator exit conditions may have been slightly wet. If the
evaporator exit conditions were wet, the actual capacity and COP would

be less than that calculated assuming a low level of superheat.
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9. CONCLUSIONS

The pressure drop and heat transfer in the refrigerant reversing
valve has a significant impact on the capacity and energy effi-
ciency of heat pumps. The analytical reversing valve model
predicts a loss in heating éapacity of 1.5 to 5.0% and a reduc-
tion in COP of 0.5 to 2.5% in the high capacity mode. The
empirical model predicts a capacity reduction of 5.0 to 9.04 and
a COP reduction of 1.5 to 6.04 in the high capacity heating
mode. For the high capacity cooling mode the analytical model
predicts a loss of both capacity and COP of 1.0 to 4.04. The
empirical model predicts a capacity loss of 7 to 8% and a reduc-

tion in COP of 2.5 to 3.5% for the high capacity cooling mode.

In the range of ambient temperatures where the bulk of heat pump
operation occurs, reversing valve refrigerant pressure drop on
the compressor suction side has a greater influence on system
performance and efficiency than high side pressure drop, inter-

nal and external heat transfer and internal refrigerant leakage.

At extreme operation conditions (low temperature heating and
high temperature cooling), where refrigerant flow rates are low,
internal heat transfer in the reversing valve has a significant
influence on system performance.

Internal! refrigerant leakage in the reversing valve has a minor
impact on system capacity and energy efficiency when the valve

functions properly and the leakage rate is 1 to 2% of the total
refrigerant flow.
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10.

If the reversing valve operates at large pressure ratios, or is
defective or worn so than the leakage rate exceeds 5% of the
total refrigerant flow, system capacity and efficiency are com-
promised. For the preprototype unit operating in the high capa-
city heating mode at O°F, the projected reversing valve leak
rate exceeds 9% of the compressor mass flow rate, assuming a 2%

leak rate at 47°F ambient temperature.

If a flooded evaporator system with an internal heat exchanger
in the accumulator is used, the heat transfer effects must be
modeled to cbtain an accurate prediction of the refrigerant

cycle points.

The impact of the suction !ine accumulator on overall system

capacity and energy efficiency is small.

It is difficult to represent the performance of a reciprocating
compressor over a wide range of operating conditions using a
single curve fit and the use of multiple curve fits or a table

look-up approach should be considered.

There appear to be inconsistencies between the air side pressure
drop correiations used for smooth fins and for wavy and louvered
fins that should be investigated.

The ORNL code provides accurate predictions of heat pump and air

conditioning system performance for most operating conditions,

is highly flexible and relatively Puser friendly.®
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12, NOMENCLATURE

Symbol Meaning Units

At Heat transfer area per unit length of tubing in ft

the suction line accumulator
Al Constant term in reversing valve pressure drop psi

curve fit
A2 §§zonent in reversing valve pressure drop curve dimensioniess

i
A3 gggstant term in reversing valve heat leak curve Btu/hr
i

A4 Linear term in reversing valve heat leak curve fit Btu/hr-°F
b Plate spacing ft
B1 Second order term in compressor mass flow rate Ibm/hr-—"F2

curve fit
B2 Linear term in compressor mass flow rate curve fit lbm/hr-°F
B3 Second order term in compressor mass flow rate curve Ibm/hr-—’F2
B4 Linear term in compressor mass flow rate curve fit Ibm/hr-°F
BS Second order term in compressor mass flow rate curve Ibm/hr-°F2
BS6 Constant term in compressor mass flow rate curve fit Ibm/hr
Cpr Refrigerant liquid specific heat Btu/!bm-°F
co Constant term in compressor mass flow rate curve fit Ibm/hr
C00 Constant term in compressor mass flow rate curve fit Ibm/hr
C01 Linear term in compressor mass flow rate curve fit Ibm/hr-°F

€02 Second order term in compressor mass flow rate curve lbm/hr—"F2

€10 Constant term in compressor mass flow rate curve fit |Ibm/hr-°F

C11  Linear term in compressor mass flow rate curve fit lbm/hr—°F2

(12 Second order term in compressor mass flow rate curve !bm/hr—°F3
fit

€20 Constant term in compressor mass flow rate curve fit ibm/hr~°F2
€21 Linear term in compresscr mass flow rate curve fit lbm/hr-—"F3
€22 Second order berm in compressor mass flow rate curve Ibm/hr—"F4
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Rho
s

— -t =
(o]
Q

—

- —

ai

ao

Gravitational acceleration

Plate flow length

Length of tubing in accumulator heat exchanger
Refrigerant leakage rate

Refrigerant mass flow rate

Refrigerant absolute viscosiby

Pressure difference

Reversing valve low side refrigerant pressure drop
Suction line accumulator heat flux

Reversing valve internal heat flux

Average refrigerant density

Reversing valve low pressure side refrigerant
inlet density

Accumulator low pressure side refrigerant exit
temperature

Compressor exit refrigerant saturation temperature
Compressor exit refrigerant temperature
Condenser exit refrigerant temperature

Compressor suction refrigerant saturation
temperature

Evaporator exit refrigerant temperature
Expansion valve inlet refrigerant temperature

Overall heat transfer coefficient of suction line
accumulator heat exchanger

Plate width

Weighted average number of refrigerant circuits for
indoor coil

Weighted average number of refrigerant circuits for
outdoor coil
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lbm-f5/1bf-sec?

ft

ft
Ibm/sec
tbm/hr
Ibm/ft-sec
Ibf/sq ft
psi
Btu/hr
Btu/hr
Ibm/cu ft
ibm/cu ft

°F
°F
°F
°F
°F

°F
OF’

Btu/hr-sq f4-°F
ft

dimensionless

dimensionless
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Proprietary Class 2 May, 1978

A MATHEMATICAL MODEL OF A
HEAT PUMP REVERSING VALVE

M. R. Hogan
Heat Transfer and Fluid Dynamics

ABSTRACT

The heat transfer between the high and low pressure circuits,
the static pressure loss of both paths, and the natural convection
heat loss for three geometrically similar reversing valves is modeled.
Performance predictions, for parametric variations of inlet mass quality,
as a function of refrigerant flowrate are included. The effect of a
change in veturn bend thermal conductivity on valve performance is also

examined.
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Research Report 77-1E9-HPUMP-R
Proprietary Class 2

A MATHEMATICAL MODEL OF A
HEAT PUMP REVERSING VALVE

M. R. Hogan
Heat Transfer and Fluid Dynawmics

I. TINTRODUCTION

Current practice in heat pump control requires that the unit
switch from the cooling to heating mode of operation quickly and auto-
matically. This entails the switching of the refrigerant condenser
from outside to inside the air conditioned space, and the evaporator
vice versa. This is accomplished in Westinghouse heat pumps by the
use of the so-called reversing valve. A schematic of such a valve is
shown in Figure 1. Note that there are four paths from the valve, each
corresponding to a major heat pump component. For the cooling mode the
condenser would be outside, whereas the evaporator would be the inside
coil. Upon reversal to the heating mode, the sliding return bend would
move, by the hydraulic action of a pressure difference across the two
pistons as shown in Figure 2, from left to right as shown in Figure 1.
This would change the outside coil from a condenser to an evaporator,
and the inside coil from an evaporator to a condenser.

It was the objective of this work to obtain a coded model of
three Ranco reversing valves, designated V25, V26, and V30, for in-
clusion in a large, proprietary heat pump code. Specifically, it was
desired that the code estimate the condenser and accumulator port exit
state given the refrigerant, the mass flowrate, the local ambient
temperature, and the compressor and evaporator port static pressure,.

As a result, the heat transfer between the high and low pressure cir-
cuits, the pressure losses of both paths, and the natural convection

heat losses from the valve body were modeled.
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Dwg. 626NA87

to

frdm inside coil accumulator to outside coil
or evaporator : ?r c?qde?ser
(cooling) —f }-_ cooling

sea]v-\ EEE‘ N : \ \\\\

| T 7 i cection
return bend—’/l 2z bend : of sliding

flange g travel for switch interface
' to heating

cp

L

compressor discharge

Figure 1. A Schematic of a Typical Ranco Reversing Valve.
The Valve can be Divided into the High and Low
Pressure Sections. The Low Side Consists of the
Flow Path Required to Direct the High Quality,
Low Pressure Vapor from the Evaporator to the
Accumulator. Hot, High Pressure Gas is Routed
from the Compressor to the Condenser via the

Hizh Side.
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Figure 2.

A Photograph of the Ranco V25 Reversing Valve.
In the Foreground One Can See the Piston Rings
Across Which a Pressure Difference Forces the
Return Bend Assembly to Slide. Also Shown is
The Return Bend Sealing Surface Pressing
Against the Valve Body.
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II. RESULTS AND RECOMMENDATIONS

A mathematical model has been developed which predicts the
refrigerant exit state from three Ranco reversing valves. The model
was coded in Fortran IV and cast into subroutine form for inclusion
in a larger heat pump program. As a result of experimental data pro-
vided by the manufacturer, it was possible to establish the value of
an empirical constant necessary to reproduce the low pressure circuit
pressure drop for 1007 inlet mass quality. Although additional data
are not available for comparison, the remaining segments of the model

appear to produce reasonable results.
For a more complete model, more accurate results, and addi-

tional confidence in the model, it is recommended that additional ana-
lytical and experimental work be performed. Specifically, the bend

area treated as adiabatic should be included as a fin conducting heat
from the flat bend surface; an external bend surface heat transfer coef-
ficient multiplier should be obtained and used in lieu of an estimated
area reduction fraction; and the bend low pressure side should incor-
porate a heat transfer coefficient correlation applicable for single-

or two-phase flows in a return bend. Useful but of less importance
would be pressure drop measurements as a function of flow rate for the

high pressure circuit.
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III. MODEL DEVELOPMENT

A, High Side Pressure Losses

Examination of Figure 2 shows that the hot gas must enter the
valve (from below), expand, turn, pass through an orifice in the slide
frame, and finally exit. The process was analyzed as a sharp édge
expansion followed by a sharp edge contraction. The irreversible

pressure loss can, therefore, be expressed as the sum of the two

components, i.e.,

APinternal

P
_ <P 2 2
7a (Clvcp + CZVC) (¢H)

where the subscripts cp and c denote the compressor and condenser
ports respectively as shown in Figure 1. Cl and C2 are the coefficients
of expansion and contraction and were taken to be 1.0 and .85 respective-

ly from Reference 1. The losses due to the connection tubing were
estimated from,

v2 L -174
_ 1 cp _cp pcg cp c¢p
APtubehs = %P g D {.316 ( " ) }
cp 85CP
1 Vé Lc Pe c Dc /e
- 5P, s D {.316 (———) } 2)
c gsC

where the term in braces represents the smooth tube turbulent friction

factor. Since Dc and Dcp are not generally equal, as are De’ D, D,

c
the velocity contribution to static pressure gain must be computed.

Therefore,
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p
APrise = —ER-(V2 - Vg)

2g cp (3)

Thus, the static pressure change from the compressor to the condenser

connection is,

APhigh side = APinternal + APtube + APrise (4)

B. Low Side Pressure Losses

The low side is geometrically simple but complicated by the

presence of a two-phase mixture. A complete description of the method

used to estimate the losses may be found in Reference 2.

Essentially
the loss model is based on the fact that,
AP,
o o= L+Ft (5)
£ x?

where APf is the pressure loss computed for the liquid flowing alone.

The subscript TP indicates the actual pressure drop for a two-phase

flow, X is a parameter which indicates the degree to which a mixture

behaves as a gas and is defined by,

(dP/dz)

2 o o
Xe = (dP/dZ)g (6)

where again the subscripts indicate that dP/dZ would be calculated for

the gas or liquid flowing alone. It can be shown (Reference 2) that

for a turbulent liquid film and gas core that,

7/8 1/2 1/8
x=(~1-?35) P /2 wg 1/

g
(g—) (5—9 . (7
£ g



For € in (5), Collier? recommends,

20De v —vf 1/2 v 1/2 vf 1/2
C = M+ GG 5 11d +&= 1 . (8)
L v vf vg

eq g

Note that the bend characteristic diameter was taken to be De. 1f
APf is known, then by virtue of (7) and (8) the two-phase pressure

drop can be calculated via (5). APf can be estimated from,

201 2
o - Ge(l xe) Leﬂ,f 9)
f 2pf g D

e

where Ge is the mass velocity and is the mass flowrate divided by the

flow cross sectional area, i.e.,

—£ (10)

The equivalent length of the bend in (9) is an unknown which is pro-
bably constant to a first approximation. Since it is desirable to
model valves of varying but similar geometry, the change in equivalent
length with respect to the radius-to-diameter ratio is necessary.

This can be estimated from,

.6349

L (R/D )"~

eq,ref [
L = [ 1D (1)
eq KbrefDref 3.127 e

where the subscript ref denotes a reference value, and Kb a loss coef-

ficient. Equation (11) is more fully derived in Reference 3 but

A-12



essentially estimates the effect of R/D changes for bends of a similar
geometry. R, the bend centerline radius of curvature, was taken to be
one-half the distance between the accumulator and evaporator connection

centerlines. Since L Kbref’ and Dref are unknown, they can be

eq,ref’

combined to form a single unknown parameter, thus,

L
eq,ref
(3.127) (Kb

C3 (12)

Y(D__ o) )

ref ref
C3 was determined by matching the low side calculated pressure drop
with the loss data supplied by the manufacturer. It was determined
that C3 = 100.9 allowed the Ranco V30 and V25 valves' pressure loss
performance to be faithfully reproduced whereas the V26 valve's R/D
ratio had to be increased 20% (for C3 = 100.9) over the measured
value for adequate performance prediction.

The friction factor in (9) must be calculated for the liquid

flowing alone, thus,

-1/4

(1-x ) G D
.23 (13)

f = .316 {

He

which is the same expression used for straight tubes in {(2). Substitu-
tion of (11), (12), and (13) into (9) yields,

¢z (l~xe)2 -1/4
£} 1 (14)

(1-x ) Ge D
£ 20 .8

.6349 [.316 { eu

AP

c3 (R/D))"
f

The two-phase pressure loss attributable to flow through the 180° bend
(APbandTP) can now be calculated by evaluating (5) via the results of

(7), (8, (A1), and (14).
The pressure losses due to flow through the accumulator and

evaporator stub counnectors can be estimated in a manner analogous to
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that employed for the bend. Equation (9) is used as before but the
actual tube length 1s required, i.e.,

2
12 - + v - -1/4
Ce (1 xe) L +I (1-x ) Ge De

o e a e
APtubef’QS = %o & (De ) [.316 0 1. (15)

From Reference 2 it is recommended that C = 20 be employed for turbu-

lent flow through tubing. Once again (5) is evaluated for APtube

TP, 4s

by (7), (15), and the above recommendation for C. The total low side
P .
pressure drop (APlow) is then the sum of A bendTP and APtUbeTP,ls

C. Heat Transfer Between the High and Low Pressure Sides. The

heat transfer between the high and low sides occurs primarily at the
return bend surface. Figure 3 indicates that the hot, high pressure
compressor gas will impinge upon the bend surface. Since only one
chamber (in this instance, the left as seen in Figure 4) is open, the
majority of the flow will be diverted to one side only. Figure 5
shows the cross-section of a V25 sliding return bend. Note that there
is good thermal contact between the sides or flat sections of the bend
whereas the curved surfaces are separated by an air gap. The curved
surfaces were, therefore, treated as adiabatic while the flat sections
were taken as being in perfect thermal contact., A circle of radius
equal to the bend radius of curvature was the area over which the heat
transfer was presumed to occur., One further notes, from Figure 5, that
the bend sealing surface or flange (the metal surface which is parallel
to the scale in the photograph) 1s insulated by the nylon sliding sur-
face. Consequently, one side of the flange was considered adiabatic
while the other was presumed to be exposed to the compressor gas.

Since the gas must impinge on and flow over the bend, the
film coefficient for the flat conducting metal parallel to the flow
was modeled as a turbulent flow over a flat plate. Due to the unknown

nature of the actual flow field, the characteristic length was assumed
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Figure 3. A Photograph of the Ranco V25 Reversing Valve.
In the Foreground One Can See the High Pressure
Side of the Sliding Return Bend. The Compressor
Port Inlet is Directly Below the Bend.
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Figure 4. A Photograph of the Ranco V25 Reversing Valve.
In the Foreground is a View of the Low Pressure
Side of the Sliding Return Bend.
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Figure 5. A Cross Sectional View of a V25 Sliding Return
Bend. The White Nylon Pads are the Sliding and
Sealing Surfaces of the Bend.
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to be one-~half the bend radius of curvature and the characteristic free
stream velocity that of the compressor discharge port.

Because the bulk of the flow will be directed to one side,
not all of the bend flat area will be characterized by the high flow
velocity. One would anticipate portions of the surface to be in con-
tact with stagnant gas. Because of the above arguments, the potential
heat transfer area was reduced by one~third. This was a somewhat arbi-
trary choice, perhaps one-half is better, but is an attempt at analyzing
a difficult flow field with a simple model. A more complete method,
advanced by Stewart’/, to analyze the bend heat transfer would include
the area treated as adiabatic (because of the air gap) as a fin conduct-
ing heat from the flat portion of the bend. An experimental multiplier
could then be used on the flat surface film coefficient rather tham an

experimental area reduction fraction.

With respect to the above discussions, the heat transfer

coefficient for the flat return bend area was estimated from,

2k . .8
hy ., = (—B8) .036 (—2R0_y  pp 1/3 (16)
ry R 2 g
wD u
cp 'g

where the subscript 'dry' indicates that the possibility of condensation
was neglected.

If condensation were to occur, the film coefficient would be
greatly enhanced. A discussion of various methods by which a single-
phase heat transfer correlation can be corrected for condensation may
be found in Reference 4. Although the discussion is for internal flows
in straight tubes, the methods should give a fairly reliable means by
which condensation may be taken into account for this more complex flow

situation. The method chosen was that offered by Akers,

1/2 1/3

o}
f
hTP = hfo [1 +x { (5:? - 11] (17)



where hf0 is the film coefficient calculated as if the liquid component

were flowing at the same mass velocity as the mixture, and hTP is the
actual film coefficient. Since the flow will more than likely be only
locally two~phase (the bulk thermodynamic state will be superheated),
the mass quality is a somewhat ambiguous term. Nevertheless, one would
expect (17) to give a good estimate of the heat tramsport augmentation

by wall condensation for mass qualities approaching one. Therefore,

1/6
Pg
hep = Beg (5—9 . (18)
g
Since,
2k . .8 1/3
2Rm
h, = (=5 (.036) (—22y (rp) (19)
fo R 2 f
m™D° u
cp £
then, from (16), and (19),
h k v .8 Pr_1/3
f f
- e (20)
dry g Mg

and substitution of (20) into (18) yields,

kf Eﬁ_.g Prf 1/3 0 1/6 )
(irﬂ (u ) (§;"9 (5*9
g £ g g

= (21)
P hdry

Equation (21) was used in lieu of (17) if the outer bend surface temper-
ature was less than the saturation temperature corresponding to Pcp'
As noted earlier, one side of the bend sealing surface was

considered adiabatic whereas the other was presumed to transfer heat.



With reference to Figures 5 and 6, one can see that the metal flange
will act much like a fin, although one side is imsulated. The heat
transfer through this surface was estimated by modeling it as a one-
dimensional fin with an insulated tip, and a perimeter equal to the
flange perimeter (this is half the perimeter normally employed in fin

calculations due to the insulated surface). Thus,

~ '
qflange - Jhdry Pb kb ACb (GC - Tb) tanh (mL) (22)
where,
mo \/“dry Py /Ky Aoy . (23)
Since,
i R (26)

then (22) becomes,

: [oame

qflange = #hdry Pli tb kl; (Tcp - Tb) tanh {wa EE%} (25)
Note that hdry rather than hTP has been used in (22). If condensate
did form on the body of the bend, then downstream portions of the flange
would realize the droplet scrubbing action whereas other portions, not
in the condensate flow stream, would remaim dry. In light of the
uncertainties, it was felt best to just use hdry' Note also that k%
is the effective thermal conductivity of the flange material for con-
duction parallel to the flange surface. Thus, for a plated flange, such

as in the V25 valve,
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sliding surface

L

copper ‘
flange l
t
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Figure 6. A Schematic of the Sliding Return Begnd Used in the
Ranco Reversing Valves. Note that Py is the Perimeter
of the Metal Flange.
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+_ -
Kp1 Spi1 TRy B2

[}
g = t Tt

b,1  "b,2

The low side of the bend is exposed to the high quality, low
pressure mixture from the evaporator. Because of the low density, the
two~phase mixture, and the radial geometry, ome would anticipate an
extremely large heat transfer coefficient at this surface, As a result,
the low side bend surface was assumed to be at the saturation temper-
ature corresponding to Pe' The total heat tramsfer rate from the high

to the low side of the bend can therefore be estimated from,

_ cp e

q + q R
b th 1 flange

¥ +
kpAsy

(26)

hdryASb

where hdry is replaced by hTP if a check of the high side bend temper-

ature indicates condensation. The wall temperature was calculated from,

2t T - T

" . b cp e
1 = T + = ° (27)
b e kbAsb th 1

+
11
kbAsb hdryASb

Note that the term 2t, which appears in (26) and (27) is a result of

b
the definition of t, being one thickness as shown in Figure 6, whereas

the thermal resistazce of the wall must be calculated on the basis of

two thicknesses as indicated by Figure 5. The double prime superscript
on kb indicates the effective thermal conductivity for heat conduction
normal to the metal surface. Thus, for the V25 bend (the one instance

in which the distinction is necessary),

+
wo_ b1t %hy2
t t, .,
.lz..b.l.,l»Jr.lz?,L":_
b,l “b,2



Since the hot gas is routed through the valve body, there
will always be natural convection losses to the local environment.
These losses were estimated from simplified relations for air over

heated cylinders from McAdams®,

T T 1/4
- _cp__“amb,
hnc = ,27 ( 3 ) (28)
vb
or,
- } 1/3
b SN N (29)

where (28) applies to laminar conditions and (29) to turbulent. Both
equations were evaluated for a given set of conditions and the largest

coefficient was assumed applicable, thus,

e 7 Bac A5 (Tcp - Tamb) ) (30)

D. Calculation of Exit Thermodynamic States

1. High Side Exit State, The high side exit pressure is

calculated from {(4),

PC = PCp + APhigh side (31)

As a result of an energy balance about the high side refrigerant

stream, the exit enthalpy can be computed via,

h = h - (32)
m
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Since two properties are known, the state of the fluid is fixed and

the outlet temperature may be determined from the refrigerant thermo-

dynamic state relations, thus,

(33)

2. Low Side Exit State. Since X, Te’ and Pe are known,

the inlet enthalpy can be calculated from

h, = hg (Pe) + X, (hfg (Pe)) ,

then the outlet enthalpy from,

The exit pressure can be computed from,

P = P + APlow
a e
and thus,
X - ha - hf (Pa)
»
a hfg (Pa)
and,
la = f (Pa) .

If, however, X, from (37) was greater than one, then,

T, = £ (P_,h)

and x = 1.,0.
a
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Curve 659599A
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7.0 } loss (psi) temperature

6.0 }

Figure 7.

275 psia high side pressure o
145°F high side temperature
50°F inlet
temperature
[o]
A l 1 )
200 400 600

R-22 mass flowrate (1bm/hr)

A Comparison of the Calculated and Experimental Low
Side Pressure Loss as a Function of R-22 Mass Flow-
rate for the Ranco V26 Reversing Valve.
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IV, RESULTS OF SAMPLE CALCULATIONS

The previously developed model was coded in Fortran IV and
cast into a subroutine format. A listing of each subroutine may be
found in Appendix B. Dimensions and material properties were deter—
mined from the data supplied by the manufacturer, found in Appendix A,
and by inspection of the valve proper. Although the V26 valve's
return bend geometry varied somewhat from the others——it was made of
molded plastic (Zytel 103)--this perturbation was assumed to be of
second order. The bend material thermal conductivity, however, varied
from 1.0 Btu/(hr-ft~°F) for the Zytel V26, 12 Btu/(hr-ft-°F) for the
stainless steel V30, to 30 Btu/(hr-ft-°F) for the steel (the major
component) in the copper-plated V25,

The suction (low pressure side) pressure drop performance
data supplied by the manufacturer enabled the empirical coefficient C3
[Equation (12)] to be established. Figures 7, 8, and 9 show the model
predictions relative to the experimental data for inlet mass qualities
of 100%. Though the model tends to depart from the experimental data
at the higher mass flowrates, it is important to note that the valves
are usually sized for a 2 psi suction pressure drop. One would there-
fore not anticipate them operating far from this design point. If
this is the case; then the model will produce good results for all but
the most severe off-design conditions.

Figure 10 indicates the calculated effect of various low side
inlet qualities. It is apparent that, for this saturation temperature
and R~22, there is little significant difference between the 100% and
75% inlet guality low side pressure drops. This is a result of the
large void fraction, the ratio of the area occupied by the vapor rela-
tive to the total cross sectional area. For the 757 inlet quality case
the void fraction is .98 which indicates only a 2% cross sectional area
occupied by liquid. Based on these results, one would not anticipate

the suction pressure drop to vary much from the 100% inlet quality
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Curve 659600A
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Figure 8. A Comparison of the Calculated and Experimental
Low Side Pressure Loss as a Function of the R-22
Mass Flowrate for the Ranco V30 Reversing Valve.
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Curve 659601A
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Figure 9. A Comparison of the Calculated and Experimental
Low Side Pressure Loss as a Function of R-22
Mass Fiowrate for the Ranco V25 Reversing Valve.
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Curve 659602A

A
Tow side 0°F low side inlet temperature
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Figure 10. The Calculated Effect of Changes in the Low Side Inlet
Mass Quality on the Low Side Pressure Loss as a Function
of the R-22 Mass Flowrate for the Ranco V25 Reversing
Valve.
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solution as long as the qualities are relatively high. There may,
however, be applications and/or circumstances where the two-phase
flow refinement will make a significant contribution to the overall
solution.

Shown in Figure 11 is the calculated performance of the V25
reversing valve as a function of mass flowrate. By examining the out-
let relative to the inlet state curves (the dashed horizontal line),
one can see graphically the deviation of the real valve from the ideal.
Note that the low side pressure, and thus temperature, and the high
side temperature are significantly affected by the reversing valve.
Both are of importance since they tend to decrease the gas density, and
thus increase the line pressure drop and decrease the compressor
capacity. The high side outlet pressure decreases only slightly, which
is not unexpected since the gas density is high relative to the low
pressure side. Due to heat transfer from the high to the low pressure
circuit, the mass quality exiting the valve is increased by approximately
2-2/3%.

At first glance it would appear that the exit mass quality

curve exhibits an anomalous behavior with respect to mass flowrate.

8

Since the heat transfer vate increases at a rate proportional to m' ,

one would expect the exit mass quality to asymptotically approach the
inlet value. This is not the case however due to the simultaneous de-
crease in the low side pressure. Because the saturated liquid enthalpy
decreases faster than the latent heat of vaporization increases with
respect to pressure, a seccend force on the mass quality comes into
effect which tends to increase the mass quality (refer to Equation [37]).
The two forces are just balanced at about 800 lbm/hr after which the
second becomes dominant.

As stressed by Stewart7, the significance of heat transfer
from the high to low side and from the valve to the local environment
is that it reduces the capacity of the heat pump as well as the coef-
ficient of performance. ¥Figure 12 illustrates this point for the same

conditions as in the previous example. Both the heat transfer from
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Curve 659603A
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The Calcuiated Performance of the Ranco V25 Reversang
Valve as 2 Turnclion of Mass Flowrate.
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the high to low side (qb) and to the local environment (qnc) are pre-
sented as a percent of the heat pump ideal capacity (constant pressure
condensation at the compressor discharge pressure and with no subcooling).
Both qy, and 9, are small. They do, however, become more significant
as the refrigerant mass flow rate {(capacity) decreases. This can be
important when the outside alr temperature decreases. At these temper-
atures the heat pump capaclty is usually greatly reduced, and, as can
be seen in Figure 12, aggravated by 9, and 9ot

One of the simplest means by which a valve's performance can
be improved would be the replacement of the metal (for the V25) return
bend with one exhibiting a lower thermal conductivity. The computed
results of such a substitution are shown im Figure 13. Note that the
thermal conductivity of the plated material has been reduced by 30. It
can be seen that the high-to-low heat transfer losses are reduced by
a factor of three whereas the natural convection heat transfer is un-
changed, as expected. Whether such a modification is worthy of consider-

ation is entirely dependent on the economics of the heat pump system.
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Curve 6927494
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Figure 12. Heat Transfer from High to Low Side and Natural
Convection from the Valve Body to a 0°F Ambient
as a Percent of Heat Pump Ideal Capacity versus
R-22 Mass Flow Rate.
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Curve 692750A
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Figure 13. Heat Transfer from High to Low Side and Natural Convection
from the Value Body to a 0°F Ambient as a Percent of Heat
Pump Ideal Capacity versus R-22 Mass Flow Rate. The Plated
Material Thermal Conductivity has been Reduced by 30.
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Ac
As

Cl
c2

a-li w3 ) jon Y 1] [T o W v I S o)

=X A

T

NOMENCLATURE

Cross sectional area (ft?).
Surface area (ft?).

An empirical constant employed in Equation (5) and found
in Reference 2 (dimensionless).

Expansion coefficient (dimensionless).
Contraction coefficient (dimensionless).

An empirical constant, defined in Equation (2)
(dimensionless).

Diameter (ft).

Diameter (in).

Friction coefficient (dimensionless).

Mass velocity, defined in Equation (10) (1bm/(ft2-sec?)).
Gravitational constant (lbm-ft/(lbf-sec?)).

Heat transfer coefficient (Btu/(hr-ft?-°F)).

Specific enthalpy (Btu/lbm).

Thermal conductivity (Btu/(hr-ft-°F)).
A loss coefficient (dimensionless).

A length (ft).

Refrigerant mass (1lbm).

Absolute pressure (lbf/ft2).

Perimeter (ft).

Prandtl number (dimensionless).

Heat transfer rate (Btu/hr).

Sliding return bend radius of curvature (ft).
Temperature (°F).

Thickness (ft).

Velocity (ft/sec).

Specific volume (ft3/1bm) .
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N

A two-phase mixture parameter defined in Equation (6)
{(dimensionless) .

Mass quality (dimensionless).

Distance (ft).

Greek Symbols

AP
APbend

APlow
APhigh side
APinternal
APtube
APrise

H

Subscripts
a

amb

b

bend

c

cp

dry

e

eq

f
flange

fg

Exit minus inlet pressure (lbf/ft2)

Irreversible pressure loss through the sliding return bend
(1b£/£t?)

Irreversible pressure loss through the low~side flow path
(1bf/£t?)

Static pressure change through the high pressure flow
circuit (1bf/ft?).

Irreversible pressure loss through high-side flow path
(1bf/£t2).

Irreversible pressure loss through valve body stub tube
connections (1bf/ft?).

Static pressure rise due to a decrease in flow velocity
(Ibf/ftre)

Dynamic viscosity (lbm/(ft-sec))
Density (lbm/ft3).

Accumulator port,
Ambient.

Sliding return bend.
Sliding return bend.
Condenser port.
Compressor port.

No surface coundensation.
Evaporator port,
Equivalent.

Liquid component.
Return bend flange.

Difference between gas and liquid component value.
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fo A quantity calculated as if the liquid were flowing alone
with the same mass velocity as the mixture.

g Gas component.

hs High side.

Ls Low side.

nc Natural convection,
ref Reference value.

TP Two-phase.

vb Valve body.

1 Material 1.

2 Material 2.
Superscripts

Time derivative (1/sec).
Effective value for heab conduction parallel to the surface.

Effective value for heat conduction normal to the surface.
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APPENDIX A
RANCO REVERSING VALVE PERFORMANCE AND CONSTRUCTION DATA

The performance data employed in determining the empirical
constant C3 can be seen in Figure A~l. Figures A-2 and A-3 are the
outline dimension drawings of the three Ranco reversing valves

modeled.
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APPENDIX B
CODE LISTINGS FOR THE V25, V26, AND V30 REVERSING VALVES

Contained within this appendix are the program listings for
the three reversing valves., The listing for the V25 valve may be
found in Table B~I, the V26 in Table B-II, and the V30 in Table B-III.
The subroutines are identical except for the physical input data and
the R/D adjustment made in the V26 routine. Comment cards are

employed to enable one to feollow the program logic,

Table B-I ~ The V25 Reversing Valve Subroutine Listing

SURFOUTINE VALVE WILL CALCULATE THE CONDENSER AND

aCCt MULATOR PURT THERMOUYNAMIC QTATFS GIVEN THE
FOMERFSGOR ANC EVAPORATOR INIFT PART STATES FOR THE
#sRANCO#% TYHF V28 REVERSING Valve, IT HAS BEEN ASSUMED
THAY THF HleaRELT SYSTEM IS nEch UaFDe TeFeos THE
SUATION PORY REFRIGFRANT STATE 1S SteH TuaT THE MASS
AUALITY 1S LFSS THAN 1,0, IF THE PRNGRAM CALCULATES
THE ACCUMULATCR PORT STATE Te RE <UPFRHEATED. THE
ASGrCTATED MASS AQUALTTY WILL RE RFTURNED AT 1.0

|THF COPRECT PRESSURF ANp TEMPERAYUDF WIL BE
RETLKNER &L s0), _

TAME=THF REVFASING Va) VE#S AMBIFNT TEMPERATURE (DEG.F)
OF e TE g XFa THE EvnooRAToR pORT pngq:upg (PSIA),
FMFFPATUWE IDEG.F) o AND MASE alia) ITY (FRACTICN LESS

¥ H AN 1.3) _

PCR,TCP.THE CMPRESSHR PORT PRFSSURE (PSTA)s AND
TEMFERATURE (CEG.F)

MDOT=REFRIGERANT MASS FLOWRATF (L AM/KR)

Xa.,FA.TA=THF ACCUMULATOR PORT oUTIEYT MaASS QUALITY
(FRACTINN wWiIlH SHOUI N BF LESS THAN 1. c-—@FE
INTRONUATORY REMARKS), PRESSU'aF (£STA), AND TEMPERATURE
(NECLF) .,

PDCTC=TWE CAONCENSER PORT PRESSNRE (eSIA), ANN TEMP.
FRaTURE (DEG,.F)
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Table B-I (cont'ad)

REAL MDAT oKF oKV KTUBN JLENG ¢MUF WY (MUE O, MV (MUVLO KCOAT
TPRINT=Y

olred 141

Ciz=1.0

WHFEE €Y 1S THF NuMAre OF VEI OCITY «HEADS LOST AS THFE
GAS FROM TrE CCMPRES®AR eNTERS THE VALVE

C?ﬁn&%

wHEGE €3 IS TRE NUMAFR Of V,u,4S 1 0ST AS TWE GAS EXITS
Ty VALVE IN ECLYF Tn THr CONPENSFER

3210049

WHFRE C3 IS TRE FQUIVALENT RETURN RFND LENGTH CONSTANT
WHFERE DTT IS THF INSTNRE NPTAMETER ¢INY OF THE 3 SUCTION
eORTSE (1 QCATFD CPPOSTYE THE rOMPRFPSSOR PoRT)

NTTs. 7%

WHERE DTT TS ThE INSTNE NIAMFTER (INY OF THWE 3 SUCTION
PERTS () NCATFC ¢pPOSYTE THE rOoMPRFSEOR PORT)

YL FyCz3,0¢1,0/16_0

WHERE XILEVC 1S THE LFNGTH {TN) OF THFE EVAPORATOR AND
CONCENSEFR TURE CONNECTIONS

¥LACCe3,049,0/14,0

WHERE Xy ACC TS THE LenGTH ({INYy AF TeE ACCUMULATOR
TURE CONNECTYTOAN

XLedP=3,.n
WHERE X| cMP 1S THE caMPRESSOB CcONNEATOR LENGTH (IN)
NTC221.0r/232.0

WHESE DT¢ IS TWE INSINE NTAMETER (IN) OF THE COMPRESSCR
Ry

GANTUS=] 3125 /2, 3
WwHFGE 2anILS 1S THE naDIUS (TA) NF FIRVATURE FOR THE

NTSTANMCF RETWEEN THE FVANCORATCE AND ACCUMILATCR SUCTION
PO2RT CFEMTERI TRFS
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Table B-I (cont'd)

CERIM=a,78

WHERE PERIVM 1S TwICE THE PERTYMETF® “IN) OoF THE SLIDING
oETLRN RFND2S PERIPHFRY

THICK=ent47

WHFEE TWICK 1S THE TWICKNFSS (In) OF THE SLIDING
RETLRAN REND

TcnrTz,n0?
WHEEE TenaT TS THE THICKNESSTIN) nF THE REND PLATING MATERIAL
LENG=.37172

WHEEE LFNG 1S TRE LFNGTH (INy OF YHe SLINING SURFACE
NF THE REND

KTURN=3A, 0

WHERE KTURN 1% THE THERMAL conptieTivITy (aTu/ (¢R=FT=DEG F)
AF THE RETURN REND MaTERIAL

KCnpT=223.,0

WHFFE KCOAT IS THE THERMAL CONDUCTIVITY (RTu/HR«FT=DEG, F)
OF THF RETURN REND P; ATING MATYERTIAL

nTn=1,78

WHEEE DTN IS THE OUTetDE DIAvFTER(IN) OF THE VALVE
YLVAL=8_0+411.0/1A,0

WHFRE XL VAL IS THE VALVE LENGTH(TM)

FRACT= o486k

WHERE FRACT 1S THE FoaCTTON OF THF aREA WHICH 15
EXBrSEND TO THE FIGH wELOCITY comprERSOR PORT GAS

PTHTICK=THICK-TCCAT

CAL CULATE REOLIRFN WTAH AND | 0OW PREGSURE PROPERTIES
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Table B-I (cont 'd)

TSATCPasATEMP(PER)
HFGr I=sVARHFGITRATCP)
MEAL O=VADHFG(TF)
MFLC=HLNSAT (TE)
HHTIN=GASH{PCE ,TCP)

M OTN=Xr8HF G| Cake O
MUEHT=X  AVIS(TSATCP)
MUVF L= (RASYTS(TCR) /GVTSAT (SATEMP (74.7))) 46VISAT(TSATCR)
MURL N=XnVIS{TF)

MUV 0=CGYTISAT(TF)
QMAFHT=NENLTR(TED)
RMAYHT2CASRKO(RIP TR
BHOFLO2NFEALYQ(TE)
RHOVLOSSASRMO(PE 4 TE)
FPYFI=2CDSATRITSATCR)
CPFr1=8PHTLG(TSATCP)
KFzY@COND{TSATER)
KYeSATASKITSATCR)

L

%

CALCULATE RENE MATERYAL CONDUECTTIVTTY FOR CONDUCTION PERPENDICUL AR
T THe SHRFACE

YKPER=THICK/(TOCAT/KAOAT WP THTICK /K TIIDN)

THE FALLOWING REAT ToaNSFER caLcClh ATTONS ARE FOR THE HIGH
PRESSURE SINF aND Ace|IME THE Low eInF OF THE BEND YO RE
AT THF SATLQ@ATICN TEwDEMATURe

HDOYZ (2, 0®KV/IRANTIUS/12.0) )% 03R% (2. 0% (RADIUS/12,0)8MNOT/(PIESDTCH
|§2*NUVHT/144e“))“*.9@{CPWHI*MPVHX/KV)“@.;l?
RF I M=1, 0/ (HDRYRpIFernACTR (RANDTUS/12,0) *ad)

AEALL=? n¥TRTCK, (12,02 XKPERSPIFRFOACT® (RADTUS/12,0)2#2)
Qm(TCQwTE3/tQFILM$QWA!L)

TwalL=TF+QoowAL |

IF (THALL.GT.TSATCP) A0 TO 14n

SINCE CANDENSOTTON vUST aCCUR TF 1 OATC DNES NCT GO
TO ¢o THEN FTLNM rOFFFTCIENT wiiST af cORRECTEN 10 REFLFCT
THF SHAMGE (N PrYSICe

HWFT»HﬂQY”(KF/Kvy*SQQT(GVISAT(TQ&TCD)/MHFH15“(CPFHT“KV“MUFHI/(CpV*
gwlT@KFQPVYSAT!TSATPP))\ﬂ#o313“(Eﬁwﬁyx/GASRHQJPCP9TSATCP))’9(1 0/640)
RFILMz1 0/ (HWETHFRACTHPIF® (RANTIIS/12,0)#82)
:fTSATCP*?”?/(QFTLMQUWAIL)
THALL=TF QRO WA |
PRINT 13pe HwWEY
100 CONTYINF
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Table B~1 (cont'd)

CalLClj ATF BFRC WMATERTAI THERMA| CANNUCTIVYTY FOR CONDUCTION
pavaly FiL TC SEaL SUpFaCE

XKOAR= (KCOATATCCAT oK TURNSPTHTICKY 7 ¥HTCK

NOW CAI CULATE THE HEAT TRANSEFR TRROUGH THE SEALING
FACE OF THE REAC, It wILL BE TREATFD AS A
FIN WITW ONF FACE INGULATED,

ASFAL=SART (MNRY® (PERTM/1D.0) #42aXKPAR® (THICK/ 120310 ((TCP=TWALL 1 #T
1ANH{ {LENGZL2, n)asonT:unRY/(xkpanavchK/l?.n))))
NELT=TCo=Tavnp

TF (DELT.LT.N.0) DF} Tahen .

HLANVE 278 (DELT#12.0/NT0) 0e 28
HTURB=z,18%0F Tue, 3332333

WMURERH| AM

IF (HTUPR,GT, FLAM) HUSE=WTURR .
ANATZHUSERPTES® (CTO/12,.0)# (XL VAl /12.A)9DELT
QTﬂYAL=Q¢OSEAL¢GNAT

MHTCUYEYMT IN=CTETAL Zun0T

IF (IPRINTLEQ.1) WRITE (64147) HDOY,0+QSEAL9ANAT
MLOACUT=HL OINS (GenSEn) ) #MnOT

YAz (HLONUTeWMFLC) /HF G O

THE FOLI OWING ERFSSURF DROP €ai ¢Ui ATTONS aRE FOR
TRE HIGW PRESSLURF SInr

VCO=MNOT /(3600 , n8RHOVHI¥PIF®NTA242/1640%14440))

VC=VCP# (DTC/DTT)aa?

NPOTSE=(,S4RKOYRI/37,2) % (VCPa4Pevraa2) /144,0

vrq=eAsvrscrrF;qursnr(1<ATCp>/rvreaT<SATEMPi14°7))

NPILCSS= (L SURNCULT/(35,2%144,N0) )% (C1OVCPHa2.,2%VCHR24yCP826 (XL CMP/
TATA) ® . 31 6% (RMCVR[#VeenTr/ (13, ABYTR/2600,0) ) 4% (=, 26) 4VCHR23 (XLACC/
:nTr>*.356#(oucvyjﬂvcaﬁvtztlajnavrczqaon.na)"(~-25))

Or=ECPR+NORIKF=NF| N85

ﬁputzoog-mSS-NPGIQE

TC=TEMPWIPC HHICHT)

IF (IPRINTLERL]) WHTTF (Ke18A) XA,VEPIVC,DPRISEIDPLOSSPCoTE

NEXT SET OF PRESSURE nRUP CALCHLATIANS ARE FOR THE
TWO PHASF LOwW PRFSSUKRFE 31DE

Xz (XA ¥F ) /2.0

TF (X,67,1s7) Xa31.0

IF (X, LFeDafi) XB] eNFul1l
REe() , NaX) /Y
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Table B-=I (cont'd)

IF (RX 1 Te0,n) BYx=0,n

TF (RX,AT.1.NEs2) RX=1,08¢R

QRWCERHOVLCJRSCFL O

aMiyaMUF G/MUVL O

oNeR ADINS/DTT

C2i)e0+ (20,08 (NTTI/12. M) ¥RO®® _£349/C2) * ((RHOFLO=RHOVL 0) /RHOFLOY ) # (S
1ART (1.0 /RRMA) +SERT (RRMOT )

GFarvDNTos . 0/ (PTE4{NITY/12,0)865)

mE?bw(.R*(CF}3ﬁnn.0\%¢?”P199ﬁ%*€m 62428 2160 (GESDYT ()12, 048MUFLCY)
188 (= e25)) /(3228144 ,n8RHAFLO)

APTE1=RETAB (1aguX) B (7, 0/“e0)¢HFTA“xﬁ”(7 04,01 (CoRN®, 8T8/ (SR ¢
ToRMCY2RMIBE 126) 61, 0/ (RRUYDPRN#8, 25Y)

QETASRETAZL(CARAN o (= _£340))

CE20e0

NETLRFZRETAZ (L NeX)@a¢T, o/@.n)¢9Fvn¢x»~(7.o/4.0)6(r*nx%“.aTS/(<rpT
),QQ;Q)QQMU#@ 126) <) ,ﬂ/(RQH@*QWUﬁQ “RB)@(XLFVC*XLaCC,/U?I
DA=FE-NDTURBE =L TM

e CwsPa=PFE )

XA M 00N T=wl GSATISATEMP (PA) )Y JVADHER{SATEMP (PA))

IF (XA Fa1aN) 60 TO 110

TAsTEMBUW (Pa HLOCHT)

XA=1:0

0 T0 12n

117 TA=SATEMP (PA)
126 CONTINUF )

IF (IPDINTWFGel) HRTTF (&el6n) NOLINPLOWBTPsTCPIPCTCoPE(TE o XE oF
;A.VﬁoxA

RFTLRN

130 FORMAT (1X459FCCNDENSATIAN WY OFCHR~HWET59E1003)

140 enamvdy (1X¢ﬁHhERVw.F1n 3 ZHQuQE;ﬂ B.ﬁHQSFALﬂgglo I¢OHONAT=ELN )

150 FORMAT (1X,3mAascE10, 1940VCP2oF 10,3 3HVC=eE1 03¢ THNPRISEZF10,34/0
11X 7HﬁplﬂS§RaE1ﬂ 39?HQCNQF10 K ?HTCagflo 3

160 FORMAT (1XsSHCPRTI=.ET4, 3.6HQDL0W=.E1ﬂo304HPCPx.E10 3+4HTCP=eEVn, 3.
V701X o 3HOCZ s F 10, 30 3HTA5eE1 043¢ IHPF=3r 10,32 IHTFa9E10,393MXEs,F10,2
Tl ¥ MR AEE 1N T IHTARF LA 33X Az FYNeD)

END
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Table B-II -~ The V26 Reversing Valve Subroutine Listing

CHRDNITTIANE VAL VF (pF;TtoXFOPCPvICP'MDOT91AMHsXAqPAqTAoPC¢TC)
CUHBGpBaBBaBRrunnRTANT GGG DR w

C THE qHaBNUTINE=NnUMMY=MUST HBE cALLED AT LEAST ONCF
C PRYAR TN THE USE OF SUBROUTINF VALVE. THIS 1S Tp
r A Qv THE R2D PROPERTY ROUTINE 10 FILL THE DATA ARRAYS

8h 35y 35 ¢ P 40 3P 3 44 28 4

claRaYTHE VAL VE WILL CALCULATE THE COMODENSENR ANP
ACCUMIY ATOR PORYT THERMUDYMAMIC STATES GIVEN THE
FOMPRESSAR AND FVAPORATOR INLET PORT STATES FOR THF
BRANCNHE TYPF V24 REVERDING VA VE, IT HAS REEN ASSUMEN
THAT TUF HT=PF=| 1 SYSTEM IS REFING USEDe laeb as THE
SHeTrAr PORT REFRIGERANT STATE IS SUCH THAT THE MpgS
ONALTTY TS LFSS THAN ]le0. IF THF PROGRAM (AL CULATES
THFE ACAIMULATOR FOKY STATE T0 RE SUPERMEATENY THF
AGSNATATEND MASS QUALTTY WILL af PETURMED atl 1.0

(THF ~ORDFECT PRFSSURE AND TEMPERATURE WilLp RE
RETHEYED ALSD) »

TAMR=THF RFVFRSTING YALYE#S AMRIENT TEMPEMATURE (NFG.F)
DEWTF L YF=THF EVAPORATOR PORT PRESSURE (PSIA)
TEMOEDATIHRE (DEGeF) s AND MASS QUALITY (FRACTAON LFSS
TUAN Y, ")

PrReTrPeTHF COMRPRESSOR PORT PRFSSURE (PS1A)s AND
TEMDENATHRE (DEG.F)

MANTLAEFRIBERANT MASS FLOWKATE (LABM/HR)

XA aPALTATHE pACCUMULATUR pURT OUTLET MASS QUALITY
(FRAFTTIN WhICH SHMWH.0 BF LESS THAN 1,0==5t¢
tMTRASLCTAQY REMARKS) y PRFSSURF (PS1Aa)y AND TEMPFRATUKRE
(MG, F) .

PreTr-THE CONDENSER POKT PRESSUKRE (PSTA) s aND TEMp_
FROATHOE (NDFQ,F)

DA uhﬁTaKFoKV!KTUHNOLFNG!MUFH[OMUFLOOMUVhI'VUVLn

TR Teiyran

DYF=3,14

s Ne e Ne N Ne le le W e B I e Bt We T We Nie W e e e e le

(1:1.0
c wHEOE ~1 TS TRE NUMRER OF VELOCITY HEADS LOST aAS TRE
¢ A Fond THre COMPRESSUN FMTERS fmE VAL VE
oz, 3
s wHEDE ~3 TS THE NUMRER OF Vab ,#5 { OST AS THE GAS FxITS
C THE uat Ve T& POUTE T THE CONMRENSER
Crgtan O
C CHERE e TS THE EQUIVALENT RETUKN BEND LENGTH CONSTAMT
PTY=3y3 . n232,0
" AHFRE NPT OIS THE TMSTDE NTAMETER (IN) OF TiE 2 SUETIoN

nanTe (L ACATED 0RPPOSITE THE CoMPERESSOR PUKT)
;,rvr=9.”63.U/3?,0*€.U/1A.0
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Table B-L1 (cont'd)

WHEDE ) FYEC TS THFE LLFNBTM ([N) UF THE FVePORATOR anD
FOr R ESISE S THRE rONNECTLIONMS

(] ArC=Yl FUC+.Y

HEDE Y1 ACC TS THE LENGTH (IN) OF THE ACCUMULATOR

TURE AONMMEETTON

X MO =Y ne T /30, 04PTE®] 105

WHEDE Y| AMP TS THE AOMPRESSOR CUMNECTOR LENGTH {18
NT = o%

WHEDE NPT 1§ THE TNSIDE DYaMETER (IN} 0OF THE COMPOFSEOR
QoeT

RANT Ie= (5 N/2:0)/2aen

wHERe PARTUS IS THE RADIUS (IN) OF CURVAIURE FOR TRE
Sl TnTMn BETHRM REND ANU TS APPROXTMATEN AS HALF TufF
PYCTAviAF RAFTWEEN THE-EVAPRPARATOR AND ACCUMULATOR SneTi10W
POARY AFMTESRLINES

DERTYY2honG

vHEDE BFPIM 1S TwICFE THFE SpRIMETER (In) UF THF S Inlnn
PETIOv END2S PERIPAERY

THTICK =1 eN/RG)

wHERE THICK IS THFE THICKNESS (IN) OF THE SLIDING
ETHgr DEND

L FiNR=Y N /R0

WHEDRE | FrG TR THE LENGIH (IN) OF THE SLIUVING SURFACE
NE THe REND

wWTiiDAIgw) o0

WwHERE wT1mN 19 THE THEXRMAL COMDUCTIVITY (nTU/ (MR=FT«DFG
A Twe Re TURMN 3FND “aTERTAL

PTNOZL N+l eN/10en

YHEBE nTn 1S THFE OQUTSLIVF nlAMFTER{(IN) OF THE Vabvr

X | \/Aldz'&aﬂ*l":v.“/lﬁau

wHEOE YE AL TS THE VALYFE LENGTH{INI

FRAMT s e

WHERE FRACT 15 THE FRACTTan OF THE AREA »HICH I
FXPNSer TN THE HIGH VELOCTIY cOMPREDSOR wORT GAS

FAL e ATE REQUIRED HIGH ANU LOW RRESSURE PROPERTIFS

TRATer=SATEMP (POP)

HKEGRHT=YADMFG{TSATCP)

REQL D ADHF R (TE)

HEL Ozl NSAT (TH)

MHT Triea QW (PCPy TCP)

HY AT 2 YT aMEGLO*HF L0

MUFHT =YL PV TS ITSATOM)

VIV 2 tAASYTIS(TARI/RVISAT(DATEMP (146 7)) I %QVISAT(TgaTem)
MUEL NeX] AVISITE)

MUV ARV TSAT (TES
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Table B-IT (cont'd)

anqu:hFNLIQ(TCP)/
AHOVHT ZAASRHO(PCR TOR)
RUAE ~=NEMLTO(TF )
GOV A=RaASIRN (PFeTH)
COVHY = PSATA(TSAICP)
CRFWT L CPUTLA(TSATCR)Y
KE=XnAANMn (TSATCR)
w\=SATASY (TSATCH)

THE At nAdTNAG HEAT TRANSFER CALCHLATIOMS ARE FOR THE HIGH
epFsglor SINE AND ASSUME THE |LnW SIDE OF THE RENN YO At
AT Tur SATHRATINN TFMPERATURE

HABY= 2 na@KV/ (RADTIUS/12,0) )% 0n368 (2.0 (RADTUS/12,0)8MN0T/ (PIE#DTCH
128U YT 1440 )8R BF (COVHIFMUVHRTI/KV IS8 4,333

VETIMml oA {HDRYUPIERFRACTHI(RANIVUS/12en) u92)

WAL =22 n# THICK/ (12, 0%KTURNSPIF2FDACT# (RADIUS/12,0) % %)

Az TrraTE) Z{RE MeRYALL)

Tull ) =TFeR¥RWALL

TE (TaAall ,AT,TSATCHP)Y GU Tn 100

ST&CF AOLOENSATION MHST OrCUR TF 1L0GTI0 DUES NOT G0
TN 4o THEN FILM COEFFICTIENT MUST BE CORRECIED TO pfFF|FCT
THE HaNAE TN PHYSICS

MWFE Tyt BYa (KE /K ESONT(GYTSAT(THATCP) sMUFHI) ¢ (CPENIRRKVEMUFHT/ (CPVH
VIR EnntTeAT (TSATCRY ) 14 333 (RHOFHIZGASRHO(PCP o ISATCPI ) ®R ([ oa0/be()
DT ) Zn /(M F THFRACTHPIE# (RADIUS/12e0) 852
A {TOATrOTFE)Y /(RFTILAeHWAL L)
T‘-JO'V_L‘:TCOQ*Q“ALL
OOTMY 12ny HWFT
YAt COMTPMEFE

MW AL S ATE THE HEAT TRANSFER THROUGH Ire SFALING
FACE ~€ THF afND, IT #IL Bt TREATED AS A
g1 aTTH ONE FACE INSULATED.

OSFALafOLT (HORY# (PERIM/ 12 ,0) RaddK TURNS® (THICK/12.0) )% ( (TCP=TWALL
VY RTaANG ) ENGZTI2,0) #SQRT(HNRY/Z (KTURN¥THICR/12,0) 1))

ME} T TP, TAMR

e (et T LT 0.0) DELT=Uen

W AMe DT (NFL TE12,0/0TU) %4, 25

HTHIROw YO#NFL T##,3333333

WIS F et Aws

TE (HTU RO AT e L AMY  SeE=HMTURR

PMATz SERBTER(DTO/12,0) ™ (XL VAlL/12.0) *NELT

DTYOT A 2N CSEAL+ONAT
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Table B~1I (cont'qd)

METATPHU T IN=QTOT AL #74D0T

TE (12T T Fugal) HEITE (64140) #ANRYsQeQSEALsUNAT
Wl MOy =4 DTN (QeQSFAL)Y ZMD0T

YA (il A0 THMFL Q) /P GLO

THE eni ] niING PRESSHRE DROP CALCULATIONS ARE FOR
THE ulas BRESSURE SIDF

YERzRNT (360N e NRRAOVHINDTERDTUR®2/ (4,07 154 ,0))

Vesyene (pTo/NTI)yee2

MEPTCe=!  [S¥RMOVME/ P, 2) 2 (VCRRa 2=y R82) Y1ag,0
VYIG=AARMTIS{TCP)#GVISATITSATCPR ) /GVISAT(SATEMP {1447))

nEp Ngeel  SEAHOVHI/(32.2%14450) 1% (C1BVIPRR2eCR2RyCanpsylReeae (X CMP/y
1ATEIS AT R (RHOVHIRVEORUTC/ (12, 0%V IS/3600.0)) 9% (= 25) + VRO (XLACC/
2HTT e 1T a R (RHOVHISVEADI T /(12.0%VIS/I6G0,0) ) %0 (=e25))
PraBroeMpRISF-DRL0SS

POMT=rR] NSS=NRRYSE

TraTEuwlH (B H=TOUT)

IF (1PeTaTeFQel) WRITE (64150) AASVCPIVCIDPRISEIYNPLOSSIFCH IC

NEYT 2F T NE BRESSURE DROP CALCULATIONS awE FOP THE
TN puale |LOW PRESSURF SInt

Xz (Y ¥FYy /2,0

TE (Y, "T_,1e40) Xz=1eO

TE (x 1 F.Na0) XzlelF=}]4

PAENE IS SV

TE (v, TeOaN} REZ0,N

TF (Y, OTe]leE*R) MXT]eNF el

DRHN=HUNY O/RHOFLC

pmtizane ) /M v O

DR=zR.anTHe/NTTY

DREORSY o7

CATE rHAT THE R/ZD RATIU waAS ANJUSTED TO FOHCL THF

vARFE TN FIT EXPERIMENTAL DATA

Pl] o0+ (3040¥(DTI/12,0) 8RNAP 46340 /C3) # { {RHUFLO=RHOVLA)/RROFLO) I % (S
ARTY , n/7ru0) +SORT (RRRUY)

AFznrATH L G/ (PIF# (DT /712,0n) 845

AFTA=l S (GF/3600,0) #8283 %RDe % (= 6349124 316%(GEANTI/Z(12.0FMUFLQ))
Vaat (=, 20 ) )/ (A2,2%)144 0¥RHOTLQ)

NOTPT=AFTAR (] G 0=R) R (TaN/4:0) s BLTAMKRR (To0/6,0)% (P8R8 ,BTS/ (QURT(
QRHMVEDMNFE 125) 6] o 1/ (KRHATRMUIRS [ 55 )

RFETA=NTTA/Z(CRRRMad(~ 634G )

!"3?!\ N

PETIDe=0FTAS (1aNeX)RE{Te0/%c0) +BETARXKRR (T4 0/4cQ) 8 (ABRXER LTS/ (OGRT
(DOLNy ¥R (1E5) 4] on/ (RRIVERMUT R (25) )& (ALEVCHLLACC) /DT
DAEPE.PPTURE-DPTE]

oD N L eDALRE

—

)

-
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Table B~II (cont'd)

YA (L) NOOTeW GSAT(SATEMP (PA) ) ) /VAPHFB (SATEMP (PA))

TE (vradFalen) GO Ty 1in

TARTEMOM P AW ONUT)

YAz »

GOTn 12n
10 TazQavechp (Pa)
120 roarRTrenlf

TF (1o TnT Flal) WRITE (A,160) OPHI s DPLOWIHFCP s TCP 4PC o TCoPE s TE g AE o P

YA«TANYA

CETYI R

1T9n endMax (71X, POMCONOFNSATION WT{L OCCUQ-HWEltyFIO,a)

Tan Fafuar (1 Xs  SHHNRY=sE10edy  2HUS9ELIN3s  OMOSEAL=,EJn.3s SHONAT=
YeFT1h, ‘

180 FOPMe s (1Xy  3HXA=9F10e3v  4MyCP=,E10,30 3NVCZeF1neds THOPRISE=S,
1E1N .26 /701 X0 THPRPLOUSS=sF1nedn IHPC=9E10e3y 3HTC=,E10e3)

1eM pnpMar (1 X0 SHPPHI=eF 10,3 AHDPLOWE g U3 4HPEDEL,E1 0.3y GHTCP
1zeFln, Res01Xy IHPC e Fl0a. 30 3HTC=9ﬁlﬂ.J. 3HpE=.F10.3' 3HTE=eF D
Per AXES4FT0e39/0 1 Xy IHPARIE 1A, 39 IHTAZIF)I0e, IMKAERE]Q,3)

R

A-53



Table B-IIT -~ The V30 Reversing Valve Subroutine Listing

SHADAITTAF VA] VF (VFiTthFQPCPaICPGNDOTgiAMPvXA!PA.TA.PCoTC)
PEBRGHB BB B Y UDART ANT SR BR 800w

r TUE P AUTINE =PUMMY=MUST b cALLED 8T LEAST ONCF
a eEYNe T THE LSF OF SUBROUTINE VALVE, TrIS IS Tn
~ ALl Ny THE B33 PEOPFRTY RONTINE 10 FILL I1wE DaTA APRAYS

gl R TR R TR TN
SLRReMTINE VAL VE #TLL CALTUELATE THE COMUENSFR aNp
ACFIIy ATOR BT THERMUDYNGMIC STATES BIVEN THE
COMPOERSAR AN( FVAPIORATOR INLET PORT STAIES FOR Tup
BEAMCA® TYPE V30 REVEEDSING VA ves 1T HAS abFM ASQUMEN
THAT TuE HY-BE={ ] SYSTEM TS PEING USENs LeFas THE
RACTrnr 00RT BEFHIGEFRANT STATE IS SUCH T=aT THE MaeS
ALTAL YTy TS L ESS THAM je0e It ThE PRUBKREY CALCULATES
TE ACCHHULATOR PORT S1aTe TC Wb SUPERHEATEDY Trg
ARKN/AtATED MASS QUALTTY wiLl b &SETURNFD AT 1,0
{THE A~ANGPECT PRESSURE AND TEMPERATURE wlLlL 8F
QETHpamEn ALSH) o
TrMa.TUF REVFFSING VALVEZS AMRIENT TEMPEXATURF (NFGeF)
DG TE G FWTHE FVAPOHATUNK PART PRESSURE (MSTA) Y
TREMPEo A TURE (DERGF e AND MASS QUALITY (FraCTiON | FeS
THAM Y Ny
PEP L TAR-THE COMPRFSSOR PORT HFRFSSURE (PS18)s AND
TEMPErATIRE (DEGLF)
M T FOIGFHANT MASS FLOWHATE (| BM/HE)
XAaRAGTALTHE BCCUMIN ATUR pUKT OUTLET MASS GuUALITY
(FRACTTION WHTCH SHOUL D MF LFESS THAN 1 ,0=~5+F
THTRANCTARY HEMANES)Y s PRESSURE (PSTAY e 2/ TFMPEFraTIRE
(NFR, e .
ECreTr=THe CONDENSER PONT ORESSHRE (PSTH) s AND TEMD_
FOATIHDEE (NFGRGF)
HEAL MPOT AKF oKV o KTURNYLEMGeMUFA] o MUFLOGMUVHT sMUV] O
TOM e Ten
UTF‘::‘I'1-‘A]
Cizr N
~ vHERE ~3 1S THE NUMaER OF VELOCITY HEADS LOST a8 TwF
r GaS Fren THE (OMPRESSOR ENTERS IWME VALVYE
[l 2= 4N
s rwE R e 1S THE NUMRER OF Ver,z5 LOST a5 TwE Gas FxITs
r THE wat Ve TN ROVTE T0 THE CONHFNSFER
rIzynn 0O
C CHEFOE r TS ThE EQUIVALFNT RETUKRN BEND LENGTHR COMNETANT
“CTY=a /1A .0
r WHE DR N T IS ThE TRSTOE NDTaMETER (IN) OF THFE 2 SteTins
c BAeTe (I ACATED OPPLSTITE THE COMPRESSOR PURT)
¥| FAUr=aZ 0+ A0 [ /el eTFU/14.0

TSN

DYDY DS TY T v

)

RIR IR R

3

a9
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Table B~III (cont'd)

WHERFE ¥ FVC IS THE LENGTH (IN) OF THE EVAPORATOR AnD
CANNENSER TURE CONNECTLIONS

X1 ACCe2e N+ 38,0/ 606400¢.54T /16,0

wWHFPRE YILACC TS THE LENMGTH (IN) OF THE ACCUMULATOR

THRE AnMeFEETION

Y} CAMD2Y ,n+QQ 1 /8640

MHERE Y| ~MP TE THE COMPRFSSOR CUNMNECTOR LENGTH (Tn)
NTC=7,n/1AeN

wHEDE NTe TS THE INSIDE DTAMETEN (IN) OF THE COMPRFESENR
PnRT

oaNTitex{l.nel .0 /8.0)/2en

wHEDE PARTUS 15 THE RAUIUS (IN) NF CURVAIURF FOR THE
el Inyre SETURN BEND AnD 16 APPRUYIMATED a5 HALF THE
PTSTAMAE RETWEEN THE EVAPORATOR AND ACCUMULATOR ST ION
OARTY ArMTERLIMES

DFRYTi4=l,n

wHERE PFR M IS TwlCF TRE oeRIMETFR (IN) UF THF SLIRING
CeTHpn BENNZES PERIPHEKRY

THYI e N4 7T

WHERPE THICK IS8 THE THICKNFSS (INY OF The SLIDIMNG
RETHIDM RENN

L ENGma N1 6N

WHEPE 1 EnG TS THE LENGTH (INY OF THE SLIUING SURFACE
AF THr PEND

KTihipnei2,0

wWHEOE wTHRN TS THE THERKMAL CONNDUCTIVITY{(HTU/ (HR=ET=DFA F)
OF Tus P THRM BFND MaTERIAL

PTOz) ,n¢13,0F32,0

WHFRF ATr 1S THE OQUTSIVE nlamMETeER(IN) OF THE VALVF

XL VAL L=T7,ne27,0/32.0

wHEoE X vAL IS YHE YALVE LENGTYH({TN)

FOACTY=  Aé

wHEDE FRACT IS THE FRALTIAN OF THE AREA wHICH I%
Fxonaerr YO THFE HTIGH VELOCTTY roMPRESSOR FORT GAS

rabri ATE REQUIRED HIGH ANUD Lnw PRESSUFE PROPFRTIFS

TRATCD=SATEMP(PP)
HEGHT=VABHFB(TSATCP)
WEGL NeMADHEGITE)

HEL Nowt MRAT(TE)
b#PTTHf(‘-ACM(pCPOTCP)
Bl OTria YFSHEGLO*HFLU
MIFHT X AVISITS4TCP)
HHVHT 2 (GASYTSITOP)/GVIDATISATFEMP (1447) ) IYGVTISATITEATED)
VMIEL De Yl CVISOTED
MUV pefVISATITED
mOE L l=reNLTG(TOR)
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Table B~I1II (cont'd)

CHOVET =GASRUO(PCRyTCP)
WHNOF| A=2DENL T (TF)
CHOAY AR SREO (PR T
COVHY =~ PSATSITSAICHYS
FPEHT ST N(TSATCH)
WFxXe mrnMn (TSATCP)
KVsSATnSk (TSATCR)

THE £ [ nwING HEAT THANSFER Cal CLATIONS ARE FOR THE HI0ON
POFGahNF SINF AMD aSSumMtE Tk { OW SIDE OF TwE ReENd 7O Qt
AT Tur QATHEBATINN TFMPERATURE

FAPYL (D, atk Y/ (RANTUS/12,.0) )% 4 036% (2 0% (KADLUS/12.0)2mn0T/ (PIFwUT(®

SO IST SV 44 ,0) )RR R LCPYLRIIMUOUVHT/RY ) #4234

DET] ) o 0/ {HNOYRHIERFRACTH (RANTUS/12Pe ) %32

CWAL | =2, n8THICK/ (172, 00RTUONRP T SFRACTH (2ADIUS/I2,n)®82)
Fnf{TrpeTe ) Z(RET| MeHEWAL L)

TWAL | =TFaQ%pwal (.

TE (T A ) 4RT,TSATCPY GU TA 10n

crhre AONDFNSATION HMUST OpCUR IR LOGIC DUES NOT GO
TO R. THEN FTLM COFFFICTENT MUST BE CORRECIEU TU nrby £CT
THFE rHAMNARE TN PHUYSICS

W Y eun Dy (K /R )H#SORT{AYTIAT (TOLTCP) /MUF R ) #(CHPFRI#VEMUFHL/ (LPvR
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Table B-III (cont'd)
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Table B-III (cont'd)
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APPENDIX B
Listing of VALVER Subroutine

A listing of the VALVER subprogram follows.

SUBROUTINE VALVER(IV,PA,TA,XA,PCP,TCP,MDOT, TAMB,PDLO,PDHI, QLEAK,
1 QAMB, PRINT)

Ao ok ok koo ok ok ook ok ok Rk Ak Kk dOR ARk kA
SUBROUTINE VALVER WILL CALCULATE THE LOW SIDE

REVERSING VALVE INLET THERMODYNAMIC STATES AND

THE HIGH SIDE REVERSING VALVE EXIT THERMODYNAMIC

STATES GIVEN THE COMPRESSOR SUCTION AND DISCHARGE
THERMODYNAMIC STATES, THE REFRIGERANT MASS FLOW RATE

AND THE REVERSING VALVE AMBIENT TEMPERATURE FOR THE
EMPIRICAL MODEL BASED ON BREADBOARD TEST RESULTS AND THE
*RANCOx TYPE V25,V26 AND V30 REVERSING VALVES.

THE CASE WHERE THE COMPRESSOR SUCTION CONDITIONS

ARE SLIGHTLY WET IS INCLUDED.

INPUTS:
IV = VALVE IDENTIFIER (INTEGER)
1 FOR EMPIRICAL MODEL
25 FOR V25
26 FOR V26
30 FOR V30
PA = COMPRESSOR SUCTION PRESSURE - PSIA

TA = COMPRESSOR SUCTION TEMPERATURE - DEF F
XA = COMPRESSOR SUCTION QUALITY (1.0 = 100%)
PCP = COMPRESSOR DISCHARGE PRESSURE - PSIA

TCP = COMPRESSOR DISCHARGE TEMPERATURE - DEG F
MDOT = REFRIGERANT MASS FLOW RATE - LBM/HR
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TAME = VALVE AMBIENT TEMPERATURE - DEG

OUTPUTS :
PDLO = LOW SIDE PRESSURE DROP (PSI)
FDHI = HIGH STDE PRESSURE DROP (PSI)
OLEAK= TNTERNAL HEAT LEAK (BTU/HR)
GAMB = HEAT LEAK TO AMBIENT FROM
HIGH SIDE (BTU/HR)

REAL MDOT,KF,KV,KTURN, LENG, MUFHT , MUVHI ,MUVLO , MUFLO,

1 KCOAT

REAL MUSAT,MGY, KGX, MEX, MVX, MUFHX , MUREF , KXF , KXG

LOGICAL PRINT

DIMENSION ADTI(3),ALEV(3),ALAC(3),ALCM(3),ADTC(3),ARAD(3),
1 APER(3) ,ATHK(3) ,ATCO(3) , ALEN(3) , AKTU(3) , AKCO(3) ,
2 ADTO0(3) ,ALYA(3)

DATA ADTI/ 0.75C,D.40625,0.5625/

DATA ALEV/ 3.0625,2 40625,2.984375/
DATA ALAC/ 3 5625,2.90525,1.921875/
DATA ALCM/ 3.0,6.75304,1.921875/
DATA ADTC/ 0.55625,0.25,0.4375/

DATA ARAD/
DATA APER/
DATA ATHK/

.65625,0.2125,0.5625/
.75,4.25,8.0/
.047,0.125,0.047/
DATA ATCO/ 0.002,0.0,0.0/

DATA ALEN/ 0.312,0.125,0.1875/
DATA AKTU/ 30.0,1.0,12.0/

DATA AKCO/ 223.0,1.0,1.0/

DATA ADTO/ 1.75,1.0625,1.40625/
DATA ALVA/ 8.6875,4.9375,7.84375/
IPRINT = ©

IF (PRINT) IPRINT = 1

IF(IPRINT .EQ. 1) WRITE(6,196) IV,PA,TA,XA,PCP,TCP,MDOT,TAMB
IF{IV .EQ. 1) G0 TO 2000

O O O ® O O W Ww
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V=1

IF(IV .EG. 26) JV=2

IF(IV .EQ. 30) Jv=3

PIE = 3.14159827

(1 =1.0

WHERE €1 IS THE NUMBER OF VELOCITY HEADS LOST AS THE
GAS FROM THE COMPRESSOR ENTERS THE VALVE

€2 = 0.85

WHERE C2 IS THE NUMBER OF V.H.’S LOST AS THE GAS EXITS
THE VALVE IN ROUTE TO THE CONDENSER

€3 = 100.9
WHERE C3 IS THE EQUIVALENT RETURN BEND LENGTH CONSTANT
DTI = ADTI(JV)

WHERE DTI IS THE INSIDE DIAMETER (IN) OF THE 3 SUCTION
PORTS (LOCATED OPPOSITE THE COMPRESSOR PORT)

XLEVC = ALEV{JV)

WHERE XLEVC IS THE LENGTH (IN) OF THE EVAPORATOR AND
CONDENSER TUBE CONNECTIONS

XLACC = ALAC(JV)

WHERE XLACC IS THE LENGTH (IN) OF THE ACCUMULATOR
TUBE CONNECTION
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XLOMP = ALCM(JY)

WHERE XLCMP 1S THE COMPRESSOR CONNECTOR LENGTH (IN)

DTC = ADTC(JV)

WHERE DTC IS THE INSIDE DIAMETER (IN) OF THE COMPRESSOR
PORT

RADIUS = ARAD(.JV)

WHERE RADIUS IS THE RADIUS (IN) OF CURVATURE FOR THE
SLIDING REVURN BEND AND IS APPROXIMATED AS HALF THE
DISTANCE BETWEEN THE EVAPORATOR AND ACCUMULATOR SUCTION
PORT CENTERUINES

PERIM = APER(JV)

WHERE PERIM IS TWICE THE PERIMETER (IN) OF THE SLIDING
RETURN BEND PERIPHERY

THICK = ATHK (JV)

WHERE THICK IS THE THICKNESS (IN) OF THE SLIDING
RETURN BEND

LENG = ALEN(JV)

WHERE LENG IS THE LENGTH (IN) OF THE SLIDING SURFACE
0F THE BEND

KTURN = AKTU(JV)

WHERE KTURN IS THE THERMAL CONDUCTIVITY (BTU/(HR-FT-DEG.F)
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OF THE RETURN BEND MATERIAL

DTO = ADTO(JV)

WHERE DTO IS THE OUTSIDE DIAMETER (IN) OF THE VALVE
XLVAL = ALVA(JV)

WHERE XLVAL IS THE VALVE LENGTH (IN)

FRACT = 0.86

WHERE FRACT IS THE FRACTION OF THE AREA WHICH IS
EXPOSED TO THE HIGH VELOCITY COMPRESSOR PORT GAS

KCOAT = AKCO(JV)

WHERE KCOAT IS THE THERMAL CONDUCTIVITY (BTU/HR-FT-DEG.F)
OF THE RETURN BEND PLATING MATERIAL

TCOAT = ATCO(JV)

WHERE TCOAT IS THE THICKNESS (IN) OF THE BEND PLATING MATERIAL
PTHICK = THICK-TCOAT

CALCULATE REQUIRED HIGH AND LOW PRESSURE PROPERTIES

FIRST ESTIMATEVOF HIGH AND LOW SIDE PRESSURE DROP AND
HEAT LEAK

PDLO = 2.0
QLEAK = 200.0
NLEAK = O
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1111

1122

1133

1

1

NPDLO = O

TSATA = TSAT(PA,IFLAG)

CALL SATPRP (TSATA,PXX, VFX,VGX,HLIQA, HFGRA, HGX, SFX, SOX, IFLAG)
TF{XA .EQ. 1.0) GO TO 1010

HLOOUT = HLTIQA + XA+HFGRA

G0 TO 1111

COMTINUE

CALL VAPOR(TA,PA,VFX,HLGOUT,SVX, TERROR)

CONTINUE

TF(NPDLD .GT. 50) GO TO 1991

IF(NLEAK .GT. 50) GO TO 1992

PE = PA + PDLO

HLOIN = HLOOUT + QLEAK/MDOT

TSATE = TSAT(PE, IFLAG)

CALL SATPRP (TSATE,PXX, VFX, VX, HLIQE , HFGRE , HGX, SFX, SGX, IFLAG)
HSATE = HLIQE + HFGRE

TF (HSATE .LT. HLOIN) GO TO 1122

TE = TSATE

XE = (HLOIN-HLIGE) /HFGRE
G0 TO 1133

CONTINUE

XE = 1.0

TTRY = TSATE + 5.0

NLOC = 1

CALL TRIAL2(TTRY,0.5,PE,3,HLOIN,G.001,VX,HX,SX, TE, IGOOF)
CONTINUE
TSATCP = TSAT(PCP, IFLAG)
TREFR = TSAT(14.7,IFLAG)
CALL SATPRP (TSATCP,PXX,VOLHF,VGX, HFX,HFGHI , HGX, SFX, SGX, IFLAG)
CALL SATPRP(TE,PXX,VOLLO,VGC,HFLO,HFGLO, HGX, SFX, SGX, IFLAG)
CALL MUKCP (TSATCP,MUFHT ,MUSAT ,MGX, KF KV, KGX, CPFHI , CPVHI,

CPX, TMUKCP)
CALL MUKCP (TGP, MFX, MYX, MUFHX, KXF, KXG, KGX, CPXF, CPXG,

CPX, TMUKCP)
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CALL MUKCP (TE,MUFLO,MUVLD,MGX ,KXF,KXG,KGX, CPXF , CPXG,
1 CPX, IMUKCP)

CALL MUKCP (TREFR,MFX,MUREF ,MGX, KXF ,KXG,KGX, CPXF, CPXG,
1 CPX, IMUKCP)

CALL VAPOR{TCP,PCP,VOLHI,HHIIN,SVX, IERROR)

HLOIN = XE+HFGLO+HFLO

MUVHI = (MUFHX/MUREF) +MUSAT

RHOFHMI = 1.0/VOLHF

RHOVHI = 1.0/SPVOL (TCP,PCP)
RHOFLO = 1.0/VOLLO

RHOVLO = 1.0/SPVOL (TE,PE)

IF(IPRINT .EQ. 1) WRITE(6,197) TE,PE,XE,TSATE,HLOIN,
1 HFLO, HFGLE, RHOFLO, RHOVLD , MUFLO , MUVLOD

IF (IPRINT .EQ. 1) WRITE(6,198) TA,PA,XA,TSATA,HLOOUT,
1 HLIQA,HFGRA

IF(IPRINT .EQ. 1) WRITE(6,199) TCP,PCP,TSATCP,HHIIN,
1 HFGHI , RHOFHI , RHOVHI , MUFHI , MUVHI , TREFR, CPFHI,
2 CPVHI , KF, KV

THE FOLLOWING HEAT TRANSFER CALCULATIONS ARE FOR THE HIGH
PRESSURE SIDE AND ASSUME THE LOW SIDE OF THE BEND T0 BE
AT THE SATURATION TEMPERATURE

XKPER = THICK/ ((TCOAT/KCOAT)+ (PTHICK/KTURN))

HDRY = (2.0+KV/(RADIUS/12.0))+0.036 (2.0# (RADIUS/12.0) +MDOT/
1 (PIEADTC#+2+4MUVHI /144 .0) ) #+0. 8+ (CPVHI+MUVHI /KV) #0.333
RFILM = 1.0/ (HDRY+PIE+FRACT« (RADIUS/12.0) +#2)

RWALL = 2.0+THICK/ (12.0+XKPER+PTE+FRACT+ (RADIUS/12.0) «+2)

Q = (TCP-TE)/(RFILM+RWALL)

TWALL = TE+Q+RWALL

IF(TWALL .GT. TSATCP) GO TO 100

SINCE CONDENSATION MUST OCCUR IF LOGIC DOES NOT GO
T0 6.0 THEN FILM COEFFICIENT MUST BE CORRECTED TO REFLECT
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C THE CHANGE IN PHYSICS

C
HYET = HDRY* (KF/KV) *SQRT (MUSAT /MUFHI)  (CPFHI+KV4MUFHI/
1 (CPVHI*KF+MUSAT) ) x+0. 333« (RHOFHI «SPVOL (TSATCP,
2 PCP)) #%{1.0/6.0)

RETLM = 1.0/ (HNET+FRACT+PIEx (RADIUS/12.0) %%2)
@ = (TSATCP-TE)/(RFILM+RWALL)
TWALL = TE+QeRWALL
TF(IPRINT .EG. 1) WRITE(6,130) HWET
100 CONTINUE

C
C NOW CALCULATE THE HEAT TRAMSFER THROUGH THE SEALING
C FACE OF THE BEND. IT WILL BE TREATED AS A
C FIN WITH ONE FACE INSULATED.
C
XKPAR = (KCOAT*TCOAT+KTURN*PTHICK) /THICK
OSEAL = SQRT(HDRY= (PERTM/12.0) ++2%XKPAR (THICK/12.0))  ( (TCP-

TWALL) + TANH( (LENG/12.0) +SART (HORY/ (XKPAR«THICK/
2 12.0))))

QHILO = Q + GSEAL

ERR = ABS (QHILD~QLEAK) /QHILO

IF(ERR .LE. 0.001) GO TO 1168

QUEAK = QHILO
NLEAK = NLEAK + 1
G0 T0 1111

1168 CONTINUE
DELT = TCP-TAMB
IF(DELT .LT. 0.0) DELT = 0.0
HLAM = 0.27%(DELT«12.0/DT0) #%0.25
HTURB = 0.12«DELT#x0.3333333
HUSE = HiLAM
IF(HTURB .GT. HLAM) HUSE = HTURB
ONAT = HUSEsPIE«(DT0/12.0)* (XLVAL/12.0) «DELT
QTOTAL = Q+QSEAL+QNAT
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QAMB = QNAT
HHIOUT = HHIIN-QTOTAL/MDOT
IF(IPRINT .EQ. 1) WRITE(6,140) HDRY,Q,QSEAL,GQNAT

THE FOLLOWING PRESSURE DROP CALCULATIONS ARE FOR THE
HIGH PRESSURE SIDE

VCP = MDOT/(3600.0+RHOVHI+PIExDTC#%2/(4.0%144.0))
VC = VCP# (DTC/DTI) %22

DPRISE = (0.5%RHOVHI/32.2)*(VCP*x2-VC%%2) /144.0
3 (12.0%VIS/3600.0)) *x(~0.25))

PC = PCP+DPRISE~-DPLUOSS

DPHI = DPLOSS-DPRISE
PDHI = DPHI

TTIRY = TCP - 10.0
NLOC = 2

CALL TRIAL2(TTRY,5.0,PC,3,HHIOUT,0.001,VX,HX,SX,TC,IGOOF)
IF(IPRINT .EQ. 1) WRITE(6,150) XA, VCP,VC,DPRISE,DPLOSS,PC,TC

NEXT SET OF PRESSURE DROP CALCULATIONS ARE FOR THE
TW0 PHASE LOW PRESSURE SIDE

X = (XA+XE) /2.0

IF(X .GT. 1.0) X =1.0

IF(X .LE. 0.0) X = 1.0E-13
RX = (1.0-X)/X

IF(RX .LT. 0.0) RX = 0.0
IF(RX .GT. 1.0E8) RX = 1.0E8
RRHO = RHOVLO/RHOFLOD

RMU = MUFLO/MUVLO

RD = RADIUS/DTI

IF(JV .EQ. 2) RD = RD#1.2
NOTE THAT THE R/D RATIO WAS ADJUSTED TO FORCE THE MODEL
T0 FIT EXPERIMENTAL DATA
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C = (1.0+(20.0%(DTI/12.0)+RD++0.6349/C3)« ( (RHOFLO-RHOVLO) /
1 RHOFL0) ) + (SGRT (1 .0/RRHO) +SART (RRHO))

GE =

1 MDOT+4.0/ (PIE+ (DT1/12.0)%%2)

BETA = {0.5%(GE/3600.0) +%2+C3xRD++ (-0.6349) +0.316+ (GE+DTI/

1 (12.0+sMUFLD) ) %% (-0.25)) / (32.2%144 . 0«RHOFLD)
DPTP1 = BETA*{1.0-X)*%(7.0/4.0) +BETA«X**(7.0/4.0) % {C+
1 RX«#0.875/ (SQRT (RRHO) *RMU**0.125) +1.0/ (RRHOD*

2 RMU=x0.25))

IF(IPRINT .EQ. 1) WRITE(6,170) DPTP1,BETA,X,C,RX,RRHO,RMU
BETA = BETA/(C3+RD#+ (~0.6349))

C=20.0

DPTUBE = BETA*(1.0-X)#x{7.0/4.0)+BETA«X+%(7.0/4.0) = (C+
1 RX#x0.875/ (SART (RRHO) *RMU*+0.125) +1.0/ (RRHD=
2 RMU#x0 .25) ) * (XLEVC+XLACC) /DTI

IF(IPRINT .EQ. 1) WRITE(6,180) DPTUBE,BETA,C,XLEVC,XLACC,DTI
PE = PA+DPTUBE+DPTP1
DPLOW = PE-PA
ERRLO = ABS (DPLOW-PDLO) /DPLOW
IF(ERRLO .LE. 0.001) GO TO 1144
PDLO = DPLOW
NPDLO = NPDLO + 1
G0 TO 1111
1144 CONTINUE
PDLO = DPLOW
PDHI = DPHI
QLEAK = (+QSEAL
QAMB = QNAT
IF(IPRINT .EQ. 1) WRITE(6,160) DPHI,DPLOW,PCP,TCP,PC,TC,PE,
1 TE,XE,PA,TA,XA
GO TO 1998
1991 CONTINUE
WRITE(6,195)
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GO TO 1998
1992 CONTINUE
WRITE(6,190)
1998 CONTINUE
RETURN
2000 CONTINUE
PDHI = 0.0
QAMB = 0.0
PDLO = REVVPD(TA,PA,MDOT)
QLEAK = REVVHT (TCP,TA)
RETURN

i

R

130 FORMAT(1X,29HCONDENSATION WILL OCCUR-HWET=,F10.3)
140  FORMAT(1X,5HHDRY=,E10.3,3X, 2HQ=, E10.3, 3X, 6HQSEAL=, £10.3, 3X,

1 SHQNAT=,E10.3)
150  FORMAT (1X,3HXA=,E10.3,3X,4HVCP=,E10.3, 3X, 3HVC=,E10.3, 3X, 7THDPRISE=,
1 £10.3,/,1X, 7HDPLOSS=,E10.3,3X, 3HPC=,E10.3, 3X, 3HTC=,F10.3)

160  FORMAT (1X,5HDPHI=,E10.3,3X,6HDPLOW=,E10.3,3X, 4HPCP=,E10.3, 3X,
1 4HTCP=,E10.3,/,1X,3HPC=,£10.3,3X, 3HTC=,E10.3, 3X, 3HPE=, E10.3,
2 3X,3HTE=,E10.3,3X, 3HXE=,E10.3, /,1X, 3HPA=,E10.3, 3X, 3HTA=, E10.3,

3 3X, 3HXA=,E10.3)
170  FORMAT(1X,’DPTP1=’,E10.3,’ BETA=?,E10.3,’ X=’,E10.3,’ C=’,E10.3,
1 > RX=",E10.3,/,1X, "RRHO=",E10.3, > RMU=’,£10.3, /)
180  FORMAT(1X, *DPTUBE=’,E10.3,’ BETA=',E10.3,’ C=’,F10.3,” XLEVC=’,
1 £10.3, XLACC=’,£10.3,/,1X,’DTI=’,£10.3,/)

190  FORMAT(1X, HEAT LEAK ITERATION DOES ROT CONVERGE IN VALVER’,/)
195  FORMAT (1X,’LOW SIDE PRESSURE DROP ITERATION DOES NOT’,

1 > CONVERGE IN VALVER’,/)

196  FORMAT(1X,’IV=",4X,16,” PA=’,E10.3,” TA=’,E10.4,’ XA=’,E10.3,
1 /,1X,'PCP=",E10.3,’ TCP=",F10.3,’ MDOT=’,E10.3,
2 » TAMB=",E10.3, /)

197  FORMAT(1X,'TE=’,E10.3,’ PE=’,E10.3,’ XE=’,F10.3,’ TSATE=’,£10.4
1 /,1X, "HLOIN=",E10.3,” HFLO=",E10.3,’ HFGLO=’,E10.3,

d
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2 ) RHOFLO=",E10.3,/,1X, 'RHOVLO=" E10.3,” MUFLD=?,£10.3,

3 > MUVLD=?,E10.3,/)
198  FORMAT(1X,’TA=’,E10.3, PA=",E10.3,’ XA=",F10.3,” TSATA=’,E10.3,
1 /,1X, "HLLOUT=? E10.3,” HLIOA=’,E10.3,’ HFGRA=’,E10.3,/)

199  FORMAT(1X,’TCP=,E10.3,° PCP=’,E10.3,7 TSATCP=’,£10.3,7 HHIIN=’,
10.3,/,1X, "HFCHI=? ,E10.3,” RHOFHI=’,E10.3,” RHOVHI=’,
£10.3,7 MUFHI=’, £10.3,/,1X, MUVHI=" E10.3,’ TREFR=’,
F10.3,” CPFHI=’,E10.3,’ CPVHI=’,£10.3,7,1X, KF=’,

£10.3,’ KV=,E10.3,/)

s W N

END
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APPENDIX C
Listing of REVVHT subroutine

A listing of the subprogram REVVHT follows.
REAL FUNCTION REVVHT (TCX,TVX)

Ao Ao AR o ok R oK o K R o o o o o ko ook oK ek
CALCULATES THE HEAT TRANSFER IN A REVERSING VALVE REVVHT IN
BTU/HR AS A FUNCTION OF:

TCX = COMPRESSOR DISCHARGE TEMPERATURE - DEG F

TVX = EVAPORATOR EXIT TEMPERATURE - DEG F

o e 3k ok gk ok ok ok ok 3k sk sk ok e 3k ak 3 s ok 3 ok ok ak ok ol o ok ok ol ok e a3 e oK ke ok ke ok ok ok ok e ake a ok g ok ok e ale ke 6 ok ok ok ok ok ok ok ok ok ok ok ak

TH = TCX

TL = TVX

REVVHT = -105.64513 + 8.7219286 % (TH-TL)
RETURN

END
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60

Listing of REVVPD subroutins
A listing of the REVVPD subprogrem follows.

REAL FUNCTIDN REVVPD (TREF,PREF,REFM)

ok o o R R skoR o o ok ook ko o AR AR OB o R ok R o R R R ok
CALULATES THE REFRIGERANT PRESSURE DROP THROUGH A REVERSING
VALVE AND CONNECTING TUBING AND AERQQUIP FITTINGS REVVPD IN PSIA
AS A FUNCTION OF:

TREF = REFRIGERANT INLET TEMPERATURE - DEG F

PREF = REFRIGERANT INLET PRESSURE - PSIA

REFM = REFRIGERANT MASS FLOW RATE - LBM/HR

i

L]

BASED DN COPELAND TWIN BREADBOARD TEST DATA
oA o o o o R S OO ROR K 3 R R R o SO R R R

COMMON / MPASS / CNDCON, AMBCON, EVPCON, CONMST, CMPCON, FLOCON,
1 TOLS, TOLH, LPRINT, NCORH, MCMPOP, MFANIN,

2 MFANCU, MEFANET

COMMON / LINES / DLL, XLEQUL, DSL, XLEQSL., DDL, XLEQDL, DSLRV,

1 XLEQLP, DDLRV, XLEGHP, DPDL, DPSL, DPLL,
2 QDISLN, QSUCLN, GLIGLN, E

TIF{NCORH .E. 1) GO TO 50
NN =1

TF(XLEQSL .GT. XLEGDL) NN :
GO TO 60

CONTINUE

NN = 0O

IF(ALEGDL .GT. XLEGSL) NN
CONTINUE

TT = TREF

il
o

L
[oy
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100

200

PP = PREF

RMF = REFM

TVAP = TT

TRSAT = TSAT(PP,IFLAG)

IF(TVAP .LT. TRSAT) TVAP = TRSAT

RHOV = 1.0/SPVOL (TVAP,PP)

RMS = RMF/3600.0

RMSQ = RMSxRMS/RHOV

IF(NN .EQ. 0) GO TO 100

REVWPD = 5.9160745 x (RMSQxx0.0763784)
GO TO 200

CONTINUE

REVVPD = 16.997202 * (RMSQ++0.16876337)
CONTINUE

RETURN

END



APPENDIX D

Reversing Valve Leakage Mode!

The reversing valve leakags subprogram - FLKRV - is written in a
form to support a large variety of models without the need to change any
other subprogram in the heat pump model, other than BLOCK DATA RLADP in
which the dimension of RVLKP is declared and the values of NLKTB are
specified. Thus, all inputs are received via 2 formal parameter |ist,
and the parameters chosen were felt to be a sufficiently comprehensive
list to permit any reascnable mode! to be accomodated.

In order to avcid the inflexibility of passing parameters by
COMMON and yet not have the overhead asscciated with the formal
parameters of a subprogram call, the use of the forma! parameters was
minimized by equating the formal parameters to local parameters
immediately on entering the program. The character of FORTRAN object
code is such that this is equivalent to 2 ®call! by value", thereby

achieving considerable economy in both code size and execution time.

Listing of FLKRV

A listing of FLKRV follows.

FUNCTTION FLKRV ( NRVLD, NLPMD, RVLKP,
1 RFLHD, PRFHD, TRFHD, HRFHD, PRFLD, TRFLD, HRFLD )

MM H M R R

A FUNCTION WHOSE VALUE IS THE {EAKAGE OF REFRIGERENT FROM
THE HIGH SIDE TO THE LOW SIDE OF THE REVERSING VALVE

IN LBM/SEC.

INPUT PARAMETERS ARE AS FOLLOWS:

O OO YO

(e BN NN e

NRVLK, NRVLD - THE NUMERICAL DESIGNATOR OF THE

D-~1
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LEAKAGE MODEL TO BE USED. AT PRESENT, POSSIBLE
VALUES THEIR CORRESPONDING MODELS ARE
0 - NO LEAKAGE; |
1 - LEAKAGE A FIXED PERCENTAGE OF THE MASS
THROUGHPUT ;
NLPMX, NLPMD - THE DIMENSION OF THE DATA ARRAY RVLKP;
RVLKP (NLPMD) - THE ARRAY OF PARAMETERS TO IMPLEMENT THE
CHOSEN MODEL. PRESENT PARAMETERS CORRESPONDING TO
NRVLK ARE:
NRVLK = O; RVLKP HAS NO MEANING;
NRVLK = 1; RVLKP(1) IS THE PERCENTAGE LEAKAGE FLOW;
RFLHI, RFLHD - REFRIGERENT MASS FLOW RATE ENTERING THE HIGH
PRESSURE SIDE OF THE REVERSING VALVE (LBM/SEC)
PRFHI, PRFHD - REFRIGERENT PRESSURE ENTERING THE HIGH SIDE
OF THE REVERSING VALVE (PSIA);
TRFHI, TRFHD - REFRIGERENT TEMPERATURE ENTERING THE HIGH
SIDE OF THE REVERSING VALVE (DEG. F);
HRFHI, HRFHD - REFRIGERENT ENTHALPY ENTERING THE HIGH SIDE
OF THE REVERSING VALVE (BTU/LBM);
PRFLO, PRFLD - REFRIGERENT PRESSURE EXITING THE LOW SIDE OF
OF THE REVERSING VALVE (PSIA);
TRFLO, TRFLD - REFRIGERENT TEMPERATURE EXITING THE LOW
OF THE REVERSING VALVE (DEG. F);
HRFLO, HRFLD - REFRIGERENT ENTHALPY EXITING THE LOW SIDE OF
OF THE REVERSING VALVE (BTU/LEM).

B R

DIMENSION RVLKP (NLPMD)

SEERREEE LR M R R R B 85

DATA NOTPR / 6 /



C
C
1001

C

R R R

CONTINUE
INITIALIZE VARTABLES
NRVLK = NRVLD
NLPMX = NLPMD
RFLHI = RFLHD
PRFHI = PRFHD
TRFHI = TRFHD
HRFHI = HRFHD
PRFLO = PRFLD
TRFLO = TRFLD
HRFLO = HRFLD
RVLO1 = RVLKP(1)
FLKRD = 0.0
G0 TO (1011,1021) (NRVLD+1)

WRITE
GG 70

(NOTPR, %) * FLKRV:AA: INVALID NRVLD = ’, NRVLD
1011

CONTINUE
NO REVERSING VALVE LEAKAGE

FLKRD
GO TO

= 0.0
8980

CONTINUE
REVERSING VALVE LEAKAGE A FIXED PERCENTAGE OF REFRIGERENT
FLO¥W, REGARDLESS OF PRESSURE DROP.

FLKRD
GO TO

= RVLO1 % RFLHI
8690

e R M R
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C

8990 CONTINUE
FLKRV = FLKRD
RETURN

¢ FHEHH R R

END

D-4



APPENDIX E

Suction Line Accumulator Mode!

The design of DHSUL followed the philosophy of FLKRV, in that a
major objective was to eliminabe the need to modify any subprograms
other than DHSUL itself, and the supporting BLOCK DATA program RLADP if
changes of the mode! were made. Again, the approach was the same ~ that
is, to provide for a complete formal paramebter list, minimize the use of
COMMON, but avoid the overhead of using forma! parameters by using local
variables which were equated to the formal parameters immediabely upon

entering the program.
Listing of DHSUL
A listing of DHSUL fo!lows.

SUBROUTINE DHSUL ( NDADM, ACPAR, NACDM, NCORD,
1 PLODM, TLODM, XLODM, XLIDM, PHIDM, THIDM, XHIDM, RFLAD,
2 DHLGD, DHHID, DPLOD, DFHID )

HHHHH MR R R

A SUBPROGRAM WHICH CALCULATES THE ENTHALPY CHANGE AND
PRESSURE DROP ACROSS A SUCTIGN LINE ACCUMULATOR.
SULDR IS A MAIN PROGRAM WHICH CAN BE USED TO EXERCISE THIS
PROGRAM .

INPUT DATA ARE AS FOLLOWS:
NDADM, NDACL - THE IDENTIFIER OF THE TYPE OF ACCUMULATOR,
ACPAR{NACDM) -~ AN ARRAY CONTAINING QEOMETRIC OGR OTHER FIXED
DATA;
NACDM, NACPR ~ THE DIMENSION OF ACPAR (DECLARED IN THE

OO0 DO 0000 0 0 00
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CALLING PROGRAM) ;

THE INDICATOR FOR HEATING MODE (=2) OR
COOLING MODE (=1);

THE LOW (SUCTION) SIDE OUTLET PRESSURE (PSIA);

NCORD, NCORH

H

PLODM, PLOAC

TLODM, TLOAC - ®n » " n " TEMPERATURE
(DEG F.)

XLODM, XLOAC - " » " " " QUALITY;

XLIDM, XLIAC = ® ¥ " n  INLET QUALITY;

PHIDM, PHIAC - THE HIGH (DISCHARGE) SIDE INLET PRESSURE
(PSIA) ;

THIDM, THIAC - " * n " ®  TEMPERATURE
(DEG F);

XHIDM, XHIAC - ®* ® " J *  QUALITY;

RFLAD, RFLAC - THE REFRIGERANT MASS FLOW RATE (LBM/SEC).

OUTPUT DATA ARE AS FOLLOWS:
DHLOD, DHLOP - THE ENTHALPY CHANGE PER UNIT MASS ON THE LOW
SIDE (BTU/LBM);
DHHID, DHHIP - ® no . moom W m pIGH
SIDE (BTU/LBM);
DPLOD, DPLOP - THE PRESSURE CHANGE ON THE LOW SIDE (PSIA);
DPHID, DPHIP - * " " m m HIGH SIDE (PSIA).

OPTIONS WITH RESPECT TO THE CHOSEN INPUT DATA
ARE GIVEN BY THE PARAMETER NDACL.
UNITS OF MEASURE ARE FEET, POUNDS-MASS, AND SECONDS, EXCEPT
FOR PRESSURE WHICH IS LEFT IN PSI.
THE GEOMETRIC OR OTHER FIXED INPUT DATA
DESCRIBING THE ACCUMULATOR ARE PLACED IN A
VECTOR ACPAR, WHOSE CONTENTS ARE VARIOUSLY INTERPRETED DEPENDING
ON THE TYPE OF ACCUMULATOR CHOSEN. THE PRESENT
POSSIBILITIES (5/1/85) ARE:

0 - NO ACCUMULATOR

1 - A VERY SIMPLIFIED HI-RE-LI ACCUMULATOR,

E-2
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WHICH IS ACTIVE ONLY DURING HEATING MODE,

AND HAS OTHER SIMPLIFICATIONS AS WELL.

IN THIS CASE, THE INPUT PARAMETERS ARE:

ACPAR{1) - INSIDE DIAMETER OF CONDENSATE TUBING IN
FEET (READ AS INCHES, BUT IMMEDIATELY CGNVERTED

T0 EEET);

ACPAR(2) ~ OQUTSIDE DIAMETER OF CONDENSATE TUBING IN
FEET (READ AS INCHES BUT IMMEDIATELY CONVERTED TO
FEET) ;

ACPAR(3) - LENGTH OF CONDENSATE TUBING IN FEET;
ACPAR(4) - I.D. OF VAPOR LINE IN FEET (READ AS
INCHES, ETC.;

ACPAR(5) - LENGTH OF VAPOR LINE IN FEET (READ AS
INCHES, ETC;
NOTE THAT THE VAPOR LINE IS ASSUMED TO HAVE ONE
BREAK, IN WHICH TWZ VELOCITY HEADS ARE LOST.

2 - A GENERIC ACCUMULATOR, DEFINED ONLY IN TERMS OF
SPECIFIED PRESSURE DROPS, SUPERHEATS, AND SHELL HEAT
TRANSFERS. VALUES OF ACPAR ARE

ACPAR(1) - SUPERHEAT OF REFRIGERENT LEAVING THE
ACCUMULATOR {(DEG. F);

ACPAR(2) - PRESSURE DROP OF VAPOR ON LOW {(SUCTION)
SIDE OF ACCUMULATOR (PSIA);

ACPAR(3) - PRESSURE DROP OF LIGQUID ON HIGH (DISCHARGE)
SIDE OF ACCUMULATOR (PSIA);

ACPAR(4) ~ RATE OF HEAT GATN/LOSS FROM THE QUTER
SHELL O0F THE ACCUMULATOR - ASSUMED TO FLOW TO/FROM
THE VAPOR (BTU/SEC); POSITIVE VALUES

ARE HEAT FLOW FROM THE ACCUMULATOR TO THE ENVIROMENT,
AND ARE ASSUMED TO DECREASE THE ENTHALPY OF THE VAPOR
ON THE LOW PRESSURES SIDE;

HHHHHHH S R
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DIMENSION ACPAR (NACDM)

A

DIMENSION RLINP(10), ININP(6), FLINP(10), FUINP(10)

RLINP - AN ARRAY EQUIVALENCED TO THE VARIOUS LOCALS OF
FLOATING INPUT VARIABLES;

FLINP - THE CORRESPONDING LOWER LIMITS;

FUINP - THE CORRESPONDING UPPER LIMITS;

ININP - AN ARRAY OF INTEGER INPUTS (NOT PRESENTLY USED).

#§ NOW CREATE AN EQUIVALENCE BETWEEN THE MNEMONIC NAMES OF
THE INPUT VARIABLES AND THE ARRAY (NOTE THAT THIS COSTS
NO EXTRA MEMORY IN THE OBJECT PROGRAM).

EQUIVALENCE ( RLINP(1),PLOAC ), ( RLINP(2),TLOAC ),

1 ( RLINP(3) ,XLOAC ), ( RLINP(4),XLIAC ),
2 ( RLINP(5) ,PHIAC ), ( RLINP(6),THIAC ),
3 ( RLINP(7),XHIAC ), ( RLINP(8),RFLAC )

BYTE CHEPN (6,10)
CHARACTER+1 CHFPN (6,10)
CHFPN - AN ARRAY OF VARIABLE NAMES, TO FLAG DATA WHEN
AN INPUT VARIABLE IS OUT DF RANGE.
THE SECOND SUBSCRIPT OF CHFPN CORRESPONDS TO THE
SUBSCRIPT OF THE CORRESPONDING ELEMENT OF RLINP,
FLINP, AND FUINP.

## FOLLOWING ADDED ON 8/5/85 BY R. LUCHETA AT THE
WESTINGHOUSE RESEARCH LABORATORY.

LOGICAL PRINT
COMMON / Al / PRINT

§§ END OF 8/5/85 ADDITION
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DATA

(FLINP(INDEX), INDEX = 1, 10, 1) /

DATA FLINP /

1
DATA
DATA

1

DATA

W 0 N O W N -

w N = 4

DATA

~N O A WN =

10.0, -40.0, 0.0, 0.0, 10.0, -40.0, 0.0, 0.05, 2+0.0 /

FUINP (INDEX), INDEX =1, 10, 1 /
FUINP /

400.0, 300.0, 1.0, 1.0, 400.0, 300.0, 1.0, 1.0E+06, 2+0.0 /

( CHFPN(INDEX,1), INDEX =1, 8, 1) /
)P’, ’L’, )U)' )A), ,C)‘ ) ? /'

( CHFPN(INDEX,2), INDEX = 1, 6, 1) /
’T)' ,L,) )0" ’A), )c)' > 2 /

( CHFPN(INDEX,3), INDEX = 1, 6, 1) /
)x" !L)‘ )OI, )Al‘ )c,, L I | /,

( CHFPN(INDEX,4), INDEX =1, 6, 1) /
)XJ, )L’p ’I,, ’A)' )C’, ? ? /’

( CHEPN(INDEX,5), INDEX = 1, 6, 1) /
’P)' )H)’ !I’, ’A" ’C), ? H /‘

( CHFPN(INDEX,8), INDEX = 1, 8, 1) /
’T)‘ ,H)' ,I’, ,A), )C)' ? ? /’

( (CHFPN{INDEX,JNDEX), INDEX = 1, 6, 1), JNDEX = 7, 10, 1) /

6*) )' 6,&:) )’ 6*, ” 6#‘, ? /

CHFPN /

)P’, IL): ’0)' ,A)' 3c" ? ?
’T’ ’L,ﬂ )0,’ )A) ’C) 2 ]
’x,' ,L,; )0)' )A)' ,CD H ?
,X” 3L)ﬂ )I,' )A’, )c)‘ 3 ?
’P)’ )H)’ ,I), )A)' )C), 2 )
)‘i"), ,H" ’I), ’A), )C)’ ? )
6*) " 6*) ” 6*:) )’ 8*) 2 /

THE PRINT FILE NOTPR
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DATA NOTPR / 6 /

C
€ THE VALUE OF PI & ACCELERATION OF GRAVITY
DATA PIVAL, GEEVL / 3.141592653589793, 32.16 /
C
C AN ASSUMED OVERALL HEAT TRANSFER COEFFICIENT AND EQUIVALENT
C ROUGHNESS ‘ ‘

DATA HTBEC, EQROU / 1.0, 0.0002 /

THE CONVERGANCE CRITERION FOR PRESSURE DROP CONVERGANCE,
C AND THE NUMBER OF LOOPS
DATA CNCRI, NLOPM / 0.001, 100 /

¢
DATA NFLIN / 8 /
¢ $# NFLIN - THE NUMBER OF FLOATING INPUTS TO THE
¢ SUBPROGRAM.
c
9001 FORMAT ( * DHSUL:BA:INVALID INPUT: °, 5A1, ’ = 7,
1 1X, 1PG12.4 )
¢

¢ FHH R RN R A R RN R A R R
C

1001 CONTINUE

C CONVERT FORMAL PARAMETERS TO LOCAL PARAMETERS
NDACL = NDADM
NACPR = NACDM
NCORH = NCORD
PLOAC = PLODM
TLOAC = TLODM
XLOAC = XLODM
XLIAC = XLIDM
PHIAC = PHIDM
THIAC = THIDM
XHIAC = XHIDM
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RFLAC = RFLAD
AS MANY OF ACPAR() AS ARE USED

lay)

ACPR1 = ACPAR(1)
ACPR2 = ACPAR(2)
ACPR3 = ACPAR(3)
ACPR4 = ACPAR(4)
ACPR5 = ACPAR(5)
ACPR6 = ACPAR(6)
C
C §8 NOW SCREEN AND FILTER INPUT DATA
DO 1011 INDEX = 1, NFLIN, 1
C BA
IF PRINT
1 AND.
2 ( (RLINP(INDEX) .LT. FLINP(INDEX) )
3 .OR.
4 (RLINP (INDEX) .GT. FUINP(INDEX)) ) )
5 WRITE (NOTPR,9001)
5 ( CHFPN(JNDEX,INDEX), JNDEX =1, 5, 1 ), RLINP(INDEX)
RLINP (INDEX) =
1 AMAX1 ( FLINP(INDEX), AMINi ( FUINP(INDEX), RLINP(INDEX) ) )

1011 CONTINUE

>
=

WRITE (NOTPR,*) * DHSUL:AA: INPUT FOLLOWS °
WRITE (NOTPR,+) * NDACL, NACPR, NCORH = °
WRITE (NOTPR,+)  NDACL, NACPR, NCORH
WRITE (NGTPR,#) ’ PLOAC, TLDAC, XLOAC, XLIAC =’
WRITE (NOTPR,*) PLOAC, TLOAC, XLDAC, XLIAC
WRITE (NOTPR,+) ’ PHIAC, THIAC, XHIAC, RFLAC = ’
WRITE (NOTPR,+) PHIAC, THIAC, XHIAC, RFLAC
REWIND NOTPR

INITIALIZE OUTPUTS
DHLAC = 0.0
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DHHAC = 0.0
DPLAC = 0.0
DPHAC = 0.0
DHLOD = 0.0
DHHID = 0.0
DPLOD = 0.0
DPHID = 0.0
C
C BRANCH TO APPROPRIATE TYPE OF HEAT EXCHANGER
G0 TO ( 1101, 1201, 1301 ) (NDACL+1)
C AA
WRITE (NOTPR,*) * DHSUL:AA: INVALID NDACL = ’, NDACL
GO TO 8990
C
C LAY ST
C
1101 CONTINUE
C NG ACCUMULATOR AT ALL - DO NOTHING
G0 TO 8990
C
C AR IR RARRIRATRAR
C
1201 CONTINUE
c SIMPLIFIED HI-RE-LI; ASSUMED TO BE ACTIVE ONLY DURING
C HEATING, WITH SIMPLE HEAT ABSORPTION AND PRESSURE DROP
C LAWS.
C DELTH - ENTHALPY CHANGE
DELTH = 0.0
C DPLAC - PRESSURE CHANGE ON LOW PRESSURE SIDE (NOMINALLY PSI)
DPLAC = 0.0
DPACO = 0.0
C SCREEN INPUT QUALITY VALUES

IF ( (XLIAC .LE. 1.0) .AND. (XLIAC .GE. 0.0) ) GO TO 1211
C AC

£E-8



WRITE (NOTPR,+) * DHSUL:AC: STRANGE XOE = °, XLIAC
IF ( XLIAC .GE. 1.0 ) &0 T0 1251
IF { XLIAC .LE. 0.0 ) GO TO 1258

G0 TO 8990
C
1251 CONTINUE
C QUALITY GIVEN GREATER THAN 1.0
XLIAC = 1.0
G0 TO 1211
C
1256 CONTINUE
C QUALITY GIVEN AS NEGATIVE
XLIAC = 0.0
G0 TO 1211
C
1211 CONTINUE
C NO% CONTINUE WITH COMPUTATIONS; FIRST GET CONDENSATE
C AREAS AND CONDUCTANCES.
C 0ARTB - DUTSIDE AREA OF CONDENSATE TUBE - SQ. FT.
OARTB = PIVAL # ACPRZ * ACPR3
C UAGTB - OVEARALL UA FOR THE CONDENSATE TUBE - BTU/(SEC-DEG.F)
UAOTB = DARTE + HTBEC / 3600.0
C SCREEN RFLAC - MASS FLOW RATE
IF ( RFLAC .GT. 0.0 ) GD TO 1261
C AD

WRITE (NOTPR,=) *> CLUSA:AD: STRANGE RFLAC = °, RFLAC
1261 CONTINUE
C GET AN ABSOLUTE FLOW RATE

FLREF = ABS (RFLAC)

WE NOW GO TO AN ITERATION LOOP, IN WHICH THE ENTHALPY CHANGE
AND PRESSURE DROP IN THE ACCUMULATOR ARE SUCCESSIVELY
COMPUTED. WE NOTE THAT THE PRESSURE DROP CHANGES THE
ASSOCIATED ENTHALPIES, AND THE CHANGE OF TEMPERATURE

OO0 00

]
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AND PRESSURE CHANGES THE DENSITIES, THE DYNAMIC PRESSURE,
AND SO THE PRESSURE DROP.

T

%% 1221 IS THE POINT TO WHICH THE ITERATION LOOP RETURNS.
NLOOP = O
1221 CONTINUE
DPACO = DPLAC
PLIAC = PLOAC + DPLAC
PHOAC = PHIAC -~ DPHAC

FIRST GET TRANSPORT PROPERTIES - NOT VERY CRITICAL OR
SENSITIVE.
EVAPORATOR PARAMETERS FOLLOW
CALL MUKCP ( TLOAC, VSLEV, VSVEV,VSGEV, TCLEV, TCVEV,
1 TCGEV, CPLEV, CPVEV, CPGEV, IEMUK )
C  LIQUID VISCOSITY
VSLEV = VSLEV / 3600.0
c SATURATED VAPOR VISCOSITY
VSVEV = VSVEV / 3600.0
C 1 ATMOSPHERE GAS VISCOSITY
VSGEV = VSGEV / 3600.0
c LIQUID THERMAL CONDUCTIVITY
TCLEV = TCLEY / 3600.0
C SATURATED VAPOR THERMAL CONDUCTIVITY
TCVEV = TCVEV / 3600.0
¢ 1 ATM GAS THERMAL CONDUCTIVITY
TCGEV = TCCEV / 3600.0

OO O,

C CONDENSOR CALCULATIONS FOLLOW
CALL MUKCP ( THIAC, VSLCN, VSVCN, VSGCN, TCLCN, TCVCN,
1 TCOCN, CPLON, CPVON, CPGCN, ICMUK )

C LIQUID VISCOSITY
YSLCN = VSLON / 3600.0

C SATURATED VAPOR VISCOSITY
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VSVCN = YSVIN / 3600.0

1 ATM GAS VISCOSITY
VSGCH = VSGCN / 3600.0
THERMAL CONDUCTIVITY - LIQUID
TCLCN = TCLCN / 3600.0
" " ~ SATURATED VAPOR
TCVCN = TCVCN / 3600.0
THERMAL CONDUCTIVITY - 1 ATM. GAS
TCGCN = TCGCHN / 3600.0
SATURATION THERMODYNAMIC PROPERTIES FOLLOW - MORE
CRITICALLY SENSTITIVE TO PRESSURE.
LOW PRESSURE SIDE - INLET
AC
WRITE (NOTFR,+) * DHSUL:AC: PLTAC, TSAT(PLIAC) = °’,
1 FLIAC, TSAT(PLIAC,IERDR)
TSLIA = TSAT(PLIAC, TEROR)
CALL SATPRP ( TSLIA, PDUMY, VSLLI, VSGLI, HSLLI, HFGLI,
1 HSGLI, SSLLI, SSGLI, ISTLI )
LOW PRESSURE SIDE - OUTLET
AD
WRITE (NOTPR,+) ’ DHSUL:AD: PLOAC, TSAT(PLOAC) = °,
1 PLLOAC, TSAT(PLDAC,IERODR)
TSLGA = TSAT (PLOAC, IERCR)
CALL SATPRP ( TSLDA, PDUMY, VSLLO, VSGLO, HSLLO, HFGLO,
1 HSGLG, SSLLO, SSGLO, ISTLO )
HIGH PRESSURE SIDE - INLET
TSHIA = TSAT(FHIAC,TEROR)
CALL SATPRP ( TSHIA, PDUMY, VSLHI, VSGHI, HSLHI, HFGHI,
1 HSGHI, SSLHI, SSGHI, ISTHI )
HIGH PRESSURE SIDE - OUTLET

TSHOA = TSAT (PHDAC, IERGR)
CALL SATPRP ( TSHOA, PDUMY, VSLHO, VSGHD, HSLHO, HFGHO,
1 HSGHD, SSLHO, SSGHO, ISTHO )



c NOW CET ENTHALPY CHANGE TO EVAPORATE ALL LIQUID
DHLIO = 1.0#HSGLD - XLIACHSGLI
¢ BUT NOT IF COOLING DOWN
IF ( DHLID .LE. 0.0 ) DHLID = 0.0
C AM
C WRITE (NOTPR,s) ’ DHSUL:AM: DHLIO, HSGLO, XLIAC, HSGLI, °,
¢ 1 'PLOAC, PLIAC = °
c WRITE (NOTPR,#) ’ *, DHLIO, HSGLO, XLIAC, HSGLI, PLOAC, PLIAC
c
CPSLA = 0.5 % (CPLCN+CPVEY)
QCOND = - (TLOAC-THIAC) /
1 { 1.0/(UAOTB) + 1.0/(CPSLA+FLREF) )
QACCU = QCOND + DHLIOFLREF
DELTH = QACCU / FLREF
¢
1270 CONTINUE
C ## NOW (TEMPORARILY) OUTPUT THE ENTHALPY CHANGE PARAMETERS ##
C AL
¢ WRITE (NOTPR,*) ’ DHSUL:AL: DELTH, QACCU, FLREF, QCOND, °,
c 1 *DHLIG, TLOAC, THIAC, CPSLA = °
¢ WRITE (NOTPR,s) * ’, DELTH, QACCU, FLREF, QCOND, DHLIO,
¢ 1 TLOAC, THIAC, CPSLA
C WITH DELTH COMPUTED, THE SUCTION LINE
C CONDITIONS ARE LEFT TO THE OUTER PROGRAM. WE NOW
¢ COMPUTE THE PRESSURE DROP ON THE EVAPORATOR SIDE
¢ THE INLET LEG DYNAMIC HEAD AND HEAD LOSS.
C MIXTURE SPECIFIC VOLUME
VMXLI = XLIAC#VSGLI + (1.0-XLIAC)#VSLLI
¢ MIXTURE VOLUME FLOW RATE
VLFLI = FLREF % VMXLI
¢ MIXTURE VELOCITY
VELLI = VLFLI*4.0 / ( PIVAL+ACPR4+ACPR4 )
¢ MIXTURE DYNAMIC HEAD (PSIA)



c
C NO¥ COMPUTE SUCTION LINE DELTA-P
DPLIN = 1.8 + (0.5+VMXLI/GEEVL)  VELLIAVELLI / 144.0

C COMPUTE THE PRESSURE DROP IN THE EXIT LEG
C VOLUME FLOW

VLVLE = FLREF = VSGLO
C VELOCITY

VELLO = VLVLO » 4.0 / ( PIVAL+ACPR4*ACPR4 )
C MORE VELOCITY HEADS

DPLOT = 1.8 * ( 0.5 « VSGLO / GEEVL ) # VELLO*VELLD / 144.0
C
1281 CONTINUE
C COMPUTE /D (INCLUDING U-BEND)

ELLOD = ACPRS / ACPR4 + 40.0
C USE STANDARD PRESSURE DROP PROGRAM
C AH
C WRITE (NOTPR,+) ’ DHSUL:AH:CALLING DPLINE; °
C WRITE (NOTPR,«) ° ACPR4, ELLOD, EQROU, FLREF%3600.0,°,
C 1 »1.0/VSGLD, 3600+VSVEV = °
C WRITE (NOTPR,*) ACPR4, ELLOD, EGROU, FLREF%3600.0,
C 1 1.0/VSGLO, 3600.0xVSVEV

CALL DPLINE { ACPR4, ELLDD, EQROU, FLREF+3600.0,

1 1.0/VSGLO, 3600.0«VSVEV, DPEVR )
C Al
C WRITE (NOTPR,s) ° DHMSUL:AI: LEAVING DPLINE; DPEVR = ’, DPEVR

DPLOT = DPLOT + DPEVR

DPLAC = DPLGT + DPLIN

NOW GET THE PRESSURE DROP ON THE CONDENSOR SIDE

ELLOD = ACPR3 / ACPR1
C Al
C WRITE (NOTPR,*) ° DHSUL:AJ: CALLING DPLINE’
C WRITE (NOTPR,s) ° ACPR1, ELLOD, EQROU, FLREF%3600.0,°,
C 1 12.0/ (VSLHI<VSLHO) , 3600+VSLCN = ’



c

C AK
C

C AG

1285

C AH

1287

1288

WRITE (NOTPR,+) ACPR1, ELLOD, EQROU, FLREFx3600.0,
1 2.0 / (VSLHI+VSLHO), 3600.0+VSLCN
CALL DPLINE ( ACPR1, ELLOD, EQROU, FLREF*3600.0,

1 2.0 / (VSLHI+VSLHO), 3600.0%VSLCN,
2 DPHAC )

WRITE (NOTPR,s) ’> DHSUL:AK: LEAVING DPLINE; DPHAC = ’>, DPHAC

NLOOP = NLOOP+1
IF ( NLOOP .LE. NLOPM ) GO TO 1285

WRITE (NOTPR,x) ’> DHSUL:AG: NO CONVERGANCE’
GO TO 1286

CONTINUE
IF ( ABS( (DPLAC-DPACO)/(DPLAC+DPACO) ) .GE. CNCRI )
1 G0 TO 1221

ELSE

1286 CONTINUE

DPLAC = 0.5 = ( DPLAC + DPACD )
NOW BRANCH TO APPROPRIATE TREATMENT FOR HEATING (NCORH=2)
OR COOLING (NCORH=1).

Q0 TO ( 1287, 1288 ) NCORH

WRITE ( NOTPR, % ) * DHSUL:AH: STRANGE NCORH = ’, NCORH
GO TD 1288

CONTINUE
NCORH = 1 INDICATES COOLING MODE
DELTH = 0.0
CONTINUE
NCORH = 2 INDICATES HEATING - ALSO THE GENERIC CASE
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CONTINUE
SIMPLIFTED HI-RE-LT; ASSUMED TO BE ACTIVE ONLY DURING
HEATING; WITH SPECIFIED SUPERHEAT, PRESSURE DROPS, AND
ACCUMULATOR HEAT GAIN.
TSUPR - SUPERHEAT LEAVING ACCUMULATOR
TSIFR = ACPR1
DELTH, DHLIO - ENTHALPY CHANGE
DELTH = 9.0
BHLID = 9.0
DPLAC - PRESSURE CHANGE ON LOW PRESSURE SIDE (NOMINALL
DPLAC = ACPRZ
DPHAC - PRESSURE CHANGE ON HIGH PRESSURE SIDE
DPHAC = ACPR3
AACCY - HEAT FLOW OUT OF ACCUMULATOR AND SUCTION VAPOR
DACCU = ACPR4
DPACE = 0.0
FLTAC - THE INLET PRESSURE ON THE LDW PRESSURE SIDE;
PHOAT - THE EXIT PRESSURE ON THE HIGH PRESSURE SIDE;
FLIAC = PLOAC » DPLAC

PHOAC = PHIAC - DPHAL

SCREEN TNPUT QUALITY VALUES

1F ( (XLIAC .LE. 1.0) .AND. (XLTAC .GE. 0.0) ) GO TO 1311
WRITE (NOTPR,*) * DHSUL:AC: STRANGE XOE = *, XLIAC

TF ( ¥LIAC .GF. 1.0 ) GO T0 1381

TF ( XLIAC LK. 0.0 ) 60 T0 1358

GO TO 8950

h
i
st



1351 CONTINUE

C QUALITY GIVEN GREATER THAN 1.0
XLIAC = 1.0
G0 70 1311

C

1356 CONTINUE

C QUALITY GIVEN AS NEGATIVE
XLIAC = 0.0
G0 TO 1311

C

1311 CONTINUE

C SCREEN RFLAC - MASS FLOW RATE

IF { RFLAC .GT. 0.0 ) GO T0 1361
C AD

WRITE (NOTPR,*) ° CLUSA:AD: STRANGE RFLAC = ’, RFLAC
1361 CONTINUE
C GET AN ABSOLUTE FLOW RATE

FLREF = ABS(RFLAC)

WE NOW GO TO AN ITERATION LOOP, IN WHICH THE ENTHALPY CHANGE
IN THE ACCUMULATOR IS REPETITIVELY
COMPUTED, 7O PERMIT CONSISTENT HEAT FLOWS AND SUPERHEATS.

OO OO OO

%% 1321 IS THE POINT TO WHICH THE ITERATION LOOP RETURNS.
NLOOP = O
1321 CONTINUE
DELTH = DHLID

¢

C ~ FIRST GET TRANSPORT PROPERTIES - NOT VERY CRITICAL OR C
SENSITIVE. |

c EVAPORATOR PARAMETERS FOLLOW - SPECIFIC HEATS (CPXXX) ARE
c DF INTEREST;

CALL MUKCP ( TLOAC, VSLEV, VSVEV,VSGEV, TCLEV, TCVEY,
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TCGEY, CFLEV, CPY
LIGUID VISCOSITY

CONDENSOR LU

(.

v,

\TIONS FOLLCY

Vv

SVCN,
CPGON,

WRLTE (NOTPR,+3 ° DHSUL:AC
FLIAC, TSAf(PLlACiIFRBR)

TSLIA = TSﬁ'( LIAC, TERER)

CALL SATPRS ( TSLEA, POUMY,

VSLLI,
7, SS'LI, SSGLI, ISTLT )

YVSGCN,
TCHUK )

TCILCN, TCVCHN,

MEMTC PROPERTIES FOLLOYW - MORE
10 PRESSURE.

, ISAT(PLIALY =2

VSGLT, HSLLY, HFGLI,

TSAT(FLOAC) =

0, ¥SaLD, HSLLO, HECLE,

VSGHZ, HSLMD, HFGHO,



DHLIO = CPVEV*TSUPR + ( 1.0#HSGLO - XLTAC#HSGLI )

C BUT NOT IF COOLING DOWN
IF ( DHLIO .LE. 0.0 ) DHLIO = 0.0
DHHIO = - ( DHLIO + QACCU / FLREF )
C AM

C WRITE (NOTPR,s) ° DHSUL:AM: DHLIO, HSGLO, XLIAC, HSGLI, °,

¢ 1 *PLOAC, PLIAC =’

C WRITE (NOTPR,s) ® °, DHLID, HSGLD, XLIAC, HSGLI, PLOAC, PLIAC
C

1370 CONTINUE

C §§# NOW (TEMPORARILY) OUTPUT THE ENTHALPY CHANGE PARAMETERS §#
C AL
C WRITE (NOTPR,s) ’ DHSUL:AL: DELTH, QACCU, FLREF, QCOND, ’,
| *DHLIC, TLOAC, THIAC, CPSLA = °
c WRITE (NOTPR,*) ’ °, DELTH, QACCU, FLREF, QCOND, DHLIO,
C 1 TLOAC, THIAC, CPSLA
C WITH DELTH COMPUTED, THE SUCTION LINE
C CONDITIONS ARE LEFT TO THE OUTER PROGRAM.
c
1381 CONTINUE
c
DPLAC = ACPR2
DPHAC = ACPR3
NLOOP = NLOGP+1
IF { NLOOP .LE. NLOPM ) GO TO 1385
C AG
WRITE (NOTPR,*) ’ DHSUL:AG: NO CONVERGANCE’
G0 TO 1386 '
C

1385 CONTINUE
IF { ABS( (DHLIO-DELTH)/(DHLIO#DELTH) ) .GE. CNCRI )
1 G0 TO 1321
¢ ELSE



1388

C A

NOW BRANCH TO APPROPRIATE TREATMENT FOR HEATING (NCORH=: 2}
GR COOLING (NCORH=1) .
GD IU ( 1“5,11' 033 ) N‘»GR“

YRITE ( NOTFR, *)’[M&AAH:SKM%ENﬂmHm’,NﬂmH
GO T 1328

CONTINUE
NCORM = 1 INDICATES COOLING MODE
L = 0.0
2.0
GO TD 1321

2
o
e

ST
:if =
»
)

i

CONT TR
NCORM = 2 INDICATES HEATING - ALSD THE GENERIC CASE

DHLAC = DELTH

DHHAC = - ( DELTH « TACCU / FLREF 3

GO 10 &320

SR R L S AR S p R ey

CONTINUE
DPLOD = DFLAC
DFHID = DPHAC
DiLOD = DHLAC
DHHID = DHRMAC
RETURH



c HHHHHH R R
C

END
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lListing of RLADP
A listing of RLADP follows:
BLOCK DATA RLADP

BUSRRE R SRR LR SRR R R R R

G OCK DATA IN WMYCH CERTAIN COMMONS ADDED BY R. LUCHETA,
AT THE wESTINGHOUSE RAD CENTER IN MAY, 1985, ARE
DECIARED AND SET T0 INITIAL AND DEFAULT VALUES.

COMMON [/ ACPAR [ DHHAC, DHLAC, DFHAC, DPLAL,
NMACCU, NACPR, ACPAR(20)
CCMPUTED
DHHAC ~ ENTHA FLUID ON HIGH PRESSURE SIDE;
DHLAC -~ ENTHALPX F FLUID ON L% PRESSURE SIDE;
DPHAC - PRESSuRE CH FLULD ON HIGH PRESSL
DPLAC - PRESSURE CHANGE OF FLUID ON LO¥ PRESSURE SIQL;
INPUTS
NACCU - DESCRIPTOR OF TYPD OF ACCUMULATCR - READ IN;
NACPR . DIMENSTON OF VECTOR ACPAR - NEVER CHAMGED;
ACPAR .. GECMETRIC PARAMETERS OF ACCUMULATOR - READ IN.
THE PROGRAM DHSUL WILL WAVE THE MEANIRGS OF THE VALUES
OF ACPAR FOR DIFFERENT SUCTION LINE ACCUMULATOR

MODELS .

ridg
=
> F
Find
O
A
Q
Pid
&2
[
o
-

§
2

o
P
£
=
=

COMMON / ACTEL / NTBDM, MACTB(32)

A COMMON IN WHICH IS Pl!LtD A TABLE - MACTH -~ OF
DIMENSTON NTBDM (THIS IS NECESSARY 10 AVOID

THE USE OF A PARAMETER STATEMENT, AND SO MATINTAIN

COMPATIBILITY WITH EARLIER VERSIONS OF FORTRAM.)



VOO0 0O 00 000 000D

YOO OO0 00 0O O 00006060000

1

EACH ELEMENT OF NACTB GIVES THE NUMBER OF

ELEMENTS OF ACPAR WHICH ARE SIGNIFICANT FOR THE
CORRESPONDING VALUE-1 OF NACCU. THUS, THE FIRST

ELEMENT OF NACTB CONTAINS THE NUMBER OF ELEMENTS

OF ACPAR WHICH ARE SIGNIFICANT WHEN NACCU = 1-1 = 0.

THE SECOND ELEMENT OF NACTB CONTAINS THE NUMBER OF
ELEMENTS OF ACPAR WHICH ARE SIGNIFICANT WHEN NACCU = 2-1 =
(IN THIS CASE NACTB(2)=5, WHICH MEANS THAN, WHEN NACCU = 1,
THE FIRST 5 ELEMENTS OF ACPAR ARE SIGNIFICANT).

THE SIGNIFICANCE OF EACH ELEMENT OF ACPAR, GIVEN THE VALUE
OF NACCU, IS DESCRIBED IN SUBPROGRAM DHSUL.

THE VARIABLES OF ACTBL ARE NEVER CHANGED.

1.

COMMON / RVLKP / NRVLK, NRDFL, NLPMX, NLKTB(5), RVLKP(5)

NRVLK - A DESIGNATOR WHICH IS READ IN TO SPECIFY THE
LEAKAGE MODEL TO BE USED.

NRDFL - THE NUMBER OF DISTINCT VALUES OF NRVLK WHICH
ARE PERMITTED, WHICH WILL ALSO EQUAL THE DIMENSION
OF NLKTB - NEVER CHANGED.

NLPMX - THE MAXIMUM NUMBER OF LEAKAGE PARAMETERS PERMITTED
FOR ANY REVERSING VALVE LEAKAGE MODEL - NEVER
CHANGED;

NLKTB(NRDFL) - AN ARRAY CONTAINING THE ACTUAL NUMBER OF
REVERSING VALVE LEAKAGE PARAMETERS TO BE USED FOR
THE CURRENT NRVLK. THE SUBSCRIPT TO BE USED
IS (NRVLK+1) - NEVER CHANGED;

RVLKP (NLKTB) - AN ARRAY OF REVERSING VALVE LEAKAGE PARAMETERS

- READ IN FROM INPUT FILE.
THE PROGRAM FLKRV HAS THE MEANINGS OF THE
VALUES OF RVLKP FOR DIFFERENT LEAKAGE MODELS.

DATA DHHAC, DHLAC, DPHAC, DPLAC, NACCU, NACPR, ACPAR /

4+0.0, 0, 20, 20%0.0 /

E-22
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DATA NTBDM / 12 /, NACTB / 0, 5, 4, 940 /

DATA NRVLK / O /, NRDFL, NLPMX / 5, 5 /,
NLKTB / 0, 1, 340 /, RVLKP / 5+0.0 /

#############################S####################

END
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Appendix F
FIN PATTERNATION EFFECTS

INTRODUCTION

Computer analysis involving systems with continuous fin-tube heat exchangers as
one or more of the system components such as air conditioners or heat pumps
require a method of predicting the air side convection coefficient of a given
heat exchanger and its pressure drop. Some data has been published for flat or
unpatterned fin-tube heat exchangers (2-4). Much more data exists throughout the
industry but is proprietary to the source company. An even larger body of data on
the overall capacity and pressure drop of various continuous fin-tube heat
exchangers exists but this data, if and as published, is not in a form where the air
side convection coefficient can be adequately calculated from it. MNecessary data
includes not only the dimensions of the tubes and fins but also a knowledge of the
tube side heat transfer coefficient and the contact impedance between the fin
collars and the tubes. ‘Using high velocity water in the tubes can minimize the
effect of calculated tube-side convection coefficient error but if the heat
exchanger manufacture is not done properly, the fin collars may be cracked or
loose and make poor thermal contact with the tube outer surface. Westinghouse
once bought one of a kind coils of each of several different geometries from an
outside vendor to evaluate the effect of these geometries on air side convection
coefficient. After several weeks of testing it was found that the air side
convection coefficients calculated from the test data were inconsistent from one
heat exchanger to the next. It became obvious that the contact conductance
between the fin collars and the tubes were both low and non-uniform for the
several heat exchangers purchased.

Fin collar to tube conductances of as little as 500 to 1500 Btu/h—ft2-°F have been
measured but it is felt that well made production heat exchangers should have
contact conductances in excess of 2000 8tu/h—ft2-°F. Because of the difficulty of
measuring contact conductance accurately many experimenters lump the contact
impedance with the air side convection impedance and thus calculated air side
convection coefficients are low, especially at high air face velocities. ’
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EXPERIMENTAL MODEL

In order to evaluate the relative thermal performance associated with changes in
transverse tube pitch (Py) longitudinal tube pitch (Py), tube diameter (0¢), fin
spacing (W) and pattern type and depth it was decided to conduct single fin
channel experiments.

The single fin model embodies two 0.25% in. thick brass plates as fins which can
be spaced apart to form a single channel for air to flow through. The outer
surface of the plates are heated electrically and thermally insulated. The inner
surfaces of the plates which form the air channel can be machined to replicate
any desired pattern on the fin surfaces. In this way new fin patterns can be
investigated without the necessity of expensive modification of existing fin dies.
By supplying electrical energy to maintain the plates at a constant temperature
while heating air passing through the single fin channel, the fin efficiency will
be 100 percent. There will be no uncertainty here either as to contact impedance
or inside coefficient. since all heat is transferred directly through the fin normal
to its surface and from the primary surface.

Care was taken to’thermaT]y guard the test sections as well as the entry and exit
plenums supplying air to the test section so that good energy balances could be
obtained. The entry nozzle to the single fin channel and the diffuser leaving the -
single fin channel were made from micarta, a paper-phenylic laminate of low
conductivity, but a small amount of energy would have been transferred to the air
from these entry and exit sections so that the calculated air side convection
coefficients would have been slightly high, especially at low air velocities.

Figure F-1 is a picture of the two sides of a pattern fin in common use in the
air conditioning industry. Figures F-2 shows mating pairs of plates with
different fin patterns, tube arrangements, etc. Fin bosses (unpatterned
concentric areas around each fin collar) were represented by cylinders or disks
the thickness of the fin pattern depth and around 0.25 in. larger than the fin
collar diameter. Smaller disks were used to represent the fin collar. Collar
diameters of 0.5, 0.375 and 0.3125 in. were considered. The majority of the work
was based on a transverse tube pitch of 1.25 in. Seven of the thirty-seven
configurations investigated had transverse pitches of 1.0 in. however. The test
matrix is given in Table F-1. Only the flat-fin and triangular patterned fin
results are discussed herein.

CORRELATING PARAMETER

In an attempt to correlate the data a hydraulic diameter was defined by Eq. F-]

F-2
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Figure F-2b - Sample of Single Fin Model Heat Exchanger Plates, Side
View Showing 1/8 inch Deep Triangular and Sinuous Patterns



Table F-1

Single Fin Channel Geometries Tested

No.
Table of )
No. Pattern* P P D, W Rows D, B S0 PD/M
1 None 1.25 1.083 0.5 0.077 6 .0121958 .14510 1. 0
2 None 1.25 1.083 0.5 0.077 4 .0121958 .14510 1. 0
3 Nene 1.25 1.083 0.5 0.077 3 .0121958 .14510 1. 0
n None 1.25 1.083 0.5 0.077 2 .0121958 .14510 1. 0
5 None 1.25 0.875 0.5 0.077 3 .012023 .1795 1. 0
6 None 1.25 0.750 0.5 0.077 3 .011865 .2094 1. 0
7 T 3.038 1.00 0.866 0.375 0.077 3 .011729 .127533 1.03408 .494
8 T 3.038 1.25 1.083 0.375 0.077 3 .012125 .08162 1.02194 L6494
9 T 3.038 1.25 1.083 0.500 0.077 3 .011946 L1451 1.02194 494
10 T 3.038 1.00 0.866 0.500 0.077 3 .0114137 .226725 1.03408 L4954
11 None 1.25 1.083 0.500 0.056 3 .00899148 .145104 1. 0
12 T 3.062 1.25 1.083 0.500 0.161 3 .0229814 .145104 1.0583 .389
13 T 3.062 1.25 1.083 0.500 0.110 3 .0161815 .145104 1.0583 .568
14 T 3.062 1.25 1.083 0.500 0.077 3 .0115555 .145104 1.0583 .812
15 T 3.038 1.25 1.083 0.500 0.161 3 .0237178 .145104 1.0219% 236
16 T 3.038 1.25 1.083 0.500 0.110 3 .016718 .145104 1.02194 . 346
17 T 3.125 1.25 1.083 0.500 0.161 3 .0202384 .145104 1.21655 .779
18 T 3.125 1.25 1.083 0.500 0.077 3 .0101143 .145104 1.21655 L6024
19 T 2.038 1.00 0.866 0.375 0.094 3 .014392 .127533 1.01529 L4045
20 T 2.038 1.00 0.866 0.375 0.077 3 .0119345 .127533 1.01579 L494
21 T 3.038 1.00 0.866 0.375 0.094 3 .014178 .127533 1.03408 404
22 T 3.018 1.25 1.083 0. 500 0.077 3 .0121385 .145104 1.00496 .234
23 T 3.028 1.25 1.083 0.500 0.077 3 .0120586 .145104 1.01197 . 364
2L T 3.0485 1.25 1.083 0.500 0.077 3 .0118055 .145104 1.03478 .63
25 T 3.093 1.25 1.083 0.500 0.077 3 .0108829 .145104 1.12694 .209
26 T 4.038 1.00 0.8663 0.375 0.077 3 .0114599 .127533 1.05982 L494
27 S 3.0625 1.25 1.083 0.500 0.077 3 .0114624 .145104 1.06733 .812
28 S 3.125 1.25 1.083 0.500 0.077 3 .00950732 .145104 1.29756 . 624
29 S 3.062 1.25 1.083 0.500 0.161 3 .0228052 .145104 1.06733 .388
30 S 3.125 1.25 1.083 0.500 0.161 3 .0190731 .145104 1.29756 .776
31 S 3.125%% 1,25 1.083 0.500 0.161 3 .0190731 .145104 1.29756 .776
32 T 3.125%*%  1.25 1.083 0.500 0.161 3 .0202384 .145104 1.21655 -776
33 T 3,062** 1.25 1.083 0.500 0.077 3 .0115556 .145104 1.0583 .812
3L T 2,0625 1.00 0.8663 0.375 0.077 3 .0116575 .127533 1.04083 .812
35 T 3.038 1.00 0.8663 0.3125 0.077 3 .0118612 .0885645 1.03408 4G
36 T 3.038*% 1,25 1.083 0.5 0.161 3 .023720 .145104 1.02194 .236
37 T 3.0625%% 1,25 1.083 0.5 0.161 3 .0229814 .145104 1.0583 .388

T - 3.0625 Triangular pattern, 3 patterns/longitudinal pitch, pattern depth 0.0625 inch.

S - 3.125 Sinuous pattern, 3 patterns/longitudinal pitch, pattern depth 0.125 inch.

* %

Inline Tube Geometry.

+ - Page in the Appendix showing air side convection coefficient and corrected

pressure drop per row as a function of standard face velocity.
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x D
C
0. -4 Open . Channel Volume] _ 4(btpa 4 ) W
h Total Surface Area | = D 2
C
(2 sec o (PP, - =) + v D12 (F-1)
_ 2 W (1-8)
D = 2 Wa
h 12 [sec o (1-8) + 5 ]
c
2 2 2
D X"+ P P
c Pattern Area D 2
where g8 = s S€c 8 = : = , X =
4 Ptpg Projected Area X ZNppp

The velocity used in the original correlation of the data was a mean velocity
defined by Eq. F-2.

V=V (Tota1 Channel Vo1ume) } Vfin
face ‘Open Channel Volume 1-8
1 1
N Ny o)
where Yrin © Vrace (IZ."T') = Veace )
Nf e

and Ng is the number of fins of thickness tg per inch. W is the width of the
channel between fins, Vfin is the calculated air velocity in the channel between
adjacent fins assuming no tubes or fin collars are present.

At low air velocities where heat exchanger effectiveness is high the leaving air

temperature difference (T, ,44-T ) is small. Smaller errors in exit air

air out
temperature measurement would lead to large errors in the calculated log mean
temperature difference (LMTD). The data was therefore reduced usir~ the average
temperature difference (ATD), the temperature difference cf the channel wall {which

was held constant) and the average air temperature [0.5 (T -1

air in air out)]'

It can be demonstrated that the Nusselt Number based on the IMTD (Nug) is related
to the Nusselt Number based on the ATD (Nu,) by Eq. F-3.

Nua\
1+ 2 %7
-8z Gz
Mg =g In Nua/

1 -2 B

? (F-3)
L 2o Voo Pro(1-8)

where Gz = Re - Pr - e

2
208
12 v NP, [sec & (1-8) + ﬁz»]
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From smoothed Nua vs Gz plots, huQ vs Re or ha VS Vface or Vp.. Curves can be
generated. It is also noted that for heat sxchangers of high effectiveness that
Nu, will approach 0.5 Gz as an asymptote. This is very useful at low Gz where a
small amount of heat loss would vesult in a large error in the calculated value of

Nua.

Figure F-3 is the Nuy vs Gz plot for 2, 3, 4 and & row flat fin mocels. Heat
balance errors are greatest for the 2 vow model, the antry and exit section heat
transfer to the air being a greater percentage of the total. These curves are for
a Ppox Py, Do (1.25 x 1.083, 0.5 in.) surface. Figure F-4

vs Gz curves are for 3 row models only. Figure F-4 shaws how a change in the

and a11 following Nug
lTongitudinal pitch (P,) affects Nu.

The remainder of tha data presented is for patterned {wavy) fins with the T73.038
being used as a standard. The T3 indicates tnrez transverse triangular ridges
per longitudinal pitch with a double amplitude patten depth, Pp, (peak to valley
height) of 0.038 in. Fiqures F-% and F-6 show that for either G.5 or 0.375 in.
coilar diameters (Do) data for 1.25 x 1.083 and 1.00 x 0.866 thvee row heat
exchangers are represented by a single curva.

Figure F-7 shows data for a 1.00 x 0.266 in. wode? with 0.5, 0.375 and 0.312 in.
diameter fin collars and Fig. F-8 presents data for a 1.25 x 1.083 in. model with
0.5 and 0.375 in. diameter fin collars. Figures F-5 througn F-8 indicate that Nu,

vs Gz gives a good correlation for these equilateral staggersd tube pitch

variations and for tube collar diamster ggriations.
GRAPHICAL DATA PRESENTATION (HEAT TRANSFER SINGLE FIN TESTS)

The data to evaluate the effect of pattern depth on thermal performance was taken
with 1.25 x 1.08, 0.5 in. wmodels for the mast pa with a fin spacing {W¥) of 0.077
in. (Ne = 12 if te = 0.006 in.). Limited comparisons were also made with fin
spacings of 0.110 and 0.161 in. (Ng of 8.62 and o). Figure F-9 is a plot of the
data for pattern depths (FD) of G, 0.018, 0.028, 0.038, 0.0485, 0.0625, 0.093 and
0.125 in. Each of these models used thvee patterns or transverse ridges per

pitch. Figure F-2 clearly shows the value of this Lype of plot as the data for
the high fin patterns closely approaches the asyiiptote Nu, » 0.5 Gz.

Figure F-10 plots data for the 6 fins/in. (W = 0.161 in.) model with pattern
depths of 0.038, 0.0625 and 0.125 in. Figurs F-11 plots data for an 8.62 fin/in.
(¥ = 0.110 in.) wmodel with pattern depths of 0.038 and 0.0625 in. It is apparent
that high patterns are most effective with greater fin spacings. For example, the



Figure F-3 - Effect of Number of Rows on Thermal

Performance of Flat Fins (Nua vs Gz}
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Figure F-7 - Effect of Tube Diameter on Thermal
Performance for Patterned

3
i

= (.038
= 0.077

S

1nci

h

Nl
LV
e o e
jan} (SIS
o PN S =] L
oy N
~
[Za T s B <o |
[T e B
B i
ooQ
= O <
L 9]
J o
jor (»]
e 2=
o D r4 Lo e ]
oo t r~
o . Ty
- O
W
] il el
0
oo o] ARSI AR S
[ PR s ¥ =

mﬂmwminuwuzu;t ="

60

[ewl
-7

50

ny ‘asqun

300

80 100 150 200

60

40

30
Graetz Number, Gz

20

15

10



RIS
bt
RERRTIRN

resgiad

YERTEY

S I

e

ube Diameter on Thermal

m
i

fect of

joki

)

(Nu  vs Gz
a

ins

Patterned F

Ior

inch

no
38

0.0

PD =

nches
inches

i

1.25
= 1.08

€
£

nich

e

h

~

inch
0.375 in

0.5

[SUR AU — e I e 1
;
|
I N R Y i gy Sumlstion it
T s iy Semems ghapeeials SO [ s R = po
_ = = S e
s v - = 1 =1
W = T b MW P < ) T
o e - +
= 1 SO DRSSO DU S SN S B I s
[a18} — . T
" o s e oty wsee ——
o1t } 1 = e 3 t EEEET = i
s s Smes s e ] 1 = e P =3 1=

50

40

3C

®

nN

15

F-14

Cazquny 3{es

a4

STIN

360

200

150

100

80

60

40

20

15

10

Gractz Number, Gz



T
ES 35T SREES Pk iiess & 12323
g 1 13 : >
=T 4
T
: 3 1T SRt wows e Bt =
- o ]
- 3~ by T y: .y 5
T Y v 11 It L ot + 1
, S =
T + M
T T 85 mesen 74 sasas Kol jEand b 1
b -
y . S rerua pauas T+ -
! 1 T ! e I
- 0% INDAVED TR
o 15 DO SIWATS SR S SRONE SRS BINHS NS
i 3 e -+ PR R G
(3 500 T30 IS
i , 3t 5 ; e g —eed
H 1 B K D B B
g i T — i JUNNES SRR
J LIRS INOR I SN bt % RN UIIT
1 1 M - .-
B SDOGN RS : -
T T
" - PR RS S
“, > - -
i . s il b

S aRqUnN 3ITISSNN

F-15

, e
- ot IoGusiion: ASRdn
T :
| SESenat
i o = Uy WA 48
- MV Wn. 40000 $00 WO
. ¥
@ Wte. < B
C —
e =
<
=} patse
S
o
' <
o 0
o o 8
jo ) ¢)
z
—t -~
[a4] T~
& Tl
r . .
o c o
=
2 o
o 5
c ooz
Py
o N oo
Lo R - B SR S R <
s o voe 6 u o9 u
U ow ST =S = B e =R =
[ et o el e e
[=I Q@ o
> S )
W@ @ AN s S G e
v =9l - o o o < o ©
IS . A . . . - \l.“
) R3] oD o o O
o 2 o o O
A 2 TR T R T N R
Y now D Ao o mo;ooA
c NO - PDP (=S -DERN VR e P ¥
4J e~ N
9]
@ oo
b X o
s oD
=2 oD - _—
oy ~ Foooon
' :
L - X pesenes
o = oy
= A S Nl
P o) o~ b e
¢ B
S " .
o - -
& = A — ]
B i : i
=S e i == S ey
: :
: 5 o © o) ) -
< (= o = <
w ia ~3 o o )
T

300

200

© 150

100

80

60

40

30

20

15

10

Graetz Number, Gz



300

200

15¢

106

80

L 9]
o =)
=] it
-
L]
a) O
) . 4
& o .
5 <o
“ It It
[
g7 3]
- a =
[
G
N
Halle)
Iy
Q. W
Y >
]
oo
[
0~ 0} 0]
+ U a
+ = o
ol o] o]
[sUE O} o] [#]
&) -~ el 9]
e 2
o « vy o o
E NSO N
EN . ) . .

v O — — (381
U A
[ [T
- g
Sy am 44 o~ o

[ PR U2 -
I O e e e e
z e ]
[e»]
— ]

I I ™~ o~
S By v
[« Q
& —
= 0
o1} )

- B
.
< (] (o} [ss] @] vy [l Sl Nel 'al T 2o

2
uy ‘roquny 3Te@ssuy

F-15

40 £0
Craetz Number, Gz

20

15

10



- PR he 25 A b O S e - g mnd -y b9 o
T s R R ERREER EE! I
55558 Biges sigey EEERS SOBOS oo w: 3 B i o~
e T R T ; e aa!
— - - ——— ;_H
P ——— PN SDaEN - e
%;xrsci‘vi“...u P uwmwuiuﬁu‘ R 1+
- b 840 o it % : §a
3- e S I RN
o jahptest
s | SRt e I - t 1
N PRISS (OQUIN DUDIREN JOUIIEIEY SN U NP, T D e 1
- 5 BPURE SR Sasasvs pusses S et i
PSS SN Dam . R R i )
e B : mons Sae: i
U kS : M
SNRAERES T
fr e —
)
i
N
h, | !
: ] : ! i
- r
+ : 3
3 :
1
g . 14
P“ NG b H_ 1 :
T * s +
T - it X 1 t 1 1 o=
I N H#ﬂ 7 S RaE =
T byttt 4 +
H T *
. B E J T T N : H
L WSS B Tt ; :
= 7 T
S =F == :
£ Seae. S sane
=
ool P s
_..M s} . N : 1 2 n P
m Lm ,m - A o & s T T
e n 1 J : 1T
= ey o 1 e <
= 4 - + P = ;
n 5 e
- . . o :
o © o 8 o= RN
~ = g . X B N
= il oo 00 VI, §
T e B 00 USRS, =
o o v o, " REESE = T
- o o0 . 3 = =
M W e = O e == pr——— e =
o © BIE » o
g« Tl == =
oo o O I
Y & - . 1
o0& T v :
5 A oM
[=PE] e M X
< + . W1 ,'W
- P o it e N
I C I3
© m w oW e -
U ) 8] D O - + T 7
0 = = S T " t
[ rm o 19} . T ™
o S O O , 2 It .
el TR R R : a2 non - o)
Boa [ I R i + - it
1 o~ o b i o \e) ¥) 1.4 . i o)
. . ST B B e i : T
— - = ™M L : ‘
] o i P ' 7
| L T . ]
rx, i ; :
e fooRliiso] . _ -
Q VR P
b 2
5 .
&0
e
£24
——
3 ;
1
1 4
) ' AN T +
i N ¢ i
+ fongond ;
3 eeaeps
- "4 T t
W =0}

60

50

40

0

»

ny ‘aaguny ITISSNY

F-17

300

200

150

100

80

60

40

30

20

15

10

Graetz Number, Gz



ol — =k 7 ==
e ST e B
[ b 3 =T ; s Soupe eemmens
g . - ‘
R SO PUIND DR NN e e rs.v.w, o S PG QUG S
C LI D el WL e SN S o, A W— IR N
D ol "o s Vo Sl .~ o i TR AT oy e
B Y . S . = z — . i L U U N
S SN S, - s ! b D G AN SN S . e b
G T * ; gt _ _“, ;,zb(.,.ﬂww i A el TO0S TN
o (S5 SRiAl ! e ek = T R
- 5 | i . w.m. T ”H,. gy - S
3. ) ¥ ST s RN NS N (X BN P ARER S
i N 1IN ESALE BN KRN AR NN 1 LSO I ]
, LI ﬁ ._::T_“__ L m W_ v
T NS AR ' T ' N -
[ @ﬂ T ERERY SUURR KN ANE R L ]
NS 8 i AR M b .
he N s % o Ty
= N T o
e
(8]
ps )
] —
o £ = s
0 U d
o i
@ u AR
r o] P T o R o
Qo > o
o QDO
2
i) LT I
] [SI =
w [T < VI
Q Q
Q)
e
Y @
£ &=
£ W
4 0
= e
ot
[}
L2 B
e}
we =
LN Wed
Q mm Q M
s & -
oQ o
(SR - 0
L oW
U S
w oo > 2
oo D
! CI
N B w o
W_hﬁ [=TR < TE- A
[29) PR .
Q - e e g
b -
o]
&
b

b
Es

60

50

JUSH SN - -

: T TR
vnllu e~ —— - - -
patisly S - A

T A ) 7 . \vx» T

i R Y i B S .

oo R S Pt Syt SR S sty Sl Sty
S S L = — [ S RS PR ity feraali
. . - e o0 e -3 [4a
o e < o o .

g Camgwny 2

F-18

——

200 300

150

100

80

60

40

30

20

15

10

Gractz Number, Gz



i

ap

Nu
a
(

D 0.062)
is 1.099, 1.155 and 1.173 for fin spacings of 0.077, 0.110

Py = 0.038)
and 0.161 in., respectively at a Gz of 30.

ratio

1

The effect of number of patterns/pitch (Nppp)
0.375 in. model only. T4.038 and T2.038 models were constructed and evaluated
with a fin spacing 0.077 in. Ffigure F-12 shows the Nu, vs Gz plot for the data.

was investigated for a 1.00 x 0.866,

30 were attempts to better extrapolate the data to low
Gz using the 0.5 Gz asymptote.

H

The faint lines below Gz

Figure F-13 is a similar plot with a fin spacing of 0.094 in. (Nf 10 fins/in.)
for 72.038 and 73.038 only. Remembering that Nu, vs Gz appeared to correlate
variations in equilateral tube pitch and collar diameter, Figure F-14 presents
data from T2.062 and T73.062 models with fin spacings of 0.077 in. but at different
pitches and collar diameters. Although the pitchs and collar diameters are
different for the model data shown in Figure F-14, these effects have been shown
to be amendable to the correlation used so the comparison is felt to be valid.

Only T1imited tests were run with other fin spacings. Figure F-15 is the only fin
spacing data for flat fins (Pp = 0) and offers a comparison for the 1.25 x 1.083,
0.5 in. model at fin spacings of 0.077 and 0.056 in.(N¢ ~ 12 and 16 fins/in.).

The data are correlated well at high Gz but at lower Gz (lower velocities) the
closer spaced fins with their higher heat transfer coefficient more closely
approach the 0.5 Gz asymptote. Figures F—16, F-17 and F-18 are Nua vs Gz plots
for T73.038 and T73.062 and T3.125 models respectively. The first two show results
for fin spacings (W) of 0.077, 0.110 and 0.161 in. (12 to 6 fin/in). The T3.125
model was tested only at fin spacings of 0.077 and 0.161 in. The ratio of
N“a(0.077/N”a(0.161) is about 1.25, 1.18 and 1.11 for the 0.038, 0.062 and 0.125
in. deep patterns, respectively. These curves indicates the Nu, vs Gz correlation
over ﬁompensates for fin spacing (Gz « NZ) for large changes in fin spﬁcing

(ex. Wl = 2) but is a reasonable correlation for smaller changes (ex. Wl < 1.5)
and thgt the correlation is better for high pattern than for low patter%s (larger
sec ¢ associated with higher patterns reduces Gz for a given fin spacing).

The j factor versus Reynolds number curves showing the effect of fin spacing of
the data of Richz for flat fins were reduced assuming (based on a phone conversa-
tion with the author) that the fin effectiveness was constant and calculated based
on an air side convection coefficient of 10 Btu/h—ft2—°F. The data was read from
the curves in the published work and an air side convection coefficient calculated

F-19
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assuming the 0.006 in. tin dipped copper fins had a conductivity of 220 Btu/h-ft2~°F.
Some atioying of the tin with the copper will have occurred substantially reducing
the conductivity of the fin material, This factor being an unknown has been
disregarded but could substantially increase the calculated value of h, if

incliuded especially at higher air velocities., For sxample for an air side

convection coefficient of 10 Btu/hwftz-“F, a conductivity of 220 Btu/h-ft2—°F would
result in a fin effectiveness of 90.6 percen. wnereas if the conductivity were

only 80 Btu/hft°F the fin efficiency would be only 78.2 parcent. If the data were
reduced using too high a fin affectiveness the calculated values of the convection

coefficient would be low.

The calculated results for 2.92, 4.42, 6.67, 7.87, 9.17, 11.75, 14.5 and 20.6
fins/in. are plotted as Figures F-19 through F-26 {log h, vs. Tog V,..). The data
of McQuiston3’4 for the five surfaces he investigated arezincluded in the
preceeding figures for comparison. McQuiston's data are reduced assuming no fin
collar to tube thermal impedance but considering the effect of air side convection
coefficient on fin efficiency and so will give an air side convection coefficient
which is slightly low. The error in convection coefficient will be larger at
higher air side velocities. In Figure F-24 the 12 fin per in. single fin model
data is shown with that of Rich and McQuiston. The singla fin data is higher than
that reported by the others at low velocities but approaches that of Rich at
higher velocities. This is the only single fin model directly comparable with the
Rich and McQuiston data.

PRESSURE DROP DATA - SINGLE FIN TESTS

The pressure drop data corresponding to the single fin tests are given in Figures

F-27 through F-41. The variation in slope and magnitude indicate that small
variations in entry and exit block alignment can greatly affect the pressure drop
results. These plots of pressure drap per row (in. of water/row) vs. Vg.., the
maximum veleocity seen in the coil should be interpreted with care. The maximum
velocity was used as the independent variable here in an attempt to correlate the
flat fin pressure drop data. The face velocity is normally used in reporting the
pressure drop data but face velocity is independent of fin spacing, tube pitch and
collar diameter and is not a correlating factor. V as defined by Equation 4

max
includes the sec & term which is a function of fin pattern.

1

(ﬁ;:“f”)

P
_ f t
Vmax = Vface 1 (P -p }sec ¢ (F-4)
(g;) t e
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Figure F-20 - Air Side Convection Coefficient as a Function of Maximum Fin Channel Velocity
for Flat Fins {v4.42 fins/inch)
P_ = 1.000 inch, P = 0.866 inch, N, = 4, D = 0.404 inch, W = 0.244 inch,
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McQuiston's Data )
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Figure F-21 - Air Side Convection Coefficient as a Function of Maximum Fin Channel Velocity
for Flat Fins (v6.67 fins/inch)
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Figure F-23 - Air Side Convection Coefficient as a Punction of Maximum Fin Channel Velocity
for Flat Fins (v9.17 fins/inch)
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Figure F-25 - Air Side Convection Coefficient as a Function of Maximum Fin Channel Velocity
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Only the high velocity portion of the data where the slope is nearly constant has
been plotted. Extension of these lines to lower velocities will give a pressure
drop per row which will be too low. The magnitude of the varijation will increase
as the number of fins per inch (N¢) increases (W decreases).

Figure F-27 indicates that the pressure drop per row decreases as the number of
rows increases for a 1.25 x 1.083, 0.5 in. heat exchanger with flat fins spaced
0.077 in. apart. Most manufacturers data give ap/Np as a constant. The slope of
the lines increases from 1.71 to 1.87 as the number of rows decreases. The lines
approach each other at low velocities justifying the assumption that aAp is
jndependent of number of rows. Unfortunately no calibration run was made to
measure the pressure difference between the inlet and outlet plenums with no heat
exchanger present. Since the pressure difference was assumed to be zero, all
pressure differences measured will be high by this amount. Dividing a fixed error
at any given flow rate by a larger number of rows therefore gives a lower ap/Ng.
The data suggest an error of 0.004 in. of water at V., = 500 ft/min. A1}l of the
remaining data was for a three row heat exchanger.

Figure F-28 indicates that decreasing the longitudinal pitch will only moderately
increase the Ap/NR for flat fin heat exchangers and that at very high velocities
the effect decreases. The pressure drop associated with flow across the tubes is
mostly form drag and is proportional to velocity squared. The pressure drop
associated with friction will vary as velocity to a power between 1 and 1.8. The
lower slope for lines corresponding to lower values of P2 in Figure F-28 indicate
that the higher local velocities across a portion of the fin surface due to lower
P2 is resulting in a higher percentage loss due to friction.

Figures F-29 and F-30 each compare ap/Np for two equilateral tube pitches 1.25 and
1.0 in for 0.375 and 0.5 in. diameter fin collars, respectively. In Figure F-29
the line representing the Py ~ 1.25 in. data has an ordinate ~1.185 to 1.2 (Tow to
high velocity) times the line representing the P, -~ 1.0 in. data. A similar
comparison in Figure F-30 is 1.19 to 1.13. The spacing of lines is nearly
constant in Figure F-29 (D. = 0.375 in) and slightly greater than in Figure F-30



(D, = 0.5 in.). These comparisons are for the 73.038 fin pattern tested and a
greater variation might be expected for flat fins.

Figures F-31 and F-32 demonstrate the value of Vg, to correlate the pressure drop
for a given transverse pitch for various fin collar diameters. The Dc = 0.5 and
0.375 in. data falls on top of the other at Vmax less than 800. At higher
velocities the correlation overcorrects and the pressure drops for smaller
diameter fin collars (less blockage) are higher than those for larger collars at
the same value of Vmax'

Figure F-33, demonstrates the effect of pattern depth on Ap/NR for a 1.25 x 1.083,
0.5 in. three row heat exchanger with a fin spacing of 0.077 in. At this fin
spacing the slope of the Tines for Pp < 0.048 in. decrease with increasing Py in a
regular manner indicating a larger percentage friction as pattern depth increases.
As the pattern depth becomes larger, however, this trend reverses and both the
ap/Ng and the slope of the ap/Np vs. Vp,, lines increase rapidly indicating larger
regions of separation behind each pattern ridge. This separation is apparently
minimized by the close fin spacings at the lower pattern depths.

Figures F-34 and F-35 show the pressure drop increases more rapidly with pattern
depth for larger fin spacing. The siope of the data presented for the 73.062
model in Figure F-35 is less than expected.

The effect of number of patterns per pitch (Nppp) is shown in Figures F-36, F-37
and 38. Figure F-36 has the only data taken for four patterns per pitch and
refers to 1.0 x 0.866, 0.375 in. modeis at a fin spacing of 0.077 in. and 2, 3,
and 4 patterns per longitudinal pitch. The slope of the lines increases with
number of patterns per pitch. At a Vg, of 1000 ft per min. the two pattern per
pitch model has a ap/Np of 0.92 times the ap/Np for that of the three pattern per
pitch model. The four pattern per pitch model has a ap/Ng, 1.375 times the ap/Np
for three patterns/pitch model. Figure F-37 shows the data for 2 and 3 pattern
per pitch models at a fin spacing of 0.094 in., The wider fin spacings reduces the
pressure drop about 11 percent. Figure F-38 shows data for a 1.25 x 1.083, 0.5
in. and a 1.0 x 0.866, 0.375 in. model both with a 0.077 in. fin spacing and a
0.062 in. desp pattern. The two pattern per pitch pressure drop is 0.79 times the
pressure drop for the three pattern per pitch model at a maximum velocity of 1000
ft per min. The correction for tube pitch with the T73.038 pattern data was 1.19
(see Figures F-29 and F-30) which times 0.79 is a ratio 0.92, the number obtained
for this fin spacing in Figure F-36 for the 0.038 pattern depth.
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Figures F-39, F-40 and F-41 show that the pressure drop is increased as the fin
spacing is decreasing. Figure F-39 is the only fin spacing comparison for flat
fins. Figures F-40 and F-41 show that as pattern depth increases from 0.038 to
0.125 inch, the pressure drop becomes less sensitive to the number of fins per
inch. The slope of the PD = 0.062 inch data in Figure F-41 is higher than that of
either the 0.038 or 0.161 inch data indicating a probable entry plenum alignment
problem during that test.
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DATA FITTING

NUSSELT NUMBERS
Row Effect - Flat Fins Pp =0

Data was read from the Nu, vs. Gz curves in Figure F-3 at Gz numbers of 30, 40 and
60, and the ratio of Nua for.a model of NR rows to Nua for the three row model
plotted against Np/3. Lqﬁes drawn through the 6 row data and the 3 row data
approximated the 2 row data with a maximum error of 4.5 percent at Gz = 60. The
four row data show maximum error of 5.7 percent. The slopes of these lines at Gz
of 30, 40 and 60 on a log-log plot against Gz gave the following relationship for
flat fins

G
ar oy (022 G§ ) P

<6 (F-5)
LD

A similar treatment of the data in Figure F-4 for flat fins atlongitudinal pitch
to tangential pitch ratios (Pg/Pt of 0.866, 0.7 and 0.6 result in Equation F6.

ap 0.163
) o (0227 (%é) )
T = 1.0332 (59 (F-6)
33.866 t

Pattern depth effects for W = 0.077 inch (Ng¢~12 fins/in.) can be approximated by
fitting the data in Figure F-9. A log-log plot of Nu, versus pattern depth (PD)
was made at Gz = 7, 15, 30 and 80. Straight lines approximated the data very
closely at each Gz number. The fits are given as Equations F-7.

0.046
D Gz

it

Nu, = 3.85 P 7 (F-7a)
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Nu_ = 9.30 Pd0'107 Gz = 15 (F-7b)
0.182 )

Nu, = 20.98 P, Gz = 30 (F-7¢)

Nu_ - 64.6 py02%3 Gz = 80 (F-7d)

The log-log curve of Nu; vs. Gz for a flat fin has been approximated by three
straight lines given by Equations F-8.

0.822

Nua0.= 4.17 (6z/10) 7<6z<15 (F-8a)

o = 4.3 (62/10)0-72 15 < Gz < 30 (F-8b)

Mo = 4.64 (6z/10)0-664 30 < Gz < 100 (F-8c)
To calculate the ratio for N“a(P ) to Nuao at a given Gz, the following procedure

is suggested. Suppose the rationor an 73.038 pattern to a flat plate is required

at a Gz of 26. For Py = 0.038 calculate Nua at Gz = 15 and 30 using Eq. F-7b
and F-7c, respectively. 0.038
N, - 9.3 (0.038)%107 _ 655 at 6z = 15
0.038
Ny, - 20.98 (0.038)°°182 - 11.57 at 62 = 30
0.038
The slope of a line through these data on a log-log plot of Nua vs. Gz would
11.57 0.038
Ln{—="
be ———z§6§§~— = 0.821 with an intercept at Gz = 10 of 4.695.
anise
15

Equation F-9 then represents that section of the curve 15 < Gz < 20.
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0.821
Nu _ Gz, " (F-9)
a5 038 = 4.695 (10)

and at Gz = 26, Nua = 10.29
0.038

From Equation F-8b, Nu, = 8.68 at Gz = 26.
0.

Using Equation F-3 the ratio of air side coefficients based on LMTD is calcualted to

be 1.33.

] f1+2 1(2)629.)
h n 10.29
"2 038 . 11‘2 [%%52) _ 2051 | 4
R " [s.eeq = 7% - b
ay In 26 |
0 5.68] /
-2 %56

The limited data of log (Nu,) for the T2.038, T73.038 and T4.038 models were plotted
against log (Nppp) at Gz of 20, 30, 40, 60 and 80. The curves were straight lines
at Gz>40 and were approximated by straight lines at the lower Gz numbers. The
slope of these lines were plotted against Gz and Equation F-10 resulted

0.596.
[0.213a(3%) ]

%opp . (Nppp) (F-10)
5.3 3

Na

Nu

where the subscript ppp means patterns per pitch. Treating the T2.062 and T3.062
data (Figure F-14) in the same manner gives Equation F-11

0.461
Nu, v lo.2a &7
_ppp . (CppR (F-11)
Nua 3
3

Combining Eq. F-10 and F-11 with the function of Pp which matches the data for the
two pattern depths tested gives Equation F-12. p -0.516

D 1
Py 1020 GZ[0.595 (m) L
Nua N 0.2134 m) ("3'0‘) : F-]Z)
__PpPpP_ (mt. ) -
Nu 3 }
a3

for W= 0.077 in. Fo55



This equation is specific to these two data sets and its generality is
questionable.

The data from Figure F-13 for T72.038 and T73.038 at W = 0.093 in. (N¢ ~ 10 fins/in)
is represented by Equation F-13.

0.21
Nu, N (0.4354 (30) )
o = (BR) for W = 0.093 in. (F-13)
a
3

The large difference between the exponents in Equations F-10 and F-13 clearly
demonstrates that the adding of additional patterns per pitch is more effective in
increasing Nu, for larger fin spacings. Since Gz is almost proportional to W2
(see Equation F-3) for a given velocity a model with less fin per in. (larger W)
would have a much larger Gz number. The Nuy vs. Gz curve is further from the 0.5
Gz asymptote at the same mass flow rate for the 0.093 in. fin spacing than for

the 0.077 in. fin spacing and the curves of the 72.038 and 73.038 models are
further apart.

The Vimited data in Figures F-15 through F-17 is not adequate to correlate the
effect of fin spacing. What has been done is to compare the Nu values for a fin

spacing W with the Nua for a fin spacing of 0.077 in. Equa¥1ons F-14, F-15

and F-16 are suggested9°077
Nu 0.144
Nua : D 10/
0.077
Nu
a (~0.006)
89.077
Nu
a (-0.025)
0.056 G
T 1.059 (35) (F-16)
0.077

The ratio for the fin spacing of 0.056 in. is based upon flat fin model data. No
effect of Py is included. It is projected, however, that the ratio should never
be less than 1.0 and that the rates should approach 1.0 as Pp increases. What has
been done is for a given pattern depth and Gz number to construct a second
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Nu
a
order fit to the ratic NG’H__*” and to use the second order fit to calculate the
8.077
expected ratio for other fin spacings and pattern depths. The second order fit

would have the form given in Equation F-17 for the data Figure F-15 through F-17.

Letting
Nu Nu Nu
4 - %.110 _ o %.161 _
Nu T Tw o Nu - 110° Nu - 716l
0.077 4.077 40.077
then (F-17)

R. = A+ BW + CW

where

A = (9.0321 x 104 - 0.001041348 Ry + 2.7951 x 107%R¢1)/D
B = (-0.013821 + 0.019992 Ryjy - 0.006171 Rygy)/D
C = (0.051 - 0.084 Rjg + 0.033 Ryg)/D
1 0.077 0.077%
D ={10.110 0.110% | = 1.42372 x 107%

1 0.161 0.1617

with the injunction that if W > 0.077, Ry < 1 and if W < 0.077, Ry 2 1. The
second order fit Teads to values slightly greater than 1.0 for 0.077 < W < .11 and
less than 1.0 for W < 0.077 at large values of Py

The pressure drop data presented in the figures is intended as a guide and may
conservatively be used for design directly at high face velocities. These curves
if extrapolated to low velocities will give too low a pressure drop. The approach
taken here, however, was toc assume that better pressure drop correlations for flat
plate fin-tube heat exchangers exist and to suggest multipliers or ratios by which
the calculated pressure drop for a flat plate fin-tube can be modified to estimate
the pressure drop of a pattern fin using transverse ribs as a pattern.
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The measured drops would include an entry and exit loss which is a larger percent
of the total for the 2 row coil than the 6 row coil, therefore, the value of Ap/row
would be higher than it should be for each case but the percent error would be
larger with fewer rows. It is felt that the relative pressure drop per row data
has an error associated with plenum to plenum loss which was not accounted for.
Nonetheless a lower slope is indicated for a high number of rows (Figure F-27) and
the variation with number of rows becomes larger at higher velocities for these

flat fin models. -0.0827

(-0.276) ,  (1.814 (] )

=

N

A R ma
(ﬁi)n = 0.0818 (3 T0a%
R

(F-18)

The ratio of pressure drop for a heat exchanger of Np rows to one with 3 rows is
given by Equation F-19

R
apy (-0.276) v 1814 1(z7)
R. =

N, (-.0827)
R MR -t
R ™ Bpg - (§"> 1000

(F-19)

It is noted that this correlation smooths the data and decreases the slope of the
Ng = 3 line so that it does not cross the Np = 4 line.

The slope of the lines in Figure F-28 are lower for lower values of P, and the
intercept at Vmax = 1000 ft/min is higher.

-0.45
* V
AD 'A ma
(“ENR) p, = 0-0767 ('ﬁg) (1660)

[ 0.082}
{1.836 (;%) (F-20)

The data relative of an equilateral triangular pitch is approximated by Equation
F-21.

> 0.082 :
b 045 4;.836 [(—%§ - 0.9883,
P t J
RPEZ <%E>P1 = 0.9%7 (ﬁi) (1060 (F-21)
)
N

p'0.866 F-58



An approximation of the data shown in Figure F-29 through F-32 is given by
Equation F-22. This relation approximates the effect of tube transverse pitch and
colliar diameter on pressure drop for a 3 row heat exchanger model with 73.038 fins
0.077 in. apart.

5 (0.093 Pt1‘5])l
-0.032 c
o -0.096  {1.818 (P,7""°%) (G378 _f
Ne : 9 0.37% 1000
Pt’Dc

(F-22)

The pattern depth data in Figure F-33 may be represented by Equation F-24 for
pattern depths of 0.018 to 0.048 in.

p -0.033
D
0.244, b.737 ) . (F-23)
=10 102 ( D ) max
e 0.038 1000

D
for 0.018 < Pp £ 0.048 in.

At larger pattern depths the slope and intercept of the lines increases rapidly.

A fourth order fit (Equation F-24) gives the slope as a function of
P P

D : . D
(ﬁjﬁ§§) assuming an asymptote of 20 at a pattern depth of 1.14 1in. (0.038 = 30).
Pp
Stape = 5 = 2.76163 - 1.73507 (5038
2 3
Po (PD
+0.915199 (5535 - 0-155689 (5-g3p) (F-24)
4

+ 0.00423605 é;%iﬁa

for 0.048 < Py < 0.125 in.

A similar polynomial fit was used for the intercept at Vinax equal 1000 ft/min in
this range of pattern depth and is given by Equation F-25.
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p
_ ~ 0
Intercept = IPD = (0.709804 - 1.18701 (5T5§§)

2 3
p p
+ 0.792040 (6g6§é> - 0.205322 (5%535) (F-25)
4 -

+ 0.0187123 ( 038)

0.048 < Py < 0.125.
The pressure drop per row for 0.048 < Pp < 0.125 is then given by Equation F-75.
Sp

v
(ﬁﬁ) = IpD T%%%) | (F-26)

The ratio of the pressure drop for patterened fins to flat fins (Rp ) is given by
Equations F-27 and F-28. 0

o -0.033
D
0.244 (1.737 (5 2538) -1.814]
R, = 1.247 (59-—) max ’
p, - %Y (5lo38 1000
for Pp < 0.048 in. W = 0.077 in. (F-27)
I (5, - 1.814)
R = PD Vmax) PD
P, ~ 00818 {1000
for 0.048 < Pp = 0.125 in. W= 0.077 in. (F-28)

Py = 1.25 in. , P, = 1.083 in. , Do = 0.5 in.

The limited data available does not allow the approximation of pattern depth
effects for other fin spacings. Equations F-23 through F-28 should apply
conservatively for smaller fin spacings at high velocities. The expected decrease
in pressure drop with increased fin spacing will always occur, but the magnitude
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of the pressure reduction is much less for higher fin patterns than for low fin
patterns.

Only one four pattern per longitudinal pitch model test was performed. There is a
rather large increase in pressure drop per row from 3 to 4 patterns per pitch.

The slope of the lines in Figure F-36 increases with number of patterns per pitch,
Since only three different patterns per pitch were used, the Vmax = 1000 ft/min
pressure drop per row intercept has been represented as a second order polynominal
(Equation F-29), The slope of the In-1n plot is seen to be a weak function of the
number of patterns per pitch.

N 0.007
1.819 (-BER
Vmax { ( 3 ) /

L3
PPDy ; 2y (hax ]
(228 = (0.1155 - 0.03725 Nopp * 0-00975 M,0.5) (1695 (F-29)

The effect of fin spacing cannot adequately be described from the data in Figures
F-39 through F-41 nor can a closed form relationship be easily represented. The
previous relations were based on the supposition that the log-log plot of pressure
drop per row versus maximum 