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Abstract

In this investigation the individual component modes for a typical subcritical
cycle are developed based on the best published theoretical and empirical
literature. The developed approach, especially for air conditioning systems, is
conceptually new and can be used with modification to a variety of multi-
component system applications. The component models are then integrated and
the modd predictions validated against the data from various experimental test
systems.

A variable speed compressor test rig was used to obtain the experimental data
to be compared with the results predicted from the system modd. The
experimental data was monitored from the start-up of the system until the
achievement of its steady-state. The system approached its steady-state after 270
sec and 360 sec for compressor speeds of 900 rpm and 1200 rpm respectively.
The system disturbance was imposed by changing the operation conditions for
each component. A comparison between the experimental data for these
disturbances and theoretical results shows a good agreement with a discrepancy of
about (5%). The modd can be used as a basis for the design, performance and
efficiency of avapor compression systems.

Keywords: Transient, Modding, Subcritical, Multi-component, Compression
Systems.
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Introduction

Refrigeration systems are widely
used and can be found in various
places such as building for air
conditioning, supermarkets,
automotives, etc. These systems in
principle all work in the same way,
they utilize a vapor compression
(VC) cycle process to transfer heat.
A brief introduction to the most
common thermodynamical
properties and relations for the VC
cycleiscited in [1], (2005).

During the last few years
many publications related to the
dynamic modeling of heat pumps,
refrigerators, evaporators, and
condensers. These can be classified
into four categories: black box
models, one-zone models, two-
zone models, and distributed
models..

MacArthur and Grald (1988) [2]
presented a cyclic VC heat pump
performance  with a fully
distributed model. A detailed
mathematical treatment is given
for the evaporator and condenser.
Lumped-parameter  models  are
developed for expansion valve and
compressor. Inclusion of an
appropriate void fraction modd is
found to be essential in
determining the detailed
refrigerant mass distribution, this
topic is also discussed. Simulation
results and experimental data are
compared with the transient
operation of a hermetic water to
water heat pump and air to air
system with an open compressor.

Sean, and Curt (1993)[3],
developed semi-theoretical steady

state and transient models of a
mobile A/C evaporator for usein a
complete system simulation. The
steady state evaporator heat
transfer model is a simplification
of the enthalpy potential model
presented in the ASHRAE

Equipment Handbook and
correlated the measured data
within 5%.

Atear et. a. (1995) [4]
developed three different

approaches for the prediction of
transient performance of cross-
flow finned tube, liquid/gas heat
exchangers. The  temperature
variation of both fluids between
inlet and exit is assumed to be
linear, and the effective rate of the
heat transfer is assumed to be
proportional to the difference of
the average temperature on both
sides.

James Solberg et. al. (2000)[5]
studied the traditional method of
controlling evaporator superheat in
VC air conditioning system that is
Thermostatic  Expansion Valve
(TXV). A new sensor was
presented that can sense refrigerant
with low mass flow rate. The
dynamics of the sensor allow it to
detect saturated liquid droplets in

superheated vapor.
Xuquan et. a. (2004)[6]
described the improvement of

refrigerant flow control method by
using an Electronic Expansion
Valve (EEV) which is driven by a
stepper motor in automobile A/C
system. An EEV can make a quick
response to the abrupt change in
automobile speed and the TXV
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on/off operation.

Xia et al. (2004)[7], presented a
testing methodology applicable to
variable refrigerant flow (VRF)
equipment. They used two
compressors, one runs at variable
speed, and other runs at constant
speed. They found that actual
compressor performance is
compared to the ideal isentropic
process with the same inlet
pressure and temperature and the
same outlet pressure.

Tarrad and Shehhab (2007)[8],
investigated the performance of an
air conditioning unit during the
steady state conditions. Theoretical
and experimental studies were
conducted to simulate the COP of a
vapor compression refrigeration
cycle, using R-22 as circulating
refrigerant. The experiments
showed a rapid response of the
cooling unit performance to any
variation of the environment
conditions.  Increasing of the
entering air temperature to the
cooling coil of the refrigeration
unit revealed a decrease in the

COP of cycle.
In this paper a dynamic
modeling capability for vapor

compression system is devel oped.

The modeling methodology is
developed with the multiple
objectives of predicting control
and design.

Experimental Work:

The test rig layout is shown
schematically in Figure (1), and
photographically in Figure (2) and
Figure (3). It consists of a
refrigeration unit, water circulation
system and measuring
instrumentation.

The refrigeration  unit s
essentially a laboratory G. Cusson

refrigeration unit made by G.
Cusson Co. (England), mode
P5750. It uses a simple VC cycle
with R-12 as working fluid. Many
modifications were made to meet
the requirements of this study
concerning the transient response
of the refrigeration system.

The test is standard including
measuring of, temperature at eight
locations at the same time, as well
as the pressure at compressor
suction and discharge, and
expansion valve pressure through
the computer software. The torque
and speed are measured directly
from the panel. The test is finished
when the steady-state has been
achieved. To simulate the
operation  with the dynamic
refrigerator model, a preiminary
run has been made from initial
conditions.

The test was commenced when
the steady state conditions has
been disturbed by changing the
expansion valve opening,
compressor speed, water flow rate
passing through condenser and
water flow rate passing through
evaporator.

Table (1) represents the detailed
geometry features of the major
parts of the cooling system.

First Principle Model:

M athematical models of
different components of a vapor
compression cycle are presented.
The operation of such a typical
system can be divided primarily
into two time regimes, namely
steady-state and transient. In

steady-state, the system input-
output parameters are constant
over time, whereas transient

response can be analyzed in the
presence of time varying inputs,

2324

PDF created with pdfFactory Pro trial version www.pdffactory.com


http://www.pdffactory.com
http://www.pdffactory.com

. & Tech. Journal ,Vol.27, No.13,2009

A Dynamic M odeling Capability for
Subcritical Vapor Compression
Refrigeration System

disturbances acting on the system.
The cause of these disturbances
sensible and latent capacity.
Efficiency depends on the state of
refrigerant at evaporator outlet (i.e.
Superheat degree). A unit with no
superheat would be ideal because
heat transfer efficiency reduces as
superheat increases. However, a
minimum positive superheat is
essential to avoid liquid carryover
that could damage the compressor
[9]. Sensible and latent capacities
are affected by modulating the
evaporator water and refrigerant
mass flow rates.

Finite difference techniques and
Lumped Parameter methods are the
two primary approaches for the
physics-based modeling of vapor
compression systems. Finite
difference  methods have been
successfully used by references
[10,11] for simulation work.
However, a very high-order system
representation is obtained by these
methods which is not conductive to
the design of advanced controllers.
On the other hand, Lumped
Parameter methods generate
relatively low order models which
are  preferred  for controls
perspective. Development of this
method can be recognized to the
work by Wedekind et al. [12] on
generalized mean void fraction
models for heat exchangers.
Various works [10,13] have been
done based on that idea, and the
same approach will be used in this
study too.

Dynamic model for a complex
system is preferably obtained by
modeling each of its individual
components and integrating them
together. Design of component
models requires knowledge of

complete underlying physics of the
system and the integration step is
also facilitated by that knowledge.
For subcritical vapor compression
cycles, the four primary
components are the evaporator, the
condenser, the expansion valve and
the compressor as shown in
Figure(1).Nonlinear models for the
evaporator, the expansion valve
and the compressor, and
condenser using the approach of
PDE method, which requires
knowledge of underlying physics.,
and the moving  boundary
approach, was used for heat
exchanger modeling is followed in
this method[13, 14] . In industrial
systems, a receiver or an
accumulator [15] is usually used
with the heat exchangers in order
to improve the system's operation
efficiency as wdl as to avoid
damage to the compressor.

Dynamic Model of a Condenser:

A subcritical system condenser
is a higher pressure side heat
exchanger through which the
refrigerant loses energy to the
external fluid, usually water or air.
Typical industrially  available
condensers have varied designs
and geometries [16], like, shell and
tube, plate-fin etc. Numerical
techniques and computational fluid
dynamics methods have been
extensively used for modeling of
these systems [17].

M odes of Operation:

A subcritical vapor compression
system condenser can operate in
three different conditions, which in
turn decides the number of different
fluid regions, it accommodates [9].
The inlet condition to the condenser
is always assumed to be superheated
vapor and the most typical
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operational condition occurs when
the fluid at the condenser outlet is
subcooled. Thus, the condenser has

three  different  fluid  regions,
superheated, two phase, and
subcooled, namely, as shown in

Figure (4). In such a flow condition,
the lengths of different regions form

important dynamic variables of
interest.
PDE Method for Condenser
M odeling:

Generalized Navier-Stokes
equations [18] can be used to
express mass and energy

conservation for the three different
fluid flow regions for the condenser
shown in Figure (4). The governing

Newtonian PDEs for the three
regions are given by;

Refrigerapt mass balance:

r 90d)_g (D)

it 9z
Refrigerant energy balance:

f(rh- P), 9(ruh) :iai(TW
It 1z D,
Condenser Wall energy balance:

7))

(rACp) U )—ap(T T)+a,p,(T.- T,)

Yot
.(3)
Simplification of the PDEs:

The governing PDEs presented
are used to derive lumped parameter
ODEs to mode the dynamics of
two-phase flow heat exchangers.
These equations are integrated
along the length of the tube for each
section of tube. To peform the
necessary integrations, an
integration rule commonly known
as Leibniz's equation will be used
(equation 4), with z or x being
gpatial coordinates. Thus, the limits

of integration depend on how the
regions are defined for each heat
exchanger[3].

2,(t) 2, (t)
o) it (Z’t)dz ~dg Of (z,t)dzﬂ-
a0 T dt g, g
d(z,(t)) d(z(t))
(009 1 (04
..... (4)
The resulting ordinary
differential  equations can be

combined, and simplified to be fed
to the Simulink Simulation package.
The resulting set of equations can

be solved numerically given
appropriate initial boundary
conditions.

Refrigerant Mass Conservation:
Super heat Region:

After multiplying the Navier-
Stokes relation by cross sectional
area and diminating the vy
component of the Equation (1), the

PDE for conservation of the
refrigerant mass is given by,

TrA, T _ ()
qt 9z

By integrating each term of
Equation (5) over the length of the
superheated region (say, L=0 to
L=L1). Applying Leibniz's rule and

assuming that ' :r(P,h) and
h=(hi +ho)/2.
Thus, the mass conservation

equation in the superheated region
is given by;
%, 1T, ‘IhJ b, 2,0

T e

+(r1_ rg)Aéi-thtl_ m =0
Two Phase Region:

The same PDE for mass
conservation given by Equation (5)

- Alih
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can be used for this region too. The

resulting complete equation for
mass conservation is given by
[9, 22]'
gg gdP ' %EWM iy, =
e ( ) 2@+( Fg- T f)ﬁl H

..... @)

Subcooled Region:

The PDE for mass conservation
is again represented by Equation (5)
over the subcooled flow condition.
Integrating the equation over the
length of the subcooled region,

., 19, TGy 5, 19
gﬂp 2 Tlh3 P gALSI& 2 ﬂh3 AI—3Ig‘0 +
( f - 3)(&1'”—2)"'7&1)' ), =0
..... (8)

RefrigerantEner gy Conservation:
Super heat Region:

The dynamics for the
conservation of refrigerant energy
in any internal flow condition can
be represented by the Navier-Stokes
law given by,

1(r Ah- AP) . 1(rkh)

=palil -T
Tlt TIZ plal( w I')
...(9)
By following the method of
removal of spatia dependence

through energy balance equations in
each of the fluid flow regions by
integrating over the length of
superheated region and applying
Leibniz's rule, The  energy
conservation equation becomes,

éaqL 119r, dh, 1 m u
2P 21h onvg,ql 2dp 't 1“AL1'&+

Qaaﬂr
$2ﬂhz +2r1uA|-1|g\ +(rh - rghy Ak
+mmlhg - rﬂ]h :ailAL[i(Tm' Trl)

...(10)

Two Phase Region:

For the two phase flow region,
the resulting conservation of energy
equation can be written as,

‘ig“g o+ ghg - 1 gng g+ u
Awlr £hs 3
dP

(1- o)+ (ghg)()i'&*(ghg rhy 25

- AL2|&+r&]m2hr - r&]ml |2AA§ g Trz)
...(11)

Subcooled Region:
The conservation of subcooled
region energy can be written as,

é Th 6 eﬂr3 s aqu]h

Aéz&r Lg +'|]P F&B g'ﬂF’[& ggﬂp mj.l AL,_J&
TR (1Y) a
i, - i, h, =a‘3A$(TM- T.)

..(12)
Pipe Wall Energy Conservation:
For one dimensional conduction
through the tube wall, the wall
temperature can be assumed to be
uniform over each fluid flow region.
The wall temperature gradient
depends on incoming and outgoing
heat flux represented by,

T
rn/\/C:p,wh :ailA (Trl_ TWl)+
aoA)(Twal - TWl)

It

The water temperature flowing
on the heat exchanger can be
assumed to be constant over the
length of heat exchanger and can be
calculated as the average of the inlet
and the outlet water temperatures.
Integrating Equation (14) over an
arbitrary length of the wall tube,
ZZ\ ﬂTW ZzailA (Trl - TV\LL)+G 2
T VN A
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Applying  Leibniz’s rule for
integration, getting
g(zz 21 W +[ w 22»21]3
C w€ u=
rT.lw h edz1 | ) | % l;l
@at ‘= Mzalg ¢
@-ilAi(Trl'Tm)
17, -
g+aoAa(Tvsa - Twi)g ? 21]
...(15)

Since the heat transfer behavior
of the external fluid (air, water etc.)
is considered uniform over the
complete wall length, Equation (15)
can be used for conservation of wall
energy in all the three regions of
fluid flow. For superheated region,
the limits of integration change to
(0 to L1) and the equation can be
expressed as,

€ dTWl dio_
pw Ll [ Wl] dtH

( ilA( ri m)+aoAb(Twa' Tm))L1
...(16)

Similarly, for the other two regions,

the wall energy balance is

represented by,

é dT U a'|2'A\(Tr2-Tw2) 0
1

Mg B Era AT T
...(17)

and,

M.Coughs 22 [T~ Too]

g
(@, A,-

d(L,+L,)u_
d  H

w3)+aoAu(Twa - Tws))L3

...(18)

Evapor ator

The evaporator is assumed to
operate in one of three different
conditions. with one, two, or three
fluid regions. Note that the same
assumptions apply to the condenser,
but with the order of the regions
reversed.

The detailed derivation of the
mass conservation equations,
energy conservation equations, and

conservation of wall tube energy
equations are found in [9] and [19].
Modeling for Expansion Valves
with Variable Cv:

As described in [9], the time
constant for the dominant dynamics

in valve and compressor is much
faster than that in the heat
exchangers, which implies that

static equations can be used for
these two components.

For valve modeling, an orifice
equation will be used, such that
mass flow rate depends on area of
orifice opening and pressure
gradient between the inlet and the
outlet of the valve, and the density
at the inlet port. The equation for
the orifice model is given by,

h=C,A./rDP ...(19)

In commercial as wdl as
domestic applications of these
orifice type metering devices, the
mass flow rates change over a wide
range during operation cycle. Figure
(5) shows a commercially available

Hoke metering valve (mode
number 1315G4B) [20], and its
coefficient of discharge

characteristics are presented in the
figure too with respect to change in
the opening area. Stearns [21]
suggested that choice of a proper
value for coefficient of discharge
Cv depends on the evaluation of the
flow Reynolds number, which in
turn depends on the flow rate. For a
given flow condition, the Reynolds
number is given by,

Re, =ﬂ ....(20)
pdm
According to [21], a simple
correlation can be used for the
calculation of a dynamic or variable
coefficient of discharge which can
be represented by,
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c&, G0
CV—C¥§I+ Rt ..(21)

This corrdation is known as inv

Reynolds [21]. Here, C is the
coefficient of discharge for infinite
Reynolds number (i.e. the minimum
value of Cv,) for a particular orifice
and the pipe size. For the system
design, it is obtained on the basis of
pipe size and diameter ratio.

System Simulation and
Discussion:

The VC system simulation was
done for transient response in two
modes of operation as following:-
Start-Up Transient Response:

Start-up transient response for
each component of the system until
the system achieved its steady state
(i.e. the mass flow rate through
compressor is equal to the mass
flow rate through the expansion
valve ). A computer program was
written in FORTRAN to calculate
the physical properties of
refrigerant at each state point as
wel as the pressure and
temperature. The cooling capacity,
heat rejected, compressor work, and
COP of system and for the cycle
were calculated also. The program
consists of many subroutines for
calculating the saturation pressure
and temperature, as wel as
calculating the compressor
volumetric efficiency. The initial
conditions can be set to the
saturated refrigerant vapor in the
heat exchangers at pressure equal to
the saturation pressure at the
surrounding water temperature. The
boundary conditions applied are the
refrigerant conditions at the tube
coil and water conditions onto the
heat exchangers coil. For
refrigerant, the inlet boundary

conditions for the condenser, are the
compressor mass flow rate and the
discharge enthalpy, whereas the exit
boundary  condition s the
expansion valve mass flow rate. For
the evaporator, the inlet boundary
conditions, are the expansion valve
mass flow rate and the enthalpy
leaving the condenser ( since the
expansion process is isenthalpic),
whereas the outlet  boundary
condition is the mass flow rate into
COMPressor.

The parameters, to be discussed
here, are the system pressure,
temperature, mass flows and energy
flows. Initially, the temperature of
the condenser and evaporator wall ,
the water and the refrigerant in the
coils is 26 oC. At this temperature,
the condenser and evaporator are
both at the equilibrium saturation
pressure at 6.7 bar. In the first test,
the water flow rate and water
entering temperature to condenser
and evaporator are constant at
0.0314 kg/sec (25 GPH) and 26 oC
respectively. The compressor speed
is constant at 900 rpm.

Figure (6) shows the mass flow
rate through the compressor as well
as the flow rate through the
expansion valve. The refrigerant
mass flow rate is slightly changed
with  compressor  speed. As
compressor speed increases the
mass flow rate increases. Figure (7)
shows the pressure in condenser
increases as compressor  speed
increases, while the pressure in the
evaporator remains unchanged, this
means that the compressor suction
pressure is not a function of
compressor speed. Figure (8) shows
the refrigerant temperature at
condenser inlet and saturation
temperature. As compressor speed
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increases the inlet refrigerant
temperature increases, this due to
increasing the refrigerant pressure,
and then increasing the refrigerant
enthalpy. The increase in the
saturation temperature is due to the
increase of refrigerant pressure.

Figure (9) shows the energy
flow through the system. As
compressor speed increases the
energy flow increases, due to the
increase in the work input to
compressor. Figure (10) shows the
system and cycle -coefficient of
performances, as compressor speed
increases, the COP decreases. This
is due to the increasing work input
to compressor.

Transient Response Due to a
Sudden Change in Operation
Conditions:

Transient response due to a
sudden change in  operation
conditions such as changing the
compressor speed, expansion valve
opening, and the changing of the
water flow rate passing through the
condenser and evaporator. For this

purpose the software called
“Thermosys Toolbox” was
developed in AC&RC at the

University of Illinois was used. The
“Thermosys Toolbox” was used to
model validation, analysis, and
design[9]. This library  was
developed for use with MATLAB
and its associated simulation
program Simulink®.
Complete Model Validation:
Vapor compression Refrigeration
For modd validation, the
complete system model is simulated
in Matlab® .The component models
for condenser, evaporator,
expansion valve and compressor
introduced earlier. For comparison
of the model responses with the

experimental data, the modd is fed
with the component parameters and
all the inputs applied to the
experimental system are applied to
the model too.

The output variables that are
compared with the data are the

refrigerant  pressures in  the
evaporator and the condenser,
refrigerant  superheat at  the
evaporator outlet and the outlet

water temperatures for the two heat
exchangers. These variables are
important for evaluating the system
performance and efficiency, as well
as for effective system design .

Step Inputs to the Expansion
Valve Opening:

Input signal is applied to the
expansion valve as shown in Figure
(11) below. The response of the
model to this input signal and the
data are plotted in the following few
figures. Here, the model is able to
predict the dynamic characteristics
of the data that can been seen,
however the steady states are found
to be quite off from the values
measured in the data. The transient
response for all the outputs is
however met very closdy by the
model.

The model output and the
experimental data can be compared
in the following figures. The model
behaves very close to the actual
data in dynamic as well as steady
state response as can be observed.

From the figures shown in this
section, it can be inferred that the
same mode is able to predict the
system response with a fair degree
of accuracy for two different
experimental data sets. There are
some discrepancies in the steady
state match however; all of the
salient dynamic characteristics have
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been captured by the modd very
well.

Model validation for the
refrigeration systems is presented.
The results show good agreement
for different experimental data sets.
Further, qualitative validation for
receiver and accumulator models is
also obtained. As the number of
data sets used for validation
increases, the confidence in the
model also increases. It is clear
from the results and graphs, that the
evaporator is the most affected
component with any changing in the
operation parameters. Further, the
choice of the mode types showed a
promising strategy for the dynamic
modeling of the vapor compression
refrigeration systems.

Conclusions

The study is focusing mainly on
physics based modeling of the vapor
compression cycle and its components
with the objectives of design
prediction.

The results showed that the COP
decreases as the compressor speed
increases, in addition the time required
to reach the steady state increases as
well. The overall cycle models for
single evaporator systems are further
validated against different
experimental data set, which indicated
the possibility to confide in the models
for accurate prediction of the cycle
dynamics. These different models are
combined with the existing Matlab®

to form modular modeling
surroundings for air conditioning
systems.

The finite difference

technique, lumped-parameters and the
results presented in this investigation
can be used for a variety of vapor

compression systems and dynamic
problems. The comparison between
the experimental and theoretical model
exhibited a good agreement with an
overal error about (5%).

It seems that the evaporator is the
major component that affected by
changing the operation conditions, and
has the fastest response to any
disturbance in operation conditions. It
can be used as a controlled component
in the vapor compression refrigeration
systems.
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Nomenclature:

Variable Definition Units

A Area (m?)

Cv Coefficient of Discharge

D Pipe Diameter (m)

H Enthalpy (kJ)

L Length (m)

p Perimeter (m)

P Pressure N/m?

Q Heat Transfer (w)

Red Reynolds Number

S Entropy (KJ)

T Temperature c°

U Internal Energy (kJ)

Cp Heat Capacity (kJkg
c)

h Specific Enthalpy (kIkg)

m Refrigerant mass (ko)

t Time sec

u Specific Internal Energy (kJkg)

z Length Dimension m

Creek Symbols

o Heat Transfer Coefficient (W/m?

c)

Y Mean Void Fraction

p Density kg/m®

T Viscosity Pas

Subscript Definition

I Liquid Refrigerant

g Vapor Refrigerant

o] Outlet
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wa

Abbr eviations:

AlC
AC&RC
COP
EEV
GPM
ODE
PDE
TXV
R-12
VC
VRF

Regions of Heat Exchange
Inlet

Interface

isentropic

Refrigerant

Reversible

wall

Water

Air Conditioning

Air Conditioning and Refrigeration Center
coefficient of Performance
Electronic Expansion Valve
Gallon Per Minute

Ordinary Differential Equations
Partial Differential Equation
Thermostatic Expansion Valve
Refrigerant CCl,F,

Vapor Compression

Variable refrigerant flow
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Table (1) TheCooling Unit Physical Specifications

Component | Parameter Unit Value Comment
Heat Exchanger Type counterflow | Manuf. Data Sheet
Material Copper Manuf. Data Sheet
Specific Heat kikgK | 0.383 Material Standards
Mass kg 2.641 Manuf. Data Sheet
Internal Volume Cum 4.7885E-4 | Calculated
B External Surface Area Sqm 024338 | Calculated
"é Cross Sectional Area Sg.m 78.5E-6 Calculated
8_ Internal Surface Area Sq.m 019154 | Calculated
g Total Length of Fluid Flow m 6.1 Manuf. Data Sheet
w Hydraulic Diameter m 0.0127 | Manuf. Data Sheet
Two Phase Flow Heat Transfer Coefficient kWisq.m/K| 2 Tuned Parameter
Superheat Flow Heat Transfer Coefficient kKWisq.m/K|  0.2402 Calculated
External Fluid Heat Transfer Coefficient kWisq.m/K|  0.405 Calculated
Slip Ratio 2 Tuned Parameter
External Fluid Specific Heat kdikg.K 418 Material Standards
Heat Exchanger Type counterflow | Manuf. Data Sheet
Material Copper Manuf. Data Sheet
Specific Heat kikgK | 0383  |Material Standards
Mass kg 5.0748 Manuf. Data Sheet
Internal Volume Cum 9.2475E-4 | Calculated
External Surface Area Sqm 0.4697 Calculated
C Cross Sectional Area Sg.m 785E-6  |Calculated
8 Internal Surface Area Sq.m 0.3698 Calculated
8 Total Length of Fluid Flow m 1178 Manuf. Data Sheet
g Hydraulic Diameter m 0.0127 Manuf. Data Sheet
(@] Two Phase Flow Heat Transfer Coefficient kWisqm/K| 2 Tuned Parameter
Superheat Flow Heat Transfer Coefficient kKWisq.m/K| 1423 Calculated
Subcooled Flow Heat Transfer Coefficient kKWisq.m/K| 1427 Calculated
External Fluid Heat Transfer Coefficient KWisqm/K| 0521 Calculated
Slip Ratio 2 Tuned Parameter
External Fluid Specific Heat kikgK | 4418 Material Standards
. Internal Volume Cu.m 000029 | Manuf. Data Sheet
Receiver UA Value of Receiver KWK 0 Full Insulation Assumed
c Expansion Base Area Sq.m 1E-6 Manuf. Data Sheet
% 0 Empirical Parameter Dv 06 Calculated
s % Empirical Parameter Ev 01 Calculated
% > Empirical Parameter n 05 Calculated
w Rate Limit 1 Calculated
= Compressor Displacement Cu.m | 100E-6 Manuf. Data Sheet
g Empirical Parameter Ck 0.988 Calculated
o Empirical Parameter Dk 0.1681 Calculated
g' Empirical Parameter n 14 Calculated
8 Empirical Parameter Ak 00357 | Calculated
Empirical Parameter Bk 09227 | Calculated
Rate Limit 50 Calculated
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Figure (1) A Schematic Diagram of Figure (2) A Photograph for Test Rig
Test Rig

Figure (3) Test Rig (rear side)
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Figure (4) Three Region Condenser [9]
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Figure (5) Valve with Coefficient of Discharge Characteristics [20]
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Figure (8) Condenser Inlet and Figure (9) Energy System Response
Saturated Temperature Response
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Figure (11) Step Input to the Expansion Valve
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Figure (12) Refrigerant Pressure at the Condenser
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