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ABSTRACT

In order to investigate the use of air-to-water vapour
compression reversed heat engines for heating domestic hot water
supplies, a user friendly computer program was developed to
simulate such systems operating under steady state conditions. An
experimental study was also carried out so that simulation results
could be compared to actual data. The comparison revealed that the
program accurately predicts trends in system performance.

The program simulates systems that consist of a compact heat
exchanger evaporator, a reciprocating compressor, a throttle valve,
and a condenser that may be either a coil immersed in a water tank
or a concentric tube heat exchanger. The user may optionally
specify a regenerator and must specify either R-12 or R-22 as the
refrigerant. The user must also specify

1) the inlet air temperature, relative humidity and face
velocity and the water temperature (and mass flow rate for
concentric tube heat exchangers),

2) the compressor outlet to inlet pressure ratio,

3) performance data for the compressor,

4) physical dimensions and thermal conductance of the

evaporator,

5) physical dimensions of the condenser

6) whether the system has a receiver at the condenser

outlet or an accumulator at the evaporator outlet

7) whether or not to consider frictional pressure drop and

iv



secondary heat transfer in the interconnecting piping (in
order to speed up simulation during preliminary studies).
The program determined the condenser capacity, evaporator
capacity, power input to the compressor, and coefficient of
performance all within 10 percent of experimental data. The
predictions of the compressor inlet and outlet pressures differed
by less than 5 percent from the experimental data (usually less
than 2 percent). The program successfully predicted system
performance trends when the compressor crank shaft speed, throttle
valve setting, condenser cooling water temperature, and cooling
water mass flow rate were independently varied.
The program achieves convergence within 100 seconds on an IBM
386S8X/25 PC with a math coprocessor.
An improvement to the program would be the addition of property
subroutines which would provide the capability to simulate systems

that operate with the proposed alternative to R-12.
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I . INTRODUCTION

A. Backdaround

Reversed heat engines are used as refrigerators, air
conditioners and heat pumps. A reversed heat engine, shown
schematically in figure 1, is a cyclically operating
thermodynamic system that makes use of mechanical work input to

extract heat from a low temperature source and deliver heat to a

high temperature sink.

L gl NI Ul

Wi FENVEFSITE AT L1

r SO AT [ me e
Pigure 1: The Reversed Heat Engine
The three main types of reversed heat engines are the vapour
compression, absorption, and thermoelectric types. In both vapour
compression and absorption type systems a working fluid (the
refrigerant) is made to repeatedly undergo a thermodynamic cycle
which consists, essentially, of the four processes depicted in

figure 2: process 4 to 1, in which the refrigerant extracts heat

1



from the source; process 1 to 2, in which the temperature and
pressure of the refrigerant are increased; process 2 to 3 in
which the refrigerant delivers heat to the sink; and process 3 to
4, 1n which the pressure of the refrigerant is reduced at
constant enthalpy. The basic difference between vapour
compression and absorption systems is in the method used to
produce the temperature and pressure rise that takes place in
process 1 to 2. In vapour compression systems a compressor is
used to increase the temperature and pressure of refrigerant
vapour. In absorption systems a second fluid (the absorbent) is
nade to react with the refrigerant to produce a ligquid solution
which is then heated so that refrigerant vapour can be separated

out of the solution at an increased temperature and pressure.

.
ENTHALPY
Figure 2: The Refrigeration Cycle

Reversed heat engines are also classified by the source and

sink between which they operate. A reversed heat engine operating



3
between an air source and a water sink, for example, is referred
to as an air to water reversed heat engine.

Figure 3 depicts the main components of a vapour compression
reversed heat engine: an evaporator, in which heat is absorbed by
the refrigerant from the source; a compressor, which circulates
the refrigerant through the system; a condenser, in which
refrigerant delivers heat to the sink; and a throttle valve, in
which the pressure of the refrigerant is reduced in an
isenthalpic process. Also shown in figure 3 is a receiver, a
container for excess refrigerant; an accumulator, another
container for refrigerant liquid storage; and a regenerator, a
heat exchanger which helps to ensure that slightly superheated

vapour enters the compressor.

CONDENSER COMPPRESSOR
RECEIVER
| al
Ei:jﬂQEGENERATOP
THROTTLE
VAL VE
EVAPORATOR
ACCUMULATOR

Figure 3: Components of Vapour Compression Reversed Heat Engine



B. Motivation For Carrving Out Study

Because of their excessive reliance on the burning of fossil
fuels for the production of energy, the wealthy nations of the
world produce the highest emissions of gases responsible for
global warming. Increased awareness and concern about the
potential effects of global warming have therefore focused a
great deal of attention on energy conservation as a means of
reducing such gas enissions. One outcome of the implementation of
energy conservation measures will be that wvapour compression
reversed heat engines will be much more frequently used in the
following ways: to heat domestic hot water by recovering heat
from ventilation air, and to heat water in swimming pools while
at the same time dehumidifying the air entering the pool area.

1. Heating of Domestic Hot water

As pointed out by Peterson [31], as new houses become
more energy efficient a higher percentage of domestic energy
consumption will be allocated to the heating of water.
Additionally, as more houses of tighter construction (less air
infiltration) appear on the market, the heating of water by
recovering heat from ventilation air will become more economic.

An air to water heat pump system is among the
recommendations made in a 1987 Ontario government report on
energy conservation measures for indoor swimming pools and arenas
[25]. To heat the water in an indoor pool, the system makes use

the heat extracted from incoming air during the process of



dehumidification. Such systems conserve energy and help to
prevent corrosion problems that could result from excessively
high relative humidity.

3. The Need For Computer Simulation

A slight change in operating conditions (the air and

water temperatures) can have a significant effect on the
performance of air to water heat pumps [24,33]. To properly
evaluate a design of an air to water heat pump, its performance
for a broad range of operating conditions must therefore be
Known. Such information is more quickly and easily obtained from
a computer simulation program than from experimental studies: it
is easier to change the value of an input to a computer program
than to alter an existing system.
C. Objectives

The objectives of the research project described in this
report were to develop and verify a computer program capable of
simulating air to water vapour compression reversed heat engines
operating under steady state conditions. The program was to be
easy to use and accurate enough to predict trends in systenm
prerformance.

1. Approach Taken To Achieve Objectives

The problem of developing a program to simulate a

reversed heat engine operating under steady state conditions is
ultimately one of setting up and solving a system of non-linear
algebraic equations which describe the reversed heat engine

behaviour. The equations must be solved simultaneously and



consist of the conservation equations for mass and energy, the
characteristic equations for each component, and equations which
correlate refrigerant, air and water properties.

A literature survey was carried out in order to
determine the equations which describe the system behaviour and
the solution technigue that most efficiently solves the
equations.

The required property correlations were found in the
literature and, in some cases, developed by curve fitting
published data. Heat exchanger modelling equations, apart from
those based directly on mass and energy conservation, were
derived based on heat transfer correlations found in the
literature. The solution technique used to solve the system of
equations was unique to this work. One reason why a lot of the
work done on the program was original was because only one paper
was found which dealt specifically with the simulation of air to
water reversed heat engines through mathematical modelling of the
components [36]: most of the literature dealt with air to air
systems. Another reason was that none of the programs found in
the literature required compressor outlet to inlet pressure ratio
as an input.

Experimental data was collected to verify that the

computer program could predict trends in system performance.



Irxr. LITERATURE SURVEY

A. v i i ti o

The computer simulations developed by previous workers can be
divided into two broad types: "first principle" type simulations,
and "functional fit" type simulations. In functional fit type
simulations, the eguations used to model the components are curve
fits of experimental data. In first principle simulations, the
equations used to model the components are derived from the
fundamental principles of thermodynamics, heat transfer, and
fluid mechanics. It should be noted, however, that even the first
principle type sirulations require that the user provide some
experimental performance data as input. Performance data is
always required for the compressor since a completely theoretical
simulation of the compressor that accounted for valve dynamics
and heat loss would slow down the simulation of the entire
system. The computer simulation program discussed in this report
is a first principle type.

1. First Principle Simnlations

The earliest computer simulation of a reversed heat

engine that was found in the literature was the one developed by
Davis et al. [10]. The program was created to simulate automotive
air conditioning systems (i.e. air to air reversed heat engines).
The program required the user to input the amount of evaporator

superheat. The program simulated the case in which a receiver is



located at the condenser outlet forcing the refrigerant at the
condenser outlet to be saturated liquid. Systems with
regeénerators were not simulated.

Parise [30] developed a computer simulation program for
water to water reversed heat engine. The way in which he modelled
the evaporator and condenser required that extensive test data be
collected by the user. His program required the user to input the
amount of superheat at the evaporator outlet and the amount of
subcooling at the condenser outlet. Frictional pressure drops and
secondary heat transfer were not taken into account. Systems with
regenerators were not simulated.

Jeter et al. [19] developed a computer simulation for
air to air systems. Their simulation program was developed to
obtain qualitative information on the effect of variable speed
compressors on the system’s coefficient of performance (as a heat
pump)}. The user was required to input the overall conductance of
both the evaporator and the condenser (heat transfer correlations
were not used). The throttle valve was modelled as a capillary
tube for which the user must input the valve coefficient. Because
the throttle valve was modelled, the amount of refrigerant
superheat and subcooling at the evaporator and condenser outlets
respectively were not required as inputs to the program.
Frictional pressure and secondary heat transfer were not taken
into account. Systems with regenerators were not simulated.

The most detailed first principle type simulations that

have been developed to date were for air to air systems. They are



the HPSIM program by Domanski and Didion [11]; the Mark III
program by Fischer and Rice {14,15]); and the HN program by
Damasceno and Goldschmidt [8]. In all three programs the throttle
valve is modelled. In a review of these three programs which was
published by Damascenc an Goldschmidt [9] it was concluded that
the HPSIM was the most accurate. However, Damasceno and
Goldschmidt also concluded that "while the prediction of C.0.P.
and Capacity might be acceptable for all programs, they all fail
in adequately predicting detailed refrigerant pressure and
temperature distributions™. For example, a typical error in the
output of HPSIM is 11 degrees Celsius for compressor discharge
temperature and 4 bars for compressor discharge pressure [9].
Damascenc and Goldschmidt found that the predictions of
compressor discharge temperature produced by MARK III and HN were
in error by as much as 110 degrees Celsius under certain
conditions. Although HPSIM was found to be the most accurate of
the programs, it was also found to be the slowest: even with
excellent initial guesses inputed, HPSIM it took 48.7 seconds to
converge on a mainframe computer which had a floating point
accelerator [2].

Since the publication of Domasceno and Goldschmidt’s
review, HPSIM2, an more accurate version of HPSIM, has been
developed [9]. However, its accuracy is highly dependent upon the
user inputting accurate estimates of all the system’s internal
volumes. Moreover, much of the input to the program must be

entered by the user through data files, not interactively.
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Tassou et al. developed a computer simulation progranm
for air to water heat pumps [36]. The user was required to
specify the amount of subcooling at the condenser outlet and the
amount of superheat at the evaporator outlet. The amount of heat
transferred to the water was also required as input. Frictional
pressure drops were taken into account but not secondary heat
transfer in the interconnecting piping. Systems with regenerators
were not modelled.

2. Functional Fit Simulations

The functional fit type simulations can be divided into
two types: the type developed by D’Valentine and Goldschmidt
[13], McMullen et al. [24], and Rosell et al. [33] in which the
experimental data must be obtained from the components when they
are all interconnected; and the type developed by Hamilton and
Miller [16] in which the experimental data for each component is
obtained from the manufacturer of the component.

The program developed by Hamilton and Miller required
that the user specify the amount of refrigerant subcooling at the
condenser outlet and the amount of refrigerant superheat at the
compressor inlet. An important difficulty encountered by Hamilton
and Miller was that manufacturer’s data for the components is
based on specific test conditions. No method of correcting the
data for non-test conditions is provided by manufacturers. The
same problem was encountered by D’Valentine and Goldschmidt in

their simulation program.
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3. Advantages and Disadvantages of First Principle
And Functional Fit Simulats

From the point of view of the user, the main advantages
of first principle simulations are the following:

1) The user is not required to input and therefore to
collect as much experimental data.

2) The user can easily obtain insight into how the
system design can be improved by merely changing an input to the
simulation program. The user can study the effect that specific
system parameters, such as condenser tube size or evaporator tube
diameter, have on systen performance. Performing such a study
with a functional fit type program would require that the system
be altered and then that experimental data be collected and curve
fitted to provide the new modelling equations for the program, a
time consuming and expensive undertaking.

From the stand point of the developer of a simulation
program, the first principle approach has two main advantages
over the functional fit approach: the first principle approach
provides more insight into the processes that occur inside the
reversed heat engine; and, as Sauer and Howell {[35] pointed out,
the first principle approach identifies "...processes for which
more or better technical information is needed"™.

To summarize, the most detailed first principle
simulation programs require input for a great many design
parameters which the user may find difficult to obtain (i.e.
accurate estimates of internal volumes). For the functional fit

simulations based on manufacturer’s data (such as Hamilton and
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Miller’s) the difficulty of obtaining manufacturer’s data is not
substantial for the conditions of condenser outlet subcooling and
evaporator outlet superheat under which the manufacturers carried
out tests. Difficulty is encountered because the data must be
correlated in specific form before it can be used in the
simulation program and because manufactures do not provide
subcooling and superheat correction factors for condenser and
evaporator data. Furthermore, to study system performance with
components which are not commercially available the components
would have to be built and tested in order to generate the
appropriate modelling equations.
B. Property Correlations and Data

The thermodynamic property correlations used for R-12 were
those available in ASHRAE’s Thermodvnamic Properties of
Refrigerants [3] and those provided by R.C. Downing [12]. The
thermophysical property correlations used for R-12 were taken
from ASHRAE’s Thermophysical Properties of Refrigerants [2].

The sources for the property correlations for R-22 were the
same as for R-12 with one exception: the correlation for the
specific heat capacity of superheated vapour was taken from
Kletskii’s Thermophysical Propertjes of R-22 [22].

The property correlations used for the refrigerant properties
were checked against the values tabulated in ASHRAE Handbook:
1985 Fundamentals [4] and Vargaftik’s ITables on the
Thermophvsical Properties of Licuids and Gases [23].

At certain points in the simulation program algorithm the
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refrigerant correlations must be evaluated through numerical
methods which require initial estimates. The methods used to
obtain initial guesses in these cases were based on the work done
by Hill and Jeter [17].

Correlations for the properties of water were obtained by
curve fitting the data tabulated in Incropera and Dewit’s
Fundamentals of Heat and Mass Transfer [18].

C. Heat Transfer and Pressure Drop Correlations
Many of the heat transfer correlations used in the program

were taken from or developed based on data provided by Handbook
9of Heat Transfer Fundamentals [32]. Incropera and Dewit’s
Fundamentals of Heat and Mass Transfer [18] provided useful

information on the proper use of heat transfer correlations.

To model the condenser the correlation developed by Traviss
et al. [37] for forced convection condensation inside horizontal
tubes was used.

To model the evaporator the correlation developed by Chen [7]
and used by Jung and Radermacher [20] for forced convection
evaporation of refrigerants in horizontal tubes was used.

The pressure drop correlations and data used in the program
for single phase flow were those available in White’s Fluigd
Mechanics [39]. Pressure drop in the condenser was calculated
using the correlation derived by Traviss et al. [37]. Pressure
drop in the evaporator was calculated by using Bo Pierre’s

correlation [6].
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D. Applications of Reversed Heat Engines
Kew [21] and Berghman [5] published papers which provide,

respectively, detailed discussions of the industrial and domestic
applications of reversed heat engines. Peterson [31] published a
paper in 1989 in which the future applications and economic
feasibility of air source heat pumps for space and water heating
were discussed. He concluded that the use of air to water heat
pumps for heating domestic hot water is a very promising

application.



XXX - SIMULATION ALGORITHMS AND

PROGRAM

The general approach taken in the simulation program in shown
symbolically in figure 4. The system specified by the user is
first simulated neglecting frictional pressure drop and secondary
heat transfer. The results obtained by neglecting frictional
pressure drop and secondary heat transfer are then used as
initial estimates for the program modules which take these
effects into account. Most systems, refrigeration units for
example, are designed so that frictional pressure drop and

secondary heat transfer have little effect on performance.

IFI

SIMULATE NEGLECTLING FEIs VIorgaL
PRECSSIURE DOFROPS AIDD S0 a0 =
HE AT TRANSFER?

ACCOUINT F O FREIC TICINALL  FRERE Sl JFEs
DROPS AND SECONOIARR Y HE AT TIRALLTIE [ |-

[Ci TR _IT |

Figure 4: General Approach of Simulation Progranm

The simulation program consists of the six modules shown
symbolically in figure 5. The MAINinput module accepts input from
the user. HPunit is the module that simulates systems for the

case in which a receiver iz located at the condenser outlet. The

15
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HP2unit module simulates the case in which an accumulator is

located at the evaporator outlet. Neither HPunit nor HP2unit

considers the effect of frictional pressure drop and secondary

heat transfer. The HPmodfy and HP2modfy modules, which are

modified versions of HPunit and HP2unit respectively, take into

account the effects of frictional pressure drop and secondary

heat transfer.

MAINimput

v

= IF RECEIVER AT
CONDENSER OUTLET

T

HEZ2UNIT

v

HFPZmadf y

v
HPUNIT

v

FﬁFDrncacﬂfrti_J

Figure 5: The Main Modules of the Simulation

A. Procedure Used to Obtain Initial Estimates

v
OUTPUT

The procedure used to obtain the initial estimates for HPunit

and HP2unit was based on the following three assumptions:

(1) The refrigerant leaves the evaporator as saturated

vapour

(2) The refrigerant leaves the condenser as saturated
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liquid
(3} The moisture content of the source air is

negligible.

AV]

CONDENSER | COMPRESSOR

3 e

o

1
4 E?::iIREGENEQATOR

THROTTLE
VALVE )

5 . EVAPORATOR

FPigure 6: Locations on Reversed Heat Engine Corresponding To
State Points on Figure 7

Figure 6 indicates the locations on the reversed heat engine
to which the state points shown in figure 7 correspond. Note
that, because frictional pressure drops and secondary heat
transfer are neglected, p2 and pl are equal to the saturation
pressures at t3 and t5 respectively. Therefore, if t5 is known,
then pl can be found since pl is the saturation pressure at t5.
Once pl is known, p2 is easily determined since the pressure
ratio, PRATIO, is an input parameter in the program. After p2 is
found, the condenser outlet temperature, t3, can be found since
t3 is the saturation temperature at p2.

Figure 8 is a flow diagram of the iterative procedure used to

obtain the initial estimates for HPunit and HP2unit. The first

4]



Figure 7: Thermodynamic Cycle - Neglecting Frictional Pressure
Drop And Secondary Heat Transfer
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Figure 8: Flow Diagram For Initial Guess Routine
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part of the procedure is to make a guess for t5. The guess is
made by first establishing the limits for t5. The highest value
that t5 can have corresponds to the condition where t3 equals the
critical temperature of the refrigerant. The lowest value that tS
can have corresponds to the case where t3 is equal to the sink
temperature. The initial guess for t5 is then taken as the
average of these highest and lowest possible values. The enthalpy
correlation and equation of state for refrigerant vapour must be
solved simultaneously so that vl can be found. After vl is
determined, the refrigerant mass flow rate can be calculated
using the compressor volumetric efficiency, size, and rotational
speed (for details see chapter VI). The gquantity EvP.Q_thermo is
the rate of heat transfer in the evaporator as calculated by
applying the energy equation to the refrigerant space in the
evaporator; EvP.Q HTtot is the rate of heat transfer in the

evaporator as calculated by the following equation:

EvP.Q HTtot = EFF_allwet (AIRmdot AIRCDP) (g co—t5) (1)

where EFF_allwet is given by

EFF_allwet = 1-EXP(-UA_allwet/{AIRmdot AIRcp)} (2)

which is consistent with the assumptions that the moisture in the
air can be neglected and that the refrigerant leaves the
evaporator as a saturated vapour. Recall that UA_allwet is an
input to the program. The value of t5 is then corrected as

described in section C.4 of this chapter.
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B. Logic of HPunit
Figure 9 is a flow diagram which ocutlines the solution
technique employed by HPunit. Each step in figure 9 will now be

elaborated.

OBTAN INITIAL GUESS FOR £3
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k 4
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NEW REFmdot IS LESS THAN Q1 %

F 3

|
[CORRECT t3. 52 oL 85 | [DETERMINE STATE 2 CADO_HTtot. CADO_thermo)

F _~|F THE DFFERENCE BETWEEN CADO_HTtot AND CrDO_thermo T
IS LESS THAN 03 %

Figure 9: Outline of Solution Technique Executed in HPUNIT module

1. Initial Estimate of Refrigerant Mass Flow Rate

Saturation properties (specifically vf, vg, hg,
hfg, cpf, cpg) evaluated at t3 and at t5 are required at various
peints in the module. They are determined through calls to the
appropriate procedures.

In order to calculate the refrigerant mass flow rate,
REFmdot, the compressor inlet specific volume, vl, is required as
explained in the chapter dealing with the modelling of the

compressor (chapter VI).
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2. Determine Refrigerant Mass Flow Rate For Estimated
Condenser Outlet Temperature
If state 1 is in the superheated vapour region, h4 is

determined from
h3-h4¢ = EFFregcpg, (£3-t5) (3)

because the specific heat capacity of refrigerant vapour is lower
than the specific heat capacity of refrigerant liquid. If state 1

is in the wet region then h4 is determined from
h3-h4 = EFFregcpf, (t3-t6) (4)

because the specific heat capacity of boiling refrigerant is
infinite. If no regenerator is present then h4 is forced to be
equal to h3 by setting EFFreg equal to zero. The temperature, t4,
is found through a call to a subroutine (explained in chapter
VII) that finds the temperature of saturated licuid given
enthalpy. If at state 4 the refrigerant is a subcooled liquid
then it is assumed that the properties of subcooled liquid are
equal to the properties of a saturated ligquid at the same
temperature.

In going from state 4 to state 5, the refrigerant
undergoes an adiabatic throttling process. The first law of
thermodynamics, provided there is no significant kinetic energy
change, requires that h5 equals h4. The quality at state 5,"xs",

is therefore found from

h5 =hg5 - (1-x5) hfgs (5)
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To find hé requires modelling of the evaporator. The
modelling of the evaporator is explained in detail in chapter V.
If hé is found to be greater than hg5, the enthalpy of saturated
vapour at t5, then state 6 is in the superheated vapour region.
The temperature of state 6 is then found through a call to a
subroutine (explained in chapter VII) which calculates the
temperature of superheated vapour given enthalpy and pressure. If
state 6 is found to be in the wet region (hé is less than hg5)

then t6 is set equal to t5 and x6 is determined from

h6 = hg5 + (1-x6) hfgs (6}

The enthalpy at state 1, hl, is then found by applying

the first law of thermodynamics to the regenerator:

hi-hé = h3-k4 (7)

The values of tl and vl are found the same way the values were
found for state 6.
3. Determination of Heat Transfer Rate in The Condepser

To obtain state 2 modelling of the compressor is
required. Modelling of the condenser is regquired to obtain
CnD.Q _HTtot, the rate of heat transfer in the condenser
determined from heat transfer equations. The value of
CnD.Q_thermo is obtained by applying the first law to the
refrigerant space in the condenser. The "CnD" prefix to variable
names indicates that they denote gquantities calculated in the

condenser module of the program.
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4. Correct Condenser Qutlet Temperature

The variable CnD.check_Q was defined as

cnD. check o = {€aD-Q HTtot-CnD.Q thermo) +100

CnD.Q thermo (8)

If the absolute value of CnD.check_Q is less than 0.3 then the
HPunit module is exited; otherwise, the condenser outlet
temperature, t3, is corrected. Figure 10 is a flow diagram

illustrating the procedure to correct t3.
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Cr00_therms B k3_p - L3_n
£3 = ksink + (k3 - tgin) ——————— L3_m = £3 <4 p——
CADO_HTtat U + -p:’
e rror

Figure 10: Procedure to Correct Condenser Outlet Temperature

If and upper and lower bounds for t3 (t3_p and t3_n respectively)
are not yet established then t3 is corrected by assuming that the

following equation is valid:

_ Cnl.Q thermo
E3now = Eotn * cnD.(Q HTtot

(E3=t,0) (9)

After t3_p and t3_n have been established, the following

expression is used:
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t3 p-t3n

, . BIIor p (10)
error_n

Figure 11 illustrates the rational behind the use of (10)
to correct t3 after the values of t3_p and t3_n. Note that

error_n and error_p are both positive quantities. The quantity on

A
Sl pn g el SR il e
L
C £3
~
b + >
- I [ £3)
|
I
1
“error_npFE- - ----- =

Figure 11: error VS Guesses For Condenser Outlet Temperature

the vertical axis, error, is defined as CnD.Q_ HTtot minus
CnD.Q_thermo. If error_n is much smaller than error_p then the
new value for t3 yielded by (10) is nmuch closer to t3_n.
Similarly if error_p is much smaller than error_n then the new
value for t3 is much closer to t3_p. In the case in which error_n
equals error_p the new value of t3 is egual to the average of
t3_n and t3_p. If error varied linearly with the estimates of t3

then the exact value of t3 would be found the first time (10) was

used.
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C. Logic of HP2UNIT
Figure 12 is a flow diagram which outlines the solution
technique executed by the program for systems in which an

accumulator is located at the evaporator outlet.
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Figure 12: Outline of Solution Technique Executed in HP2UNIT module

1. Estimate Compressor Inlet State

The temperature at which refrigerant condenses inside the
condenser is denoted by tcond. Saturation properties
(specifically vf, vg, hg, hfg, cpf, cpg) evaluated at tcond and
at t3 are requiced at various points in the module. They are
determined through calls to the appropriate subroutines.

State 1 is always superheated vapour since state 6 is
always saturated vapour. State 3, however, may be a wet mixture

or subcooled liquid. Initially the enthalpy at state 1, hl is
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determined based on the assumption that state 3 is a wet mixture

(i.e. t3 eguals tcond):
h1 = hé6 « EFFregcC,, (t3-t5) (i1)

The values of tl1 and vl are then calculated through a call to the
subroutine that determines the temperature and specific volume of
saturated vapour given enthalpy and pressure.

If no regenerator is present then hl is forced to be
equal to hé by setting EFFreg ecqual to zero in (11).

2. Redetermine Compressor Inlet State

The refrigerant mass flow rate is then calculated using
vl as described in chapter VI, in which the modelling of the
compressor is explained. State 2 is also determined by modelling
the compressor.

The amount of heat transferred in the condenser,
CnD.Q_HTtot, and state 3 are determined by modelling the
condenser as described in chapter IV. Note that for the case in
which the accumulator is located at the evaporator outlet
CnD.Q_HTtot is equal to CnD.Q_thermo.

Once a new state 3 is determined, state 1 may be
redetermined. The enthalpy at state 1 is re-evaluated from (11).
Again tl and vl are calculated in the subroutine which determines
tenmperature and specific volume of saturated vapour given
enthalpy and pressure.

3. Determine The Rate of Heat Transfer in Evaporator
Once convergence has been achieved for state 1, state 4

may be calculated. The enthalpy at state 4, h4, is determined



27
from the equation derived by applying the first law to the

regenerator:

h3-h4 = hi-hé6 (12)

If no regenerator is present then hl equals hé therefore h4
equals h3. Since state 4 is subcooled liquid, t4 is calculated in
the procedure which determines temperature of saturated liquid
given its enthalpy: the assumption is made that the properties of
subcooled liquid are equal to the properties of saturated liquid
at the same temperature.

The process undergone between states 4 and 5 is a
throttling process. Therefore, hS equals h4.

The heat transferred from the air to the refrigerant in
the evaporator is then calculated from heat transfer
relationships, which yield EvVP.Q _HTtot, and from application of
the first law, yields EvP.Q _thermo. The details are described in
chapter V, in which the modelling of the evaporator is explained.

4. correct Evaporator Inlet Temperature

Essentially the same method that was used to correct t3

in the HPunit module was used to correct t5 in the HP2unit

module. New values of t5 were found using the following equation:

Coource™ ESnew _ EVP.Q thermo
t -t5 EvP.( HTtot

(13)

SQUrce

After upper and lower bounds for t5 are established, t5_n and
t5_p respectively, the following equation was used to obtain

improved estimates of t5:
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=¢t5pn+ L2 P-CL5n

new ] . BLIor p (14)

error_n

s

D. Logic of HPmodify And HP2modfy

Figure 13 is a pressure versus enthalpy diagram showing the
cycle that the refrigerant undergoes when frictional pressure
drops and secondary heat transfer are not negligible. Figure 14
is a schematic of a reversed heat engine. The labelling of the

schematic corresponds to the state points on figure 13. On

A

ENTHALRPY

Figure 13: Process Diagram System With Frictional Pressure Drops
And Secondary Heat Transfer

figure 13, h6’ is shown as being greater than hé and hl’ as being
greater than hl because the air surrounding the interconnecting
piping will usually be warmer than the refrigerant leaving the
evaporator and entering the compressor. Similarly, h2’ is shown

as being less than h2 because the surrounding air temperature
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Figure 14: Locations on Reversed Heat Engine Corresponding To
Refrigerant State Points of Figure 10

will usually be lower than the refrigerant leaving the condenser.

Figure 15 is a flow diagram that outlines the logic of the
HPmodfy module. The logic is very similar to that of HPunit. The
pressure at state 3 is equal to the saturation pressure at t3.
Once p3 is found from the appropriate correlation for refrigerant
saturation pressure, all the other pressures are determined from
frictional pressure drop correlations that are discussed in
chapter VIII.

Figure 16 is a flow diagram of the logic used in the HP2meodfy
module. Again, note the close similarity with the logic of
HPunit. The refrigerant pressure at state 6 is equal to the
saturation pressure at té6. The other pressures are determined
from frictional pressure drop correlations (see chapter VIII for
more details).

In calculating secondary heat transfer that occurs in
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Figure 15: Logic of HPmodfy Module
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Figure 16: Logic of HP2modfy Module
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the interconnecting piping it was assumed that total thermal
resistance between the refrigerant and the air surrounding tubes
was due to the following:

1) natural convection with the air on the outside of

the tubing insulation

2) conduction tarough the insulation

3) conduction through the tube wall
The thermal resistance due to forced convection with refrigerant
inside the tube was neglected. This assumption speeds up the
calculation of secondary heat transfer and is reasonable because
in most systems insulation is used to minimize secondary heat
transfer. One dimensional steady state heat transmission was
assumed. The temperature of the air surrounding each portion of
the interconnecting piping was inputed by the user.

Each portion of interconnecting tubing was modeled as a
straight, horizontal tube. By applying the first law of
thermodynamics to the refrigerant space in the tube and making
use of the assumptions previously stated, the following
expression was derived:

REFmdot (h;-h,) = 2398 1y (15)
Reor
where hi is the enthalpy of the refrigerant at the tube inlet, ho
is the enthalpy of the refrigerant at the tube outlet, LMTD is
the log mean temperature difference between the refrigerant and
the air surrounding the tube, and Rtot’ is the total thermal

resistance:
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1of Dous*2 chickms) ! Dou )
& - 1 | L D, |\ Doue-2thick,,
A= (D,,.~2thick,, ) Kins Koipe
(16)

where the a.r side natural convection heat transfer coefficient

was calculated by using equation 17 [18]:

k [1 + (0.559/pr)s/i6]e/27

air

. 1/6 2
Hair(Dou:+2 Cthkins) = {0.60 . 0-378.&“ } (17)

1. Secondary Heat Transfer Between Condenser Outlet
and Throttle Valve
Between the condenser outlet and throttle valve inlet,

seven possible conditions must be considered for the proper
determination of secondary heat transfer. All seven of these
conditions are shown on figure 17 where "i" and "o" refer to “he
inlet and outlet states, respectively, of the refrigerant inside
the interconnecting tubing. ihen the temperature of the
air surrounding the interconnecting tubing is greater than the
temperature of the refrigerant inside the tubing then ho is

greater than hi. Otherwise ho is less than hi.
2. Secondary Heat Transfer Between Throttle Valve
And Evaporator Inlet

Inside the interconnecting piping joining the throttle
.valve and the evaporator, the processes shown in figure 18 are

possible and were therefore taken into account.
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Figure 17: Processes Possible Inside Interconnecting Piping
Between Condenser And Throttle Valve

S >
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Figure 18: Processes Possible Inside Interconnecting Piping Between
Throttle Valve And Evaporator

3. Secondary Heat Transfer Betweep Evaporator

Qutlet And Compressor Inlet

Between the evaporator outlet and the compressor inlet,

six possible processes were taken into account that could occur
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inside the interconnecting tubing. The processes are shown in

A

PRESSLIRE

» >
ENTHALPY ENTHALPY

Figure 19: Processes Possible in The Interconnecting Tubing
Between Evaporator And Compressor

figure 19.

4. Secondary Heat Transfer Between Condensex

Qutlet And Condenser Inlet
Inside the interconnecting tubing joining the compressor

to the condenser the six processes shown in figure 20 are
possible
E. Use of Approximation to Accelerate Convergence

Iterative procedures are required for the evaluation of
refrigerant properties at various stages within the program.
Based on the ideas of Hill and Jeter [17], routines were
developed to obtain initial estimates for the refrigerant
properties which are evaluated using iterative methods (for a
detailed discussion ¢f these methods see chapter VII). It was

found that if the program is made to converge by using only the
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Figure 20: Processes Possible Inside Interconnecting Tubing
Between Compressor And Condenser

initial guesses for refrigerant properties in cases where
iterative procedures are required then the program converges in
less than half the time. Furthermore, the simulation results do
not differ significantly from the results that are produced when
the iterative procedures for property evaluation are used.

It was found that the time required for convergence of the
program is reduced by at least a factor of two, in most cases, if
the following procedure is used: the program is first made to
converge with only the initial estimates of refrigerant
properties used (when iterative procedures are required) so that
approximate simulation results are obtained; the program is then
made to converge by carrying out the iterative routines for
property evaluation when required. The second time the program is
made to converge, the approximate simulation results are used as

initial guesses. Usually, only two additional iterations are
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required to make the pregram converge.
F. Rescription of Program

The program was named RHEsim92 and was written in Turbo

Pascal (version 6.0). The executable file and the accompanying
files required for the generation of menu and data entry screens
can all be stored on one high density, 5.25 inch floppy disk (see
Appendix VI).

Because the program was designed to be menu driven, it is very
easy to use. In Appendix VII, some of the menu screens are shown.
The user is not allowed access to the menu items that run the
program and output the results until all the required input is
provided. The user is also denied access to the menu item that
outputs results if the input from a previous run has been
altered: the user must run the program again in order to output
results. The data entry screens do not allow the user to enter
non-nuneric characters. For each numeric input an allowable range
is specified by the program; the user is not allowed to enter

values out of range.



Irv. CONDENSER MODELLING AND

SIMUILATION

Two types of condensers are modeled in the simulation program:
a coil immersed in a water tank and a concentric-tube type.

Figures 21 and 22 illustrate these two types.
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Figure 21: Coil in Tank Figure 22: Concentric  Tube
Condenser Condenser

A. Modelling of Condenser

The following assumptions were made in modelling both types
of condensers:

1) steady state conditions,

2) one dimensional radial heat transfer,

3} full condensation begins when the refrigerant side wall

temperature equals the saturation temperature,
4) the refrigerant leaves the condenser as a saturated liquid

37
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when a receiver is located at the condenser outlet.

The condenser is modelled as three portions: the dry portion,
where no condensation takes place and the refrigerant is a
superheated vapour; the wet portion, where condensation takes
place; and the liquid portion, in which the refrigerant is

subcooled.

REFRIGERANT
<——

LIGUIBG ,  WET URY,

L Cteat3 | bemb3 <k < teab? b > Leatd

_i
4 m
X
s
2
£2 <
_|
-
Refrigerant %
Temperature itsotld
tsotd e
/ -.\_
L3~ - Wall Temperature

<
DISTANCE ALONG CONDENSER

Figure 23: Temperature of Wall And Temperature of Refrigerant
VS Distance Along Condenser

The wall and refrigerant temperature discontinuities shown in

figure 23 at the end of the dry portion represent the third
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modelling assumption listed previously: that full condensation
starts to occur when the wall temperature equals the refrigerant
saturation temperature (tsat2). In reality the refrigerant vapour
is still superheated when condensation begins. Hence, the bulk
refrigerant temperature is greater than, not equal to, the
saturation temperature when condensation begins. Note that fiqure
23 depicts the situation in which a liquid portion exists; hence,
the situation in which there is no receiver located at the
condenser outlet.

The fourth assumption is that the refrigerant leaves the
condenser as a saturated liquid when a receiver is located at the
condenser outlet. Under steady state conditions the liquid level
in the receiver is constant. The ligquid in the receiver therefore
"traps" vapour in the condenser. It is therefore impossible,
under steady state conditions, for the refrigerant to exit the
condenser as a wet mixture. It is not likely that the refrigerant
would leave the condenser as a subcooled ligquid because the
vapour trapped inside the condenser would tend to evaporate any
subcooled liquid. It was therefore assumed that the refrigerant
leaves the condenser as a saturated liquid. This assumption was
confirmed by the experimental data discussed in chapter X.

1. Modelli . 3 . ;
Coil-in-Tank Condenser

In addition to the modelling assumptions listed in
section A of this chapter, the following assumptions were made in
modelling coil-in-tank condensers:

1) The water temperature is uniform,
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2) To calculate the water side heat transfer
coefficients, the condenser can be modelled as a
straight horizontal elliptical tube with a cross
section that could be formed by a vertical plane,
normal to the tube plane, cutting through the inclined

tube (see figure 24).

3) To calculate the refrigerant side heat transfer
coefficients, the condenser can be modelled as a
curved circular duct,

4) The refrigerant side heat transfer coefficient has a
negligible effect on the overall thermal conductance
of the wet portion since the heat transfer
coefficients for condensation are much larger than
heat transfer coefficients for natural convaction
[18].

The amount of heat transferred by the refrigerant as it

passes through the dry portion is given by

Q_HTdry = UA_dry’ Lcond dry LMID dry (18)
where UA_dry’ is the overall thermal conductance per unit length
for the dry portion, Lcond_dry is the length of the dry portion,
and LMTD_dry is the log mean temperature difference for the dry
portion. Similarly, the heat transferred in the wet portion of

the condenser is given by

0O HTwet = UA_wet' Lcond_wet (Cgq-Tw) (19)

and tbe amount of heat transferred by the refrigerant as it
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passes through the liquid portion is given by

Q HTlig = UA_liq' Lcond lig IMTD lig (20)
For a more detailed discussion of the nodelling equations see
Appendix I.
Table 1 lists the heat transfer correlations that are
used in the program to model coil in tank condensers. Note that
Radius_curv is the radius of curvature of the coil. Figure 24

illustrates how C and B, which appear in correlation three of

Table 1, are defined. The Nusselt numbers N, and N, correspond to

laminar and turbulent flow, respectively, over the entire

cylinder. The laminar Nusselt number is arrived at by first

calculating N , the laminar Nusselt number based on the

assumption of a thin boundary layer. This value is then corrected
because the actual boundary layer for laminar flow is not thin.

In the case of turbulent flow the boundary layer may be

considered thin. Hence, N, is calculated directly.



Table 1: Correlations Used To Model Coil In Tank Condenser

———

Correlation And Source

Restrictions And Use
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1.

N,-0.836 K95 p2*

K=R Radius cond %
“\ Radius_curv

[32]

; 0.32
R,<2 Rad;us cand) 104
Radius curv

Radius curv
- <
Radius cond 860

and

- Single Phase
- Foreced Convection

- Constant Surface
Temperature

- Inside Curved
Duct

- Refrigerant Side Heat
Transfer Coefficient
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Table 1 Continued

2.

y 2.1
Nu - 0.023 Rg-as( Rad_llls CO.nd PB.-:

Radius _curv
[32]

r

R.> .,(Radius cond\°-'?
8 i

- 1o0¢
Radius curv

Radius curv
Radius_cond

<860

- Single Phase
- Forced Convection

- Constant Surface
Temperature

- Inside Curved
Duce

- Refrigerant Side Heat
Transfer Coefficient

3.
- (n m o (%)
N, = [Nu,_ + N, ]
m= 3.5
C
—_+ 0.1
B
cC
N, = C
1nl1+—2
- el
N; = C,C.R,®
= o (3)
-N:.:t = C.R, 3

See Appendix I for
Cr o Cer GG

[32]

- Single Phase
-Constant Surface

Temperature

~Natural Convection
Outsi de Horizontal
Elliptical Cylinders

-Water Side Hea £
Transfer Coefficient

i!
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C = MAJOR AXIS
B = MINOR AXIS

Figure 24: Definition of C and B Used in Correlation 3 of Table 1

2. i ti

The only modelling assumption used for concentric tube
condensers, in addition to those listed in section A of this
chapter, is that the effect of bends and corners is negligible.

Figures 25 and 26 define some of tiie nomenclature used
for concentric tube condensers. Either fluid may flow in the
annulus; both cases are taken into account in the program. Note
that the wall temperatures shown figures 25 and 26 are the
refrigerant side wall temperatures.

The amount of heat transferred by the refrigerant to the

water in the dry portion is given by

Q HTdry = UA_dry' Lcond_dry LMTD dry (21)
The amount of heat transferred in the wet portion of the

condenser is given by
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Figure 25: Refrigerant, Wall, and Water Temperature (Counterflow
Concentrric Tube Condenser)

Q _HTwet = UA_wet’ Lcond_wet LMTD wet (22)

The heat transferred in the liquid portion of the

condenser is given by

Q HTlig = Eff Mcp min (t_ ,,~Twxl) (23)

where Mcp_min is the smaller of REFmdot*cpf and H20mdot*H20cpf,

Eff is the effectiveness, NTU is given by UA_lig/Mcp_min and Cr

is given by

- Mcp min (24)
Mcp_max

where Mcp_max is the larger of REFmdot*cpf and H20mdot*H20cpf.
UA_lig is given by
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Figure 26: Refrigerant, Wall, and Water Temperature (Parallel Flow
Concentric Tube Condenser)

UA_liq = UA_lig' Lecond lia (25)
For a more detailed discussion of the modelling equations see
Appendix I.
Table 2 lists the correlations which were used in

modelling concentric tube condensers. Note that D3 is the inner

diameter of the outer tube, L is the length of tube, A7 is the

difference between the tube wall surface temperature and the
refrigerant saturation temperature. The variable D, which appears
in correlation seven, takes on the value of D1, D2 or D3

depending on which correlation is being corrected for entry
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effects. The variables f and fsmooth are evaluated from

1e ough . 2.51}: (26)
(.Ln{ 0)) {3 RV'?_;

where rough 1is the relative roughness (which is set equal to

zero in the calculation of fsmooth).

The characteristic diameter that is used to calculate the

Reynold’s number for correlation three is equal to D3-D2 . No

data or correlations were found in the literature for the case of
constant inner wall temperature. It was therefore assumed that
the condition of constant inner wall heat flux yields
approximately the same heat transfer coefficients as the
condition of constant inner wall temperature since this is the
case for flow inside a circular tube. As indicated in table 2,
the data was curve fit for values of D2/D3 equal to 0.1, 0.2,
0.5, and 0.8. For diameter ratios between 0.1 and 0.8 linear
interpolation is used. For ratios greater than 0.8 the values
obtained for 0.8 are used. Inspection of the tabulated data
reveals that error due to this approximation is about one percent
(in terms of Nusselt number). For ratios less than 0.1 the values
for 0.1 are used. Data for diameter ratios less than 0.1 was not
available.

Correlations one and two are extrapolated to estimate
heat transfer coefficients for transitional flow (Reynoid‘s

numbers between 2300 and 10 000) [32]. For transitional flow
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inside circular annuli linear interpolation is used between the
heat transfer coefficients cbtained from correlations three and
four.

If refrigerant condenses inside the inner tube then the
average heat transfer coefficient is obtained from the following
expression where x is the refrigerant quality [32]:

A ={

vy

(27)

e

The integral on the right hand side of (27) is evaluated using

the approximation

: 1 ) 20 Ax
f—dx O P (28)
[5} ‘Ez J=1 ﬁz:

Upon first consideration one expects that havg should be

calculated as

g =fﬁ_dx (29)

avy

In Appendix I it is demonstrated why (29) is not correct.

The summation described by (28) consists of twenty terms.

For each term, the local heat transfer coefficient, 4, , is
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Tabkle 2: Correlations lUsed For Concentric Tube Condenser

Correlation And Source

 EEEEEEREEEE ——

I

Restrictions And Use

'J

0.1<pPr<lot

N, =5~ 0.015R*Pr® 104 <R, < 10°
a=0.88 - 40;2;r - Single Phase |
- Forced Convection
b=0.333 + 0.5 ExP(-0.6 Fr) - Inside Horizontal Circular
(32] Smooth Tubes
- Independent of Thermal
Boundary Condition
- Water and Refrigerant
Side Heat Transfer
Coefficients
2. 0.6 <Pr<o.8

N, = 0.021Pr°5R®
{32]

10° <R, < 10°

- Single Phase

~ Forced Convection

- Inside Horozontal Circular
Tubes

- Constant Surface
Temperature

- Refrigerant Side

Heat Transfer
Coefficient
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Table 2 Continued

3.

3
In(N,) - Y AA; [In(R,)]?
i0

&

- : D2
(1 I f —_—
: J‘Zoa“ (In(P)}? for ==

. - D2
AA; = Y a,, P/ forZ= = 0.1
=0

See Appendix T
[32]

R,> 10
- Single Phase
- Forced Convection
- Inside Circular Tube Arnulus
- outer Tube Wall
Insulated
- Constant Heat Flux
- Refrigerant and water

Side Heat Transfer
Coefficient

Znh

. = 3.656
(32]

Re < 2300

- Constant Surface
Temperature

- Otherwise Same
Comments As For 1&2

5.
N, =5.74
(32]

R, < 2300

- Constant Inner
Surface Temperature

- Qtherwise Same
Comments As For 3.
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Table 2 Continued

[o}]

0.5
Nu(‘__f ) f <4

-Corrects 1,2,3,4,5
For Surface Roughness
Effects

-Corrects 1,2,3,4.,5
For Entry Region
Effects

N = smooth fs.moo:h
u
3
2 ' > 4
Nu fsmoo:b
[18]
7.
a
N, =N —5
()
_ 23.99
a= R C.23
-2.0
R, +0.815
[26]
8.
s 1d
f,. = 0.553| PP ki irg)3
g ’ #r AT D,
Bl =h, + 2CAT
Ly fg g P:

[32]

- Forced Cor_zvecc.i on
Condensation

- Inside Staight
Horizontal Circular
Tube

- Refrigerant Side Heat
Transfer Coefficient
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Table 2 Continued

r - 1
- 0.728| 9P:{PemPl K g |
o i, AT D,

hi, = hig + % c, AT

- Natural Convec tion
Condensation

-Quside Horizontal Tube

- Refrigerant Side Heat
Transtfer Coefficient

[32]
10. - Forced Convection
P o5 Condensation
r .
N, = 0.15 Ref 1,2.85 ] - Inside Staight
F2 X Xxe.-47¢ Horizontal Circular

F2 = S Pr,+51ln(1+5Pr,)
+2.51n(0.0031FR,°-%%),
R, > 1125

F2 = 5Pr,+
51n{1+Pr,(0.0964R_°-**-1)],
50 <R, <1125

F2

0.707Pr,R, %>, R, <50

Xz(ﬂ')o.l( (1“')() )0.9(&]0.5
F‘g x Ps

[37])

Tube

- Refrigerant Side Heat
Transfer Coefficient
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Table 2 Continued

1. - Correction of 9
For Effect of Vapour Velecity

O.t
Vel c:-' pr.--h.wc]

A._=|1+0.004
e ge Kk,

(32]

calculated from correlations 8 and 10; the larger value for

A, is used. For qualities greater than 0.20 correlation 10

usually yields the larger value of hz.

If the refrigerant condenses inside the annulus then
correlations 9 and 11 are used. It is appropriate to use these
correlations when the refrigerant flows in the annulus
because the refrigerant then condenses on the outside of the
inner tube. Correlation 9 was developed assuming zero vapour
velocity. When refrigerant condenses in the annulus the vapour
velocity is not zero until the end of the condenser’s wet

portion. The correction for the effect of vapour inlet velocity

is provided by correlation 11. The inlet vapour velocity, Vel ,

is given by
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vel = ..Iefmdot
n (DZ-DF) (30)
Pg**—jr-——

B. The Condenser Module
The function that the condenser module performs in the
simulation program depends on where excess refrigerant is stored
in the system being simulated. Refrigerant is either stored in a
receiver (located at the condenser outlet) or in an accumulator
(located at the evaporator outlet).
1. Accumulator at Evaporator outlet
For the case in which an accumulator is located
downstream of the evaporator, the objective of the condenser
module is to calculate the enthalpy of the refrigerant at the
condenser outlet (h3) and the amount of heat transferred from the
condenser to the surroundings. When the condenser module is
called from within the simulation program, the known quantities
are the refrigerant inlet temperature and pressure, the
refrigerant outlet pressure, the refrigerant mass flow rate, the
size and configuration of the condenser, and the water (sink)
temperature.
a. il-in-w
Figure 27 outlines the solution technique.
Note that Lcond is the total length of condenser tubing and
hf_cond is the enthalpy of saturated liquid at p3. An iterative
procedure is used to solve for tx and UA_dry’. The procedure is

based on finding the refrigerant temperature ™tx" that makes
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FIND o~ UA_dry’. Leond.dry O_HTdry
l

!FIND UA_wet'
Lﬁ—l

h, 4
|ASSUME Q_HTwet = REFmdotlh - hf _condl THEN FIND Lcond. wet]

l—MLcmd_wet + Leord_dry 7 Lca-N‘
v

ILcond_hq = Leond - Leond_wet - Lcond_dl-gl Leond_wet = Leond - Lcond_dr-v:,]

FIND Ud_lg :

|0_HTwet = UA_wet Lcond_wet LMTD_wet]
1
FIND Q_HTLq |SET 0_HTlig, Leand_lig to 0]
FIND 3
]

h 4

Q-HTkot = O_HThqg + O.HTwet + Q_HT_dry

Figure 7:: Solution Technigue Used For Coil In Tank Condenser When
Accumulator at Evaporator OQutlet

twallx equal to tsat2 (within a tolerance of 0.1 degrees
Celsius).

If the oveFall thermal conductance of the wet
portion, UA_wet, is an input to the program, then the slightly
modified solution technique outlined in figure 28 is used.

b. Concentric Tube Condenser

The procedure used to find +3 and Q _HTtot is shown in
figure 29. Note that hx is the enthalpy of the refrigerant as it
leaves the dry portion of the condenser. Using effectiveness to
calculate Q_HTlig and t3 ensures that the second law of
thermodynamics is satisfied.

The iterative procedure used for the calculation of



1

[FIND 2. UA_dry’. Leond_dry. Q_HTcryl
I

A 4
[ASSUME O_HTwet = REFmdotlhx - hf _cord! |

[———N—<[ O_HTwet, > UA_wet, LMTO_vet ad
|
h, 4

UA_wet LMTD_wet

[

h. A
|Lcoﬁd..lL:L' Lecond - Lcond.wet - Lccr\d_dlxa] [O_HTwet = UA_wet LMTD._wet |

|

[SET Q_HThg, Leond_lig to @]
FINDO Q_HThq

L cord_wet. 'l: O_HTwet. }l Leond - Leond_dry |

|t3 = ‘.'.sct3[

[Q_HTtot » OHThg + O_HTwet + O_HT_cmy|

Figure 28: Solution Technigue For Coil In Tank Condenser With
Accumulator at Evaporator Outlet And Thermal
Conductance of Wet Portion of Condenser as Input

tx, twx, and hx is illustrated in figure 30. For each estimate
of tx, a corresponding value of twallx is calculated. The
variable, error_Twallx, is defined as (twallx-tsat2). The best
possible estimate of tx yields a value of twallx equal to tsat2,
hence, makes error_Twallx go to zero. Figure 31 indicates that tx
must lie between tsat2 and t2 (the refrigerant inlet
temperature). Therefore tsat2 and t2 are the initial values of
tx_n ané tx_p respectively. The following expression shows how
tx_n and tx_p are used to obtain tx:

tx = tx n+ tx p-tx n

error Twallx p (31)
error Twallx n
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[ASSUME h3 = hf_cond|
py

JO_HTtot = REFmaotie2 - K31 THEN FIND two)

FIND twallo

O_HTwet = REFmdot. thx - hf_cond] | O_HTwet = REFmdot. fhx - K3I|
| I ]

IFINU Lca‘vd_vetl

N Y
———Leond_wet. + Leond_dry > Leand| >———

| Leond_lig = Leond - Leond_wet - Leond_dry | [Leond_vet = Leond - Leond_dry|

1
[ FIND EFF. O_HTlig k3. t3 | [SET Q_HThig AND Loond_liq = B AND £3 = teot3)]
|

|
[FIND two. twxd] | O_HTwet = UA_wer Leond_wet LMTD_wet |
|
[FIND h3, x3, two. twx |

_ )
[0_HTeot_new = 0_HThg + O_HTwet + O_HTd~y|
+
Y
N _(CEK_0HTnev <BID—

Figure 29: Solution Technigque Used For Concentric Tube Condenser
When Accumulator at the Evapcrator Outlet

If Ua_wet is input to the program then the modified
solution technigque is used. This technique is outlined .n figure
32.

2. apccumulator at Condepnser Outlet
For the case in which an receiver is located downstream

of the condenser, the objective of the condenser module is to
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[ESTABLISH INTERVAL: tx_n = tsot. tx.p = £J]

*
|errar_Twallx_p = twello - Lsot2]

-
Emd er'r-or-_Twcllx_n!

oF IND tx USING tx_n AND tx_p|

A 4
[FIND bx, twx. tweallx|

|error _Twallx = twellx - tsot2|

*
N _<]et‘t‘cn‘_TwaHx > ’

Itx_rl = 'L)-:[

error_Twallx_n = | er-r‘or-_Twc]lxl

error_Twollx_p = | error_Twallx|

l ]
1

|bsat2 - Twallx! < @1

CONTINUE

Figure 30: Solution Technigue To Find tx, Twx, hx

| error_Twallx |

error_Twallx_p

ts;t2 fj.x-r‘u

~ error_Twallx_n

tx

- Figure 31: Variation of Error in Twallx With Estimate of tx
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[ASSUME h3 = hf _cond]
-
— JO_HTtot = REFmdotih? = k3l THEN FIND two!
T

FiND twallo

(jtwello > Lok

|SET O_HTdry. Leond_dey = 0 | [FIND tx. tws G_HTdry, Leond_dmy)
L H

N Y

1 s

¥
O_HTwet. = REFmdot. (hx = hF_cond| { O HTwet = REFmdot. I - 13_1]
i T

:
Y
,——N@_HT\«:L > UA_wet LMTD wet P

> - |
Leondowet =|(0_HTwet [ Lecond - Leendodry )
UA_wer LFOwet [SET O_HTLg AND Leond_lig » @ AND £3 - tusld]

!
| Leondlig = Leond = Leond_wet = Leond_dry | | _O_HTwet = UA_wet LMTD_we |

I
| FIND EFF. Q_HThaq, b3 ¢3 | {FIND h3. %3 two. tws |

[O_HTtot_rew = 0.HThg + O_HTwet. + O_ATdy]

N JCRECK_ O HTrew < Q1] >——e{CONTINGE]

Figure 32: Modified Procedure Used For Concentric Tube Condenser
When Ua_wet is Input
calculate the amount of heat transferred from the condenser to
the surroundings based on heat transfer relationships (Q_HTtot)
and also based on the first law of thermodynamics (Q_thermo).
When the condenser module is called from within the simulation
program, the known quantities are the refrigerant inlet
temperature and pressure, the refrigerznt outlet tenperature and
pressure, the refrigerant mass flow rate, the size and
configuration of the condenser, and the condenser cooling water

Tenperature.
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a. Coil-in-Water Tank Condenser

FIND T~
v

FIND UA_dry . Lcond_dry\

|
h, 4

Q_HTdry = UA_cry” Lcond_dry LMTD_dry
- _

Lcord_wet = Lecond - Locamnd_dry

Q_HTwet = UA_wet Lcond_wet LMTD_wet

v

O_HTtot = O_HTwet + O_HTdry|

Figure 33: Solution Technique Used For Coil In Tank Condenser
With Receiver Located at Condenser Outlet

Figure 33 outlines the procedure to find Q_HTtot. The
same iterative method is used to find tx that was mentioned in
section B.l.a of this chapter. The value of Q_thermo is easily

determined from

Q _thermo = REFmdot(h2 - h3)} (32)

since all quantities on the right hand side are known when the
condenser module is called.
If UA_wet is input to the program then UA_wet’ and

Lcond_wet are not calculated, and Q_HTwet is given by

QO HTwet = UA_wet LMTD wet (33)
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b. Concentric Tube Type Condenser

Figure 34 outlines the solution technique used to

determine Q_HTtot. The water outlet temperature is determined

IFIND Lwo USING O_thermo

v
FIND twallo
v
I—'Lwcllo > Lsat2
SET Lecord_dry FIND £x Ewsx. hix
AND O_HTdry to @ <
U_HTdry = REFmdot | h2 - hx)
FIND UA_dry’. Lcond_dry
+ J

Lecornd_wet = Lecomnd - Leond._dry

v

FIND UA_wet’
v

Q_HTwet = UA_wet Lcond_wet LMTD_wet

!

O_HTtot = O_HTwet + O_HTdry

Figure 34: Sclution Technique Used For Concentric Tube Condenser
With Receiver Located at Condenser Outlet

from

0_thermo = H2Omdot H20cpf (tw,-twi) (34)

where Q thermo is easily determined by applying the first law of
thermodynamics to the refrigerant. The same iterative procedure
that is outlined in figure 30 is used to find tx, Twx and hx.

Again, if Ua_wet is an input to the program then



Lcond_wet and UA_wet’

determined from (33).

re not calculated,

and Q_HTwet 1is



Voo EVAPORATOR MODELILING AND

SIMULATION

The only evaporator that was modelled was a compact heat

exchanger of the type shown in figure 35 in which air flows over

%’
O

@
e .} =
P -

Figure 35: Evaporator That Was Modelled

a bundle of fined tubes.

A.

As shown in figure 36, the evaporator was modelled as two
portions: the wet portion, in which refrigerant is a wet mixture;
and the dry portion, in which refrigerant is superheated vapour.
The following assumptions were made:

1) The dry portion of the evaporator can be modelled as a
cross flow, single pass type heat exchanger in which both fluids

are unmixed

63
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2) No spacial variations in air temperature and relative
humidity that are normal to the air flow.

3} The air side heat transfer coefficient is the same for
both the wet and dry portions ©of the evaporator

4) The effect of bends on the refrigerant side heat transfer

coefficient is negligible

10
f Ref rigerant
————— Outlet

WET DRY
—P PORTION # PORTION #
{;AIQi tJﬂH?2 {gﬁﬁ?o

tSTQe?r‘;ger-e:ﬁt
[nlet

Figure 36: The Wet And Dry Portions Of Evaporator

5) The air side pressure drop is negligible

6) The refrigerant pressure at the end of the wet portion is
equal to the refrigerant outlet pressure.

7) Frosting does not alter the mass flow rate of the air

8) The temperature of the frost is uniform and constant at 0
degrees Celsius

Figure 37 is a pressure versus enthalpy diagram that shows
the process the refrigerant undergoes as it flows through the
evaporator. The temperature of the refrigerant as it leaves the

wet portion is equal to tsaté, the saturation temperature of the
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- . . ’
ETLTH AL
Figure 37: Process That Refrigerant Undergoes Inside Evaporator
refrigerant at pé6.

Table 3 lists the correlations that are used to model the
evaporator. Because of the way the evaporator was modelled, only
refrigerant side heat transfer coefficients are calculated.

Correlation 4 is used to calculate local heat transfer
coefficients in the wet portion of the evaporator. The average
heat transfer coefficient is obtained from the following

expression [32]:

(35)

g

-

1 1
@w'i
where x5 is the evaporator inlet quality. See Appendix I for the
derivation of a similar expression that is used tc model the

condenser. The integral on the right hand side of (35) is



Table 3: Correlations Used To Model Evaporator

Correlation And Source Restrictions and Use
1. 0.6 < Pr<D.8
N, = 0.021 pro-sr2® 10¢< R, < 10°

[32] - Single Phase

- Forced Convection

- Inside Horozontal
Circular Tubes

- Constant Surface
Temperature

- Refrigerant Side
Heat Transfer

Coefficient
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Table 3 Continued

5 - 0.015R °Er®

2
"

0.24
4 + Pr

0.333 - 0.5 EXP(-0.6 Pr)
[32]

0.88 -

&
1}

r
1}

0.1<Pr<10¢

10¢ < R_<10%

- Single Phase

- Forced Convection

- Inside Horizoncal Circular
Tubes

- Independent of Surface
Boundarv Condition

- Refrigerant Side
Heat I::a;zsf er
Coefficient

zw

. = 3.656
[32]

Re < 2300

- Otherwise Same
Comments As For 1

FFk,{ G (1-x) D,m,,,]‘
( By

G.8%

a7
]
1]

0.023

avap

3
1]

2.37(0.29 . i)
X

x:(k]u'l( 1_x)°'9(££]0.5
KHe X Pr

[20]

- x>0.10

- Forced Covection
Boiling

- Inside Circular
Tubes

- Refrigerant Side
Heat Transfer
Coefficient
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evaluated using the approximation

1 0
Ax,
f%dx s _—;- (36)
x, 'z Tel o ads
1. t orat tlet

When the accumulator is located at the evaporator outlet
the task of the evaporator module is to calculate how much heat
is transferred from the air to the refrigerant based on heat
transfer relationships, Q_HTtot:; how much heat is transferred
from the air to the refrigerant based on the first law of
thermodynamics, Q _thermo; the temperature of the air at the
evaporator outlet, and the humidity ratio of the air at the
evaporator outlet. When the evaporator module is called from
within the simulation program, the known quantities are the
evaporator’s overall thermal conductance when the refrigerant
process is completely inside the wet region, UA_allwet; the inlet
temperature of the air, the mass flow rate and specific humidity
of the air, and the refrigerant properties at the evaporator
inlet and outlet.

a. The Solution Technique

Figure 38 outlines the solution technique that is
used to find Q_HTtot. The log mean temperature difference,
LMTD_e, is initially estimated based on the assumption
that the refrigerant leaves the evaporator as a saturated vapour.
Appendix II gives details on how tair_o and wo are found by

applying the first law to the air space in the evaporator. The
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[T LT h e = PEFmdot me - 1Sl o USs_clwes
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! —— , = = :
* |O_HTtor = UA_aliwet LMD _g]
i
v

LZE D_HTrer TO FIND tar_o &AND Wo BY APPYING
FIFPTT AW TO AIP SPACE IN EVAPORATOR
|

h, 4
[CF:I_CULATETLMTD_newl
Mo ¥ %
“||LMTDnew - LMTD_e|< O 1\__ﬁ

v

Figure 38: Solution Technique For Finding Q_HTtot When
Accumulator At Evaporator Outlet

log mean temperature difference, LMTD_new, is given by

(tair i - t5) - {tair o - tsaté)
1 tair 1 - t5 ] (37)
tair o - tsaté

LMTD_new =

After Q_HTtot is found, Q_thermo is found by applying

the first law to the refrigerant space in the evaporator.
2. Accumulator at Condenser Qutlet
In the case where the accumulator is located at the

condenser outlet the task of the evaporator module is to
calculate the amount of heat transferred from the air to the
refrigerant, Q_HTtot (in this case Q _HTtot is equal to Q_thermo):;
the outlet air temperature, and the properties of the refrigerant
at the evaporator outlet. When the evaporator module is called

from within the simulation program, the known quantities are the
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evaporator‘s overall thermal conductance when the process the
refrigerant undergoes is completely inside the wet region,
UA_allwet; the inlet temperature of the air, the mass flow rate
of the air, and the refrigerant properties at the evaporator
inlet.
a. The Seolution Technigue
Figure 39 is a flow diagram orf the solution

technique. The value of Qmax is the maximum amount

F ]I“l 1) ']]Tl-l_-'- Tor 0 _Wl l-
N UE kT L Lt

[FIICT Tima - AT T allwe ot
v
RN
1
v
"*“ - l,} L D i [ [ I
v A 4
[EE =+ b [FFIOT LA e B0 o i Tk
W v
IR IR EETE
SRS e
|1,J.,i—-uf_,.,;-, E3 A dlwe 0ty ||i.i,.,|

: , o
v

Figure 39: Solution Technique For Finding Q HTtot When Receiver
At Condenser Outlet

of heat that could possibly be transferred from the air to the
refrigerant in the wet region. See Appendix II for details on how
Qmax is determined. The effectiveness of the evaporator,
EFF_allwet, is calculated as Q HTtot/OQmax where Q_HTtot was
calculated by assuming that the refrigerant leaves the evaporator

as a saturated vapour. The value of hé is found by applying the
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Figure 40: Procedure to Find Q_HTdry

first law to the refrigerant space inside the evaporator. If hé
is found to be greater than hg_6, the enthalpy of saturated
vapour at té, then EFF_allwet is used in the procedure to find
Q_HTdry.

Figure 40 outlines the way Q HTdry is obtained. Note

that EFF_allwet is given by

UA allwet LMTD e

Crmax

EFF_allwer = (38)

It is important to understand the distinction between EFF_allwet
and EFF_wet: EFF_allwet is the effectiveness that the entire
evaporator would have if the refrigerant exited as a saturated
vapour; EFF_wet is the effectiveness of the wet portion of the

evaporator alone. The total refrigerant side area of the
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evaporator, Aevap, is given by

Apap = T Dypap L (39)

wvap Levap
where Devap is the inside tube area and Levap is the total length
of tubing; Aevap_wet and Aevap_dry are similarly defined for the
wet and dry portions of the evaporator. The expression for the
ratio of Aevap_wet to Aevap is derived in Appendix II. The

quantity F, which appears in the expression for UA_dry, is

defined as

Rin evap wet A, .. = F Hout_evap_wet A (40)

OUL_Werk

where fiin_evap wet and Rout_evap_wet are, respectively, the

refrigerant and air side heat transfer coefficients for the wet
portion, and Aocut_wet is the air side area of the wet portion.
The expression for UA_dry is derived in Appendix II. The

effectiveness of the dry portion is calculated as [18]
0.22
EFF_ dry = 1 —EXF[NTUT [EXP[-C, NTUS-"¢] -1}| (41)
r

where Cr is MCp_max/MCp_min and NTU is UA_dry/MCp_min. The value
of MCp_min is the lesser of AIRmdot*AIRcp and REFmdot*Cpg;
MCp_max is the larger of the two. The values of tair2 and w2 are
determined by applying the first law to the air space in the wet
portion of the evaporator as described in section A of Appendix

II.



VI . THE COMPRESSOR MODULRE

The objective of the compressor module is to determine the
thermodynamic properties of the refrigerant at the compressor
outlet, the mass flow rate of the refrigerant, and the amount of
work done on the compressor crank shaft. The known parameters are
the refrigerant’s thermodynamic properties at the compressor
inlet; the compressor outlet to inlet pressure ratic, PRATIO; the
compressor crank shaft speed, N; the total swept volume of the
compressor, Vs; the isentropic ratio, isen_ratio defined in
equation 42; and the overall work ratio, ovrl_ratio.

If the process inside the compressor is assumed to be
polytropic then the following are inputs to the program: the
polytropic constant for the process inside the compressor, n; and
the clearance fraction of the compressor, CF.

IF the process inside the compressor is not assumed to be
polytropic then an experimentally determined correlation for
volunmetric efficiency must be specified. See section B of this
chapter for details.

Only reciprocating compressors are simulated in the program.
Reciprocating compressors with double acting pistons or multiple
stages are not simulzted.

A. State of Refrigerant at Outlet

The isentropic ratio, isen_ratio, is defined as

73



74

h2 ~h1
isenr ratio = —<% {(42)
- h2-h:

where h2s is the enthalpy the refrigerant would have if the
process in the compressor were isentropic. The actual and
isentropic processes are shown in figure 41 on a temperature
versus entropy diagram. Note that if the actual process is
adiabatic then isen_ratio is egual to the isentropic efficiency.
In any process where heat transfer occurs isen_ratio may be
greater than one and cannot therefore be considered an
efficiency. Once h2s is known h2 is easily found from (42).

If the accumunlator is located downstream of the evaporator
then state 1 is always in the superheated vapour region. In this
case h2s is given by the correlation for the enthalpy of

refrigerant vapour:

h2, = h(t,., V,.) (43)
However, before this correlation can be used t2s and v2s must be

found by solving the following equations simultaneously:

Sy
pz:.-

S(t,er Vig) (44)
D(tyg, Vou) (45)

on

In figure 41 it can be seen that s2s equals sl and p2s eguals p2;
therefore the left hand sides of the preceding equations are
known.

If the accumulator is located at the condenser outlet the
situations depicted in figure 42 may also occur. Neither case is

a desirable operating condition since the presence of ligquid in
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TR
Figure 41: The Actual and Isentropic Processes
the compressor can be very destructive.

In the first case shown on figure 42, in which state 2s is in
the superheated vapour region, the value of h2s is obtained in
the manner previously described; in the second case, however, h2s

is calculated by

hae = BE(Coppg) + %o Beo(Coppy) (46)

where x2s is given by

Sps = Sal tcand)
= 47
*2s S1a{ Eoona) (47)

B. Refrigerant Mass Flow Rate

The refrigerant mass flow rate is calculated as follows:

volum eff V, N
Y1

REFmdot =

(48)
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Figure 42: Possible Situations If Receiver at Condenser Outlet

The volumetric efficiency, volum_eff, can either be entered as a

correlation in terms of PRATIO or calculated as follows:

1

volum eff =1 + CF(1 - PRATIO ®) (49)

The derivations of the expressions for refmdot and volum_eff may
be found in any applied thermodynamics text book [40}. The
required assumptions are that the re-expansion of the refrigerant
(process ¢ to d on figure 43) is polytropic and that the specific
volune of the refrigerant does not change during the intake
stroke (process d to a on figure 43).

If volum_eff is specified as an experimentally determined
correlation, then the user must specify the values of Al, A2, A3,

A4, and A5 in the following equation:
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Figure 43: The Process Inside Compressor
volum eff = Al + A2 (PRATIO)* + A4 (PRATIO)*® (50)

A correlation of the form given above was found to correlate the
experimental data discussed in chapter IX as well as experimental
data collected by Tassou et al [36].

C. WorkK Done on Crank Shaft

The overall work ratio, ovrl_ratio, is defined as

Weomp mec (51)

ovrl ratio =
- Ecomp

where Wcomp_mec is the actual work done on the compressor crank

shaft and Ecomp is given by

Ecomp = REFmdot (h2-h1l) (52)



VIT . PROPERTY SIMULATION

The program makes use of correlations for the thermodynamic
and thermophysical properties of R-12, R-22, water, and air. This
section lists the correlations that are used. In some cases (e.g.
to find the temperature of saturated liquid refrigerant given its
pressure) iterative procedures are used. All iterative procedures
for property evaluation are also explained in this section.

A. Properties of R-12

Table 4 lists the functional form of the property
correlations which are used for R-12 and the source for each
correlation.

As shown in table 4 the main sources for R-12 property
correlations were ASHRAE’s Thermodvnamic Properties of
Refrigerants [3] and ASHRAE’s Thermophysical Properties of
Refrigerants [2]. It was found, however, more convenient to use a
correlation for the latent heat of vaporization provided by
Downing [12]. In order to ensure that the correlations provided
by Thermodvnamic Properties of Refrigerants were properly
implemented into the program they were checked against the values
tabulated in 1989 ASHRAE Handbook: Fundamentals [4]. This
provided a legitimate check because the correlations provided by
ASHRAE [3] produced the tables in 1989 ASHRAE Handbook:
Fundamentals. It was found that the values produced by the

correlations of ASHRAE [3] agreed with the tabulated values in

78
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Table 4: Functional Form and Source of Each Correlation
For R-12

S .

Functional Form

(See aAppendix III for full correlations) Source

Gas Densiuy dg =dg(t) ASHRAE [3]
Gas Thermal Conductivity kg =kg(t) ASHRAE [2]
Gas Viscosity ug =ug(t) ASHRAE [2]
Gas Specific Heat Capacity cpg =cpg(t) ASHRAE [2]
Liquid Density df =df(t) ASHRAE [3]
Liquid Thermal Conductivity kf =k£f(t) ASHRAE [2]
Liquid Viscosity pf=uf(t) ASHRAE [2]
Liquid Specific Heat Capacity cpf =cpf(t) ASHRAE [2]
Saturation Pressure psat =psat(t) ASHRAE [3]
Latent Heat of Vaporization hfg =hfg(t) Downing [12]
Vapour Enthalpy h =h(t,v) ASHRAE [3]
Vapour Entropy s =s(t,v) ASHRAE [3]
Vapour Equation of State p =p(t,v) ASHRAE [3]

B. Properties of R-22

Table 5 lists the property correlations which are used for R-
22 and the source for each correlation.

In the case of R-22, the correlations used for the enthalpy
and entropy of superheated vapour are those provided by Downing
[12] instead of the correlations provided by ASHRAE [3] because
Downing’s were in closer agreement with data tabulated by ASHRAE
[4].
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C. Refrigerant Properties Derived From Other Properties

For both R-12 and R-22 the same basic relationships are used

Table 5: Functional Form and Source of Each Correlation for R=-22
m

e e e e

e
Functional Form

(See Appendix IIX for full correlations) Source
Gas Density dg =dg(t) ASHRAE [3]
Gas Thermal Conductivity kg =kg(t) ASHRAE [2]
Gas Viscosity ug =pg(t) ASHRAE [2]
Gas Specific Heat Capacity cpg =cpg(t,p) Kletskii [22]
Liquid Density df =df(t) ASHRAE [2]
Liquid Thermal Conductivity kf =kf(t) ASHRAE [2]
Liguid Viscosity wf=uf(t) ASHRAE [2]
Liguid Specific Heat Capacity cpf =cpf(t) ASHRAE [2]
Saturation Pressure psat =psat(t) ASHRAE [3]
Latent Heat of Vaporization hfg =hfg(t) Downing [12]
Vapour Enthalpy h =h(t,v) Downing [12]
Vapour Entropy s =s(t,v) Downing [12]
Vapour Equation of State =p =p(t,v) ASHRAE [3]

L~ ————————————— —_______————

for the calculation of the Prandtl number of saturated liguid,

Prf; the Prandtl number of saturated vapour, Prg; the specific

volume of saturated liquid, vf; the specific volume of saturated

vapour, vg; the specific entropy of vaporization, sfg:; and the

enthalpy of saturated ligquid, hf:
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P, = B Cpr (53)
L kr
I'LQCDQ
P, = (54)
rq 1kg
Vf = _(j_f (55)
_ 1
Vg = E’- (56)
hf
S:-g = —Tq (57)
B = hy, ~h, (58

The value of hg is from the correlation for the enthalpy of
superheated vapour.
D. Iterative Procedures For Refrigerant Properties

Iterative procedures are used only when the desired property
is not defined explicitly in a correlation.

1. Determining Vapour Temperature and Specific Volume Given

Enthalpy and Pressure
Inspection of tables 4 and 5 reveals that the correlation

for the entropy of superheated vapour is of the form

h=h(t,v) (59)

and that the equation of state for superheated vapour is of the

form

p = plE,v) (60)
Hence, the preceding correlations must be solved simultaneously
if the temperature needs to be determined with enthalpy and
pressure as the known properties. This is accomplished through
the use of the Newton-Raphson method.

To use the Newton-Raphson method initial estimates are
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required for t and v. As mentioned in chapter III, obtaining good
initial guesses for refrigerant properties that need to be
evaluated using iterative procedures has a very significant
effect on how fast the program converges.

Based on the ideas of Hill and Jeter [17], the procedure
explained in Appendix III was developed for obtaining the
required initial estimates of t and v. For R-12, the error in the
initial estimate for temperature never exceeded 3.82 degrees
Celsius, and the error in the initial estimate for specific

volume never exceeded 2.42 percent of the actual value.
2. Determining Vapour Temperature and Specific Volume Givep
Entropy and Pressure

Tables 4 and 5 reveal that the correlation for the

entropy of superheated vapour is of the form

s =s(t,v) (61)

and that the equation of state for superheated vapour is of the

form

p = p(t,v) (62)
The preceding correlations must therefore be solved
simultanecusly if the temperature needs to be determined with
entropy and pressure as the known properties. Again this is
accomplished through the use of the Newton-Raphson method for
which initial estimates of temperature and specific volume were
required. The procedure that was used to obtain the required
estimates is described in Appendix IXII. In the case of R-12, the

error in the initial estimate for temperature never exceeded 7.5
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degrees Celsius, and the error in the initial estimate for
specific volume never exceeded 2.4 percent of the actual wvalue.

3. Determining Liguid Temperature Given Enthalpy
To find the temperature of saturated liguid given
enthalpy the Newton-Raphson method was used. The required initial
estimate for temperature is found based on the following
approximation:

hf-bf( Cre!)
t-r

= Cp, (Crpp) (63)

Tl

The value of the reference temperature, tref, was arbitrarily
chosen within the range of values expected in the simulation
program. This method is effective because cpf is a relatively
weak function of temperature.

4. Determining Saturation Temperature Given Saturation
Pressure

The Newton-Raphson method is alsc used to obtain
saturation temperature given pressure. The initial guess required

for the temperature is determined from
in(p,) =4, + Az(%--l] (64}
r

where Pr and Tr are defined as p/pc and t/tc respectively; Al and
A2 are constants. Hill and Jeter [17] found that for refrigerants
the relationship between ln(Pr) and (1/Tr-1) is essentially
linear for values of Tr which are greater than 0.5 and less than
1. The constants Al and A2 were determined by curve fitting

values obtained from tabulated data [38]. The range of values for
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saturation temperature encountered in the simulation program is
well within the range of values for which (64) is valid (e.g. in
the case of R-12 values of Tr ranging from 0.5 to 1 correspond to
values of temperature ranging from -80 to 111.8 degrees Celsius).
It was found that the error in the initial estimates never
exceeded 1.5 degrees Celsius (in the case of R-12).
E. Properties of Air And Water

Table 6 lists the functional form and source for each of the
water property correlations that are used in the program.

Table 6: Functional Form and Source of Water Property
Correlations

m

%

Functional Form Source

( see Appendix III for
full correlation )

Bf = Bf(%t) Curve Fit of Data Tabulated

by Incropera and Dewitt [18]

kf = kf(t) Curve Fit of Data Tabulated
by Incropera and Dewitt [18]

pf = uf(t) Curve Fit of Data Tabulated

by Incropera and Dewitt [18]

cpf = cpf(t) Curve Fit of Data Tabulated
by Incropera and Dewitt [18]

psat = psat(t) ASHRAE [4]

Prf = Prf(t) Curve Fit of Data Tabulated

by Incropera and Dewitt [18]

The full correlations are provided in Appendix III. Table 7 lists
the functional form and source for the air property correlations.

The full correlations are provided in Appendix III.
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Table 7: Functional Form and Source of Air Property

Correlations

Functional Form
( see Appendix III for full

correlation )

Source

Thermal Conductivity

k = k(t)

Curve Fit of

by Incropera

Data Tabulated

and Dewitt [18]

Kinematic Viscosity

v = v (t)

Curve Fit of

by Incropera

Data Tabulated

and Dewitt [18]

Specific Heat Capacity

cp = cp(t)

Curve Fit of

by Incropera

Data Tabulated

and Dewitt [18]

Thermal Diffusivity

a = a(t)

Curve Fit of

by Incropera

Data Tabulated

and Dewitt [18]

Prandtl Number

Pr = Pr(t)

Curve Fit of

by Incropera

Data Tabulated

and Dewitt [18]




VIIX . FRICTIONAIL PRESSURE
DROP IN CONDENSER,
EVAPORATOR, AND
INTERCONNECTING PIPING

A. . . <.
With the exception of the piping connecting the throttle
valve to the evaporator, the frictional pressure drops that occur
in the interconnecting piping were calculated using correlations

for single phase flow. The pressure drop in each tube is given by

£L

2
AP = p(T + K minor Vel

(65)

where L is the length of the tubing, D is the inside diameter of
the tube, f is the friction factor. K_minor takes into account
all minor losses in the tube and is determined based on
experimental data tabulated by White [39] for losses in bends,
elbows, entrances, exits, and tees (see Appendix V). The velocity

of the refrigerant is given by

B D2 (66)

The friction factor, £, is given by

84
Re

(67)

for laminar flow, and from

86
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L2 (rough . 2.51\%
o “ln(LO))ln{ O R"JE){ (68)

for turbulent flow where rougk 1s the relative roughness.

In cases where the refrigerant is a wet mixture the
homogeneous flow model was used i.e. the preceding single phase
correlations are used but with density and viscosity evaluated as

follows

(1-x)p. + Xpg (69)

°
[}

B = (1-X)pg, + Xy, (70)

where the subscripts "f" and "g" denote the properties of the
liguid and gaseous components of the mixture respectively and x
is quality.

For the piping that joins the throttle valve to the
evaporator, Bo Pierre’s correlation is used [6]. This correlation
is discussed in section ¢ of this chapter.

B. Pressure Drop In Condenser

The pressure drop in the wet portion of the condenser was
determined by dividing the condenser into twenty portions of
equal quality change. The pressure gradient for each of the

twenty portions is given by

£, 8.,

the three terms on the right hand side are pressure gradients due
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to friction, change in momentum,'and gravity. For the concentric
tube condenser the contribution of gravitv is zero. For the coil
in tank condenser the contribution of gravity was neglected.

The remaining two pressure gradients are determined using the

correlations derived by Traviss et al [37):

0.2 1.8
(EE) = -0.09(1 + 2.35x°-523)3w— (72)
dz Py pgDI._
p 1 2
() =- & SHox- <1—2x)[32)3 . <1—2x)(&-')3 - (2—2x)(£‘-’)
dz/, Py dz Pe Ps Pr
(73)
where G is mass flux given by
¢ - REFmdot
22 (74)
a
X is quality, and X is given by
0.1 0.5
X:(Lf (__(1‘><) )°'°(_p_'z] (75)
p‘g x pf
The derivative, -gg ,1s calculated from
dx _ 4h,AT (76)
dz DGh,,

where hfg is the latent heat of vaporization and AT is
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equal to (tcond-Twall). The local heat transfer coefficient, hz,
is calculated using both the correlations listed in table 8. The
larger value is used in (76). For gualities greater than 0.20,
correlation one of table 8 usually yvields the larger value of hz.
The pressure change for each of the twenty portions with equal

guality change is given by

Q_D) +(§£)
ap; = |1 1%l 5, (77)
dz

where the subscript "i" denotes that the pressure drop is one of
the twenty portions.

The frictional pressure drops that occur in the dry and
ligquid portions of the condenser are calculated using the single
phase correlations discussed in section A of this chapter.

C. Eressure Drop in Evaporator

The frictional pressure drop that occurs in the wet portion

of the evaporator was calculated using the correlation developed

by Bo Pierre [6]:

Ap=[%+ﬂ & (78)

Xp) Pa

where the subscript "m" indicates an average of the properties in

the wet portion and the friction factor is given by

0.25
f =0.00329 ReL9g (79)
e, Ax

The frictional pressure drop that occurs in the dry portion
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of the evaporator is calculated using the single phase equations

discussed in section A of this chapter.

Table 8: Correlations Used To Determine hz

Correlation And Source

Restrictions And Use

PreR.’°M1 2.85
X x0.476

F2 = 5Pry,+51ln(1+5Pr,)
+2.51n{0.0031R, °-%2),
R, > 1125

F2 = 5Pz .+
S1n[1+Pr,(0.0964R, °:5%5-1)],
50 <R, <1125

F2 = 0.707Pz.R, %, R, <50

X=(E£]°‘1(_(}_'_J_CL)O.9(&]0.5

~ Forced Convection
Condensation

~Inside Staight
Horizontal Circular
Tube

[32]

By X Pr
(371
2. - Forced quvection
Condensation
k2 n! 2
B = 0.553| 9P£{PP) Ky Beg )W - Inside Staight
ave i pe AT D, Horizontal Circular
Tube
r 3
.hfg- - ‘htg + —8' szAT




I . TEST RIG

To validate the simulation program an experimental study was
carried out on an air-to-water refrigeration unit charged with
R-12. The objectives of the study were to obtain performance data
for the system as a function of four parameters: the compressor
crank shaft rotational speed, the condenser cooling water
temperature, the throttle valve setting, and the condenser

cooling water mass flow rate.
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Figure 44: Three Dimensional Schematic of System

The system was built by Carrier Canada Ltd in 1959, but no
documentation for the unit could be provided by Carrier.
Specifications for the compressor were available from its
manufacturer: Tecumseh Products of Canada. The motor
specifications were available from its name plate. Figures 44 and
45 show the general appearance and configuration of the systen

components.
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Figure 45: Two Dimensional Schematic of System
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H

The compressor was a model CH four cylinder reciprocating
type manufactured by Tecumseh Products of Canada. Each cylinder
and piston had a 1.75 inch bore and 1.75 inch stroke [29].

A variable speed D.C. motor, manufactured by Bepco Canada
Limited, powered the compressor. The motor was rated for 3 hp and

designed to operate at drive shaft speeds ranging from 400 to

1200 RPM.
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Figure 46: The Condenser Figure 47: Concentric Tube of

The Ccondenser

The condenser was a concentric-tube, counter-flow type with
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R-12 flowing in the annulus as depicted by Figure 46. The
diameters indicated on Figure 47 were determined by use of a
micrometer. Tube thicknesses were then looked up in a handbook

listing sizes of copper tubing [28].

R s = T

- -

FAASE I T AETE T T i
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Figure 48: The Evaporator
The evaporator, shown in figure 48, consisted of two sets of
twelve tubes (each set two rows deep and six rows high). Each
tube had fourteen fins per inch. The fin thickness was
approximately 0.2 mm, and the fin diameter was approximately 4.5
cm.
The regenerator was a counter flow concentric tube heat
exchanger.
The following quantities were measured during each
experimental run:
1) atmospheric pressure,
2) atmospheric temperature,
3) refrigerant volume flow rate (read directly from
rotameter),

4) force applied to the dynamometer torgue arm,
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5) rotational speed of the compressor crank shaft,
6) average condenser cooling water mass flow rate
{accumulated mass per time interval),
7) electrical power input to evaporator fan,
8) evaporator inlet air relative humidity (direct reading
from hygrometer),
9) refrigerant pressure at seven locations on system,
10} refrigerant temperature at thirteen locations on
systen,
11) condenser cooling water inlet and outlet temperature,
12) evaporator outlet air dry bulb temperature (at nine
locations on a c¢ross sectional grid),
13) evaporator outlet air velocity (at nine locations on a
cross sectional grid),
14) average evaporator outlet air wet bulb temperature.
A. Measurement of Atmospheric Pressure
The atmospheric pressure was measured with a mercury filled
barometer. As illustrated in Figure 49, the mercury reservoir
level could be adjusted to ensure that accurate readings were
made. Through the use of a Vernier scale the barometer could be
read to the nearest hundredth of an inch. By taking several
readings (each time offsetting and then readjusting the mercury
reservoir level) the uncertainty in the readings was found to be
0.05 inches.
B. Measurement of Atmospheric Temperature

The atmospheric temperature was measured with an Anschutz
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Figure 50: Calibration Apparatus

precision thermometer. The thermometer was calibrated at the
steam point of water using the apparatus shown in Figure 50. The
true value of the steam point was considered to be the saturation
temperature of water at the pressure indicated by the mercury
filled barometer. The effect of radiation was reduced by the

shield shown in Figure 50. Care was taken to maintain the water
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level above that of the heater to avoid superheating the stean.
It was found that 0.40 degrees Celsius needed to be added to each
reading. The uncertainty in the thermometer reading was equal to
0.1 degrees Celsius.

C. Measurement of Refrigerant Volume Flow Rate

The refrigerant volume flow rate was measured with a
rotameter located about 0.70 meters upstream of the throttle
valve. The rotameter flcoat was calibrated by the manufacturer for
saturated R-12 at 90 degrees fahrenheit. Hence, in the data
acquisition program, the rotameter reading was multiplied by the
ratio of the actual density of the refrigerant in the rotameter
to the density of saturated refrigerant at 90 degrees fahrenheit.

The uncertainty in the rotameter reading was 2.36E-07 cubic

meters per second.

The force applied to the dynamometer torque arm was measured
by the dynamometer scales. For calibration, the scales were
removed and had weights hung from them (see the CALC module in
Appendix IV for the calibration curves). The uncertainty in the
readings of the scales was 0.27 Newtons.

E. Measurement of Rotational Speed of Compressor Crank Shaft

The rotational speed of the compressor crank shaft was
measured with a Hasler-M hand tachometer. The smallest division
on the tachometer was 50 RPM (since the 3000 RPM scale was used).
However, the uncertainty in the readings was estimated to be 15

RPM because the needle was thin and because it held steady while
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readings were being taken. Based on comparisons with other
tachometers, it was concluded that the accuracy of the tachometer
was within this uncertainty.

F. Condenser Cooling Water Mass Flow Rate

The condenser cooling water mass flow rate was determined by
collecting water in a pail for a period of time (usually about
thirty seconds) measured by a digital stopwatch . The water’s
mass was then measured on a balance (Toledo "honest weight"
scale). The uncertainty in the readings of the balance was 0.0S5
1bm. The uncertainty in the period of time taken to collect the
water in the pail was 0.33 seconds because the stopwatch could
not be started at exactly the instant water entered the pail, or
stopped at exactly the instant water no longer entered the pail.
G. Electrical Power Input to Evaporator Fan

The electrical power supplied to the fan was measured with a
Weston wattmeter. The 1 kW scale was read. The uncertainty in the
reading was due to reading error and was equal to 0.01 W.
H. Evaporator Inlet air Relative Humiditvy

The evaporator inlet air relative humidity was measured by an
analog hygrometer. The hygrometer was calibrated through the
following procedure. The evaporator fan was turned on with the
refrigeration unit turned off (and having been turned off for
long enough so that the refrigerant inside the evaporator coil
was at room temperature). The wet bulb temperature of the air was
measured by a thermocouple which was covered with a moist cloth

and located in the outlet air duct. The inlet air relative
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humidity could then be calculated because both the dry and wet

bulb temperatures of the air were known. It was found that 0.82
had to be added to the hygrometer reading. The uncertainty in the

hygrometer relative humidity reading was 1.S.
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Figure 51: Refrigeration Unit Instrumentation

I. Measurement of Refrigerant Pressures

The refrigerant pressure at the locations shown in figure 51
were measured with Bourdon Tube pressure gages. Each calibrated
with a dead weight gage tester (see CALC module in Appendix IV
for calibration curves). Vibration of the gage needles could be
attenuated by closing a small valve located just below each gage.
The uncertainty in the readings for each gages was plus or minus

0.014 MPa.
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J. Measurement of Refrigerant Temperatures

The refrigerant temperatures were measured with copper-
constantan thermocouples. The thermocouples were positioned on
the refrigeration unit as shown in figure 51. Each thermocouple
had one junction on the pipe wall of the refrigeration unit and
the other on the board of an Sciemetric 8082A data logger. The
data logger is essentially an analog to digital converter which
was interfaced with a computer (an IBM XT compatible). The analog
signal each thermocouple sent to the data logger was proportional
to the temperature difference between the pipe wall and the board
on the data logger. A thermistor provided the temperature of the
board so that the absolute temperature of the pipe wall could be
determined. An aluminum bar was placed on the board to make the
board’s temperature more uniform.

The thermocouples were calibrated at the steam point of water
using the same apparatus that was used to calibrate the precision
thermometer which measured the atmospheric temperature (see
section B of this chapter). The thermocouples were also
calibrated at room temperature by using the precision thermometer
reading as the true value. The calibration of the thermocouples
can be found in the CALC module in Appendix IV.

If radial and longitudinal heat conduction through the pipe
wall did not occur then the temperature of the pipe wall would be
equal to the fefrigerant temperature. However, radial and
longitudinal conduction always occur and introduce error into the

measurement of the refrigerant temperature. Half inch thick
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Armstrong Armaflex insulation was placed on the piping to reduce
this error.

Consider figure 52 to understand how fixed errors in the
measurement of the refrigerant temperatures were accounted for in
the data analysis program. The temperature of the refrigerant at
peint A is desired. However, to reduce the error due to
longitudinal conduction, the thermocouple is installed on the
pipe wall at point E, a short distance downstream of A. Let the
difference in temperature between the pipe wall at point E and
the refrigerant at point B due to radial conduction be
(Tb-Te)rad. Let the difference in temperature between the same
two points due to longitudinal conduction be (Tbh-Te)lng. The
difference in temperature between the refrigerant at point A and
the refrigerant at point B is (Ta - Tb). all sources of fixed

error were then combined as follows

Taz TG + (Tb - Te)rad + (Tb - Te)lng + (Ta - Tb) (80)

A complete discussion of how (Tb - Te)rad, (Tb - Te)lng, and (Ta

~ Tb) were calculated is given in Appendix V.

CJ =
> A
~1=
n =

Figure 52: Positioning of Thermocouple on Pipe Wall
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K. Condenser Cocling Water Temperatures

The condenser cooling water temperatures were measured by
thermocouples in the same manner as were the refrigerant
temperatures. One thermocouple measured the water inlet
temperature and another measured the water outlet temperature.
The same sources of error considered in the measurement of the
refrigerant temperatures were taken into account in the
measurement of the water temperatures.
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The evaporator outlet air temperature was measured by a grid
of nine thermocouples shown in figure 53. The numbering of the
thermocouples corresponds to those indicated in figure 51. The
outlet air duct was divided into nine rectangular sections of
equal area with one thermocouple positioned in the centre of each
area. The thermocouples were all calibrated as discussed in the
section dealing with refrigerant temperature measurement.

M. Measurement of Evaporator Outlet Air Velocity
The evaporator outlet air velocity was measured downstream of

both the evaporator and the fan. The outlet air duct was divided
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into nine equal areas. Velocity readings were taken by placing a
Kurz series 440 air velocity meter (hot film anemometer) at the
centre of each of the nine areas. The readings were numbered as
shown in figure 54. The six meter per second scale was used.
About one minute was required for the indicating needle to
stabilize. The uncertainty of the velocity readings was 0.1
meters per second based on the stability of the needle and
readability of the scale.
N. Measurement of Evaporator Outlet Air Wet Bulb Temperature

A thermocouple covered by a moist cloth measured the wet bulb
temperature. This thermocouple was located downstream of the grid
used to measure the outlet air dry bulb temperature. The portion
of cloth covering the thermocouple remained moist because part of
the cloth was kept in a small jar filled with water. The
thermocouple was calibrated the same way the thermocouples
measuring the refrigerant temperatures were calibrated.
0. Iest Procedure

The following experimental procedure was carried out:

1) the evaporator outlet air duct was connected to the frame
of the refrigeration unit,

2) the cloth covering the thermocouple that was to measure
the evaporator outlet air wet bulb temperature was
moistened and the reserveir (a small jar containing part
of the cloth) was filled with water,

3) the valve upstream of the manual expansion valve was fully

opened, and the valve upstream of the thermostatically
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5)

6)

7)

8)

9)

10)

11)

12)

13)
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controlled valve was fully closed so that all refrigerant
flowed through the manual expansion valve during the
tests,
the evaporator air fan was then turned on and set to the
desired speed (high, medium or low),
the velocity probe battery charger was then turned on (the
guard was left on the probe),
the computer and data logger were then turned on,
the thermocouple wires were connected to the data logger
using connectors as shown in figure 55,
the condensing cooling water tap was then adjusted to
produce the desired flow rate (a pail and stopwatch were
used to determine the flowrate),
the condenser cooling water temperature was set to the
desired level,

the compressor was then started by turning on its DC
power supply and closing two switches located next to the
compressor speed control,

the speed control knob was adjusted to obtain the desired
speed,

the manual expansion valve was adjusted as indicated in
figure 56 (two and a guarter turns from the fully open
position was the maximum amount the valve could be
closed),

after the system attained quasi-steady state conditions

(usually within fifteen minutes), the data acquisition
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15)

16)

17)

18)

19)

20)

21)

22)

23)

24)
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program was run by typing "refrig®,

the channels on the data logger which were to be scanned
were entered into the program (channels 2 to 36},

the data logger channel where the reference thermistor
was located was inputed to the program,

the program was told that each channel was to be scanned
25 times,

the barometric pressure and ambient air temperature were
inputed to the progran

the pressure gage readings were inputed to the program in
order from left to right as they appear when facing the
gage panel,

after the program requested the evaporator outlet air
velocities the evaporator outlet air duct was
disconnected from the frame of the refrigeration unit,
the velocity probe guard was then removed and velocity
readings were taken,

the readings were entered into the program in the order
corresponding to the labelling in figure 54,

the distance between the lines of action of the forces
exXerted on the dynamometer scales was inputed (24 inches
as shown in figure 57),

the compressor was turned off and the dynamometer scale
readings were taken and entered into the progran,

the results of the data analysis were then stored on

paper and on floppy disk
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The average time reguired to carry out the tasks listed above
was twenty-five minutes.

After inputting the readings of the dynamometer scales with
the compressor operating, the readings of the scales bhefore the
compressor was turned on is requested by the program. At this
point the compressor was turned off and the dynamometer scale
readings were taken and entered into the program. It was found
that this procedure provided more reliable results than recording
the readings of the scales before the compressor was turned on.
The reason for this was that the high compressor start up torque
disturbed the dynamometer scale needles.

Table $ indicates how the channels corresponded to the

thermocouples shown in figure 51.
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Figure 55: Connection of Figure 56: Manual Expansion
Thermocouples to Data Logger Valve

P. Data Acquisition Program
A listing of the program is given in Appendix IV. The program
incorporates the calibration constants for Sciemetric data logger

with serial number 311083. The program calculated thirty-six



Numbers on Data Logger

Table 9: Correspondence of Thermocouple Numbers With Channel 106

e R

Temperature Channel Temperature Channel
tl’ 2 tl 11
t2 3 twi 12
t27 4 two 13
t3 5 T1l6 27
t3’ 6 T17 28
t4 7 Ti8 29
4’ 8 T19 30
t5 9 T20 31
t57 14 T21 32
577 15 T22 33
t6 16 T23 34
te’ 10 T24 35
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Figure 57: Distance Between Lines of Action of Forces on Scales
gquantities using the raw data (see CALC module in appendix 1IV).
For each quantity which the data acquisition program calculated,
an uncertainty analysis was carried out using the Kline-

McKlintock method, this method is described in any engineering
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instrumentation text book [34]. The data acgquisition program
therefore needed to evaluate a great many partial derivatives
(see UNANAL module in Appendix IV).

The mass flow rate of the refrigerant based on the rotameter
reading was given by

REFmdot_f = {(voldot=*p,) (%) (81)
41

where p, is the density of the refrigerant at state 4‘,and p_, is

the density of saturated R12 at 90 degrees Fahrenheit, the state
at which the flowmeter was calibrated by the manufacturer.
The thermal conductance for the portion of the condenser

where the refrigerant was condensing was given by

UApone = -H20mdot*H20cpf=1ln (1-EFF,, ) (82)

where EFFcond was given by

( two— twi)

EFFcond = ( £3- twi)

(83)

Note that t3 was always equal to the saturation temperature of
the refrigerant at the condenser outlet temperature.
The average of the temperature of the refrigerant in the

evaporator which was evaporating was calculated as

! "
. _ (E57 + £57 + toag) (84)

ovap 3

where tsaté is the saturation temperature of the refrigerant at
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the evaporator outlet pressure as shown in figure 5.

The heat absorbed by the air passing through the evaporator

was given by

24
= 3 [ (1.005(T,,-T;) *+ Wi(2501+1.82T,.) - Wo(2501+1.82T))

Qevap_c T o Jeie
+ 4.186 (Wo-Wi)T,) AIRmdot; 1| + W,
(85)
The symbol Qmax denotes the most heat that the refrigerant in
the wet portion of the evaporator can absorb without violating

the second law. EFF_wet, was calculated by

EFF wet = Sevap wec (86)

max

The thermal conductance for the portion of the evaporator

where refrigerant boiled was calculated as

UA_wet = -MC, mix ln(1-EFF_wet) (87)

where the air’s mass flow rate was given by

24

P

AIRmdot = Y (i Vel AJ-] (88)
=l6 airTj

and MCp_nix was given by

Cnax
Tatm - T,

ovap

(89)

Mth;miX'=

The log mean temperature difference for the portion of the

evaporator where the refrigerant boiled was calculated as
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X - EXPERIMENTAL RESULTS

A. Experimental Data

The following tables list the experimental data which is
referred to in section B of this chapter. In all the tables in
this section, the small numbers underneath the larger ones are
absolute uncertainties. The labelling of the data is such that
data set 1-3, for example, corresponds to the data obtained from

the third run on the first day that tests were carried out.
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Table 10A: The Effect of Compressor Crank Shaft Speed
. _._______________________________________. ]

Qreg | Qreg
RPM  |Valve H20mdot | Twi |ARmdot | Tair_i [(ig) |(vap)  |EFFreg
Data seiting kg/s oC ka/s oC kW | kW

1-6 {501 [675° 0.385 46.63 10.382 7.6 [0.21 [0.36 |0.33
[ fid £-05 0.32 .03 0.1 0.03 0.0% 0.01

1-7 (606 |675° 0.389 47 0.383 272,59 [0.16 |0.24 |0.31
15 1 x-03 [1 %4 (.00 0.1 0.02 0.0 0.01

1-8 |702 |[675° 0.401 47.15 {0.372 27,59 (0.16 [0.2¢ 10.3t
o] i 0.0001 184 0.00368 0.1 0.02 0.03 0.01

1-9 |B00 |[675° 0.39% 47.27 {0.385 27.6 [0.15 |0.23 |0.31
3 1 d %X-05 (1% r4 0. 00363 0.1 0.02 0.0 0.01

1-10[3295 [675° 0.379 47.16 {0.371 27.46 |[0.15 {0.23 |0.3
[ ] e 9E-05 0.32 0,006 0.1 0.02 0.03 0.01

3-1 [525 [490° 0.38196 |14.98 [0.374 26.28 [0.05 |-0.03 [0.03
5 10 %£-05 0.32 0.00348 0.1 0.01 Q.01 0.0

3-2 1650 |450° 0.383 14.89 0.375 26.4 |0.11 -0.04 |[0.1
] (114 €05 [ 0. 003489 0.1 .32 0.01 0.02

3-3 |750 |490° 0.389 5 0.376 26.23 {0.23 |[-0.05 |0.18
5 i1 %-05 0.32 0.003 0.1 0.03 0.01 0.01

3-4 1850 [450° 0.389 15.02 0.377 26.28 9.31 |[-0.06 |[0.21
[} [i1d £-05 [ ed 0.00371 0.1 0.03 0.01 0.01

3-5 |990 |450° 0.335 15.01 (0.377 26.44 [0.01 |0.05 |0.22
1% 10* 9€-03 032 0.00571 0.1 0.91 081 0.0%

3-6 |350 |450° 0.389 15.02 |0.382 25.89 0.37 |-0.07 |0.22
5 11 %06 0.2 0.08375 0.1 0.4 0.01 0.01

3=7 [|350 [450° 0. 180 15.18 [0.386 24,47 [0.22 [-0.05 |[0.12
5 i1 €05 0.2 0.0038 0.1 0,02 0.01 2.01

3-8 [855 [450° 0.188 [15.27 |0.386 {24.13 [0.14 [-0.0¢ [0.08
5 fing 1£-05 .32 0.00373 0.1 0.01 0.01 0.01

3-9 |753 |450° 0.185 15.27 10.38% 24 0.09 |-0.04 {0.09
= i1 -5 (1 574 0.00375 0.1 0.01 2.01 .01

3-10[652 [450° 0.188 15.26 [0.384 23.91 (0.07 |-0.03 [0.04
i £-08 L2 0.00378 0.1 0.01 0.0t 0.01

0.424 0.378 23.759 [0.09 |0.09 0.4
[+ i __o.0mn {1 S 0.00372 0.1 0.02 0.02 .01

4-5 |380 |(720¢° 0.424  }39.87 [0.379 2369 [0.09 |0.09 0.4
5 [ 0.00031 0.2 0. 00172 01 0.03 0.03 0.01

“
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Table 10B
m

Weomp [Weomp

RPN |Vaive H20mdot | Twi |ARmdot | Tair.i | Torque F(rnec) (rev) |Ecomp
Do) lsstting | kg/s | o | kg/s | o | wem | W | ww | ww
1-5 | 901 [679° 0.385 |46.63 [0.382 (27.6 ]0.021 1.083 [0.85 0.93
5 2 6! op 0.0 0.1 cos| osoml| am| oo

1-7 | 606 |675° 0.38 |47 0.383 [272.59 {0.020 L.277 | 1.16
5 e o]  ox 0.007 0.1 ooms| oow| oml oo

1-8 | 702 |675° 0.401 4.15 0.372 27.53 10.020 1.442 (L. 11 1.24
5 g el  ox|  come 0.1 oos| cod| om| om

1-9 | 800 |675° 0.3 |[47.27 |0.389 [27.6 10.018 |1.994 [1.19 1.37
s e gm)  ox|  come 0.1 o8|  oos{  om| oo

1-10| 825 |675° 0.373 |42.16 [0.371 (27.46 |0.018 |1.785 [1.29 1.51
I - ol wal onl  owe 0.1 oos| cos|  oml oo
3-1 |35 [450° 0.38136 |14.98 0.373%5 [26.28 [0.0103 [0.599] 0.43| 0.34
s oy g6  onl oo 0.1 oo ocex| om| oo

3-2 1650 [450° 0.383 14.83 [0.375 |26.4 |0.0116 [0.788 | 0.51| 0.41
s g gw!  om|  come 0.1 oo emm| o] oo

3=3 {750 [450° 0.389 5 0.376 |26.23 [0.014 1.102 | 0.75 ] 0.64
s [ g6 o 0.00 ol oot oow|  em| o

3-4 1850 4500 {0.389 19.02 10.377  |26.29 {0.0133 .18 0.84] 1.09
5 e g  en| oo 0.1 oo} omest  owm| o

3-5 |950 [450° 0.33% 15.01 [0.377 126.44 H0.0132 1.312 | 0.841 1.12
15 100 05| ox2| aoon o1 aooos| oous|  om| o

3-6 |950 |450° 0.389 15.02 {0.382 [25.89 {0.0139 .38 0.85; .07
X oot o] el o

3=7 {390 [450° 1.472 | 1.02| 0.8%
5 o 0% 0.00% 0.1 coon! ooml eml e,
3-8 (855 [450° 0.188 .27 [0.386 [24.19 10.014 1.2571 0.95| 0.8
5 e go|  onl  comm 0.1 ooms| oom] om| o
3-9 753 [450° 0. 185 15.27 10.385 |24 C.0138 |[1.087| 0.77 | 0.65
8 o !  o2| oo ¢l ooos| ooes|  aml oo
3-10(652 0.63| 0.92
L0
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Table 10E
6 S e R

RPN [Vave  [H20mdot | Twi |ARmdat | Tar_i | Qcond [UAcond [WMiDeond | Two | th-isgt_q
Data ssffing kgés o ke/s o | kW | KWK of oC €|
15 [P0l 67 [0.35  1%.63 0.3 [2.6 &8 |LI8 &7 |9.68 0.2

M) e -8 L LW [ 0. 0_.19 0.8 0.2 0%
147 1606 |67 |0.389 [ 0.3 |22 5.2 |5 .5 |50.23 0.79

-1 jug -0 LR 0.0 41 o4 LR L& L2 ol
18 702 |7 [0.401 7.5 10,32 1225 B8 |13 (.1 [50.48 10.73

] figd 0.8001 [ 0.00%8 0.1 [, 18] .5 L% 0.51
1 B0 7% [0.38 .27 0.3 2.6 5.5 |18 (%32 [50.55 10.56

5 o -5 the ] 0. 0059 '8} Lo+ [ L& [%. 1 0.5
110325 [675°  [0.979 [47.16 0.1 |27.46 .65 .27 [4.46  150.69 |0.74

] i d - 5} {1 g 0008 K] 18] Ly .61 [ ¥. ] .9
31 55 [ D.BI% [1L.% 0.3 6.8 [6.80 LV P.82 BB L8|

5 ] 05 o 00068 '8} [N L¥ 4.7 1. 1 L&
320650 [450° (0,383 {1489 [0.375 (264 [6.85 |L2¢ 5.5 |97 |1.2

-] 1o 5] vk} 0.00%3 '8} 1] LK .64 0.2 1]
33 (™0 [50° (0.3 |l [0.9%6  |%.23 [8.82 |LZ7 16.%  |19.51 [L.02

-3 n E8 LR 0.007 &1 oS (R .73 (¥ ] [1X:.]
34850 [50° (0.3 (502 [0.37  |%6.28 |08 |13 6.8 [19.93 [0.6

= jiod ¥-5 &g .00 'K .05 LR 168 0% 0.8
35 180 [450° [0.3%5 |B.01 [0.37 |64 [6.95 |L.26 5.5¢  [19.26 [0.%8

1H 10 w03 [ kv 003 [4] 056 (AT} [+ §] . ] oM
35 |90 450° 0.9 |15.02 [0.382 (5.8 [9.07 [L.31 6.3 [20.02 0.9

5 i -8 0.2 0.007% 8] .05 1§} . o.ﬁéus LK:]
37 |80 M50 .10 [5.18 [0.38 4.4 8.5 LB 753  124.5 [2.06

-] i £8 j Rer] 30058 8] (1] Lo :K ] L2 0.8
38 |85 50°  |0.188 5.7 [0.3% (2413 8.5 |LI8 [.46  |B.€9 |1.9

5 0* E-B LR 1.0%78 [} L [X1] |+ ¥1] 0.3 [T §]
39 |73 [50° 0.5 5.7 [0.3%5 (¢ 7.9 (LU 6.8 B0 1.5

5 [ ] 1 005N ' 005 B.1 &6 [¥.3 o
3100652 |[90°  |0.188  [15.26 [0.38¢ [23.91 [5.67 1.3 [6.%5 |21 |L43

-] m E-B [1ed 0.0057% B.ll [1§:.] N} 5.6 L% 1.8
SRR R A R R R TR A
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Table 11A: The Effect of Condenser Cooling Water Temperature
1K T

Qreg | Qreg
RPM  |Valve H2Omdot | Twi  |ARmdot | Tairni [(BQ)  [|(vep) |EFFreg
Data setting kq/s oC kg/s oC KW | kW
5-1 |650 |985° 0.3%6 15.24 0.388 | 22.89 [0.22 -0.0¢ 0.2
15 100 x5! ox 0.00372 0.1l o.m 0.01 0.0
5-2 |650 [585° 0.3% 24.96 {0.385 23.0¢ {0.19 |-0.03 1l0.15
15 0 %S 0.3 £.00372 0.1 0.03 0.0t 0.01
5-3 {650 [58%5° 0.3% 27.67 |0.385 23.66 10.17 1-0.03 |0.13
15 0 *x05) 0. 00072 0.1 0.03 0.01 0.01
5-4 1650 |585° 8.3%6 30.79 |0.384 23.55 |[0.16 (-0.03 lo.11
15 0 o8| o 000272 0.1 0.03 0.01 0.01 |
5-5 |650 |585%° 0.396 45.59 |0.381 23.87 |0.11 |-0.03 }0.05
-2 I x-03] o0.x 0.00372 0.1 oo 0.01 0.01
S-6 [690 [&15° 0.396 28.65 10.386 23.83 |0.28 |-0.0¢ |0.18
18 0 05| om 000372 o1l g.0e 0.0t 0.01
S=7 |75 |615° 0.3%6 356.01 10.384 23.97 [0.22 |-0.03 |0.13
18 100 %05 0.2 000372 0.1 0.03 0.01 0.01

m

Table 11B

Wcomp |Weomp
RPM  [Vaive H2Omdot | Twi  [ARmdot | Talrd | Torque |[(mec) [(rev) [Ecomp
Date setting [ ka/s | o | kg/s | o | im | kW | ww | ww
5-1 |650 |[o89° 0.396 19.24 0.388| 22.89 [0.0112 [0.76 |[0.56 [0.44
15 w| «m| ox| cogw 8.1 0.0 oer| om| om
S5-2 [650 [o85° 0.3% 24.56 10.385 23.0¢ 10.0138 [0.938 [0.72 [0.61
15 e €065 ox| ocomw o1 p.004 | o.omw]| om| om
§-3 |650 {585° 0.3%6 27.67 {0.385 23.66 10.0144 )0.979 {0.74 [0.62
15 0 ®05| oxi oo o s.ome] 0.0 02! 001
5-4 |650 |o85° 0.396 30.79 10.384 23.55 [0.0155 |1.094 {0.75 10.64
_1s 0 x0s] ow|  goom 0.1 c.o04{ o.mes{ o.02| oo
5-5 |650 [585° 0.3%6 45.59 [0.381 23.87 [0.02 1.36 0.84 |0.82
sl e w0l owl oo 0.1 c.oos! o0.0im! o} oo
56 |690 [515° 0.3% 28.65 10,386 23.83 [0.0153 {1.106 [0.78 {0.67
15 0 0l ox| oomm 8.1 gooel o.ows! ol oo
5-7 1675 [615° 0.396 36.01 |D.384 23.57 |0.0176 |1.244 [0.82 {0.83
15 0 | om| oomn 8.1 0.0041 0.04m| 0.02| 0.1
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AN (Vo [20mot [T (Rmdet | Tob [RATD refmcctt  lekmeef  boydde il |t

Dake tting ke /s o kil’ o ke/s
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o > @l anl  cow &l L. Lo L 0 col oo [
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8 wl =0 ol e S £ X aed  odwd|  oa
5 IR R 0,2% 2.8 (L5 |00 0.2 101 L 0, 1398¢ (8.9

] o b s Lt Lo L5 L& o2 -] 6.0 .1
S K3 [g15° 0.5 L L6 0. 04538 079 1@ L9 (A1 9.7

8 o 5 . EY: | s o &0 [CTEE L
57 g5 [l [0.3% 09 |uw In.usma ]a.ez L3 Lz lu.m 7.8

8 s x4 il am e £ el ttw|  on

Table 11D
P v [0mdol (Tl [ARemdet | Tord [Qeepr [Qepoo (Qevpowt vy UWTep | Teo | W L]

| Dol | s Lo | igh | o | W | W LR 7S I I
§=1 | [P 0.3% (5.4 .38 2858 [A5E 0¥ |23 10.89 (0.007%513 {0.006%74

1] » L 5] L2 L0017 &t ﬂi! L [ ] .08 Lot th [ e ] [ 5
57 |6 [559° 0.3  14.9% (0.3 |[AM |6 WX R 0.3 |21 1L78 1000762 (0,074

s o xo| to| e &l am 53 L o tel _wn| ol uER
5-% |60 |9 ]U.396 7.8 0¥ [Bs 5% 97 59 0374 |1L83 2.4 (0.0880¢2 |0.00752

a id xe) eol gt 1) [ el am 1l aml cmm| v
S |20 [P 0.3% (.29 0¥ [AF [5.4 32 5 0.3% |10.82 L9 |0.007833 0.007611

] o €81 el oo Ll 1] [T al ot t?| wm| oo Xz
5 Eiei ‘0.386 €9 0.8 138 [5M KRCI N 7] 0.582 6.3 1539 |0.008264 |0.008433

- Lol - [ 54 xR A .3+ T4 i __m__r:.n o2 ) pdiein of 190
54 135 Iﬂ.395 B4 LB (BB LR 508 5% 0.4 |1L73 1LY (000751 [0.001H

5 r | & LR L7 al Lo e L0+ L3It L7 g_u.m LE
57 |88 |8 0.3 (%01 (0¥t |35 |6V 4,3 1608 0.4 |05 13,05 0.007301 |0,007058

8 ol s3] exl am Gl ] e i) gy Lé| omt omml c¥a




RPM |Vave  |H2Omdot | Twi  [ARmdot | Tair.i | Goond [UAcond [LMTDcond | Two M~tsat_4
Dala satting kg/s °C kg/s of KW | kw/K oC of of
5-1 |650 [589° 0.3% [15.24 D.388) 22.89 {6.0¢ [L.16 (5.2 18.48 {1.4)

-] 1 X085 Q32 0.0m72 1 0.05 %3 LA 0% 088 |
5=2 (650 |o8%° 0.3% [24.56 0.385 [23.04 [6.4¢ [1.16 [5.55 27.54 |-1.1

5 0 X-05 0.3 0.00372 0.1 0.0% 0.18 1.5 0.2 R [1%4]
5-3 (650 {o8%° 0.3 |22.67 0385 [23.66 [6.25 {118 |5.24 30.52 (1.82

-] n* X-05 032 0.00372 0.1 'R, [ ] 0.8 0.2 021
5=4 1650 1589° 0.3%6 [30.79 [0,38¢ [|3.5 [6.05 {1.2¢ 4.8 R.62 1.7

] |1 g x5 [ 80 <4 000372 0.1 004 0.2 0.8 0.2 0.68
5-5 |650 [58%° 0.3% 145,59 |0.381 |23.87 |5.7 {148 [3.85 48.44 (1.22

15 i d x5 &2 0.00372 0.1 .04 0.26 0.68 0.% 0.5
5-6 [690 |el5° 0.3 [28.65 |0.386 [23.83 l6.2] (118 |5.28 3184 [2.49

5 i EL5 0.2i 0.0 L] o.0s o.p 5% 0 8.2
57 [675 [615° 0.3% [36.01 [0.38¢ [3.5% }6.5 [1.31 |5.01 39.0¢ (2.7}

5 i X5 oR|  nomn i e 8.2 &Nl 0% .8
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Table 12A: Effect of Throttle Valve Setting
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Qreg | Qreg
RN {Vdve H20mdot | Twl  [ARmdot | Taroi [(g) [(vep)  |EFFreg

Data setting kg/.-. oC kg/s oC kW | kW
1-1 [540 [653° 0.381 48,12 [0.3%  [26.8 [0.38 |-0.03 ]0.1S

[} il I £-05 . 000171 [/ ] .06 0.01 0.01
1-2 [549 |[675° l0.38¢  [48.13 {0.383 [26.92 [0.16 [0.22 (0.3

-] e £ .12 000369 Lt 0.03 {1.04 0.0t
1-3 [550 |698° 0.366 [46.92 10.38¢ [272.21 (0.13 [0.17  [0.34

-] e x£-03 0.12 0.007 '] 0.02 0.03 0.01
14 |55 |720° 0.377 43.71 0.376 7.6 0.12 |[c.11 ro.ﬁ

] 0 €05 0.3 00034 0.1 0.0 8.03 0.01
1-5 {556 [731° 0.3 [48.28 [0.377 |27.75 [o.08 [0.0? [0.43

[+ 0 %05 0.1 0.00382 0.1 0.03 0.02 .01
2-3 {540 |0° 0.376 14.92 10.37188 [27.21 (0.3 |-0.03 [0

-] r €08 0.12 0.00369 1 0.01 0.01 0.02
2-4 540 [450° 0.365 14.91 {0.37188 [27.11 {0.05 |-0.03 [0.03

] e 7605 0.2 0.00349 0_._1 0.01 0.01 0.02
2-5 [540 |630° 0.366 “4.75 [6.3722 {22.1 [0 -0.02 |-0.21

15 [ E-0% 0.2 3.00348 01 0.0l ] .09
2-6 [540 [540° |6.373 14.92 [0.368 [27.21 [0.14 [-0.0¢ [o.15

3 12d 05 0.32 0.00361 0Ll oL 0.01 0.2
2-7 |530 5400 0.384 14.71 [0.37%5 |27.7¢ |0 -0.01 [-0.11
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Table 13A: The Effect of Condenser Cooling Water Mass Flow Rate
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Table 13E
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Of the forty-six tests that were run, seventeen were run to
study the effect of compressor crank shaft speed, seven were run
to study the effect of condenser cooling water temperature,
eighteen were run to study the effect of throttle valve setting,
and four were run to study the effect of condenser cooling water
mass flow rate.

1. Compressor Crank Shaft Speed

The tests to study the effect of crank shaft speed on
system performance were divided into two categories: those tests
in which superheated refrigerant vapour left the evaporator and

those in which a wet mixture left the evaporator.
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Fiqure 58: Effect on Thermodynamic Cycle of Crank Shaft Speed
When Superheated Refrigerant Leaves Evaporator

The effect on the thermodynamic cycle of varying
the compressor crank shaft speed when superheated vapour leaves
the evaporator is depicted in figure 58. The following quantities
increased when the speed was increased: the compressor outlet to
inlet pressure ratio, the refrigerant specific enthalpy rise
through the compressor, the refrigerant enthalpy drop through the
condenser, the amount of refrigerant superheat at the compressor
inlet, and the evaporator inlet quality. The compresscor inlet
pressure decreased as the crank shaft speed was increased. The
refrigerant enthalpy rise through the evaporator remained

constant within the range of experimental error.
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The refrigerant mass flow rate remained constant
within the range of experimental error. The refrigerant mass flow
rate was deternmined three different ways: by using the flowmeter
reading, by applying the first law to the condenser, and by
applying the first law to the evaporator. Each method confirmed
this observation.

The torgue applied to compressor crank shaft by the
motor decreased slightly when the crank shaft speed was
increased. The work rates, Wcomp_mec and Wcomp_rev, on the other
hand, increased when the speed was increased.

The heat rate, Qevap, remained constant within the
range of experimental error while the evaporator’s overall heat
conductance, UAevap, decreased and it‘’s log mean temperature
difference, LMTDevap, increased when the crank shaft speed was
increased. The heat transfer rate, Qevap_wet, decreased when the
speed was increased.

The heat rate, Qcond, increased when the speed
increased while the condenser’s overall heat conductance, UAcond,
and log mean temperature difference, LMTDcond, both remained
constant within the range of experimental error when the crank
shaft speed was increased.

b. Wet Mixture Leaves Evaporator

The effect on the thermodynamic cycle of varying
the compressor crank shaft speed when wet mixture leaves the
evaporator'is depicted in figure 59. The following gquantities

increased when the speed was increased: the compressor inlet to
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Figure 59: Effect on Thermodynamic Cycle of Crank Shaft Speed
When Wet Mixture Leaves Evaporator

outlet pressure ratio, “.he refrigerant enthalpy rise through the
compressor, the compressor outlet pressure, the refrigerant
enthalpy drop through the condenser, and the refrigerant specific
enthaipy rise through the evaporator. The compressor iniet
pressure and evaporator inlet gquality decreased as the crank
shaft speed was increased. No simple trend was observed for the
amount of compressor inlet superheat; sometimes the amount of
superheat increased and sometimes it decreased as the crank shaft

speed was increased.

The refrigerant mass flow rate increased slightly

as the crank shaft speed increased.

No simple trend was found for the torque applied to
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the compressor crank shaft by the motor. The work rates,
Wecomp_mec and wcomp_rev, on the other hand, increased when the
speed was increased.

The heat rates, Qevap and Qevap_wet, increased as
the compressor’s crank shaft speed was increased. No simple trend
could be found for the evaporator’s overall heat conductance,
UAevap, and it‘’s log mean temperature difference, LMTDevap.

The heat rate, Qcond, increased slightly when the
speed increased while the condenser’s overall heat conductance,
UAcond, and log mean temperature difference, LMTDcond, both

remained constant within the range of experimental error.

2. condenser Cooling Water Temperature

In all seven tests that were run to study the effect of
condenser cooling water temperature, a wet mixture left the
evaporator. Tests were run with temperatures ranging from 15 to
45 degrees Celsius. The effect on the thermodynamic cycle of
varying the water temperature is shown in figure 60. The
following quantities increased when the water temperature was
increased: the compressor inlet to outlet pressure ratio, the
evaporator inlet quality, the compressor outlet pressure, the
compressor inlet pressure, and the refrigerant enthalpy rise
through the compressor. The following quantities decreased when
the water temperature increased: the refrigerant enthalpy rise
through the evaporator and the refrigerant enthalpy drop through

the condenser.
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Figure 60: Effect on The Thermodynamic Cycle of Condenser Cooling
Water Temperature

No simple trend could be found for the refrigerant mass
flow rate or the compressor inlet superheat.

The torque applied to compressor crank shaft increased
when the water temperature increased. The work rates, Wcomp_mec
and Wcomp_rev, also increased.

No simple trends were found for the heat transfer rates
Qevap and Qevap_wet or for the evaporator overall conductance,
UAevap. The evaporator’s log mean temperature difference,
LMTDevap, remained constant within the range of experimental
error.

No simple trend was found for Qcond. The ccndenser’s

overall heat conductance, UAcond, and its log mean temperature
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difference, LMTDcond, both remained constant within the range of
experimental error.

3. Throttle Valve Setting
The tests to study the effect of throttle valve setting
on system performance were divided into two categories: those
tests in which superheated refrigerant vapour left the evaporator
and those in which a wet mixture left the evaporator. Tests were
run at throttle valve settings ranging from fully open to 730

degrees from fully open.

a. Superheated Vapour Leaves Evaporator
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Figure 61: Effect on Thermodynamic Cycle of Throttle Valve
Setting When Superheated Refrigerant Leaves Evaporator

The effect on the thermodynamic cycle of varying

the throttle valve setting when superheated vapour leaves the
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evaporator is depicted in figure 61. The following quantities
increased as the throttle valve was closed: the compressor inlet
to outlet pressure ratio, the refrigerant enthalpy rise through
the compressor, the refrigerant enthalpy drop through the
condenser, the amount of refrigerant superheat at the compressor
inlet, the refrigerant enthalpy rise through the evaporator. The
following quantities decreased as the throttle valve was closed:
the compressor inlet pressure, the compressor outlet Pressure,
and the evaporator inlet quality.

The refrigerant mass flow rate decreased as the
valve was closed.

No simple trends were observed for the torque
applied to compressor crank shaft by the motor or the work rates,
Wcomp_mec and Wcomp_rev.

The heat transfer rates, Qevap and Qevap_wet, and
the evaporator’s overall heat conductance, Udevap, decreased as
the valve was closed while the log mean temperature difference,
LMTDevap, increased.

The heat rate, Qcond, and the log mean temperature
difference, IMTDcond, decreased as the throttle valve was closed
while the condenser’s overall heat conductance, UAcond, remained
constant within the range of experiumental error.

b. Wet Mixture Leaves Evaporator

The effect on the thermodynamic cycle of varying

the throttle valve setting when wet mixture leaves the evaporator

is depicted in figqure 62. The following quantities increased when
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Figure 62: Effect on Thermodynamic Cycle of Throttle Valve
Setting When Wet Mixture Leaves Evaporator

the valve was closed: the compressor inlet to outlet pressure
ratio, and the compressor outlet pressure. The compressor inlet
pressure decreased as the throttle valve was closed.

No simple trend was observed for the refrigerant
mass flow rate.

The torque applied to compressor crank shaft by the
motor remained constant within the range of experimental error as
did the work rate Wcomp_mec. The work rate, Wcomp_rev, on the
other hand, increased as the throttle valve was closed.

All other quantities remained constant within the

range of experimental error.
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4. ] Wat w_Rat

Tests were run for water mass flow rates ranging from
0.180 to 0.389 Kg/s. The tests could be divided into two
categories: those tests in which superheated vapour left the

evaporator and those tests in which wet mixture left the

evaporator.
a. superheated Vapour Leaves Evaporator
10 e RSTTOS Sl
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Figure 63: Effect on The Thermodynamic Cycle of Condenser Cooling

Water Mass Flow Rate When Superheated Vapour Leaves
Evaporator

Figure 63 shows the effect on the thermodynamic
cycle of varying the water mass flow rate when superheated vapour
leaves the evaporator. As the water mass flow rate decreased the
following quantities increased: the compressor inlet to outlet

pressure ratio, the compressor outlet pressure, the compressor
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inlet pressure, the quality at the evaporato:r inlet, the enthalpy
rise through the compressor. The following guantities decreased
when the water mass flow rate was decreased: the enthalpy drop
through the condenser, the enthalpy rise in the evaporator, and
the amount of superheat at the compressor inlet.

The refrigerant mass flow rate decreased when the
water mass flow rate decreased.

The torque applied and mechanical work done on the
compressor crank shaft increased as the water mass flow rate
decreased. The work rate, Wcomp_rev, remained constant within the
range of experimental uncertainty.

The rate of heat transfer in the condenser and the
condenser’s overall heat conductance decreased when the water
mass flow rate decreased. The condenser’s log mean temperature
difference remained constant within the range of experimental
uncertainty.

The total rate of heat transfer in the evaporator,
its overall heat conductance, and the rate of heat transfer in
the portion of the evaporator where refrigerant boiled, all
decreased when the water mass flow rate decreased. The
evaporator’s log mean temperature difference remained constant
within the range of experimental uncertainty.

b. Wet Mixture Leaves Evaporator

Figure 64 shows the effect on the thermodynamic

cycle of varying the water mass flow rate when a wet mixture

leaves the evaporator. As the water mass flow rate decreased the
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Figure 64: Effect on Thermodynamic Cycle of Water Mass Flow Rate
When Wet Mixture Leaves Evaporator

following quantities increased: the compressor inlet to outlet
pressure ratio, the compressor outlet pressure, and the quality
at the evaporator inlet. The following quantities decreased when
the water mass flow rate was decreased: the enthalpy drop through
the condenser, the enthalpy rise in the evaporator, and the
enthalpy rise in the compressor.

The refrigerant mass flow rate decreased when the
water mass flow rate decreased.

The torgque applied and mechanical work done on the
compressor crank shaft increased as the water mass flow rate
decreased. The work rate, Wcomp_rev, increased as the water nass
flow rate decreased.

The rate of heat transfer in the condenser and the
condenser’s overall heat conductance decreased when the water

mass flow rate decreased. The ccndenser’s log mean temperature
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difference remained constant within the range of experimental
uncertainty.

The total rate of heat transfer in the evaporator,
and the rate of heat transfer in the pertion of the evaporator
where refrigerant boiled decreased when the water mass flow rate
decreased. The evaporator’s overall heat conductance increased
when the water mass flow rate was increased. The evaporator’s log

mean temperature difference remained constant within the range of

experimental uncertainty.
C. Accounting for Unsteadiness

The process inside a reciprocating compressor is inherently
unsteady (i.e. at any given instant the time derivatives of the
refrigerant properties are not zero). For this reason steady
state conditions could not (even in theory) be achieved with the
system that was run. At best, quasi-steady state conditions could
be achieveq, meaning that the properties of the refrigerant
fluctuated slightly and about essentially fixed average values.
It will be shown that neglecting unsteadiness made a negligible
contribution to error in the results by considering how REFmdot_c
was calculated.

Equation (93) is the first law written for the control volume
defined by the water space inside the condenser; (94) is the
first law written for the control volume defined by the
refrigerant inside the condenser. In each equation unsteady terms

are included on the right hand side.
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. dr
Qg * H20mdOt H20CP (£~ ) = (mcp—d-{} (93)
H20
’ - = 47 + (mC —-—dT) (S4)
~Ocons * TOEMAOL_C (By=hy) = (mC, T )mm 5 o

In equation 94 it is assumed that fluctuation in the mass of R12
liquid and vapour inside the condenser can be neglected.

Adding (93) and (94) we obtain

dT
H20mdot H20cp (t;-t,) + refmdot c(h,~h,) =(mc;?ﬁ) +
H20
dT dT
imC —= -+Pnc —
( P dt R1lxgas Pdt Ri1z2lig

(95)

The data acquisition program scanned the thermocouple
channels twenty-five times. The average value of the readings for
each channel were then used in calculations. Hence the values
used in the data acquisition program are more applicable to (95)
if it is time averaged over the time period of the scans
(approximately seven minutes). The time averaged version of (95)
can be solved for refmdot_c provided that the derivatives on the
right hand side of (95) are the average values of the derivatives
over the period of the scans. These derivatives were approximated
in the data acquisition program as the temperature change between
two successive scans divided by the time interval between the
scans. The average of the derivatives over the scanning period
for the channels corresponding to twi, two and t3 were used to
evaluate the terms on the right hand side of (95) for all the
tests that were run. It was found that these terms contributed

less than one percent error to the calculation of refmdot_c, far
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less than the uncertainty in the calculation of refmdot_c which
was usually abeout ten percent.

D. Elashing in the Flowmeter

Flashing in the flowmeter occurred in nine of the forty-five
tests that were run. Before tests were run it was expected that
flashing would occur when the compressor outlet to inlet pressure
ratios were lowest. It was expected that under such conditions
the flowmeter might provide some of the necessary throttling.
However, it was found that at some low pressure ratios flashing
did not occur while at some of the higher pressure ratios it did.
E. Both Sides of Regeperator Decreasing in Temperature

When the refrigerant exited the evaporator as wet mixture the
thermocouple readings often indicated that what appeared to be
slightly superheated refrigerant vapour in the low pressure side
of the regenerator decreased in temperature while the liguid in
the other side also decreased in temperature. It was concluded
that the low pressure side of the regenerator actually contained
refrigerant which was still boiling, not superheated vapour.
Uncertainty in the calculation of the refrigerant superheat
resulted from uncertainty in the thermocouple readings and
uncertainty in the pressure gage readings.
F. Regenerator Desuperheating Refrigerant Entering Compressor

In four tests superheated vapour entered the regenerator at a
temperature higher than the temperature with which liquid exited
the regenerator. In these tests the vapour was cooled in the

regenerator, and the liquid side was heated.



XTI - COMPARISONS BETWEEN
SIMUILATION RESULTS
AND EXPERIMENTATI. DATA

The tables and figures in this chapter compare the
experimental data to results produces by the simulation program.
On the left side of the tables the operating conditions are
listed (which is also input to the program). On the right side of
the tables, the experimental data are placed above the simulation
results.

A. The Effect of Compressor Crank Shaft Speed

The program was successful in predicting the trends in system
performance when the compressor speed was varied. The trends
indicated in table 14 and in figure 65 are in agreement with the
trends that were observed in the experimental apparatus.
B. The Effect of Throttle Valve Setting

The trends in system performance that occur when the throttle
valve setting is varied were also successfully predicted by the

program. Figure 66 and table 15 indicate the trends.
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C. The Effect of Water Mass Flow Rate

Figure 67 and table 16 show the trends in system performance
predicted by the simulation program for varying water flow rate.
The trends shown in the table 16 and in the figure 67, with the
exception of the trend indicated for REFmdot, are in agreement
with experimentally observed trends. In the experimental system,
REFndot decreased by an amount that was negligible when
uncertainty was taken into account.
D. Ihe Effect of Condenser Cooling Water Temperature

The program successfully predicted the trends in performance
when the water inlet temperature was varied. Table 17 and figure

68 show the trends.



Table 14:

Trends in Performance When Compressor Speed Varied
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Table 15: Trends Predicted by Simulation Program When Throttle

Valve is Closed
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Table 16: Trends in Performance Predicted by Simulation Program For
Varying Water Mass Flow Rate
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Table 17: Trends in Performance Predicted by The Simulation Program

For Varying Water Inlet Temperature
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XIX-. CONCLUSITONS AND

RECOMMENDATIONS

The computer program was capable of predicting the system
performance trends when the compressor crank shaft speed,
throttle valve setting, condenser cooling water mass flow rate,
and condenser cooling water temperature were each independently
varied.

The condenser capacity, CnD.Q thermo, evaporator capacity,
EvP.Q_thermo, and Ecomp were always predicted within 10 percent.
The refrigerant pressures at the compressor outlet and inlet
aiffered by as much as 0.03 MPa from the experimental values (the
corresponding saturaticn temperatures differed as much as 2
degrees Celsius). This is not very significant because the
maximum pressure differences in the cycle were between 0.3 and
0.9 MPa. The predictions of refrigerant temperature at the
compressor inlet, compressor outlet and evaporator outlet,
however, differed by as much as 20 degrees Celsius from the
actual values.

There are two general ways in which the simulation program
can be improved. One way is to increase the number of system
types that can be simulated (for example, by adding the
capability for water to water system simulation). The other way
is to make the simulation of air to water systems more detailed

(for example, by altering the evaporator module so that fin
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spacing and thickness become inputs to the program so that their
effect on system performance can be studied directly).

The easiest improvement to make to the simulation program
would be to add property subroutines that would allow the
simulation of systems that operate with refrigerants other than
R12 and R22. It would be especially appropriate for the program
to simulate systems working with Rl34a, the proposed alternative

to R12 after the phase out of R12 [20].
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Condenser Modelling



APPENDIX T

A. Modelling Equations For €oil in Tank Condenser

The amount of heat transferred by the refrigerant as it
passes through the dry portion is given by
Q_HTdry = UA_dry' Lcond_dry LMTD_dry (96}

where UA_dry’ is the overall thermal conductance per unit length
for the dry portion, Lcond_dry is the length of the dry portion,
and LMTD_dry is given by

£,-C,
ln{ cz-tw] ( 97)
Le.mCy

where t2 is the refrigerant inlet temperature, tw is the water

LMTD dry =

temperature, and tx ics the temperature of the refrigerant at the
end of the dry portion. The overall thermal conductance (on a per

unit length basis) is given by

UA_dry’ = — 1

(98
R.i.r: + R;u: * Ria.l.l )

where Rin‘’, Rout’, and Rwall’ are thermal resistances:; Rin’ is

given by

R! = 1 (99)
- 5i,,_¢o,,d_d,y (2 = Radius_cond)

Rout’ is given by
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1
Rl
B cona ary (2T (Radius_cond+2 thick)) (100)
and Rwall is given by
1nf Radius cond+2chick)
roL n( Radius cond (101)

R

hin_cond dry and HRout_cond dry are the inside and outside

convection heat transfer coefficients for the condenser’s dry

portion respectively. Radius_cond is the inner radius of the

condenser coil, and thick is the thickness of the condenser

coil.
By combining (96) with the first law of thermodynamics, the

following expression for Lcond_dry may be derived:

Lcond dry =

- REFmdot C -
p’lh( Ex-Tw (102)
UA_dry’ t2-Tw

The refrigerant side wall temperature at the point where

condensation begins, twallx, is given by

- tx - €
tx ﬁyallx = — v (103)
R-‘n Rin + Rwal.l + Rour:

where Rin’ and Rout’ are determined using local heat transfer
coefficients. Recall that a discontinuity in the wall temperature
was assumed to occur immediately downstream of this point. The

vaiue of twallx equals tsat2 if the local value



of fin _cond dry is used to determine Rin’.

The heat transferred in the wet portion of the condenser is

given by

Q_HTwet = UA wet!/ Lcond wet (t. -Tw) (104)
— — — cond

where tcond is (tsat2+tsat3)/2 and UA_wet’ is given by

UA_wet’ = — 1 (105)

R:ral 1 ¥ R:\uc
where fout_cond wet , the outside heat transfer coefficient for

the wet portion, is used to evaluate Rout’. The value of Rin’ is
neglected.
The amount of heat transferred by the refrigerant as it

passes through the liguid portion is given by
Q HTlig = UA_lig’ Lcond lig LMTD lig (106)
where UA_lig’ is the overall thermal conductance per unit length

of the liquid portion, Lcond_liqg is the length of the liquiag

portion, and LMTD_liq is given by
Lsara— by

ln( taacz'tw) (107)
t,-t

w

ILMTD 1iqg =

where t3 is the refrigerant outlet temperature, tw is the water
temperature, and tsat3 is the refrigerant saturation temperature

at the outlet pressure. The overall thermal conductance (on a per
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unit length basis) is given by (98) with fin cond Iig and

hout_cond_I1ig , the inside and outside convection heat transfer

coefficients for the condenser’s ligquid portion respectively,
used to calculate the Rin’ and Rout‘.
By combining (106) with the first law of thermodynamics, the

following expression for Lecond_lig may be derived:

Leond_lig =

- REFmdot C, -

UA_iiq’ Eoqry~TW
When (108) is solved for t3, the exponential nature of the
equation ensures that the second law of thermodynamics is not

violated.

B. Constants Required For Use of Correlation For Natural
e tsid : i zontal Ellintical lind

The following quantities appear in correlation three of table

1: C,, C,, C1, €2 . The following equations were obtained by curve

fitting tabular data [32]:
_ C C\z ol fad
C1 = AC1 + Bcz(—B) + CCI(Ta) + DCJ(TB) . ECJ,(—B) (109)
where
ACl = 1.00008145658;
BCl =-0.0404670767534;

CCl =-0.585564486528;
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DC1 = 0.616704402384;
EC1 =-0.218773936526;
_ . ‘I'C' '52 r£3 l-gd-i* (110)
¢z = lAcz + B2 B) + ccz( B) + DC2| B) + EC2) B)]
where
AC2 = 70.12907661590;
BC2 = -74.1517893003;
CC2 = 140.592145799;
DC2 =-320.462301052;
EC2 = 194.346040535;
C, = Acl + Bel 1In(P,) + Ccl [1n(p,)]? (111)
where
Acl = 0.533885099378;
Bcl = 0.0519665203960;
Ccl =-0.00570411048084;
= C
C, = Act + Bet[=
c Bc (B)
oy cvZ o, v, cy
+ [Ccr: + DCE(TB) + Ect( B) Fct( B) Gcc( B) In(p,) (112)
c .22 + _gs + .Ea 2
+ [Hct + Ict( B) + Jct:( B) ch( B) LCC( B) (In(P.)]

where

Act = 0.106417471100;
Bct =-0.00140960955369;
Cct = 0.00792657837602;

Dct = 0.00548641724353;



Ect =-0.0312646623618;
Fct = 0.0361650917618;
Get =-0.0130581394917;
Hct =-0.00266422274173;
Ict =-0.00122692647805;
Jct = 0.00991883857844;
Kct =-0.0126651236192;

Lect = 0.00496259193808;

C. Meodelling Assumptions For Concentric Tube Condenser

The amount of heat transferred by the refrigerant to the

water in the dry portion is given by

Q_HTdry = UA_dry’ Lcond_dry LMTD dry

where UA_dry‘’ is given by

UA_dry’! = — 1

1 !
Rin + Rouc + Rwa.u

where Rin’ is given by

RI = 1
“®  Ain cond dry= D1
Rout’ is given by
1
R;u: =

Aout_cond_dry = D2

and Rwall’ is given by

(113)

(114)

(115)

(116)
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D2
1nf 2=
/ = _n(Dl) (117}
21:km-p___

where D1 and D2 are the inner and outer diameters of the inner
tube respectively and fin_cond dry and hout_cond _dry are the
inside and outside heat transfer coefficients for the dry
portion. LMTD_dry is given by

(t2-tw,) - (£x-twx)

. n( cz-cWo) (218)
Ex-Cwx

LMTD dry =

for counter flow and by

_ (t2-twi) - (tx~twx)
LMTD dry 1n( t o twi (119)
Lx-twx

for parallel flow.
The amount of heat transferred in the wet portion of the

condenser is given by

Q HTwet = UA wet’ Lcond_wet LMTD wet (120)

where UA_wet’ is given by

UA_wet’ =

1
/

(121)
Rz‘n + R;u: + R:rall

where Rin’ and Rout’ are determined

using fAin_cond wet and fout_cond wet ' respectively; LMTD_wet



is given by

(Copna=TWX) — (. ~Cwxl)
ln{ tmmd-CWX‘) (122)

:C'(J.'ld_ twxl

LMTD wet =

where tcond is (tsat2+tsat3)/2.
The heat transferred in the liquid portion of the condenser
is given by
Q HTIlig = Eff Mcp_min (t_,4~twxl} (123)

where Mcp_min is the smaller of REFmdot*cpf and H20mdot*H20cpf.

The effectiveness, Eff, is given by

1 - EXP[-NTU(1-C,)]

#1L =  EXP-NTO(1=C)] (124)
for counterflow and by
opre = LT BXPI-NTU(L+C,)] (125)

1+,

for parallel flow; NTU is given by UA_lig/Mcp_min and Cr is given
by

- Mcp min (126)
f  Mcp_max

where Mcp_max is the larger of REFmdot*cpf and H20mdot*H20cpf.

Ua_lig is given by

Lcond lig

/

UA_lig = 7 y
R:‘.n * Rau: + Rwau

(127)
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For parallel flow, the temperature of the wall at the

refrigerant inlet can be found from

t2 -~ twallo _ t2 - twi

! ! I i
Rin Rin + Rum.u + Rou:

{128)

where Rin’ and Rout’ are determined using local heat transfer
coefficients. For counter flow, twi is replaced with two in the
preceding expression. The preceding equation assumes that
refrigerant flows inside the inner tube. If this is not the case
then Rin‘’ and Rout’ must be interchanged.

Similar expressions are used to determine the other wall

temperatures:
Lsars = twallxl _ Cones = Lwxl 129
, _—secs _ (129)
Rjn Rin + Rwa.u + Rout

£3 - t:;vall L _ : t3,- twl — (CounterFlow) (130)

R:n Rin * Ruwazr * Rour

_ t3 - tw

t3 tt:rall L . . ——2—— (Parallel Flow) (131)

R:q Rin * Ryajr + Rour

In each case Rin‘’ and Rout’ are determined using the appropriate
local heat transfer coefficients. Again, if refrigerant flows in
the outer tube then Rin‘’ and Rout’ must be interchanged.

twallx is set equal to tsat2 so that tx can be found from

tx - twallx _ LX - twx

! ! ! /
Rin R.Ln + Rwall + Rou:

(132)
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where Rin’ is calculated using a single phase heat transfer
correlation. Because of the discontinuity in the wall temperature
which was assumed to exist at the end of the dry portion, twallx

is found from

tsat:’ - Cwallx - Csar.? = Lwx
7 T 7 7 7 (133)
R.:'n R.x'n + Rudll + Rouz

where Rin is determined using a condensation heat transfer
correlation. If refrigerant flows in the outer tube then Rin‘ and

Rout’ must be interchanged in (132) and (133).

D. The constants in the Correlation For Single Phase Forced
Convection Inside a Circular Annulus

Curve fits of tabulated data for Nuselt number [32] results

in a correiation of the following form

In(N,) = AA0 + A4l 1n(R,) + AA2 [In(&,)]1* + AA3 [In(R )1 (134)

For inner to outer diameter ratios (D2/D3) of 0.2, 0.5, and 0.8,
the values of AAO0, AAl, AA2, and AA3 are related to Prandtl

number, Pr, as follows

AA0 = a0 + a1 ln(P) + a2 [In(P) 1% + a3 [1n(P,)]? (135)
A21 = b0 + b1 1n(pP,) + b2 [In(P,)]1% + b3 [In(p)]> (136)
AA2 = c0 + ¢c11n(P,) + c2 [In(P)]1% + ¢3 [In(P,) 13 (137)
AA¢ = do + d11n(P,) + d2 [In(pP)]% + d3 [1In(p,)]> (138)

For a diameter ratio of 0.1 the values of AAO, AAl, AA2, and AA3

are related to Pr as follows



For a ratio of 0.8 the constants are

ao
al
a2
a3
ho
bl
b2
b3
co
cl
c2
c3
do
d1
d2

d3

For a ratio of 0.5 the constants are

ao

al

+

a1 B, ~ a2 P;

+

b1 P, + b2

c1 P, + c2 P;

+

+

dip, +d2PpP

1.95653;
-0.78983;
0.535249
~-0.17814;
-0.55089;

0.361541

=-0.21566;
0.060355
0.10168;

=-0.03206;
0.023629;

=0.00626;

-0.00248;
0.000994064889374;

=0.000808068534355;

0.000206042209747;

2.33360295243;

7.10734519691;
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(139)

(140)

(141)

(142)



az
a3
bo
bl
b2
b3
co
cl
c2
c3
do
dl
d2
d3

For a ratio of

a0
al
az
a3
bo
bl
b2
b3
cO
cl

c2

n

-6.53028476912;
1.13142256110;
-0.600229843578;
-1.81875243453;
1.70934149506;
-0.294252923828;
0.103244906522;
0.166870147870;
-0.149989870456;
0.0255281984874;
-0.00245835033759;
-0.00501560184824;
0.00438119497035;

-0.000738687062978;

4.12443;
=1.32416;
=-1.13126;

0.312337

-

-D.96663;

0.360112

~

0.303265

-

-0.08244;
0.13072;
=0.02096;

-0.02847;

0.2 the constants are
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€3 = 0.007391;
d0 = =-0.00315;
dl = 0.000377297489018;
d2 = 0.000886119765576;
d3 = -0.000221728409166;

For a ratio of 0.1 the constants are

ao

7.730358%97327;

al = =-3.42550329091;

a2z = 0.376158092501;
a3 = =0.00904377531472;
b0 = -1.80741263547;

bl = 0.917247348933;
b2 = =0.100644880679;

b3 = 0.002420167214;

c0 = 0.193050539135;
cl = -0.0738009156176;
c2 = 0.00827044207261;
c3 = -0.00020006559022;
do = -0.004728782156:;
dl = 0.002011682996;
d2 = -0.000228447546;

d3 = 5.54670680532e-06;

E. Use of Integration to Find Averade Heat Transfer
fici : = Troul |

If refrigerant condenses inside the inner tube then the

average heat transfer coefficient is obtained from the following
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expression [32]:

1 : dx
= {143)
A, -[ A ()
By definition havg is
f05=(z) dz (144)
- "
Pocs = Eg—

Making the change of variable from distance along the tube to

guality, the following is obtained

PR TY]

- dz
‘[Iﬁz(x) —a-;dx

(145)
B -
By applying the first law to a portion of the condenser of
length Az the following is obtained:
DA (x)ATAz = -REFmdot h,, Ax (146)
from which it is easily seen that
dz REFmdot B,
== = - 147
dx nDA (x) AT (147)

where D is the diameter of the tube and AT is the difference

between the refrigerant saturation temperature and the wall

temperature. If A7 is assumed constant then integration of (147)



vields

_ REFmdot R,

~=0
= ) 1
TDAT ’-[: _E: {x)

Substitution of (147) and (148) into (144) yvields

-1
fave  Tiag
1
——dx
;_{‘ h_{x)
from which it is easily seen that

ral

-
|
t_._.‘

[y
Q,
X

A_(x)

avy wu( v
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{148)

(149)

(150)
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Evaporator Modelling



APPENDIX II

A. Finding Outlet Air Temperature And Relative Humiditv

The amount of heat transferred by the air to the refrigerant

is given by

Q_air - AIRmdot [ (Rupp + Wil ) = (M + w b )

oy,

- {w; - w,) =hf,_ ] (251)

where wi and wo are the humidity ratios of the air at the

evaporator inlet and outlet respectively, h,,; and h,;, are the

enthalpies of the inlet and outlet air respectively, hgi and hgo
are enthalpies of water vapour at the inlet and outlet
respectively, and hfo is the enthalpy of water condensate that
leaves the condenser. If frosting accumulates on the evaporator

coil then Q_air is given by

Q_air = AIRmdot [ (Burp + wihg) = (Bap + Wohg)
H @ [ (152)
- (w; - w,) u_ice]

where u_ice is the specific internal energy of the frost at zero
degrees Celsius. The following expression results from
substitution into (151) of linear regression formulae for the
enthalpies of water liguid and water vapour [27] along with the
approximation that the enthalpy change of dry air is equal to its

specific heat capacity multiplied by the temperature change:

170
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Q_air = AIRmdot [ AIRCD (Larg, = Lapp) + W, (2501.1 + 1.82 £, )
- W (2501.% + 1.82 ;) - 4.186 (w,-w.) £, ]

(153)

where L,,; and t,;; must be in degrees Celsius. A similar

expression can be derived using (152). targ, @nd wo can be found

for known values of Q_air, ¢, , and wi by solving (153)

iteratively since wo is either equal to wi or a function only

of Lurgp -

Figure 69 is a psychometric chart on which the three possible
types of processes that the air can undergo are identified.
After process a to b the water vapour in the air remains
superheated. After process a to b the water vapour in the air is
saturated vapour. The temperature of the air after this process
is tdew, the dew point temperature. After process a to d the
water vapour that remains in the air is saturated but some vapour
has condensed out of the moist air. In processes a to b and in
process a to ¢ the value of wi equals wo. In process a to d the
value of wo is less than that of wi. However, the water vapour in
the air at state d is saturated. The value of wo is therefore

given by
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Wl T 1 ) .7 ' :_._.

- * -
P liow [ iy
LD
Figure 69: Processes Air May Undergo In Evaporator

0.622 psat(T,;, )

- 154
%o T TP - psat(T,y,) _ (154)

where psat(T,;. ) is the saturation pressure of water vapour

at t,;; and p is the pressure of the moist air mixture (assumed

not to change during the process). Note that wo is a function

of £, alone.

To decide if wi is equal to or less than wo the value of
Q_air is compared with that of Qac, the amount of heat that is

transferred in process a to ¢. The value of Qac is determined

from (153) with ¢,,, set equal to tdew and wo set equal to wi. If
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Q..air is less than or egual to Qac, then wo is equal to wi:
otherwise, (154) must be used to find wo.

E. t t

Transferred in The Wet Portion
If, in the wet portion, the maximum amount of heat were
extracted from the air, then the air would leave the wet portion

as saturated air at a temperature of tsat6. The maximum amount of

heat transfer possible in the wet portion is therefore given by

Q air = AIRmdot [ AIRCp (Lrp - tsaté) + w; (2501.1 + 1.82¢f,5)

- w, (2501.1 + 1.82 tsaté) - 4.186 (w;,-w,) tsaté ]
(155)

where all temperatures are in Celsius.

C. Calculation of The Ratio of The Area of The Wet Portion
To The Area of The Entire Evaporator

The effectiveness of the wet portion of the evaporator is
given by
-UA wetl
EFF =1 - EXH ————— 156
—wet P( MC min ) ( )
where UA_wet is the thermal conductance of the wet portion and
MC_min is given by

Crax
T

MC min =
ajr, ~

(157)

The effectiveness that the entire evaporator would have if the

refrigerant exited as a saturated vapour is given by

EFF allwet = 1 - EXF( “Uzcaﬁ;’ec) (158)

By isolating the thermal conductances in (156} and (158) the
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following are cbtained:

UA_wet = -MC_min 1n(1-EFF_wet) (159)

UA_allwet = -MC_min 1n(1-EFF_allwet) (160)
Division of (159) by (160) yields

Ud wet _ _1n(l-EFF wet) (161)
UA_allwet  1n(1-EFF _allwet)

The desired expression is then obtained by assuming that the

overall heat transfer coefficients are equal:

Aevap In(1-EFF_allwet)

D. The Thermal Conductance of The Drv Portion

Recall the definition of F as

Ain_evap wet A, w: = F Dout_evap wet A, we: (163)

Since it is assumed the air side heat transfer coefficient is the
same for the dry and wet portions of the evaporator, it follows

that

Rin_evap wet A..p ary = F Hout_evap_dry 2. ary (164)

where Aout_dry is the air side area of the dry portion.

The thermal conductance, UA_wet, is given by

1 1 1
= +
UA_wet  fin evap dry A,., ay HoUt_evap dry A, ary

(165)

By substitution of (163) into (165) and rearranging, the
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following expression is obtained:
VA dry = Aevap dry
- 1 F (168)
Rin evap_dry  Ain_evap wet
It should be pointed out that the value of F is obtained
from
1 R 1 F
= =z Y= (167)
UA_allwet  hin evap wetd,., FRin evap_weta

avap

which after isolating F becomes

P hin_evap wet A, _ 1 (168)
UA_allwet
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APPENDIX IIX
A. Determining Vapour Temperature and Specific Volume Gjven
Enthalpy and Pressure
1. Eirst 2Approximation For Temperature
The first approximation for temperature is given by

-E1 + | EI*-2F1(A_+h_-h) ]/*
E2

t lrst =

(170)

where Aq is given by

A =- (Ez%. N E‘ch) (171)

Equation (170) was derived based on the assumptions that the
vapour behaves as an ideal gas and that the specific heat of the
vapour varied linearly with temperature. The properties tg, vq,
hg are all properties of superheated vapour corresponding to a
reference state at very low pressure, pg, so that, for all
practical purposes, the vapour behaves as an ideal gas.
Therefore, at the reference pressure, the specific heat capacity
at constant volume of superheated vapour can be considered as
being a function of temperature alone. It was additionally
assumed that the specific heat capacity at constant volume was

related to temperature as

C; = E1 + E2¢t (172)
where E1 and E2 are constants (E2 also appears in (170) ) and

El1=FE1+R (173)

177
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where R is the ideal gas constant for the refrigerant (not the
universal value). The constants El1 and E2 were determined by
curve fitting tabulated data [38]. The choice of reference state
ensures that the values of hg and Aq are such that the quantity
inside the square brackets in (170) is always positive.

After a first approximation of temperature is obtained
from (170), a first approximation of specific volume is obtained.

The basis for the approximation was the Redlich-Kwong equation:

RtC Qry
= - 174
P (v=b_,) [£%-5v(v +b,,}] ( )

where a_{rk} is given by

0.4275 R2t2°
b

(175)

ark =

and b_[rk) is given by

b, = 0.0867 Rt ./p, (176)

tc and pc¢ being, respectively, the critical temperature and
pressure of the refrigerant. Rearranging the Redlich-Kwong
equation the following cubic equation for specific volume is

obtained:

vi+a,vi+ra,v+a, =0 (177)

where the constants are given by
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a: = - R _c
P Rth
= — @2 ri 2,
&, = = Dy = * - {178)
€. = - arkbrk
c —
N3

In the program, one root of (177), Vrn, is found by using
the Newton-Raphson method (the ideal gas law provides the initial
guess). The other two roots are found using the quadratic formula

to solve the following equation:

v+ (@, + Vrm)v + [a, + Vrnla, +a,})] =0 (17-)
Hill and Jeter {17] have found that the root of interest is

always the largest of the real roots of (177).

3. 8 3 2 . . : : i£3
Volupe

The first approximations for temperature and specific
volume are then used to calculate enthalpy using the correlation
for the enthalpy of superheated refrigerant vapour. The second

approximation for temperature is then obtained from

r2nd = plrsc o Cpg (h - hirst) {180)

where Cpg is obtained at t*®¢ , The second order approximation

for specific volume is then made using the same method described
in section A.2.. The second approximations are then used as the
initial estimates required for the execution of the Newton-

Raphson method.
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B. Determining Vapour Temperature and Specific V iven

The following expression was derived based on the
assumption that the refrigerant behaved as an ideal gas with

constant specific heats (for details see Appendix X):

1

R BT
t 1rst - [( P VY] c;“y EXP(S - Sy) (pr R (181)
n R

where all the properties denoted with a "y" subscript are
evaluated at an arbitrarily chosen reference state that is within
the range of state points likely to be encountered in the
simulation program.
2. First Approximation For Specific Volume

The first approximation for specific volume is then made
based on the first approximation for temperature. The Redlich-
Kwong eguation of state was solved in order to obtain specific
volume as described previously.

3. s 3 . . For T ! and s i £i
Yolunme

The first approximations for temperature and specific
volume are then used to determine entropy and specific heat at
constant pressure; these values are then used in place of the
properties with the "y" subscript in (181) so that the second
approximation for temperature is obtained and used to generate
the second approximation for specific volume (again the Redlich-

Kwong egquation is used). The second approximations are used as



181
the initial guesses required for the execution of the Newton-
Raphson method.

C. Rl2 Property Correlations
1. Gas Density
The volume of saturated vapour in kilograms per cubic

meter is given by [3]

wlen

- 2
[Es TOU + E11 + E13 TOU ?

ROWI 1 12 1 (182)
+ E22TOU 3 + E23TOU ? + E24TOU 31 M

dg _

[

where TOU is (1-t/TI), M is molecular mass (120.914 kg/kmol), and
TI and ROWI are equal to 385.2 and 4.616 respectively.
Temperature, t, is in Kelvin. The constant on the right hand side
are
E6 = 0.788904825e-05
Ell = -0.1900330949
E13 = -0.5947813469*10
E22 = -0.5126536438e+03
E23 = 0.1142994928e+04
E24 = =0.6905751515e+03

2. Gas Thermal Conductivity

The following equation is used to calculate the thermal

conductivity of R12 in kW/{m k) (temperature is in Kelvin):

K = yi.8¢

g

B c
A+ + 1000
( 1.8t (1.8 c>2)

The constants on the right hand side are:
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>
H

420.391

03]
it

7.167492e+05
C = 1.886802e+08
3. Gas Viscosity
The following equation is used to calculate the absolute
viscosity of R12 gas (in Pascal seconds) at temperatures between

250 and 470 Kelvin [2]:

b, = /T (183)
g (A+ B¢t + Ct? le+06

The constants on the right hand side are
A = 0.75309
B = 188.969
C = -803.786
4. Gas Specific Heat Capacity
The following equation is used to calculate the specific
heat capacity of R12 saturated vapour in kJ/(kg*K}) (t is in

Kelvin) [2]:

Cpg=A+Bt+C‘t2+Dt3 (184)

For values of t less than or equal to 600 Kelvin, the constants
on the right hand side are

A = 0.116661

B = 2.37994¢e-03

C = =2.94788e-06

D = 1.37282e-09

For temperatures greater than 600 Kelvin the constants are
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= 0.427182

= 9.38152e-04

= —=6.89715e~07

o 0o w w»
|

= 1.78066e-10
5. Licuid T it
The following correlation is used to calculate the

density of saturated liquid in kilograms per cubic meter [31:

1 1
de = [AL + BLTOU® + d11 TOU + FL TOU ? + GL TOU®] 16 .01891
(185)

where TOU is (1-t/tc), t is temperature in Kelvin, tc is 384.95
Kelvin. The constants on the right hand side are:
AL, = 34.84
BL = 53.341187
dll = 18.69137
FL = 21.98396
GL = -3.150994
6. Liguid Thermal Conductivity

The following equation is used to calculate the thermal

conductivity of saturated liguid in kW/(mK) for temperatures

between 144 to 344 Kelvin (t is in Kelvin) [2]:

k.= At B (£-273.15)
o 1000

(186)

The constants on the right hand side are

H
i

0.07830

B = -0.000366
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7. Liguid Vi: ity
The viscosity of saturated liquid (in Pascal seconds) is
calculated by the following equation for temperatures between 170

and 340 Kelvin [2] (t is in Kelvin):

i B
Exp[ &+ 2] (187)

He = 1000

The constants on the right hand side are
A = -3.81728
B = 681.713
For temperatures between 340 and 380 Kelvin the viscosity
is given by

2
1000

e =

The constants on the right hand side are
A = -2.36010
B = 0.01591
C = -0.000025
8. Liquid £ ! .
This correlation calculates the specific heat capacity of

R12 liquid in kJ/(kg K) [2] (t is in Kelvin):

C,,=A+Bt+Ct?+D¢? (190)

For temperatures less than or eqgual to 300 Kelvin, the constants
on the right hand side are

A 4.02967e=-02

B

9.71208e-03
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C = —-4.07078e-05

D = 6.25641e-08

For temperatures greater than 300 Kelvin, the constants are

= =16.7169

A

B = 1.83132e-01

C = -6.37959%e-04
D

= 7.47156e-07

9.

The following correlation is used to calculate saturation

pressure in MPa [3]:

t .
_p;at = Exp[—;(sl TOU + B2 TOU*-S + B3 TOU® + B4 TOU® + B5 TOUY)
c

(191)

where TOU is 1-t/tc, and tc and pc are the critical temperature
and pressure respectively (tc is 384.95 Kelvin and pc is 4.125
MPa). The constants on the right hand side are

Bl = -6.9670659

B2

1.6788237
B3 = -4.079537026

B4

]

4.482102063
BS = =-5.064659805
10. Latent Heat of Vaporization
The following eguation os used to calculate the latent
heat of vaporization [12] in kJ/kg:

where t is in Rankine, p is in psia, and dg and df are in pounds



o
1}
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B C 1

= 2.331n(10) (—— S +D]Jp t(dig - =

by = TR0 gt

4

square foot. The constants on the right hand side are
0.185053

-3436.632228

=-12.47152228

4.73044244e-03

11. Vapour Enthalpv
The vapour enthalpy in kJ/kg is given by [3]
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a3, A4
ol 3

+ ZI (338 + 422 4 5AL0,
2 r Cr

A12)

r

+ — (4411 + 5

Ald (192)

t

d;
+ == (6413 +7 £,

r

) + Aa15d?

l|C2 L, - - -

s cqe el

(£2-£3)

(tﬁ—té’)]

where tr is t/tc, and dr is -gL . The value of tc is 384.95

<

Relvin; p, is 557.9993724 = ; t0 is 0.691606532e-01; R is
n

6.876308781e~02 kJ/(kg K). The other constants are
Al = 2.337370817
A2 = -6.41240639

A3

4.830185249



Al

AS

A6

A7

A8

A9

AlO

All

Al2

Al3

Al4d

Al5

Cl

c2

C3

C4

C5

Cé

= -1.965519089

-3.00798019

fl

6.836347882

=3.379592003

3.12596727

=7.177260909

4.136982393

0.4704538125e-02

=-0.1573667708e-01

0.139844784

-0.18631037131

0.1221380142e-01

0.85309%10

= —=0.58573e-01
= 0.3656le~02
= =0.71729e-05
= 0.77377e-08
= =0.35804e-11

= 339.11

12. Vapour Entropy

The vapour entropy is given by

188
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S - Jin(d) +d, (a1 -333 34,
R : : £ o
- & (A5 -.ﬂZ )
2 o
d3
3 £2

d-ﬁ dG da
+ A171 —= + 313 L + A15 L%
4 3 8

1fcif1 _ 1 _ t;
A2 3)

(193)

2

cec .
+ C3t (t,m8,) + S (ti-)
cs ¢t c6 t2
+ € (t;-td) < (c:—cé)]
+ L
R

where the value of y is 1.33018. The values of all the other
constants are listed in section C.11 of this appendix.

13. Eguation of State
The equation of state for R12 vapour is [3]
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2 =1+d,(az1 - Az _A_-z. A_:
pRC : s o
+ df(AS +.é§ +.§Z)

t 2
\ r t;
+ dr3 (A8 + ﬁ + AIO) (194)
t 2
\ r t;
[
+ at{azz + Alz)
\ C:

v df (Al.? + Ag‘) + a15d®

I

The definitions of tr and dr and the values of all constants are
given in section C.11 of this appendix.
D. R22 Property Correlations
1. Gas Density
The following correlation was used to calculate the
density of saturated vapour coefficients for saturated vapor in

kilograms per cubic meter [3]:

4 s
dg_ _ [ g1 + ESTOU® + E6 TOU? +E7 TOU

wio

ROWT
7 e 2 _2
- EQTOU? + ES TOU? + E10 TOU? + E12 TOU 3 (195)
_5 o _8
+ EI15TOU 3 + E17 TOU 3 + E18 TOU 3 + Ezoln(—z%)] M

where TOU is 1 - t/TI, TI is 369.3, ROWI is 5.9328, and M is
86.469. The other constants on the right hand side are
El = -0.1125494951

ES 489.2280363

Es =1227.271507

n
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E7 = 1629.238081

E8 = -859.194511

E9 = =144.0371655

E10 292.5609255

E1l2 = ~0.002447993522

El5 = 0.00001815569814
E17 = -0.0000004028006124
E18 = 2.289562605e-08

E20

94.65371017
2. Gas Thermal cConductivity
The thermal conductivity of saturated vapour in kW/(m K)
is calculated using the following correlation [21 (t is in
Kelvin):

- (A +Bt)
g le+06

{196)
The constants on the right hand side are
A = -3.038488
B = 0.048685
3. Gas Viscosity
The viscosity of saturated vapour (in Pascal seconds) is

calculated by the following equation [2]:

m[a+‘—2]
le+06

(197)

By =

H
Il

5.804344

-279.8194
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4. Gas Specific Heat Capacity

The specific heat capacity of refrigerant vapour is given

by [33]

where Cv is given by

Cv=a1+bt:+cc2...dt3_&f?(g,?vrq-%vg-pgvg

£ 3
i (199)
2 F2 G2 H2
+£V:+ 5V3+?Vg+7vz)
where tr is t/tc and vr is vc/v. @, is given by

@, =1+Blv,+Clvi+D1v’ +E1vV; (200)

5 3 7

+ Flvy + GI v, + Hl Vv,

f is given by

B=B2v,+C2v: +D2v; + E2v} (201)

+ F2v: + G2 v + H2 V]

The value of tc is 369.28 Kelvin:; ve is 1.95e-03 cubic meters per

kilogram; R is 0.096144.
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The other constants are

al = 0.16146

b = 0.001394
¢ = —4.85e-08
d = =7.27e-10

BO = -1.842726
Bl = 0.874986
B2 = -0.308738
CO0 = 1.661300
Cl = —-0.938097
C2 = =-0.155737
DO = =1.711909
Dl = 1.334412
D2 = 0.581155
EQO = 3.221985
El = =-2.520731
E2 = -1.353292
FO = -1.086343
Fl1 = 0.405841
F2 = 1.556336
GO0 = -4.287381
Gl = 3.700215
G2 = =0.010270
HO = 2.406900
Hl = -1.945130

H2 = -0.308876
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5. Liquid Density
The following equation is used to calculate the liquid

density in kilograms per cubic meter [3] (t is in Kelvin):

2 2 4
df = [AL + BLTOU® + CLTOU?* + dl1 TOU + EL TOG ] 16.0181%
(202)

where TOU is 1 - t/tc, and tc is 369.3 Kelvin. The constants on
the right hand side are
AL = 32.76
BL = 54.6344093
CL = 36.74892
dll = -22.2925657
EL = 20.47328862

6. Liqgquid Thermal Conductivity

The following correlation is used to determine the

thermal conductivity of saturated liguid in kW/(m K) [2] (t is in

Kelwvin):

(2 + Bt + Ct?
= 203
ke 1e+07 ( )

The constants on the right hand side are
A = 1990.179111
B = -2.110145
C = -0.005789
7. Liguid Viscosity
The viscosity (in Pascal seconds) of saturated liguid is

determined from the following equation [2] (t is in Kelvin):



The

m O 0 w

i

195

EXPL A +

erltg

+ Cln{t) + Dt + B3]
1e+0Q7

(204)

Bs =

constants on the right hand side are
=-157.383131

3204.489487

32.393116

-0.124985

0.0000820

8. Liquid Specifi ! .

The following correlation is used to calculate the

specific heat capacity of saturated liquid [2] (t is in Kelvin}:

¢, =EXPla+ 2 «Cln(e) + Dt + Et?) (205)

For temperatures less than or equal to 263.15 Kelvin the

constants on the right hand side are

B o 0 w

I

1y
0
H

4 O 0 w P

Il

=1.17099

=142.559065

0.900297

-0.020317

0.000031

temperatures greater than 262.15 Kelvin the constants are
—6218.919893

112405.883410

1212.655529

=4.358195

0.002613
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9. Saturation Pressure

The saturation pressure in MPa is given by

psat . EXE{—CEE(BI TOU + B2 TOU-* + B3 TOU® + B4 TOU* + BS TOU®)
Pc

(206)

where TOU is 1 - t/tec, tc is 369.3 Kelvin, and pc is 4.988 MPa.
The constants on the right hand side are
Bl = -7.0340913
B2 = 1.4030736
B3 = —-4.960588
B4 = 8.88280890000
B5 = =-10.600638
10. Latent Heat of Vaporization
The following equation os used to calculate the latent

heat of vaporization [12] in kJ/kg:

_ _B c
hfg-z.salnuo)[ Ty A
___E {1, .ln(F-p) 1.1
ln(lo)(t M ”J"’“dg az’

{(207)

where t is in Rankine, p is in psia, and dg and df are in pounds
per square foot. The constants on the right hand side are

J = 0.185053

B = -3845.193152

C = =7.86103122
D

= 0.002190939
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E = 0.445746703

F = 686.1

11. Vapour Epthalpy

The vapour enthalpy in BTU/lbm is given by

e2r - gpy

h=2aA¢+

BBE
2

Lglaa2 . _aaz , _Aaa ,__aas
v-BB 2 (v-BB)*? 3(v-BB)3 4({v-BB)?*

v cExg KX El(y . K&EY €2 C3 . cs
Lo t. | v-BB 2(v-BB)*? 4 (v-BB)?

+ X (208)

where t is in Rankine, p is in psia, and v is in cubic feet per
pound mass. The value of tc is 664.74 Rankine. The values of
enthalpy obtained from the preceding equation are then converted
to kJ/kg and the datum is made the same as that used by ASHRAE

for S.I. units [12] by the following equation

h(in kJ/kg) = 2.33 [h(in BTU/1bm) - 19.318] + 200 (209)

The values of the constants are
J = 0.185053

AAd = 2.812836E-02

BBB = 0.00062255408

BB = 0.002

CC = —-6.509607e~-08

FF = 257.341

AA2 = =4.353547

AA3 = -0.017464

2
Il

0.002310142
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AAS = -0.00003724044
KK = 4.2

CC2 = -44.066868

CC3 = 1.483763

CCS5 = =1.845051le-04

X = 62.4009

12. Vapour Entropy

The vapour entropy in BTU/(lbm R) is given by

s =aAln(t) + BBBE + -%9 £2 - -2‘% + JR1n(v-BB)
A -~ S B3 . B4 . BS
(v-BB) 2 (v-BB)? 3(v-BB)? 4{v-BB)* (210)
JIG(EXE{ “’f‘ C]
. c c2 ,__ €3 ., __c5 ] .y
Ce v-BB  2(v-BB)? 4 (v-BB)*

The values of entropy obtained from the preceding equation are

then converted to kJ/(kg K) and the datum is made the same as

that used by ASHRAE for S.I. units [12] by the following equation
s (in kJ/ (kgK)) = 4.1868 [ s(in BTU/ (1bmR)) - 4.52343023E-02] + 1
(211)

With the exception of the constants listed below, all other

constants are listed in section D.11 of this appendix.

R = 0.124098

BB2 = 0.002407252

BB3 0.0000762789

BB4 = -0.000003605723

BBS5S

0.00000005355465
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Y = -0.0453335

13. vati t
The following equation of state is used for R22 vapour

(33:

tr

+ d;’(AB + _A_Q + _____A.IO + All}

(212)

+
£2 t2 o £s

. d;,(m-ﬂ . A15 _ A16 Al?)

+

£ £: L,

+

d? A222 + A253 _‘_d;.o Af4 + A265
{ o e r L,

* 2 * 6
tr C: L':

. d%l(AZG A27 A28)

where tr is t/tc and dr is £ ; t is in Kelvin,. p 1is in
<

kilograms per cubic meter, and p is in MPa. The value of t¢ is

369.3 Kelvin; p_ is 512.999 kilograms per cubic meter; R is

8.314E-03. The other constants are

Al = 0.545762



A2

A3

A4

A5

A6

A7

A8

A9

AlQ

All

Al2

Al3

Al4

AlS

Al6

Al7

Al8

AlS

A20

A2l

A22

A23

A24

A25

A26

A27

-1.39198
—0.432562
0.02214
-0.1307418
0.79211
-0.167024
0.56743874000
=1.35071
~0.115487
1.024567
0.34435035
=0.4082677
0.0830098
—-0.1899033
0.08821727
0.0190595
-0.0376347
0.03329212
=0.03794234
0.00786909
=0.004626965
0.02336405
=0.002066556
-0.01050183
0.0005276995

0.000209547

200
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A28 = 0.001346363

E. Liguid Water Property Correlatjons

1. Vol . ! »: . ~oeffici

The following equation calculates the expansion coefficient
for saturated liquid water at temperatures between 280 and 370

Kelvin (t is in Kelvin):

2
B, = (A +Bt+ Cte)

1e+06 (213)

The correlation was obtained by curve fitting tabulated data
[18]. The constants on the right hand side are

A = -6555.122706

B

36.043197

9]
i

-0.044297
2. Thermal Conductivity

The following equation calculates the thermal
conductivity of liquid water in kW/(m K) (t is the temperature in

Kelvin):

(214)

x, = A+t Bt +CE?
: 1e+06

The correlation is a curve fit of tabulated data [18]. The
constants on the right hand side are
A = -480.588001
B = 5.836573
C = -0.007298
3. Viscosity

The following equation calculates the absolute viscosity
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of saturated liquid water in Pascal seconds at temperatures

between 280 and 370 Kelvin (t is in Kelvin):

EXP[A+‘—§]
le+06

{215)

p:

The equatior. is a curve fit of tabulated data [18]. The constants
on the right hand side are

A 0.632273

B 1841.695823

4. £ .
The following equation calculates the specific heat
capacity of saturated liquid water in kJ/(kg K) at temperatures

between 280 and 370 Kelvin (t is in Kelvin):

B

C:=EXP[A+~E+Cln(t)+Dt+Et2] (216)

P

The equation is a curve fit of tabulated data [18]. For

temperatures less than or equal to 305 Kelvin, the constants are

A = —-23.856069
B = 2452.39649]
C = 0.222509

D = 0.07917

E = -0.000088

For temperatures greater than 305 Kelvin, the constants are
= 8.681538
-33.905663

= ~1.55847

o 0O w ¥
i

= 0.006943
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E = -0.000004

5. Saturation Pressure
The following equation calculates the saturation pressure
of water vapour in MPa at temperatures between greater than or

equal to 273.15 Kelvin [4] (t is in Kelvin):

Exp[% +B+Ct+Dt2+ EL?+ Fln(t)]

psat = (217)

1e+06
The constants are
= =5.8002206e3
= 1.3914993
-4 .8640239e-2
= 4.1764768e-5

= =1.4452093e-8

Lo I < I = Y o T+ - -
1l

6.5459673

For temperatures less than 273.15 Kelvin, the saturation pressure

is given by
G 2 3
EXP[—E*'H*IC*JC + Kt? + Lin{(t)] (218)

psat = Te+06

The constants are
= =5.674535%e3

= 6.3925247

= -9.677843e-3
6.22115701e-7

= 2.0747825e-9

&t ®"R 9 H m ®
I

= =9.484024e-13
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M = 4.1635019

6. Prandtl Number

The following equation calculates the Prandtl number of
saturated liquid water in kJ/(kg K) at temperatures between 280
and 370 Kelvin (t is in Kelvin):

P, = ExP[ A+ Bln(t) + Clln(e)1? + D{1n() ]3] (219)

The equation is a curve fit of tabulated data [18]. The constants

are

A = 1767.89475511

B = -854.846129581

C = 138.1v4620406

D= -7.47016383964

F. Air Propertv Correlations

In all the following correlations t is the temperature in
Kelvin. a1l of following correlations are curve fits of data
tabulated by Incropera and Dewit [18], and all the correlations
are valid for temperatures between 250.15 and 399.15 Kelvin.

1. Thermal conductivity

The thermal conductivity in kW/(m K) is given by
The constants are

A+Bt+Ct?
= 220
k 1e+06 ( )

A =1.22
B = 0.089399999999
C = =1.999999999e-05

2. Ki tic Vi .
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The kinematic viscosity in square meters per second is

given by

2
v=A+Bt+Ct (221)
1le+06

The constants are
A = =3.135999999999
B = 0.032279999999
C = 0.000104
3. S ific ¥ : i 4
The specific heat capacity of the air in kJ/(kg K) is
given by

C,=A+Bt+Ct? (222)
The constants are
A= 1.0331
B = =-0.000208
C = 4e-07
4. Thermal Diffusivity
The thermal diffusivity in square nmeters per second is

given by

_ A+Bt+CL? 223
« l1e+06 ( )

The constants are

A = -=3.39

0.0322
C = 0.000179999999999

5. Rrandtl Number



The Prandtl number is given by

The constants are

A = 0.993413737197

B 3.17898154393

-0.0518750317069

]
It

r

A+

E

z + Cln(t)

206

(224)
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The Data Acquisition Program
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APPENDIX V

Accounting For Error In Thermocouple Temperature Measurement



APPENDIX V

AL . o Jial Conducti

Figure 70 shows the heat transfer circuit for a tube carrying
refrigerant assuming one dimensiocnal steady state heat conduction
in the radial direction. The four thermal resistances which must be
taken into account are the following: Rl, the resistance d@ue to the
refrigerant convection boundary layer; R2, the resistance of the
copper tubing; R3, the resistance of the insulation:; and R4, the
resistance of the outside air boundary layer. The temperature Te is
the temperature that the thermocouple measures. Because one
dimensional steady state conduction was assumed the following
expression relating Tb, Te, and Tair is valid

(TD-TO) rad = R1+R2 (225)
T Tyir Ry+R,

e

INSHE ATTON

/'/ o /;L—!PFH
"/ //’ //4 \
/ / m\ RO\ R2 \ R4
) [ ._ANVL.%mw.__Nm}_.wwﬂra .
o) e TCllr‘

[

—

NS

Figure 70: The Heat Transfer Circuit For Radial Conduction

The error due to radial conduction, (Tb-Te)rad, was obtained from

210
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the preceding expression.

The resistance R1 was calculated as follows:

R = —— (226)
1
A, mD,
The refrigerant side heat transfer coefficient, £, , was

calculated from the following correlation for forced convection

inside horizontal tubes([32]:

N,=5 +0.015R2P}
0.24
=0.88 - 227
ey (227)
b=0.333 +0.57°¢%%

For the case where the refrigerant was boiling (at the outlet

of the throttle wvalve and inlet to the evaporator) a value of

2 kw/(m*K) was used for B;, . The value was chosen based on the

results given by the heat transfer correlation used in the
simulation program to model the wet portion of the evaporator.

The resistance R2 was calculated as

1nf 2
_ D, (228)
R 2R K. pe

The value of Ktube, the thermal conductivity of copper, was 0.401
kW/(mX). The tube diameters and thicknesses for the fifteen
locations on the refrigeration system where the thermocouples were

installed on tube walls are given in Table 18.



Table 18: Tube Diameters and Thicknesses at Locations of

Thermocouple Placement
- . ____________________ > - _____________ - |

212

Temperature Tube Diameter (m) Tube thickness (m)
tl 0.022 0.0011
t2 0.016 0.0008S
t3 0.016 0.00089
t4d 0.0095 0.00081
t5 0.0095 0.00081
té 0.0095 0.00081
t7 0.0095 0.00081
ts 2.019 0.0011
t9 0.0064 0.00076

t1l0 0.0064 0.00076
til 0.22 0.0011
tl2 0.22 0.0011
t13 0.22 0.0011
tl4 0.013 0.00081
t15._:=== 0.013 0.00081

The resistance R3 was calculated as

1 Dins
_ D, (229)
3 2T K,

The value of Kins, the thermal conductivity of the Armstrong
Armalflex insulation, was 0.0389E-03 KW/(mK) [1].
The resistance R4 was calculated as

R = L

B (2303
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The air side heat transfer coefficient, £ .. , was calculated using

the following correlation for natural convection on the outside of

horizontal tubes{18]:

0.387 R} :
N, = (0.60+ 2 — (231)
[1 + (0.559/p,)%/16]8/27
where the Rayleigh number was given by
R = g (Taiz_Tins) D; (232)

a va

B. ing T i tudinal conducti

L

IT—_—, >I e

=% — - - ! .
A A e
el =

- raf i
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T T T T ]

]O

Figure 71: Effect of Longitudinal Conduction

Figures 71 and 72 illustrate how longitudinal heat conduction
along the length of the tube where the thermocouple was installed
can affzct the accuracy of the refrigerant temperature measurement.

The temperature of the refrigerant at point A is desired. However,
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L1 - Loz ]
Figure 72: Temperature of Wall and Refrigerant

the wall temperature at point D is significantly higher than the
wall temperature at point A. Point D would therefore be a poor
location to install the thermocouple. Instead, the thermocouple is
installed at point E where, as shown in figure 72, the wall
temperature is much closer to that of the refrigerant at point A.
By assuming one dimensional steady state conduction along the
length of the tube and neglecting the fact that the refrigerant
temperature changes between points A and B, the following
differential equation governing the temperature distribution of the

tube wall can be derived:

Kthc-g% - h;,,xD16 = 0 (233)

where 0 =T, - T, , Ac is the cross sectional area of the tube

given by =thickD, , nthick" is the tube thickness
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and D, = (D2+D1)/2 . The solution of the differential equa*ion

yielas the following temperature distribution:
8(z) =6(0) e VB (234)

A, D1

h =
where B = Xom. thick D,

and 0 (0) is Td-Ta. Pcint E is located a

distance L from point B; the error due to longitudinal conduction

for installing the thermocouple at point E is ther=fore given by
(Ty=T) g = —8(0) e~VBE (235)

In the data acquisition program 6(0)was assumed to equal

0.5 (T,;,~T,) . This assumption resulted in an over estimate of

the error due to axial conduction since

0(0) = %‘% (Tyy,~T) (236)
and typically
| Tazr=Tp | 2 | Tazr—Ta| (237)
and
0.5 > R1*R2 (238)

R3+R4



Table 19: Distances From Point of Thermocouple Installation To2l6

Point Where Temperature Was Desired
- - - - - -]

Temperature Distance (m)
tl 0.19
t2 0.20
t3 6.20
t4 6.20
t5 .11
t6 ¢.0¢°
t7 0.30
t8 0.09
£9 0.095
tl0 0.095
tll 0.45
tl2 0.21
ti3 0.17
tl4 0.13
t15 0.12
~ e s e

1

Equation (236) is for radial conduction between points A and D on
figure 72. Equation (238) is based on typical values of R1l, R2, R3,
and R4 that were calculated in the data analysis program. Even if
R3 is neglected, eguation (238) is wvalid.

The distances required for the calculation of error due to
longitudinal conduction (i.e. the distances that correspond to L in

the preceding equation) are given in Table 19.



Due to both axial and radial conduction, the temperature of the
refrigerant at point B (shown in figure 73) is different than it is
at point A. This temperature difrerence was estimated in the data
acquisition program by separately considering the contributions of

both radial and axial conduction to heat loss.

|
'F = -~
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7//’.///// /‘/ /4 "/ /./ ’,,/.4", ", ;'-/-1 __A
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RI2 .
o« D= . uz( (12
A B v

|

Figure 73: Positioning of Thermocouple on Tube Wall For
Refrigerant Temperature Measurement

If only radial heat conduction through the pipe wall occurred
then the amount of heat lost by the refrigerant between points A
and B could be calculated by

( T,- T:.tir) L

Tioss = AR IRIE, (239)

where R1l1, R2, R3, R4 are the resistances defined in equations

(226), (228), (229), and (230).
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If only longitudinal heat conduction along the wall occurred
then the amount of heat lost by the refrigerant between points A

and B could be determined by evaluating the following integral:

zeL

=0

Substitution of (234) for 8(z allows evaluation of the integral to

obtain the following expression:

0 -
ioss = \(/%) {e vEL - 1] (241)

In the data acquisition program 6(0 was estimated as 0.5 (T,;.-T,)

for reasons explained in section b of this appendix.

Since both radial and longitudinal heat occurred the heat loss
by the refrigerant was estimated by combining (239) and (241) as
follows:

(Ta-Taj )L 0 -
10ss =R1+R2+R:+Rd + ‘(/%) [e~VBE - 1] (242)

The first law first law requires that for cases where the

thermocouple was positioned downstream of where the temperature was

" desired (i.e. downstream of an outlet to one of the system

compeonents)
REFmdot_f C, {T,~Tp) = Qpes (243)

where Cp 1is evaluated at Te. Therefore, the error due to
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temperature change between the point where the thermocouple was
installed and the point where the temperature was desired was

calculated as

qlass
- = 4
Ta~Tb = FEfmdot 7 C, (244)

where (242) was used to determine ¢,,, . For cases where the

thermocouple was positioned upstream of where the temperature was

desired the following expression was used:

~ Qloss
- = 245
Ta-Ib = FEFmdot_£ C, (245)

where (242) was used to determine qj,. -

In cases where flashing occurred in the flowmeter, REFmdot_c
rather than REFmdot_f was used in (244) and (245).

A similar analysis of error was carried out for the measurement
of water temperature.
D. Uncertainty Analvsis

For each gquantity which the data acgquisition progran
calculated, an uncertainty analysis was carried out using the

Kline-McKlintock method [34].



APPENDIX VI

The Simulation Program
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APPENDIX VIX

The User Interface of RHEsim92
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APPENDIX VII

Figure 74 is first menu screen to appear after the user runs
RHEsim92. Figures 75, 76, and 77 show the menu screens that appear
before a data entry screen appears to accept input for a concentric
tube counter flow condenser. The "View Input"” screen gives the user
an overview what has been entered into the program. Note that the
"Run" and "oOutput" screens are protected until are the required
information is provided to the program. The "Known Parameter"
screen is where the user must specify the compressor outlet to
inlet pressure ratio. The user can exit any screen, except for the

main menu screen, by pressing the escape key.

RHE s1m32
Compornemts
Ref —iger—arm—t
Source Corditioms
Sirl~< Cordit.iors

K mowrmn FParamet er—

Receiver— |_occeat ico—
View Imput

Rourm

Outsut

C]l_.ri‘l;

Figure 74: The Main Menu Screen of RHEsSim92
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—— RHE s1m32

Comporents ~ Compornents —
Ref rrigeramt E vaporator
Source Conditions C ompressor
Sim~ Conditiorms C ondenser
Krowmn FParameter Regenerator

F31F31r1gg
Receiver Locationm

View Imput
Rum
Output
Quit

Figure 75: After "Components"™ Is Selected From Main Menu
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RHE sim32 —
Components - Components
Refrigerent E veporator

Source Conditionsl| Compressor

Sink Conditions C ondenser Condenser
Regererator] Coil-ln-Tenk
Piping Concentric Tube

Krnown Parameter

Receiver Location

View Input
Run

Cutput
Quit

Figure 76: "Condenser" Selected From "Components™ Screen
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RHE=1mS32 ]

Comporents - Componerit.s

Re?rlger‘cr‘e{‘. E Vapo;—ctor—

Source Conditions|| Compresser
- Condenser

Sirk Conditions Condenser —e

Regenerator| Coil-ln-Terk

=
Krown Peremeter Pioirg Concentric Tube

Receiver Location

View lnput _ Concentric Tube -
Perallel Flow

o C el
o tout ounter rlow
Ouit — Counter Flow

HZ0 Im Annulus
Refrigerant 1n Arnulu

Figure 77: After "Concentric Tube™ and "Counter Flow" Are Selected
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