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Abstract

As energy efficient devices become more necesgtasygesired to increase the
efficiency of air conditioning systems. Currens®ms use on/off control, where the unit
primarily operates in the long lasting start umsiants. A proposed solution is an air
conditioning unit that runs continuously with agtisomputer control implemented to
maximize efficiency. The objective of this thesiso develop a mathematical model for
a specific air conditioning unit and to compares timodel to measurements made on the
specific unit. This model can then be used to bgve multi-input multi-output control
law in the future.

In this thesis, a linearized moving interface lushparameter model is presented,
and the derivation verified with great detail. Thedel predicts transient perturbations
from a steady state operating point. The air doyrer tested in this work required
several modifications including the addition of sers and controllers. A description of
the system is provided. Methods used to deterailiref the parameters for the model
are given with explanation. The model is simulatgith computer software and
compared with experimental data. Simulations ptatie final value of superheat and
pressures in the evaporator and condenser wedtdéprchanges in the compressor speed

and expansion valve opening.
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CHAPTER 1 - Introduction

It is desired to develop a computer model of artaditioning system to use to
develop a control law. Active computer control kcbyield systems with higher energy
efficiencies. The refrigerant system mathemamcatiel should predict the dynamic
transients of key system parameters. These indales that can be used to calculate
the coefficient of performance as well as the dupat. It is important that the model be
simple enough to develop a control law with, bt lsé accurate. This thesis presents a
model proposed by He (1996) in further detail amlbted to a specific air conditioning
system. It is a twelfth order linear state spateo§equations. The model can be used to
determine dynamic perturbations from a steady staéeating point as a result of
changes in system inputs. Inputs include: compregseed, expansion valve setting, and
both heat exchanger blower speeds.

Previous work to increase efficiency of HVAC systeimcludes controlling air
flow throughout buildings, single input control,dcamulti-input multi-output (MIMO)
control. Saboksayr (1995) presented a decentdatiaatroller for multi-zone space
heating and House (1995) optimized control of twae building with variable-air-
volume air handlers. The work of Aprea (2004) @athe compressor speed with fuzzy
control techniques. In Cerri (1994), the expansialve is controlled for optimal
performance. Jiang (2003) uses a Linear-Quad@sigssian regulator for MIMO
feedback control. The various papers by He disnostinear models of the heat
exchangers, a linear model of a refrigeration gyaleeduced linear model, a low-order
linear model, and LQG control. In He (1995), noehlr control of the evaporator
temperature is achieved with feedback linearizatidonlinear observers are
investigated in Cheng (2004 & 2006).

The Model Derivation Chapter of this thesis givas form of the nonlinear heat
exchanger equations as well as their linearizesi$orUsing linear equations for the
expansion valve and compressor, the evaporatoc@mienser models are coupled to
produce a linear model of the complete air condéro Appendices A, B, and C contain



the step-by-step derivation of all of the equatimtpiired for the model. The result of
Chapter 2 is a symbolic set of state space equati@hapter 4 presents numeric
evaluations of parameters to complete the modeh®particular air conditioner used in
this project.

A great deal of work was required for the experitabsetup. The Experimental
Setup Chapter describes the setup and modificati@ue to the original system. This
includes the refrigeration components and measurehadware and software. Air flow
meters were fabricated and calibrated as parteo$étup.

A results chapter shows the comparison between ganpimulated and
measured data. Investigation of the values of sameertain parameters is also done
here. The thesis concludes with a critical discusef the model and possible

corrections for future consideration.



CHAPTER 2 - Lumped Parameter Modeling

Equations

In this chapter the governing equations of thagefation loop are presented.
The derivation follows the doctoral dissertatiorHsf (1996). This thesis is intended to
demonstrate the derivation more completely. Ia thoving interface lumped parameter
model, the heat exchangers are broken up into notes evaporator has two nodes; a
two-phase saturation region and a single phaselsegited gas region. The condenser
has three nodes; a single phase superheated gas, l@gvo-phase saturation region, and
a subcooled liquid region. Three equations arevel@éfor each node. These equations
represent mass and energy balances on the refrigerd energy balances on the tube
wall. The general approach for deriving the reframt equations starts with the
differential forms. The conservation of mass antowity equation applied to the
refrigerant flow is

.%?:%§+%§1=0 @.1)

Conservation of energy in general can be expressed

6,0(e+ 0.50 [U) +0 [ﬁpﬁ(h*' 050 m])] =-0@+ W+0 [ﬂr EH)+Q , but is derived by

ot
MacArthur (1989) for refrigerant flow in a cylindal tube to be of the form
0 0 4
—(oh=P)+—(ouh)=—a; (T, - T, ). 2.2
Gt(ph ) dz(pu) D |(w r) (2.2)

The capital D’s in the continuity equation reprdéseesubstantial derivative. Symbol
definitions are given ad;: inner diameter of tube; internal energyf; body force vector,

h: enthalpy/P: pressureg: heat flux,Q: heat generation rat&,: tube wall temperature,

T,: refrigerant temperature; velocity of the refrigeranty;: heat transfer coefficient
between tube and refrigerapt,density, and: shear stress tensor. The spatial length and
time are given by andt, respectively. In order to write the conservawdmenergy as
equation (2.2) it must be assumed that the one+tiiraral form is appropriate, spatial

3



variations of pressure are negligible, viscousipia®n is negligible, and axial
conduction is negligible. MacArthur (1989) statiest momentum equations are not
required since the spatial variations of pressatevéscous dissipation are neglected.

The differential conservation equations are fins¢grated over the cross-sectional
area of the tube, and then integrated along trgthenf the node. The conservation of
mass equations from the evaporator nodes are cemhbirform one mass balance of the
evaporator. Likewise, the three mass balancdseof@ndenser are combined to form
one equation for the condenser. The tube wallggnealances are derived starting with a
conservation of energy equation expressed as

d .
%:me. (2.3)

whereEcy is the energy of the control volum®, is the net heat transfer into or out of
the control volume, ané,, is the energy transfer rate as a result of masssirrg the

control volume boundary. This sets the time rétehange of energy equal to the sum of
the main net energy rates. The main rates aredsres to be from heat transfer and
mass crossing the boundary, all other energy estesciated with the tube wall are
assumed to be negligible.

The end result is five equations for the evaporatal seven equations for the
condenser. These equations are first order nanlim@inary differential equations.
Later in this chapter, these equations will bedimeed and combined with equations for
the expansion valve and compressor to form a limesttel of the complete loop.

Key assumptions used in the derivation are giveherfollowing list. These are:

1. The heat exchangers are long, straight, thin wailbds. The fins on the outside
of the tube are assumed to create an effectivetfagetfer coefficient; therefore
only the cylindrical shape of the tube is considere
Conduction in the axial direction is consideredligggie.

Average heat transfer coefficients can be usedaoh eode.

Average refrigerant temperatures of nodes can ée imsheat transfer equations.

a kr 0N

Average tube wall temperatures can be used intreestfer equations, and the
temperature is constant throughout the thickness.



6. Pressure is constant throughout the length of thetlevaporator and the
condenser. Therefore, saturated properties atamtrover the length.

7. Average lengths of nodes are used.

8. The cross-sectional area of the two-phase reginrbeasplit into two sections,
liquid and vapor.

9. The mean void fraction is constant with time.

10.The heat flux on either side of the transition p®iof the two-phase regions are
the same. This is not actually true due to thetfaat the wall temperature of the
real system is constant in the two-phase regiorvanging along the length of the
single-phase region. This assumption is requioedhfe system to be
approximated as linear.

11.The density throughout the length of the subcogiore of the condenser is the

saturated liquid density.

These assumptions were used in the dissertatibie ¢1996). They result in a
simplified model, which was shown to accuratelydicetransients associated with
perturbations of system inputs. Various other aggions are involved; they are pointed
out as they are used in the derivations. AppesdiceB and C contain the in-depth
derivation of the equations in this chapter.

A schematic of the major components is on pageFdgare 2-1. A pressure-
enthalpy diagram illustrated in Figure 2-2 on p&gows the thermodynamic processes
involved with the loop. As seen in the pressurtitalpy diagram, the expansion valve is

assumed to be a constant enthalpy process.
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Non-Linear Modeling Equations of the Evaporator
The evaporator is separated into two nodes fordduiszation. Appendix A
contains the complete derivations of the equationkis section. A schematic showing
the key parameters of the evaporator is showngargi2-3. Complete evaporator

nomenclature is given on page ix.
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Mg ;f;_;-

Mg out
+
&
Tea O
- Ler g
&y Heat transfer coefficient on the inside # ot MMass flow rate at interface of the
of the two-phase region nodes
@7 Heat transfer coefficient on the inside  #5; ) Mass flow rate at outlet of evaporator
of the superheat region Tew1: Temperature of two-phase region wall
&,,. Effective Heat transfer coefficient  Tewz: Temperature of superheat region wall
hetween tube wall and air Ter1:  Temperature of two-phase region
L.1: Length of two-phase region refrigerant _
R Taz T Fsuperh
L.z Length of superheat region erd! eﬁn;peratt:re ol superheat region
g i Dass flow rate at inlet of evaporator rEHigEran _ _
Tea  Temperature of ambient air around
evaporator

Figure 2-3 Evaporator Schematic
The control volumes for the two-phase and supenteggdns are denoted by cvl

and cv2, respectively.



The conservation of mass equation for node ondeaxpressed as

d dR; d .
AL&% dt (pel pev) Lel = Mg in ~ Mgjint - (2.4)
e
and for node two as
do . . _
Alg e2 + A[pev ,Oez] +Mg out ~Meint = 0. (2.5)

The overall mass balance equation of the evapoiagven as
dlg 0Pz dpg (AR
- Pep|—=+A L +Ly
Npa - Pez] at A{ 27 9p, dr, | dt

0P dhe,out
ahelout dt

(2.6)
+ ALeZ

= Mgjin ~ Mg out
The conservation of energy is derived to be

dhey __ )dpeLhefg _4|dR
dR, " dR dt , (2.7)

= Me,in (he,in - hev)+ LeaD; T (Tews ~ Tert)

- A[(l_ J_/e)peLhefg]dd—Lfl + ALel{pel

and

- 05A0¢ (he, out — hev) d:;fl

0 dP,
+A|—e2[05:0e2 hev+05(he out hev) Pe2 _ }

dp, P, | dt

dhe out
dt

= Lep7Dj O gjo ('lfev\g —-Ferz)"' Me out (hev - he,out)

for the two-phase and superheat nodes, respectively

+ 0-5A|—e2{,0e2 + (he,out - hey) ez :l (2.8)

e
"7 9 out

The energy balances on the tube wall for node adewo respectively result in

dT,
(pCA) { (;atvﬂ} Aeo’Dg (T TeV\ZL) + O 7D (Terl TeV\ZL) (2.9)

dT, Tevd — Tewz ) d —
and (pCA)W[ e, (Ter TEWZ) =aE Aed/Do (Tea_Tevvz)

dt Lep dt : (2.10)
+ i 7D; (-ITerZ _-ITeWZ)
The average density in node one is defined to be

Pel :(1_J7e)peL+J7epev- (2.11)



The average density of node two is a function efdiaporator pressure and the average

enthalpy in node twohg, = O.5(hev + he,out). Since the enthalpy of saturated vapor is a
function of pressure the average density in noadedan be expressed as
Pe2 = p(Pe’he,out)- Similarly the average temperature is a thermadyn function of

the formTg, :T(Pe,he,out). More nomenclature is defined below.

A Cross-sectional area inside of tube  her:  Saturated liquid enthalpy
A Cross-sectional area of tube wall  h.im  Enthalpy at inlet of evaporator
Cw:  Thermal Capacitance of tube wall  heom:  Enthalpy at outlet of evaporator

Iy Inside diameter of tube hey:  Saturated vapor enthalpy
Do Cutside diameter of tube P Evaporator pressure

V! Woid fraction in evaporator peL:  oaturated liquid density
hegz:  Enthalpy of vaporization Pev.  waturated vapor density

P Density of tube wall



Non-Linear Modeling Equations of the Condenser

The condenser is divided into three nodes by ph@ike.first node is a superheat

region, the second a two-phase region, and the éhsubcool region. A diagram of the

condenser’s parameters is in Figure 2-4, and caeteromenclature is given on page xi.

For complete derivation of the modeling equaticees Appendix B.

G:D

My in

7//N////

e Les L Lao L La >
T.a @
&3 oo
it LeT I
Oeil:  Heat transfer coefficient on the inside  #2, g,, Mass flow rate at interface of node 2
of the superheat region T e
G Heat transfer mefﬂc%ent ot the inzide i, . Mass flow rate at outlet of condenser
of the two-phase region
N - .. Tyl Temperature of superheat region wall
Oaz.  Heat transfer coefficient on the inside .
- Tewz:  Temperature of two-phase region wall
of subcoolregion oo T ; Feubcool regi 1
Uen.  Effective Heat transfer coefficient T'“’"Et' Tempera e ofsu EO}? Tegton wa
e et e erl eﬁmperatt:ra of superheat region
L.1: Length of superheat region T rTE 1gerafc1 £ turoph .
L.zx  Length of two-phase region = eﬁﬂ_ﬁ.pera ure of we-phase region
L.s:  Length of subcool region g .
) . Tz Temperature of subcool region
g IMlass flow rate at inlet of condenser :
= refrigerant
#, g Mass flow rate at interface of node 1 T..:  Ambient temperature of air surrounding

and node 2

the condenser

Figure 2-4 Condenser Schematic

denoted by cvl, cv2, and cv3, respectively.
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The conservation of mass equation for node oneg hwd, and node three can be

expressed as

ALy p01 + A[pcl pcv] =Mg,in ~ Mg int1; (2.12)
doc dLy .
Algp —= A(pcv ch) +Mejnt2 — Mejint1 =0,(2.13)
and fe,int2 = M, out + Alca ch , (2.14)

respectively. The overall mass balance equatidgheotondenser is given as

A{L docL Lo doco L, [apcl L 9Pa dr’bv]:l dR;
dt

dr. % dR, P, ohy dP. (2.15)

d ) .
+ A[,Ocz - ch] dt2 + A(pcl - ,OcL)ﬂ =Mein ~ Mg out

dt
The results from the conservation of energy onréifiggerant equations for node one,

two, and three are given by

d 0 00 d dR
ALcl{pcl v + o-5(hc,in - hcv{ Pel + Pel hcvj _1}_0

dP, 9P,  ohcl dP, dt (2.16)

d .
+ o-SA(hc,in hcv)pcl I(;f = Ly7D; aCIl(TCV\ﬂ. crl)"' (hc,in - hcv)mc,in
d
ApcLhetg — = el + AVcPeLNerg — = Olez
dt dt
dhetgOcL dh, doe | dP
+ AL -1~ 7 )—2== + V— 1|+ Leg(he —hey) St 1 —C (2.17
{ 02{ ( el dp, Pc2 dp, 03( L ~ cv) dp, [ dt i )
= mc,outhcfg + chDiﬁciZ(-lTCV\Q _Tcrz)
d d
0-5A:0CL[hCL - hc,out]TLfl + O-5Ach[th - hc,out]i
doc dhe . |dR
and + AlL3| 05(h -he . +05 -1|—=< (2.18
Lc3[ (c,out ) dp, PcL dr, at (2.18)
dheout . = =
+ 05ALc300L O = mc,out(th - hc,out)"' 7t 3D aCi3(TCV\B _Tcr3)

dt
respectively.
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The governing equations given by the conservatfamergy on the tube walls

can be written as

(oo ot (o ~Toue) 9| eDoffcaTou)

dt L dt , (2.19)
+ 0 7D; (T_crl - T_cvxa)
dT, _ _ _ _ _
(pCA)W g;x\lz =0co7Dg (Tca _TCV\Q)"' acio’D; (Tcrz _TCV\Q)’ (2.20)
dT, Towz ~ Tews |dLe Towz ~ Tews |dLe
A cw3 A cw2 cw3 1 A cw2 cw3 2
and (AL dt (eC )W{ Les } dat (eC )W{ Les dt ,(2.21)

=0 oDy (Tca _TCV\B)+ ai37D; (Tcr3 _-ITCV\B)
respectively. The average density in node tweefgedd to be
P2 = (1= Ve )PeL * VePey- (2.22)
The average density of node one is a function®ttndenser pressure and the average

enthalpy in the node ongg = o(P.,hy ), wherehy = 05(he, + hein ). More

nomenclature is given below.

A Cross-sectional area inside oftube  ho: Saturated liguid enthalpy

A Cross-sectional area of tube wall h.w  Enthalpy at inlet of condenser
e Thermal Capacitance of tube wall he et:  Enthalpy at outlet of condenser
In: Inside diameter of tube b Saturated vapor enthalpy

D Outzide diameter of tube P Condenser pressure

Ve Woid fraction in condenser peL: caturated liquid density

heg:  Enthalpy of vaporization o Saturated vapor density

Fror Density of tube wall
It is worth noting that the equations for the suidgegion refrigerant mass,
(2.14), and energy balance,(2.18), differ by ameetédrm from those derived by He

dIOCL % in
dP. dt

(1996). The extra term iSLC3d’Z—‘;L in (2.14) and05ALcz (N out ~ et )

(2.18). The difference will also show up in theemadl condenser mass balance, eq.

(2.15), akAL3 %% The refrigerant energy balance of node two, 24.7), has the
C

doc. dR;

extra termAlLqg(he, —hey) 5. 'twas determined that the equations derived in
[

this thesis would be equivalent to the He (199&ia¢igns if the time derivative of

12



saturated liquid density in the subcool region setsto zero. The effects of this
difference are small, but it is retained to be txteat with the other modeling equations

where this time derivative is not zero.

Linear Modeling Equations of the Refrigeration Loop

The model developed in this thesis is a linear motevill be able to predict the
small perturbations from an operating point. Tikia reasonable way to model an air
conditioner for computer control, provided the pdrations remain small. Most likely
the conditions of the environment and the statpgmees of the refrigerant will not be
changing by large amounts when the control is bapgied, so the model will still be
valid. A linear model allows for a simpler simudat, as well as a wider variety of
possible control schemes.

To obtain a linear model of the refrigeration lobpear equations of the heat
exchangers are coupled by linear equations focohgpressor and the expansion valve.
Derivations of these equations and elements ofrdigices are presented in Appendix C.
The linear equations of the evaporator and the @oser can be expressed in matrix form
by

Del Xo = A0 Xe + Bgd Ug (2.23)

and DO X = A0 Xc +B¢d ug, (2.24)
respectively.

The states and inputs of the evaporator are gigen a
Xe = [Lel Pe heout Tewt -Fewz]T andug = [me,in Nein Mg out Ve]T , wherevg
is the evaporator blower setting.

The states and inputs of the condenser are given as
Xe = [Lcl Lo Pe heout Tow Tews 1ch\e»]T anduc = [mc,in hein Me out VC]T ,
wherev,. is the condenser blower setting.

To model the compressor and expansion valve, esatire written for the
change in enthalpy at the exit of the compressut,the change in mass flow rate
through each device. Itis assumed that the gutelthe exit of the compressor is a
function of the evaporator and condenser pressig@ll as the inlet enthalpy. The
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compressor exit enthalpy is assumed to be equbhEtoondenser inlet enthalpy and the
compressor inlet enthalpy is assumed to be equbktevaporator exit enthalpy. This

leads to the equation j, = h(Pe, P, hg oyt) - The mass flow rate through each device is

assumed to be a function of evaporator and condensgsures and their respective
control settings. Recognizing that the flow rdtetigh the compressor is equal to the
flow rate out of the evaporator and into the corsgéenthe mass flow rate through the
compressor can be expressed in the following form

Meomp = Me,out = Mein = M(Pe, Fe, Ugomp) » Whereucompis the compressor setting. The
mass flow rate out of the condenser and into tlapenator is the flow rate through the
expansion valve, which can be writtenrag,ye = M out = Mg in = M(Pe, Pe, Uyalve) »

whereuyave iS the expansion valve setting. Taking the défeials of these equations
results in the linear modeling equations of the passor and expansion valve. The

change in mass flow rate through the valve is esqa@ by

Ayalve = A oyt = Mg in = K1 + K207 + ki 3dUyaive: (2.25)

The change in compressor outlet enthalpy and niasgéte are given by
TNcompout = Fe,in = k21 + Kood% +kosdhe out (2.26)
and AMeomp = A out = A in = K31dFe + K320 + K3zicomp: (2.27)

respectively. Thejkcoefficients are to be determined experimentally.
The equations for the evaporator and condensebeavritten in terms of system state
variables and inputs. This is done by replacimgitiputs of the heat exchanger models
with functions of the system states and inputse 3ystem state variables are the states of
the evaporator and condenser and the inputs arpressor setting, expansion valve
setting, evaporator blower setting, and condenissvdy setting.

The complete linear model of the refrigeration laogtate space form is

J X= {A‘E‘e Aﬂa x+[8ﬂ5 u (2.28)
Abe ACC CC

where the system states and inputs are

0 Xe _[ T
O X= 5 x ando U=[0 Ucomp O Uyave O Ve O V¢| .

C
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With this set of state space modeling equationgrtesient responses of the air
conditioner can be simulated. Chapter 4 discubsedetermination of parameters
required to simulate the system and Chapter 5 ptesecomparison of simulated and

measured results.
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CHAPTER 3 - Experimental Setup

In this section the air conditioner and data adtjoisused to develop the model
are discussed in detail. This will include moditions of the original air conditioner
design, hardware of the system, and measuremethtsoaitrols applied to the system.
The unit is a modified version of a Technovatecainditioning and refrigeration
education system. It originally was a learning tooobserve, analyze, and change the
characteristics of an air conditioner. The bastag of the Technovate remains. It has
been retrofitted to use R-134a. Changes werenadste to allow for a variable speed
compressor, heat exchanger blower speeds, and®aparmalve opening. Sensors have
been introduced to the system for computer measmenof pressures, refrigerant
temperatures, air relative humidity and temperataireflow rates across the heat

exchangers, and flow rate of the refrigerant. &uype of the current setup is in

Figure 3-1.

Figure 3-1 Picture of Setup
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At the onset of the project the air conditioner hatibeen fully assembled,
refurbished, tested, or wired for computer measergmand control. A great deal of
time and effort went into refurbishing the lookstloé unit, leak proofing the refrigerant
lines, and eliminating noise from measurement $gynA few repairs and modifications
were required in order to achieve the final desigigure D-2 and D-3 on page 127 and
128 illustrate the layout of the initial and firddsign respectively. A list of parts is also

given in Tables D.6 to D.8 starting on page 144.

System Description of Components

This section describes the experimental setugs auirent state. The evaporator
and condenser have the same geometry. Each aeslftompact single route heat
exchangers with twenty passes/fo.d. copper tubing. They have slots for glaghsi
tubes at the entry, middle, and exit. The middieetallows for visualization of two-
phase flow. The entry and exit glass tubes wepkaced with copper tubes to avoid
leaks. Wooden boxes with a Plexiglas front enctbhseheat exchangers. Ducts at the
top of the boxes connect to air flow meters. Blmafer the heat exchangers are turned
by ¥ hp 230 VAC three phase motors. These motersantrolled by variable
frequency drives. Ducts connect the blower outpuhe inlet of the heat exchangers.
The ducting and boxes are sealed so that all tHeoaiing out of the blower goes
through the air flow meter. The compressor isladvesen single cylinder ¥4 hp unit,
driven by a % hp 230 VAC three phase motor. Theéome powered by a variable
frequency drive similar to the blower motor’s dveThe system has the capability for
using one of two expansion devices, a stepper nexjoansion valve rated at ¥z ton of
cooling or a capillary tube. The size of the exgdan valve opening is controlled with a
temperature control board. This board drives tBpger motor in the expansion valve to
a desired setting using a reference voltage supplyghe computer. All of the testing in
this thesis utilized the stepper motor expansidweva

The unit can run in a few different configuration& flow reversing valve can
change the direction of flow and switch the rolethe condenser and evaporator making
the unit a heat pump. A set of check valves thhoug the loop allow for this change in
flow direction. Energizing and un-energizing tl¢esioid in this valve can be controlled
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with a TTL signal from the computer. For the wadne in this thesis, the valve was
always set to run as an air conditioner. Flowlmanlirected through an accumulator at
the exit of the evaporator; valves allow for bypagshis accumulator. The purpose of
the accumulator is to collect liquid refrigeranfoimtect the compressor. It is specially
designed to keep the refrigerant oil in circulatiduring testing it was determined that
the accumulator affected transient responses tagesain system inputs in ways not
consistent with the current model development. r&fioee, the system was always run
bypassing the accumulator. The refrigerant accataukt the exit of the condenser can
be used to store refrigerant as well as add or vemefrigerant from the main circulation

loop. It was not utilized in this work.

Modifications to Original Design

This section explains the modifications to obt&i@ turrent setup. The first and
most important change was to upgrade the expadsices. There are two possible
expansion devices, a computer controlled expansitwe and a capillary tube. Initially,
the goal was to operate the unit with the capiltabye and then get the expansion valve
working. A blockage in the loop became a reocagrissue when using the capillary
tube. All of the components which were likely togup were replaced. This included
the filter dryer, capillary tube, and strainersathef and behind the capillary tube. Also
the solenoid valve used to close off the path éocthpillary tube was replaced with a
manual variable opening valve. Replacing the sotevalve eliminated the ability to
select the expansion device with a computer, bstwias determined to be an
unnecessary feature for the current work. A mawaaable valve ahead of the capillary
tube will allow for some adjustment of the floweait was not utilized in this work.

The original design had a proportional solenoid/gals the variable expansion
valve. This component failed because it had a mam pressure difference of 345 kPa.
The air conditioner requires a pressure differamcéhe order of 700 kPa. It also had
VITON seals, which are not compatible with R-134astepper motor expansion valve
replaced this faulty component. This required adidal plumbing, due to the different
valve geometry. Changing the direction of the cheadkes around it was necessary,
because the new expansion valve requires flow topghrough the device.
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The refrigerant/oil separator and oil receiverhat ¢xit of the evaporator were
replaced by a suction line accumulator. Originalie system had the capability of
adding or removing oil from circulation. When tygpropriate valves were open and
flow went through the separator, oil would be reetbirom circulation. The separated
oil could then be put in the oil receiver and iéoled put into the sump of the
compressor, which would eventually lead to thecwdulating through the loop again. A
suitable fitting could not be found to connect thlereceiver to the compressor sump, so
this oil separating feature could not be achievedtead, the suction line accumulator
was added. This accumulator is designed for relation of oil while protecting the
compressor from liquid.

Thermocouple probes replaced the bimetallic diatrttometers of the original
setup. While visual verification of refrigerantrtperature is important, it was deemed

more important for the computer to have an accuregasure of refrigerant temperature.

Measurements and Controls

The system has measurements of refrigerant preseurperature, and flow rate.
There are five pressure transducers; one at taeani exit of both heat exchangers and
one at the exit of the compressor. Thermocoupbgs are near each of the pressure
transducers. Dial pressure gauges located ablteaind exit of the heat exchangers give
a visual verification that the computer measuresiang reasonable. A V-cone
Flowmeter is positioned at the exit of the compoesd his meter produces a pressure
differential measured by the differential pressua@smitter. This pressure difference
combined with the line pressure and temperaturébeamsed to determine a mass flow
rate. The meter was calibrated for gas, whichhg ivis located at the exit of the
compressor. It is guaranteed that the state afeigerant at output of the compressor
will be gas. Unfortunately, oil is also presenthe flow and the flow meter never
produced reliable measurements, likely becauskeeoptesence of oil. Communication
with the manufacturer of the V-cone confirmed thidtvould lead to inaccurate flow
measurements.

Relative humidity and temperature sensors areddcait the inlet and exit of each
heat exchanger. Air flow meters are positionetthatexit of the two heat exchangers.
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These meters were constructed and calibrated aefgthris project, and will be discussed
in a later section of this chapter. With these sneaments the energy gained or lost by
the air can be estimated.

Thermocouples attached to the tubes of the he&ilaexgers give a rough estimate
of the tube wall temperature. The beads of tharibeouples were glued into place
using epoxy. This results in some insulation betwine tube and the air. The insulation
lowers the local heat transfer; hence the temperaeasured is too close to that of the
refrigerant. These thermocouple measurements takea by a ten channel Omega
Digital Thermometer.

The system inputs include compressor speed, expanalve setting, evaporator
blower speed, and condenser blower speed. Vafiagaency drives control the speeds
of the three motors. They can either be contrai@shually with the keypad or by a 0-10
VDC reference signal. The temperature control hames a 0-10 VDC reference signal
to control the valve opening. All of the signate aeferenced with respect to the analog
out ground on the screw terminal boards of the detpisition system.

The manual or computer control switch plate allthesuser to select the
operation mode of each of the four components. WMéhswitch is to the left the
corresponding device will be controlled manuallgmputer control is required when the
switches are to the right. In manual mode the aipeuses the keypads of the variable
frequency drives to control motor speeds. Thetlgurottom, switch is for the expansion
valve and is a little different. In the left pasii the stepper motor expansion valve
closes and the flow reversing valve solenoid igguted not to be energized. In this
configuration the flow will go through the capietube and the unit will be in air
conditioning mode. When the switch is to the ritji& expansion valve opening is
controlled by the reference signal from the compued the reversing valve can be
controlled by a TTL signal.

The measurements and controls are implemented Nsitignal Instruments data
acquisition hardware and software. The hardwarkides two PCI-6024E DAQ cards
coupled with two SC-2070 screw terminal boardse $trew terminal boards have a
cold junction reference to be used with the themmuptes. The DAQ cards are installed
in a PC with an AMD Athlon 902 Mhz processor, 51BRAM, and MS Windows XP
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operating system. National Instruments LabVIEWWbBvgare processes, records, and

displays the measurements.

Electrical Wiring

The entire unit is powered by 120 VAC single phasewall outlets. Wiring
diagrams are located in Appendix D starting on gegf® The air conditioner and
computer are connected to grounded plug 1. Thahlarfrequency drives for the
blower motors are connected to grounded plug 2sé&hrives are a terrible source of
noise, it was determined that powering them seelgre¢duced noise in the
measurements. These grounded plugs are then ¢edrie@xtension cords that plug
into wall outlets. The air conditioner’s powerrnggrounded plug 1 runs through the
main switch, a watt meter, and to the power stilipe watt meter does not measure
power used by the blower motors. It has a shuthaioit only measures half of the
power used by the rest of the unit. A switch betbesmeter allows for selecting low and
high scales. The power strip supplies the compregseed controller, temperature
control board, flow reversing solenoid, and DC posugpply. The reversing valve was
not used in this work so it was never plugged theopower strip.

With the 24 VDC from the power supply, a 24 to 5&DPonverter, and a 24 to
+12 VDC converter all of the sensors get their neglsupply voltage. Wiring of the
sensors is fairly simple, power and ground wiresfram the power bus to the device
and signal wires are routed to the screw terminatdh. All of the sensors’ signals are
referenced to their supply voltage’s ground so amlg wire needs to be routed to the
screw terminal board from each sensor. Shieldegswiere used in all cases to help
eliminate the noise.

The three variable frequency drives and the tenipexra&ontrol board use
reference inputs from the computer. Shielded wiegsy the signal from the screw
terminal board to the respective devices. It isartant to note the location where the
shielding is grounded. The blower motor frequecaytrollers require that the shielding
be grounded only at the screw terminal board enckosGrounding the shielding at the
drive will add excessive noise to the computer mesaments. This is the opposite for the

compressor motor speed controller; noise was lé&nwhe shielding was grounded at
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the controller. To avoid unnecessary measurenuaénthe blower motors need their
frames to be grounded at their respective frequdngg which is then grounded at the
wall outlet. The compressor motor frame should &ks grounded at the motor
controller. Electrical isolation between the mangtbolts of the frequency drives and
the main electronics box is also required to awogtound loop. The proper grounding
of the frequency drives enormously reduces theenmiscomputer measurements and is
an absolute necessity.

A ground bar connected to a solid ground line piesia reference for the
computer measurements and the sensors. The DG papgy, computer, screw
terminal board enclosure, main electronics box, @pper refrigerant tubes are
grounded at the ground bar. The pressure transsiveguire that their cases be
grounded. These cases are connected to the rafiigabes, which makes them all
electrically connected. To avoid ground loopsydhE case of one pressure transducer is
directly connected to the ground bar.

Most of the noise in the measurements is due todhable frequency drives.
The noise can be reduced greatly with proper grimgnof the sensors, computer,
frequency drives, motors, and shielding. The gdinmand shielding was iteratively
changed until the noise was acceptable. Appendwirdg diagrams starting on page

130 illustrate the proper grounding of the system.

Software
Measurements and controls are implemented usinyIEMY 8 software. The

software converts all of the sensor signal voltageble proper measurement units, e.g.
kPa for pressures. Several of the signals aerdilt by the software. Measurements are
plotted on charts and displayed numerically onftbet panel, in addition they can be
written to a file which is usable in MS Excel. @ah signals for the four system inputs
are also generated by the virtual instrument. Steool and superheat are calculated
and displayed continuously on the front panel. icype of the front panel of the virtual

instrument is in Figure 3-2 on page 23.
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Figure 3-2 Front Panel of Virtual Instrument

All signals are displayed numerically. Temperasuaee in degrees Celsius,
pressures are absolute and in kPa, air flow ratesaubic feet per minute. The output
of the differential pressure transmitter is displdyn kPa. In order to calculate a mass
flow rate from this pressure, a complex formula #refrmodynamic tables must be used,
therefore the mass flow rate was not calculatetherily. The air temperatures,
refrigerant pressures, refrigerant temperaturds;al, and superheat are plotted versus
time. Refrigerant temperature and pressure atdhgressor exit were not plotted,
because they were not variables that needed t@atlest while operating the unit.
Waveform charts help to determine when the air tmmer is at a steady state operating
point. A time span of ten or twenty minutes wasomwnly used. To save space,
abbreviations of C or Cond, E or Evap, Comp densasurements related to the
condenser, evaporator, and compressor, respecti$éaiuration temperature is
abbreviated by Tsat. The four controls are inkbgom left corner. Motor speeds are
input as the frequency that the variable frequeilioxes are desired to output. The
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expansion valve setting is simply a 0-10 VDC inpUtvo additional inputs are tau, the
time constant for the software filters, and the@dpheric pressure used to calculated
total pressure from the gauge pressure measurem@risie constant of one second and
a nominal atmospheric pressure of 97.449 kPa (Igsi)3vere used in all instances.
This nominal atmospheric pressure was measuredamabbarometer once and was
assumed not to vary significantly from day to déjsers can input a distinct file name
into the File Name box and use the enable/disaltt®t for writing measurements to
files. A late light in the bottom right flashes &rhthe virtual instruments did not finish
all tasks on time during the last loop iteratidrhe stop button shuts down the virtual
instrument.

All reference information for the virtual instruntda given in Appendix D.
Figures D-10 and D-11 starting on page 137 illdsttiae block diagram of the virtual
instrument. All of the tasks are placed in a timédle loop that starts every 100 ms.
This time step was determined to be adequate foptating all of the tasks. Two DAQ
assistants, Board 1 and Board 2, take the measntemeéhe thermocouple signals are
taken in Board 2 and the rest are done in Boar@Hannel assignments, DAQ assistant
scales, and formula block equations are shown iodel2.3, D.4 and D.5 starting on page
136, respectively. An acquisition mode of one danop demand was used in both
assistants. The board 1 signals are all refersingée ended, meaning the voltage
measured on a channel is referenced to the conpgteund. Custom scales created in
the DAQ assistant convert voltages to measuremets imn Board 1. The sub virtual
instrument (sub-vi) board_1_router.vi routes thesueements from Board 1 to be
displayed, written to a file, or filtered. Figupel2 on page 139 shows the block
diagram.

Temperature signals are acquired in Board 2. TA® Bssistant outputs the
voltage from each thermocouple as well as the teatype measured by the cold junction
reference. The thermocouple channels are sedifteaential terminal configuration and
the cold junction is a referenced single endedtiopuchannel 0. The screw terminal
board where the thermocouples are connected isgewadl to output the cold junction
signal to channel 0. A custom scale converts ti@ janction voltage to a temperature in

degrees Celsius. The thermocouple measurementsmverted to milli-volts with a
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custom scale. An offset voltage was added to esdsurement. This is because the
differential channels where shown to measure apmately 0.12 mV when the channels
were shorted. This offset is enough to noticeahinge temperature readings from a
thermocouple. The temperature signals are semstdo-vi, temperature processing.vi,
where they are converted to degrees Celsius aedefil. Figure D-17 on page 142
contains the block diagram of the sub-vi. To datee the refrigerant temperature from
each thermocouple, the cold junction reference &atpre is converted to a voltage,
then added to the thermocouple voltage, and fita#ysum is converted to a temperature
in degrees Celsius. The conversions are donethiitth order polynomials. Both
polynomials were curve fit to type K thermocoupdéerence table data over the range of
-50 to +50 degrees Celsius.

Several of the measurements had enough noise fiftat avas required. These
signals include the pressures, refrigerant temperst differential pressure, and the air
flow rates. The signals are filtered inside of sk-vi's press processing.vi, flow
processing.vi, and temperature processing.vi. regyD-15 to D-17 starting on page 140
illustrate the block diagrams of these sub-vi'salicases the first order filter is of the

form

1 t
Vout :_I(Vin _Vout)dt’
I'o

which can be approximated by
At
Vour(t) = = (X(t) + x(t = A0) +Vour(t = A1),
where the value of is determined by
1
X(t) = —(Vin (0 = Vour (¢ - AD).
Timet is the current loop iteration anid- At is the previous loop iteration. The time
constantr determines the cut off frequency of the filteisttime constant can be
changed in the tau numeric input on the front pakglis the raw signal and,is the
filtered signal.

The program calculates the subcooling value ottrelenser and superheat value

of the evaporator using the exit pressures andeemyres of the heat exchangers. The
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superheat is the exit temperature minus the evegaaturation temperature and the
subcooling is the condenser saturation temperatimas the exit temperature. These
values help in determining when the air conditiasayperating at a good set point. By
rule of thumb, five degrees Celsius of superhedégred. The saturation temperatures
are calculated in the sub-vi sat temps.vi, showFigure D-13 on page 139. It contains
two formula blocks that use a polynomial for satioratemperature as a function of
pressure. The polynomials were curve fit to saiomeables over the range of 685 to
1105 kPa for the condenser and 170 to 380 kPadé&evtaporator.

The sub-vi file_writing.vi, depicted in Figure D-bh page 140, writes the
measurements to the user specified file name wieeerable/disable button is enabled.
For filtered signals, only the filtered values anmgten. Measurements are written once
for every ten iterations, which is once per seconlis is accomplished by finding the
remainder of the current loop iteration numberdidd by ten. When the remainder is
zero and the button is enabled the current measmsnare written.

Motor speed and valve setting inputs are convaaed0-10VDC value and sent
to DAQ assistants to output the voltage to therotliets. The motor speed conversions
are linear where 0 Hz corresponds to 0 VDC and 8@0H.OVDC. In the case of the
valve setting no conversion is needed. The Vahte@omp assistant handles the
expansion valve setting and the compressor motdewie Fans assistant controls the
blower motor control signals. Each DAQ assistargdt for a generation mode of one

sample on demand. Channel assignments are sholable D.3 on page 136.

Air Flow Rate Meters

In order to measure the flow rate of air through lteat exchangers two flow
meters were constructed and calibrated. Thesersrate turbine meters that generate a
frequency which is then converted to a voltagee basic design is a propeller blade
mounted inside of a six inch diameter tube withrdrared emitter upstream of the blade
and a detector downstream. When the blade ratgtesiodically breaks the path
between the emitter and detector creating an osigiffal with a frequency proportional
to the flow rate. A chip and surrounding circuoheert the generated frequency to a

voltage.
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The propeller blade is connected to a shaft thatee on a bearing mounted on
an axial fan casing. The casing is bolted to théngh diameter PVC tube, and then
silicone sealed to assure that all flow goes thinaihg inside of the casing. A flow
straightening mesh is upstream of the blade tcemehmore accurate measurements. The

setup is illustrated in the sketch in Figure 3-3.
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Figure 3-3 Air Flow Meter Sketch

To generate a frequency, the emitter/detector itilcwired to output 5 VDC
when the path is open and 0 VDC when the pathakdm. This frequency is converted
to a voltage by a frequency to voltage chip andosunding circuit. The surrounding
circuit was constructed as per the applicationsifipation sheet for the chip. The chip
used is a VFC32KP manufactured by Burr-Brown. ditdl flip-flop was added to clean
up the emitter/detector signal. This chip creatdsscontinuous on/off signal that the
frequency to voltage chip requires. The signadatly from the detector would not work.
Also an op-amp was added to the output signal.hdVitthe op-amp the output voltage
would change without a change in flow rate whenvidigable frequency drives were
turned on. There are also numerous bypass capaadded to the supply voltages to

filter out AC voltages due to the blower motor gotlers’ noise. It is important that the
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shielding of the output signal wire be groundethatscrew terminal board and
connected to the ground of the frequency to voltageverting circuit board. The output
voltage will occasionally drop for no apparent mawithout this special grounding. A
wiring diagram is located in Appendix D on page .134

Calibration of the meters was required to convetdutput voltage into a flow
rate. The meters were put in series with a cdkiorgane anemometer. A set up of the

calibration is shown in Figure 3-4, which is notstale.

L izt II L 4 J

Blower

B dia. 4" dia. |

AN -
Adapter Calibrated
Flowe beters Flowe bdeter

Figure 3-4 Air Flow Meter Calibration Setup

The voltage output of the meters and the measlwedrate were measured for
several flow rates. Pressure measurements wegr tdlead of and behind the flow
meters, the pressure was never more than an inghtef different than atmospheric
pressure in the room. Therefore, effects of presdifference were ignored. To adjust
the flow the inlet of the blower was covered byyuag amounts. The output voltage was
averaged over approximately fifteen seconds wihraple period of 100 ms for each
data point. The output of the vane anemometemresas from its digital display as a
magnitude of velocity. The magnitude of velocitgsnater converted to a volumetric
flow rate for the calibration. This calibration svdone over the range of 50 to 260 cubic
feet per minute, the blower could not source anyenflow than this. Although the
meters will need to measure flow rates up to 34@ the calibration was quite linear and
should be okay for slightly higher flows. A pldttbe calibration points and deviations
are shown in Figure 3-5 on page 29. The metersared after the heat exchanger that
they will be used with. The total uncertainty veletermined to be about two percent at
300 cfm. Results of the linear regression calibradind uncertainty analysis are located

in Appendix D on page 146.
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Calibration Measurement Data
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Figure 3-5 Calibration Plots

The deviations are the difference between the ge#faalculated with the linear
regression equation and the measured voltage.eqinaion for the evaporator curve fit
isV = 0.016F - 0.334, and the condenser’sMs= 0.015F —0.159. The symbols V and F

represent the voltage in Volts and flow rate inicdbet per minute, respectively.
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CHAPTER 4 - Determination of Modeling

Parameters

Numerous parameters are needed to fill out thes@fithe state space modeling
equations. Throughout this thesis the term paranvetl refer to quantities that appear
directly in the linear modeling equations. Thisyter will cover in detail determination
of these parameters. The values are measured|atalt, evaluated from
thermodynamic relationships, or determined expentaly. The parameters will be
broken into three sections according to which $é&eat exchanger matrices the numbers
go into (i.e. mutual, evaporator, and condensBgrameters in the mutual section appear
in matrices for the evaporator and condenser. Apteta listing of the parameters and

their values is located in Appendix E starting agel4?.

Mutual

Values that can be measured directly include thielénand outside diameter of
the tubes and the total length of the heat exchangéhe total length was chosen to only
include the finned tubes, because this is wherd ofdke heat transfer takes place.
Also, the model was derived based on the assumptioansidering only these sections.
The cross-sectional area inside of the tube catetermined from the inside diameter.
Also, the cross-sectional area of the tube walllmacalculated based on the inside and
outside diameters. The specific heat and densiiybes can be found in a table for the
properties of copper.

There is no direct measurement of the refrigeraagslow rate, since the oil
affects the V-cone measurement. The mass flonnate be backed out by an energy
balance on the heat exchangers. The condensddgiroduce more reliable results,
because there will not be a change in the humafithe air. Equating the heat transfer

of the air and refrigerant yieldﬂaircp’air (Tair’out —Tair,in): Myef (hc,in - hc,out).
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Solving for the mass flow rate of the refrigeraintgs ,

Mo = Mair Cp, air (Tair,out _Tair,in)
© (hc,in - hc,out)

The enthalpies will be discussed in the conderesaran of this chapter. Inlet

(4.1)

and exit air temperatures are measured valuesegmesented symbolically as; i, and
Tairous respectively. The specific heag,ir, can be found in a table. The average of inlet
and exit temperatures was used for the specificvaae. Volumetric flow rate of air is

measured and the mass flow rate, symbolically, is simply the density multiplied by

the volumetric flow rate. The density of air a¢ thverage temperature was obtained from
tables just as with the specific heat.

The coefficients of the linear expansion valve aathpressor modeling
equations, (2.25), (2.26), and (2.27), were deteechiexperimentally. The testing
procedure went as follows:

1. Start up the air conditioner and let it reach adyestate operating point.

2. Record data for about twenty minutes at the ststaty.

3. Continue recording data and apply a step changesiogle input, the
valve opening or compressor speed.

4. Record data until the system reaches a new steatdy s

5. Determine the change in mass flow rate, evapopessure, condenser
pressure, condenser inlet enthalpy, and evaposatobenthalpy.

6. This is done a sufficient number of times to perfa least squares fit,
which is described in a later paragraph.

From the initial start up, the air conditioner vgagen forty minutes to reach its
steady state. It is worth noting that steady ddats not mean that all of the properties of
the system are constant. Steady state will beackenized by the properties having a
fairly constant average value over time. The prisgewill always oscillate. This is due
to the nature of condensing and evaporating tweelflaw. The new steady state is
defined as the point where the system states teudbr the first time. Generally, the
system will respond very deliberately to an inpBtoperties will follow a smooth path to

their new values, often times including overshaoat damping. Then things will level
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off for awhile. The usual time frame for levelioff is five to ten minutes. As time goes
on the states will start roaming and oscillatiddnis roaming cannot be predicted by the
model and therefore will not be considered. Thotspin Figure 4-1 illustrate this

phenomenon. They show the exact same responsemeents over two different time

frames.
Evaporator Exit Pressure Evaporator Exit Pressure
345 345
340 340 ‘
= Es w535
] ]
L 30 L 30
E 325 E 325
a a
520 20
315 T T 315 T T T T
0 500 1000 1500 0 120 240 360 430 600
time (s) time (s)

Figure 4-1 Long Term and Short Term Transient Respnses

The changes were evaluated between the averages\duuing the twenty minute
steady state point and the average values durengpitiel stable point after the change in
input. The second average period was betweemfiaates and ten minutes after the
step change. At this point a least squares meathnde used to determine the
coefficients for equations (2.25), (2.26), and 72.2A least squares fit was done for each
equation separately using test results from boglaesion valve and compressor initiated
transients. All of the tests were done to increéhsesuperheat. Initial testing that
decreased the superheat often led to losing afirbeat, which is bad for the compressor.
Input step changes must be large enough to havseursdde effects, but not so large that
the system cannot be approximated as linear.

Several tests were done, but some of them weraseat in the least squares fit.
Occasionally tests results were not good becauskarfges in the room temperature,
which has an influence on the refrigerant pressduesto the fact that pressure is a
function of temperature in the two-phase regiofsr instance, the condenser pressure
can rise by twenty seven kPa for a one degreeu3dismperature increase. Similarly, in

the evaporator the pressure rises by twelve kPdgmee Celsius. These changes are of
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significance considering tests changed the predsuat most fifty kPa in the condenser
and twenty kPa in the evaporator. If a test’s diadlenot fit well into the least squares
solution, it would be discarded and the least sepiegpeated. Another factor was
whether the solution for the coefficients produae@asonable response in the computer
simulation. The least squares fit was done witfedint sets of test data to produce the
most accurate simulation. Results from the legqisaies analysis are located in Appendix
E on page 152.

The steady state control settings for all of tistst@resented in this thesis are
given in Table 4.1.

Table 4.1 Steady State Control Settings

Control Settings
Compressor 31 Hz
Expansion Valve 1.7V
Evaporator Blower| 52 Hz
Condenser Blower| 50 Hz

Evaporator

The parameters that are directly measured arenthéat temperature of air at
the inlet of the evaporator, the inlet and exitsgrges of the refrigerant, and the exit
temperature of the refrigerant. While the refregerpressure and temperature do not
directly go into any of the matrix terms they agguired to evaluate other parameters.
An average of inlet and exit pressure will be usedhe model.

Thermodynamic tables are used to find a numbdnefequired parameters.
Table 4.2 on page 34 lists these parameters aawethat values are required to
determine them. Asterisks denote parameters thabtldirectly appear in the model.
The density of saturated vapor, specific heat afenwvo, viscosity of node two, and
thermal conductivity of node two are representedtmylically aspey, Cpez Hez Ke2
respectively. The enthalpy of node twe; Is the average of the outlet enthalpy and

saturated vapor enthalpy.
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Table 4.2 Evaporator Thermodynamic Tabulated Paramaters

Thermodynamic Relation Parameters

Pet (Pe) Nev (Pe) *Me2 (Pe, he)
*Pev (Pe) Ter (Pe) *Cp.e2 (Pes Neo)
*her (Pe) Pe2 (Pe, hey) *Ke2 (Pe, he2)
Netg (Pe) | Terz (Pe, heo) Pe out (Pe, Teow)

The length of the saturation node is estimated fadmeat transfer balance and can

be calculated as

mM\hey — e i
Leg = — (eﬂ_eml . (4.2)
A e Dj n(TeV\il _Terl)
The length of the superheat regitg; is found by
m(h -h
Le2 _ ( e,out ev) (43)

Aei2Dj 77(1Tewz _-ITerZ) ’
and should be equal to the total length of the exatpr minus the length of node one.

The mean void fraction is determined using Zivi'sdal from
1 +cmp+a—ckm“

J_/e = 2 ’ (44)
1-C  (1-c) (1_Xe,in)
2
Loy |3 . L hein ~Per :
whereC =| — | and the inlet quality & j; = —————_. The form of equation
PelL hey = heL

(4.4) was obtained from Wedekind (1978).

The inlet enthalpy is equal to the condenser exhapy, which will be discussed
in the condenser section of this chapter. An ayeedensity of node one will be defined
aspe = Pl (L- Ve)+ PevVe. Which is equation (2.11).

The average heat transfer coefficients on the énsfdhe tubes in the two-phase
region and superheat region are determined bylatimes. In the two-phase region, the
models proposed by Shah (1982), Kandlikar (189Fgddock and Brunemann (1967),
Gungor and Winterton (1986), Jung and Radermad!®&9)), and Kattan et al. (1998)
were used to determine average heat transfer cegifs. These calculations were
achieved using software developed in a dissertgtiepared by Kelly (2000). Table 4.3
on page 35 lists the results of the heat trangfefficient analysis. The Kattan value was

used for this thesis, it was near the averageeathmodels.
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Table 4.3 Evaporating Average Heat Transfer Coeffients

Model Average Heat Transfer Coefficient (ij
m2K

Shah 2206.6
Kandlikar 2483.2
Chaddock-Brunemann 2812.0
Kattan 2761.7
Gungor-Winterton 2901.1
Jung-Radermacher 2873.5

In the superheat region, the Dittus-Boelter equafitw heating presented in
Incropera (2002) is used. ltis given by

k
Qeip = O.OZ{DL?J Re%8 pr04, (4.5)
|
: c
where Re= b andPr= M.
Al Ke2

An estimate of the average effective heat trangdefficient between the outside
of the tube wall and the air is found from
— mM(hey — he,in)
Dj Le1 (Tea — Tewa)

This equation is derived from rearranging an eguatvhich equates the heat

ﬁeo

(4.6)

transfer from the air to the tube and the energyegbby the refrigerant in node one.
Measurements of the wall temperatures are takdrthby are not accurate as
mentioned in Chapter 3. To find numbers for thdl teanperatures an optimizing
technique was used with the MS Excel Solver tddlis involved iteratively changing
the wall temperatures, calculating the new nodgtles; and determining the outside heat
transfer coefficient in an effort to minimize thiéference between the energy gained by
the refrigerant and the convective heat transtenfthe air to the tube wall in the
superheat node. The energy balance in the twoepihade is automatically satisfied by
equation (4.6). The length of node one was cdiedlas per equation (4.2), the length of
node two was calculated with equation (4.3), amdaihtside heat transfer coefficient

with equation (4.6).

35



The energy gained by the refrigerant was evaluasetie mass flow rate
multiplied by the change in enthalpy across theenothe heat transfer from the air to
the tube wall for nodgis defined by

Qj,air = Oeo/Dj L (Tea _Tewj) -

This optimization was done using the solver todi@ Excel. A constraint must
be added so the solution makes physical senssutheof the length of the nodes must be
equal to the total length of the evaporator. Treadsheet used to accomplish this is
given on page 150 in Table E.4.

Quite a few derivatives of properties go into thedel. The majority of the
slopes can be evaluated by curve fitting a lina tegion of the property’s function. The
slopes were evaluated between pressures of 3087énkiPa and enthalpies of 401 and
406 kJ/kg. Saturation properties are strictly fiorss of pressure. The average density
of node onepe; Will be a function of pressure because it is d&dim terms of saturated
densities. The mean void fraction is also a fuomctf saturated densities and inlet
quality as defined by equation (4.3). Quality weaaluated at each pressure using the
saturation enthalpies and a constant value foinleeéenthalpy. The properties of the
superheat region can be defined as functions ekpre and enthalpy. These properties
were plotted holding either pressure or enthalpystant to find the slope. The
derivative of temperature with respect to enthaay be determined as the inverse of the
specific heat, which is a function of the enthadyoyl pressure. Table 4.4 lists the
required derivatives. Asterisks denote paramébetsdo not directly appear in the
model, but are required to find other values.

Table 4.4 Evaporator Model Derivatives

Derivatives
d(Pe1)/dPe *dhery/dPe
d(PeL*Netq)/dPe | (0T erp/OPe)ner
dhe/dPe (OPe2lONe our)p
dT e /dPe (0Pe2/0Pe)ner
*dpe /AP, dTeo/dNe o =1/Cp 2
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The product rule was used to determine

d(peLhefg) _ dhefg h doer
— 5~ PeL * Nefy -
Since the evaporator and condenser have the sameegy, the derivative of
outside heat transfer coefficient with respectatumnetric air flow rate will be the same.
The derivative of interest in the evaporator maugkquations is given by

0ep _ 00 OV

ove OV dve'
whereV is the volumetric flow rate of air. It is assuntbdt the volumetric flow rate of
air is the most important variable affecting théstde heat transfer coefficient and all
other variables can be neglected.

The change in flow rate with respect to blowerisgtwill be different for the
evaporator and condenser due to the differencdsdting. It can be determined by
changing the blower speed and recording the chanft@wv rate, and then dividing the
change in flow rate by the change in blower spethg. In order to determine how the
outside heat transfer coefficient changes with ftate, the coefficient must be calculated
before and after a change in flow rate. Calcutptite outside heat transfer coefficient
was discussed earlier in this section and reqimesving many other parameters
including the mass flow rate of refrigerant. Tlegidative is approximated in a manner

similar to the change in flow rate with respecblower setting.

Condenser

Direct measurements yield values for the refrigepaessures, inlet temperature,
and exit temperature. These values do not diregthear in the model, but are required
for other calculations. An average of inlet and pressure will be used for the model.
The ambient temperature of air entering the coreteissalso measured.

Similar to the evaporator analysis many properigsd to be found in
thermodynamic relation tables. Table 4.5 on p&)ks8 these parameters as well as the
properties that determine them. The viscositycjgeheat, and thermal conductivity
values are required for both of the single phag®ns of the condenser. The table lists
these values for th& hode asi, G,y and k;, respectively.
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Table 4.5 Condenser Thermodynamic Tabulated Paramets

Thermodynamic Relation Parameters

pcl(PCahcl) hcv (Pc) *Uci (P01 hc,i)
PcL (Pc) th (Pc) *Cp cj (Pm hc i)
*pcv (PC) hch (Pc) *kci (Pm hc,i)

hc,in (P01 Tc,in) Tcrl (Pm hcl)

hc,out (PC1 Tc,out) Tcr2 (Pc)
The length of the nodes is calculated similarlyhi evaporator. The length of

the superheat region is given as

m(hein —h
L =— Noin ~ew) (4.7)
AciaDi (Tery — Towa)
The length of the two-phase region is
m(hey, — h
LC2 - ( cV CL) (48)

Tci2Dim(Tero ~Towp)
The subcool region then has a length consistirigefest of the condenser, but

for the wall temperature optimization should becakdted as

m(th - hc,out)

Fes = a.i3D; ”(Fcr3 _-FCV\B) . “9
As with the evaporator, the Zivi model is used ¢tedmine the mean void
fraction from
Ve =31 —10 + (Cl:'_”g:; , (4.10)
2
whereC = (Z—e‘:je’ . The form of equation (4.10) was obtained froradékind (1978).
e

With the mean void fraction the average densitthantwo-phase region will be
defined agco = Pl @ Ve) + PevVe, Which is equation (2.22).
The enthalpy of node onhy,, is the average of the condenser inlet enthalply an

the saturated vapor enthalpy. Similarly, the dpthaf node three is the average of the

enthalpy at the start and end of the region.
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An average temperature of the subcool region isrghwy
= hes — = hc,out —heL
Terz = Ter2 +-03cb et =Tegot——— . (4.11)
Cp,c3 2Cp c3
The Dittus-Boelter correlation equation for coolingm Incropera (2002) is used
to determine the average heat transfer coefficiertfse single phase regions.

These values are determined by

a. k 08 H,03
Uil = O.OZ{FC:J Rey Pry”s (4.12)
a. K 08 H,03
L o
where ReCJ = mb; and Prcj - HciCpcj .
Aﬂcj kC]

The software developed by Kelly (2000) was agaedius determine the average
heat transfer coefficient in the two-phase regidhe models presented in Shah (1979),
Traviss et al. (1972), and Cavallini and Zecchi®7d) are shown in Table 4.6. The
value from the Traviss model was used for the satiuh; this is the correlation that was
used in He (1996).
Table 4.6 Condensing Average Heat Transfer Coeffients

W
Model Average Heat Transfer Coefficient( j
2
m°K
Shah 1635.1
Traviss 1795.5
Cavallini 1870.5

Similar to the evaporator parameter, the outside transfer coefficient is

evaluated from the two-phase region wall to airt lbadance as

ARSI -Vink "D (4.14)
i Lo (Tewz ~Tea)

An optimization technique similar to the one ddsedi in the evaporator section

was used to determine the wall temperatures, lmitithe two nodes must be considered,

the superheat and subcool.
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Many derivatives are required for the condenserioes. Table 4.7 lists the
required derivatives.

Table 4.7 Condenser Model Derivatives

Derivatives
d(h,)/dP¢ (9(Pc1)/OP)ne
d(he)/dP, (9(Pc1)lONer)p
d(pcu)/dPe (O(Ter1)/OPcInes
d(pc2)/dPc (O(Ter)/oher)p = L/cy 1

d(ch*hch)/d Pc (a(Tch)/aPc)hc,out
*d(hch)/d Pc (a(Tcr3)/ahc out)P
d(Tch)/d Pc

All but one of the derivatives were estimated by stope of a line curve fit to a
section of the data. Ranges of 950-1140 kPa a6di23 kJ/kg were used for pressure
and enthalpy plots, respectively. The saturatkdee variables can be plotted as a
function of pressure. For the single phase regiopes, the enthalpy was held constant
for derivatives with respect to pressure and vieesa for derivatives with respect to
enthalpy. The derivative of the average two-phiagen density with respect to pressure
is evaluated similar to the evaporator. In ordeplbt the average temperature in the
subcool region, equation (4.11) was used at eagtspre value holding the value of the
outlet enthalpy constant. A plot was not generéded, s as a function of the outlet

enthalpy, instead the slope was estimated as

[ aTch } - Tch(Pc’hc,out +dh) _Tcr3(Pc’ hc,out - )
Pc

, wheresh is a small

ohe out 26h

perturbation.

The derivative of the product of saturated liquashsity and enthalpy of
vaporization is found similarly to the evaporatounterpart.

A value for the change in outside heat transfeffment with respect to change
in blower setting can be determined in the sameasgayith the evaporator. Since the
derivative of the coefficient with respect to floate should be the same, the value from
the evaporator can be used. The slope of air fide/with respect to blower setting will

be slightly different due to the variation in dungfiof the heat exchangers.
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CHAPTER 5 - Simulation Results and Comparison

to Measured Data

This section will present plots of measured dathtae simulated responses. In
and effort to improve the model, some of the mareentain terms will be varied to
determine their effects. The values determinedhagfer 4 are substituted into the matrix
elements from Chapter 2. A Matlab m-file constsubie required matrices. This results

in the linear state equations used for simulatibhe output equation is of the form

& =Ck+Dau,
where
d/:[dbe e &h]’
0o 1 0 0000O0O0O0O0O
and cC=/0 0 0 00001000 O
Tern | OTerz 0000O0O0O0OGO0O
L dPe ahe,out Pe

The D matrix is a zero matrix. The outputs aredh@nges in evaporator pressure,
condenser pressure, and superheat. These arétiggahtat can be measured and are of
interest.

The simulation is done with a Matlab Simulink modsing a state space block
and four step input blocks as seen in Figure 5-1.

—> ]
J J —>» dPe
X' = Ax+Bu >
Compressor Valve —pp y = Cx+Du |:|
Setting Setting State-Space
> dPc
J J all inputs are changes smout L]
Evaporator fan  Condenser fan from steady state
Setting Setting To Workspace dsH

Figure 5-1 Simulink Block Diagram
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Changes in the outputs are added to the initiadlabs measured values to
generate the plots in this section. In all caseshange in input occurs at time equal
zero. The graphs show the exit pressure changée dieat exchangers. Test
measurements demonstrated that the general sh#ipe iafet and exit pressures were the
same. The Figures 5-2 to 5-4 illustrate trangiesponses for step changes in valve
opening with all other control inputs held constanhe sizes of the changes are

indicated in the figure captions.
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Figure 5-2 Response for Valve Setting Decreased B2V
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The model predicts the change in steady state sal#hese three quantities
quite well. Time constants for the actual and $atad systems are not exactly
consistent. In each case the initial upward slsgenerally the same when comparing
measurements and simulations. Although, the sitonléends to be a little faster.
Measurements of the superheat have a time delagh#nanodel lacks. The model
obviously does not exhibit the overshoot presetiénair conditioner. Measurements for
each test appear to exhibit linear system responses

The Figures 5-5 to 5-7 present results for compregseed initiated transients

with all other control inputs held constant. Theeof the change is given in the caption.
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Figure 5-5 Response for Compressor Setting Increasdy 2 Hz
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The comparison for the compressor tests is sirtoléinat of the expansion valve
tests where the simulation is often too fast angses transient shapes for overshoot and
damping, but the final value is fairly reliablehd model shows a very fast response for
the superheat which is not present in any of tieshtests. Again the measurement
responses are representative of a linear systampanng test to test.

Figures 5-8 and 5-9 contain the responses cregteddnges in blower speed

setting with all other control inputs held constant
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Figure 5-8 Response for Condenser Blower settingareased by 5 Hz
The condenser pressure simulation is the only loaieis decently accurate. Itis a
little fast, but predicts the final value nicelgimulated values follow the evaporator
pressure to the peak value, but do not oscillat& bathe correct final value. The
superheat response is in the correct directionpmmh else is good. Measurements of
the evaporator pressure and superheat almost segorblack to their original values,

which is curious.
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Figure 5-9 Response for Evaporator Blower settingicreased by 8 Hz

As with the condenser blower test, the condensegspire response is the best.
The evaporator pressure is better, and the sugdash@gain only in the correct direction.
Clearly the model has trouble with these blowetated transients and investigation in
this area is desired. Further testing of blowereshbchanges could not be accomplished

due to equipment failure.

Modified Parameter Results

In the Determination of Modeling Parameters Chaftitere were several values
that had some uncertainty. In this section, tHeesof certain modeling parameters will
be numerically altered from their calculated vajwexl the rest will remain constant.
This creates a slightly different model to simulatel compare to the original model.
Values will be made smaller and larger to deternfitieey can make the model response
more like the measured data, or at least detertheieeffects. The main parameters that
could be questioned include the mass flow rateigerant, heat transfer coefficients,
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tube wall temperatures, lengths of nodes, apprigpaabient temperatures, mean void
fractions and the coefficients for the expansiowerand compressor equations. The
term parameter is used here to indicate quanthisappear directly in the modeling
equations.

The mass flow rate is solved for indirectly frorheat transfer balance equation
between the air and the refrigerant. This requineasurements of air temperature, air
flow rate, refrigerant temperatures, and refrigepaassures. Combining all of the
uncertainties from these measurements could rgsait inaccurate value for the mass
flow rate of the refrigerant. In addition, theme heat losses for the air that cannot be
accurately quantified. Some of the heat will cartdtom the exchanger tubes to the
mounting brackets and then to the mounting bo&rmkrgy can also be lost through the
box that encases the condenser. It is reasormbistime that the mass flow rate may
need to be altered to achieve an accurate modetlefermine the effects of the mass
flow rate on the model, the value used in the madébe varied, and then the modeling
parameters it affects will be recalculated. Them@ameters include heat transfer
coefficients, tube wall temperatures, and lengthsodes. Table E.5 on page 151 lists
the new values. The model will be reassembled thi¢se new values. Figure 5-10 on
page 49 illustrates the model simulations for st@pts of the valve and compressor
setting. The valve input transients were initidbgda -0.2V change in input with all other
control inputs constant, and the compressor imauastents were initiated by a +2 Hz
change with all other control inputs constant. &haporator pressure and superheat are
plotted, because they are of the most intereses@figures show the simulation results
for the original model and the model with the mié®& rate modeling value adjusted by
plus and minus ten percent. Varying the mass fete mostly affects the final value of
the outputs. This does not help the model to béitlow the actual system’s transient

shape.
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Figure 5-10 Simulated Responses with Adjusted Ma$dow Rate
The ambient temperature used in the model waofthe air just ahead of the
heat exchangers. These temperatures are useddbb&lance equations between the
tube wall and the air. Since the air is changerggerature as it flows through the heat
exchanger, the inlet temperature may not be theogppte temperature to use. The
ambient temperature could be approximated withighted average between the inlet

and exit temperatures with the equaligpy, = Tin (X) + Tout @— X , where the valug

represents the percentage of the inlet temperptesent in the ambient temperature.
Figure 5-11 on page 50 shows the changes in resgons= 100%, 75%, an80%. The
same changes of inputs were used as with the raddiiiass flow rate plots. Both heat
exchanger ambient temperatures are adjusted vatbaimex. The node lengths, wall
temperatures, and outside heat transfer coeffemnte recalculated. Table E.5 on page
151 lists the new values. These new values weze tascreate the modified model. As
with the mass flow rate, the major effect is thfivalues. It also has a longer time

constant for valve tests, but does not add anystroet.
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Figure 5-11 Simulated Responses with Adjusted Amhn Temperatures

The mean void fractions of the evaporator and coselewere estimated using the
Zivi model. Various other models can be usedrid fiifferent values for the mean void
fraction. The effects of this parameter are thaeebf interest. Figures 5-12 and 5-13 on
pages 51 and 52 demonstrate the response forigasaif the evaporator and condenser
mean void fractions respectively. These plots stit@wesponses of the original model
as well as the modified models. The same changeputs were used as with the
modified mass flow rate plots. The mean void fatt were increased and decreased by
twenty percent, except for the evaporator. Ortlyrae percent increase was reasonable
here, since the mean void fraction is less than one

The final values were invariant with changes ih@&itmean void fraction. A
three percent increase in the evaporator was tadl sorhave any effect, and the decrease
tended to make the pressure respond faster arsipieeheat slower. Overall, this did not
make the model follow the measured data betteighgn mean void fraction in the
condenser slowed the system down. Decreasingtideaser mean void fraction made

the responses faster for the valve transients ddddaovershoot for the compressor
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initiated transients. This overshoot is presenh@émeasured data, so this adjustment

helps the model for compressor tests. Although sifstem is still too fast, and the valve
response is no better.
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Figure 5-12 Simulate Responses with Adjusted Evapator Mean Void Fraction
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Figure 5-13 Simulated Responses with Adjusted Condser Mean Void Fraction
The coefficients for the expansion valve and corsgwe modeling equations can
also be questioned since they rely on measureroéntass flow rate. The mass flow

rate through the valve can be expressed by thie@efjuation

Myaive = Cy Ay pv(Pc -R ) ) (5.1)
whereC, is a valve coefficient\, is the valve opening area, gnds the density of the
fluid flowing through the valve. This equation da®t take into account the phase
change, so it is not entirely accurate. Takingdifferential of this equation assumify

andp, are constant will result in equation (2.25), where

Oy P ~ Myl
kis = alve — _ v_o_ alve
1= ap, AR -R T R-R,
15 = Oyalve _ CUA, Pv_ _ Myvalve
oP, YVVP.-P P.-P’
ori :
and kys = Myvalve _ C, m - Mvave
OUyalve Uvalve

52



Rearranging equation (5.1) into a fraction equating and multiplying it by the

intermediate derivative can be used to find thalfform of these derivatives. This is

, . u
assuming that the area of the valve opening caxpeessed ah, = %’Ve Amax, Where

Walve IS between zero and ten Volts. The synfglyis the maximum valve opening
area. Numerical values of thgdre determined by plugging in values measured gurin
the steady state operation. In all of the padélvatives that define the koefficients,
all variables other than the one that the derieaigswvith respect to are held constant.
As presented by McQuiston (1994), the mass floe tfatough the piston
compressor can be written as
1

. P. \n
Meomp = WepPc| 1+Cc _CC[FCJ : (5.2)
e
The compressor rotation speed, volumetric displargntlearance volume to
displacement volume ratio, density, and polytraqmefficient are symbolically, V, pc,
C., andn, respectively.
Similar to the differentiation of the orifice eqimat, the coefficients in equation

(2.27) can be shown to be:

_ -
P. \ln
m C (1 _c
0Meom 1) _ PR omee n{p J
k31 = aP_p = %CJ\/C/OCCCPC (Pe)(l/n+ ) = % . 1 ,
e Pe P -
1+Cg - CC[CJ "
Pe
_ L\
s
2 0
, mcompCc(l{C}
0 - " R
ksz = Ceomp _ _la}‘/cpccc(Pc)(]/n_l)(Pe)(_]/n) S : :
P, n Ps 1
1+C, _CC[PCJH
Pe
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. A
and kgg = O\ 14C, —C| Fe | | = Teemp.
0 Ucomp

This is assuming thaL, p., C., andn are constantsRearranging equation (5.2) into a
fraction equaling one and multiplying it by theennediate derivative can be used to find
the final form of these derivatives. The cleararat® is approximated as one tenth and
the polytropic coefficient as the ratio of specHigat at constant pressurg, aver

specific heat at constant volume, @hese specific heats are taken at the compressor

u
inlet temperature and pressure. The rotation s{geassume to e = w4« Cg;p’

wherewmaxis the maximum rotation speed, angmpis between zero and sixty Hertz.

Using the definition of isentropic efficiency thetkalpy at the outlet of the

h -h -
compressor iBeompout = compouts _compin +Neompin - The subscriptsompands

lcomp

denote the compressor and isentropic value respéctiThe compressor isentropic

efficiency is given byjcomp. Values for the coefficients of equation (2.26) are:

ahcompout: 1 9Ncompouts
oF flcomp R

Ohcompout = 1 9Ncompout,s Koo =
= , Kop =
0P flcomp 0P

kop =

oh
andk g = 1 compouts .|, 4
Ncompl  Ncompin

The isentropic efficiency can be estimated fromgteady state operation
measurements and thermodynamic tables and assorbedctonstant. Perturbing the
evaporator pressure, condenser pressure, aneéntlelpy and determining the change
in the isentropic outlet enthalpy yields an estenaitthe partial derivatives. These
values are found to be

ahcompout,s — _013 kJ ahcompout,s - 002 kJ and ahCOanOUtaS =113.

P, ““kgkPa' 0P, kgkPa’ dNcompin

Two alternate methods for determining the coeffitsewill be used, constrained
least squares and analytical. For the constraimsyalues ank; andk;, will be

constrained to be equal but opposite. The valtigs, andks, will be forced to satisfy
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.k P : .
the equatlonﬂ =-—L These constraints come from the analytical &mistfor the

k2 PR
coefficients. No constraint was added for the ottadues. Table 5.1 summarizes the
different sets of coefficients. The constrained analytical values fdt; make more
intuitive sense. They are negative, which woultigate that as the evaporator pressure
increases the flow through the valve would decre@dso, the constrained and analytical
values ofks, are negative. This indicates that an increasaederser pressure would
decrease flow through the compressor, which makgsigal sense. The constrained and
analytical solutions are fairly similar for the nsdlow rate equations. Most values are
near the same order of magnitude, excluding siffardnces, for each of the solutions.
The value oky3 is very different for the least squares fit andlgtical solutions, and
may require additional consideration.

Table 5.1 Sets of Valve and Compressor Coefficients

Expansion Valve and Compressor
Coefficients

Original | Constrained| Analytical
k11 8.56E-06] -8.56E-06] -1.31E-05
k12 1.75E-05 8.56E-06] 1.31E-05
k13 6.06E-04 1.70E-03] 5.40E-03
k21 -7.42E-02] -7.42E-02] -1.67E-01
k22 1.72E-02 1.72E-02] 2.56E-02
k23 3.25E-02 3.25E-02 1.1667
k31 2.30E-05 3.54E-05] 6.74E-06
k32 1.20E-05] -1.18E-05] -2.25E-06
k33 1.43E-04 4.71E-04] 2.95E-04

Figure 5-14 on page 56 plots the responses ofrigmal model, a new model
using the constrained solutions, and a new modegjanalytical solutions. The
compressor is stepped up by two Hertz in the cosgareinput plots, and the valve
closed by 0.2 V in the valve input plots. In eaele the control inputs not mentioned in

the plot titles are held constant.
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Figure 5-14 Responses with Adjusted Expansion Vahand Compressor Coefficients

The constrained and analytical solutions resuét aystem which is much faster.
While the constrained system generally hits theeobifinal value the purely analytical
set is not very accurate. Overshoot is added tivgranalytical solution, but its time
constants and final values are poor.

Overall, the original model seems to be the mosti@te. Some of the
modifications will help a couple of features butveeeverything. The mass flow rate and
ambient temperature variations primarily adjusaffivalues, which is a strength of the
original model. Modifying the evaporator mean viyaction does not have much effect,
and the condenser fraction only helps in the cosgmetests. The alternate expansion
valve and compressor coefficients weaken the mbdelcan obviously have quite an
effect. Constrained and analytical solutions it the data measured in tests. It
makes physical sense that the mass flow rate thrthegvalve decreases as the
evaporator pressure increases, and the flow thrthegbhompressor decreases as
condenser pressure increases. But, data from siquavalve tests suggest otherwise.

This contradiction is most likely what leads todoarate final values.
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CHAPTER 6 - Conclusions

This work has presented the lumped parametermeariimodeling equations for
heat exchangers, and their detailed derivatiorises@ equations were then linearized
about an operating point and put in terms of the@nditioner’s states and inputs. To
accomplish this, linear modeling equations of tkigamsion valve and compressor
replace heat exchanger inputs with system statésants. In order to determine values
for parameters in the model, the air conditiones wadified, fixed, charged with
refrigerant, leak proofed, and wired for measuresiand controls. Several attempts at
redesigning the loop were necessary to bring theoaiditioner to proper operating
conditions. Efforts were made to reduce noiséérmeasurements due to variable
frequency drives for the blower motors. Air flovetars were also designed, constructed,
and calibrated. Numerous tests were run and dasar@corded to determine required
parameters. This thesis provides detailed evalnsitf the modeling parameters. The
model was simulated with Matlab software and coregdn experimental data. Some of
the lesser known parameters were varied to deterthiir effects on the simulation.

The original parameter values yielded the most@ateuesults. It predicts final value
changes quite well and time constants decentlye tidnsient dynamic shapes require

improvement.

Critical Analysis of Model
The model requires many parameters which canndy éesdetermined
accurately. Individual adjustments of theses patars did not improve the model, but
better values for all of them combined should heé\feasurements of mass flow rate are
always challenging. In this case, the presenasl @ the lines compromises the V-cone
Flowmeter. The refrigerant flow rate therefore @adbe indirectly calculated with a heat
transfer balance. This involves quite a few meas@nts as well as unquantifiable heat
losses. More measurements increase the uncertddetjraps measurements of the inlet

and exit heat exchanger air temperatures weresnat@urate as they should be. The
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temperature was only measured in one spot on éaelokthe heat exchanger, so a better
value for the bulk temperature may be possible alBdifferences in temperature can
have an impact on the calculations, due to thetfettthe total temperature change
across a heat exchanger is on the order of terede@elsius. Higher quality air flow
meters could also result in more accurate measurtsméhe oil may also affect the
determination of thermodynamic properties suchraisadpies and densities. These
properties were found in tables using pressurgemgerature measurements.
Inaccuracies in the flow rate will also manifesthe calculations of heat transfer
coefficients, lengths of nodes, and tube wall terajpees.

There is always uncertainty when using correlationdgetermine heat transfer
coefficients. Issues could arise with this. Aligh, the inside coefficients do not seem
to have a large effect. A better determinatiotheftube wall to air heat transfer
coefficient could help, instead of backing it out.

Measuring tube wall temperatures is a difficulkiand could not be accurately
done in this work. Without a direct measuremerthefwall temperatures, optimization
was required to determine node lengths and oubsdetransfer coefficients. With
precise wall temperature measurements more cortgdierthe parameters calculated
using these temperatures would exist. The lengfthedes are also backed out of heat
transfer equations, and cannot be determined tirect

The mean void fraction is another value that magdnaore improvement. The
oil could create issues in the determination ofuthie fraction.

Better determination of the ambient temperaturesading the heat exchangers
could be necessary.

The most questionable values are the coefficiehtisedlinear expansion valve
and compressor equations. The least squaresfittodind these values requires very
accurate measurements of the refrigerant massrétaywhich are probably not achieved
using an indirect calculation. There did not seerbe a good solution for the
coefficients in these equations. The differenadsvben measured and calculated values
of change in mass flow rate were quite similamf@my different sets of coefficients.
And, the model could be greatly affected with theraate solutions. The counter

intuitive signs of the § and k; coefficients are curious. They most likely am@sult of
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the fact that during testing both the evaporatar @ndenser pressures decreased when
the valve was closed slightly. This puts the tastd to determine the coefficients into
guestion, which is troublesome. Due to nonlinezsjtthe coefficients must be found at
the operating point of the air conditioner. Thised not leave many alternatives.

Certainly further investigation of these coeffideis desired.

Possible Solutions for a Better Model

A new refrigerant flow meter in addition to or raping the current one should
produce stronger measurements. Ideally, havingmeters would heighten the
confidence of the measurements. These measurenwentsalso be used to check the
validity of the mass flow rate calculated in thigsis. A different type of compressor or
an oil separator will most likely be required. Héyly, this would increase the accuracy
of the current refrigerant flow meter. In additiguure refrigerant would be circulating
through the system making the tabulated thermodisproperties truer. Perhaps, time
delays occur do to the oil. With the current sethp oil concentration is not controlled.
This adds un-modeled features to the air conditiorleis likely that changes in flow
rate, especially with changed compressor speeektafiis concentration. Removing the
oil from circulation definitely will not hurt, andill expectedly help. The compressor
and its motor get quite hot when running for a ltinge. A method for cooling them is
definitely worth consideration.

The tests were not run in an environmentally cdlemocchamber. Conditions
could not be varied intentionally. Many times sastere compromised or steady state
could not be reached due to changes in room teryperalemperature changes of less
than one degree Celsius affected pressures asasudfanges in expansion valve setting.
Testing in a more controlled environment would bsiced.

The modeling equations may also need inspecti@ua rmany or poor
simplifications and assumptions could cause theahtmdmiss the transient dynamics of
the system. A better way to link the heat exchangedels into the complete model may
be possible. This could include accurate detertiwinaf the expansion valve and
compressor equation coefficients or possibly aedaifit form for the equations.
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Appendix A - Derivation of Evaporator Equations

Two-Phase Region

Mass Balance on the refrigerant in Two-Phase Region of the Evaporator

The control volume of interest is shown in Figuf@ a@s cv1.

Dm_0dp , opu _
Dt ot oz
Term 1: 6_,0
ot
Integrate over the cross-sectional area.
12 4a
ot

= %de = —HpeL— + Pev A/‘ivﬂ

0
= E[A(peL(l_ Ve)* Pevlel
Ag_ is the cross-sectional area of saturated liqgig, is the cross-sectional area

Aev AEL

of saturated vapor ang, = A

and(1-ye)=

Integrate over the length.

Lel d
[ E[A(peL(l_ Ve) + pevye)]dz
0

Applying Leibniz’ Rule

d
= I[ApeL Ve)"'pevye ]dz [ApeL Ve)"'pevye)] d_Lfl
Lel
[ ,OeL1 Ve)"'pevye ]oa
d Lel
:d_ [ :OeL1 Ve)"'pevye]dz [A:OeL1 1+:0ev ] La
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d Lel
_d_'[ (:OeL(1 Ve)"'pevye)]dz ADey— = Lf[ﬂ
0
d 1
_d_L (L jI[A(peL(l Ve)"'pevye)]dz A:Oev_l_f:-1
el
_ _ d
:d_Lel[A(peL(l_Ve)+pevVe)] ADey—— :;fl
_ Al Per - Lelpev dleg
=Al-y A
( o) ——— at TAY e— — ot ADey—— at
_ d d _ d d
= All-Ve)| La peL"'peL—Lel +Ale| La pev *Pev—y Le.’l. — ADey— = Le’l.
dt dt dt
d
—ALel{ Pel. d-ye) + pfv ]"A[peL(l Ve)"'pevye] Lel Apey ::1
d _ _ _ _1dlg d
:ALela[peL(l_Ve)"'pevVe]*'A[peL(l_Ve)"'pevVe] at = ADey :fl

Using the definition of the average density in nades = (1- Vs) el + VePey, Simplify

to:

d d
Term 1= Aleg 02+ Alpe - pev)—;fl

dpu
0z

Integrate over the cross-sectional area.

Term 2:

jaﬂdA
0z
0 0
= EjpudAZ E{A{peLueL% * PeMey Aivﬂ

0
= E[A(peLueL(l_ ye) + pevuevye)]

Integrate over the length.
Lel 5
I E[A(peLueL(l_ Ve) + pevuevye)]dz

= [A(:OeLUeL(1 Ve)"' pevuevye) . Lel

= [A(peLueL(l 1) + ,OevUev( ))] [A(peLUeL(l_ Ve) + pevuevye)]in
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= APelley —[AlPeLUeL (L- ye) * pevuevye)]in
= Mgint ~ MeLin ~ Mey,in

Term 2=riynt ~Mejn

Combining Term 1 and Term 2

d d ) .
ALel% + A(pel - ,Oev)d—l_',[e:L + Mg int ~Me,in =0

d d ) .
ALel% + A(pel - zoev)d—l_f:-1 =Mgin —Mgint
Since e = Pa(Pe)

%e % + A(pel - pev) d

A
R, dt d

—Lf[ﬂ = Mg in ~ Mgjint
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Energy Balance on Refrigerant in Two-Phase Region of the Evaporator

The control volume of interest is shown in Figusg 2s cv1.

=P+ () =i (1, - T0)

0
T 1. —(oh-P
erm p (oh-P)
Integrate over the cross-sectional Area.
0
—(oh-P)dA
J 5 (h=P)
_%jphdA—ﬂjpdA

Pelhel — + Peyhey

~ ot A

A ot

0P,
—_A[peLheL(l Ve)"'pev evye] A—= ot

= ot A[peLheL(l— Ve)* PehewVe =~ Pe]

Integrate over the length.

Lel d
I_A{peLheLl Ve)"'pevhevye e]dz

Applying Leibniz’ Rule

d Lel
- AE [[oeLheL L= Ve) + Pevhewe = Peldz+ AlpeLher (1= Ve) + Pevhewve =
0

- A[peLheL(l_ Ve) + PevlevVe ~ e]z Lel dt

AeL h AeV:| _ A%

Pe]

ZOdt

_,dt dlg
= Aa I[peLheL(l_ Ve) + PevlevVe — Pe]dz_ A[,OeLheL(:l-_l) + Pevhey 1- Pe]?

= Ad_ I[peLheL 1- Ve)"'pev evVe ~ ]dz Apehey— = at

dt | Ly

= A_ I—el[:oeLheL(l Ve)"'pev evVe ~ e] Apevhey

dt
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d 1
=A—- I—el( L j I[peLheL(l_Ve)+pevhevVe e]dz Apehey— =

dle + AR, A
dt
dig + AR ke dlLg
dt dt
dle + AR, dlLg
dt dt



_\d _d dLy P, d d
= A(l_ Ve)a[LelpeLheL] + Ayea[l-elpevhev] -A tafe _ 'A‘:Oevhevd—l_:-1 + AI:)e_l_e1

dt dt
_ doe h d _ doeyh d
= A(l_ Ve){ Lel% + peLheLd—L:i} + Aye{l—el% + pevhevd—L:i}
dP, dly dlLgy dlgg
—Alg —2 - AR, —= - Ape + AP,
la at e 4t Pevllev at e gt
_ _ d doe h _ v . doayhey —
= A[:OeLheL(l_ Ve)"’ PevevVe ~ :Oevhev]d—l_',[e:L + AL&{% (1_ Ve)"’%ye}
dP,
- AlLg—&
el dt
_ d d _y. d _  dR
Term 1= A(l_ Ve)[peLheL_pevhev]_Lel"'ALel :Oe;LheL(l_ Ve)"' Peey Ve——2
dt dt dt dt
Term 2: i(,ouh)
0z
Integrate over the cross-sectional area.
0 0
—(puh)JdA=— h)dA
J5, (puh)dA= = (ouh)

0
= 3 A{IOeLUeLheL % + pevuevhev%}

0
= F A[peLUeLheL(l_ Ve) + pevuevhevye]

Integrate over the length.

Lel 5

] oz A[peLUeLheL(l_ Ve)+ ,Oevuevhevye]dZ
0

= A[peLUeLheL(l_ Ve) + PeevllevVe ;iéel

= A[peLUeLheL(l_ 1) + pevuevhev(l)] - A[peLUeLheL(l_ Ve e) + PeleNevV, e]in
= APeUevhey — A[peLUeLheL(l_ Ve) + pevuevhevye]in
= Mg int hey = [meLheL + rhevhev]in

i hein —h
Using the definition of quality ~ Xgjn = Tev _Tein =Tl
Mein  Nev—heL

= Mg inthey ~ |_(1_ Xe/in )me,in el + Xg inMg,in hev]
= Mg int Ney ~ Me,in [(1_ Xe/in )heL * Xe,in hev]

Term 2=y inthey Mg inhein

69



Term 3: Diai (T,-T)

Integrate over the cross-sectional Area.

4
IF a (TeV\ZL - Terl)dA
i

4
= Eaeil(TeV\ZL - Terl)A
i
4 D7

= Eaeil(TeV\ZL - Terl)T

= 7D, Ait (Tews ~ Tert)
Integrate over the length.

Lel

[D; e (Tews ~ Terr)dz
0

1 Lel
= Lel(l__] Imi aeil(TeV\ZL _Terl)dz
el/ o

Term 3= Lg7D; C_Teil(fevxl _Terl)

Combining Terms 1, 2, and 3

_ _1d doe  h _ v doghey - dR
A[peLheL(l_Ve)"'pevhevVe]—Lel“LALel M(l_ye)"' S 2V Ve~ €
dt dt dt dt

Le’l.

= ADeyhey—— + Mg inthey = Me in g in = Leg 7D; aell(Ter Terl)

_ _ do. h _ doohoy . dP
A[peLheL(l_Ve)"'pevhevVe_pev ev] Lel ALel{ ,Oest el (1 Ve)"’ ,03\; Y Ve~ dte}

= Mg inhe in = Mg inthey + Le7D; aeil(TeV\ZL _Terl)

A1~ Pl ettt - o i+ AL el 1) e, O

=Me,nhejin ~Meinthev + Lea 7D ﬁeil(fevﬂ _-lTerl)
From the mass balance equation (2.4) on node 1

,0e1

e

+ A(pel Pev at

—Mgint = —Mgjin + Alg
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Substituting results of (2.4) into the energy bataquation

_ dLg doe h _\ doahey - dP
A(l_ye)[peLheL_pevhev] Lel{ Pelllel (1 Ve)+ ,OZ\{[ N Ve~ dte}

. d _ (= —
= Mg inhein + hev{ Mg in + ALel 4+ A(pel pev) I;l} + Ly 7D; a'eil(TeV\ZL _Terl)

A[(l_ Ye )(peLheL - pevhev) - (pel - pev)hev]_Lel

~h
dt "¢ dt %Y dt

+ ALQ{ dpel hel (1 J_/e)"' dpevhev7 _
= me,in( Nein — hev)+ Leg 7D ﬁeil(fevxl _-Terl)

To further simplify this equation the two left haside terms will be simplified separately

as follows.

B d
Term A: A[(l_ Ve)(peLheL - pevhev) - (pel - ,Oev)hev]d_l_:[91

A[(l e)(peLheL - pe\/hev) - (peL(l_ Ve) *Peve pev)hev] Qe
= Alt-7e)
(1 e)pe the —L ( Ve)PeLhev] d:‘tﬂ

A
d
Al e)PeL(heL‘hev)]TLfl
Using the definition of enthalpy of vaporizationgionplify:

(peLheL - pe\/hev) - (1_ /7 e)(peL - pev)hev] dTL?

_ dlg
Term A= _A[(l_ Ve)peLhefg] at
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dpeLn . d _ dR d
Term B: A%{%(l‘ye)’f PZ\;hev Ve — df ~hey ,gtel}

doe he. (1_ = )+ dPehey Ve dR h dpeL(l_ J_/e) + PevlVe
dt © d ¢ dt ¢ dt
dhg, doeL dhe, _ dPev

peLT(l_ J_/e)"' he at (1_ J_/e)"' pevTVe + hev?

“h dpeL(l_Ve)+pev7e _dR
A dt dt
doeL

i d _
= Alg peL%(l_Ve)"'heL at

:ALel

=A|-el

_ dhay _ d 1-y dP.
(1_Ve)+pev%ye_hev peL((jt Ve)_ dte}

Using the definition of enthalpy of vaporizationreplacehg

- Al e 1 )+ o) 22 0 ) o 2 = o1
o &

= ALel_peLW(l_ Ve)- hefg%(l— Ve)* pev% Ve —%}

= ALelipel% - ,Oel_m;e;tfg(l— Ve)- hefg%(l_ ve) ‘%}

] s

d _\9elherg . |dR
e AR
dR, dR, dt

Term B = ALel{,oel

Putting terms A and B back together in energy balace equation

dhgy -y )dpeLhefg _4|9R

dR, " dR, dt (2.7)

_ d
- A[(l_ Ve)peLhefg]d—L\,[91 + ALel[pel

=Mgin (he,in - hev)+ Lea 7D; ﬁeil(TeWL _-Terl)
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Energy Balance on the Tube Wall in Two-Phase Region of the Evaporator

dEcv _ 5, ¢
=0+E
ot Q+En
dictv is the time rate of energy change in the comotime
0 is the net heat transfer rate of the control vaum

En isthe energy transfer rate as a result of masssirg the control volume

boundary
Figure A-1 illustrates the parameters involved whita derivation of the tube wall energy
conservation equations. The positive Z directiomesponds to the direction of
refrigerant flow. The length of the two-phase oggis assumed to shorten while the

. dly . . . . .
superheat region lengthens. The veloenc?{é Is intentionally shown in the negative

direction to illustrate that the two-phase regigetting shorter.

ea
C.hw. . .
( / TEW2 /
: ‘
I
|
l—l" m

([ /

o

Figure A-1 Evaporator Two-Phase Wall Energy Balancéiagram
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dEcy
dt

Term 1:

dECV —iLel

0
d 1 Lel
= A, —Lg| — | [Tyd

d LelfeV\ZL
dt

= (pCA)W

dTevs ‘o dl—e.’L}

Term 1= (pCA)W{Lel " ”

Term 2: o)

Term2=Q= Teo’Dg Lel(Tea _TeV\ZL) + e 7D; I—el(-rerl _-lTer)
Term 3: Em

Ep = —j'uW,oWW ~V, )+ fidA
Cs

= ~ [CuTwowlV ~Vp ) AdA
CS

_ —(pCA)WTeM{O—(—dd—L:‘l(— ﬁ)ﬂ i —Aef=-1

Term 3= (pcA)erm(dd—Lflj

Combining Terms 1, 2, and 3

dT, — d _ _ . _ _
(mA)W|: Let (;M +Tewa d_L?l} = Ueo’Dy I—el(Tea - Tevxll) + A 7D; I—el(Terl - TeV\ZL)

- (d

(oA T %2 |

ATew | _ — _ — _

(pCA)W Let T = 0o/l (Tea - Tevxil) + et 7D; I-el(Terl - Tevxil)
dT, _ _ . _ _
(mA)W|: (;M} = Ueo’Dy (Tea _TEV\ZI.) + Oy 7D (Terl - TeV\ZL) (2.9)
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Superheat Region

Mass Balance on the Refrigerant in the Superheat Region of the Evaporator

The control volume of interest is shown in Figusg 2s cv2.

%:a_p+aﬂzo

Dt odt o0z
Term 1: 9%
0
Integrate over the cross-sectional area.
I 6_,0 dA= Aa_p
ot ot

Integrate over the length.
LeT, LeT
[ [Aa—p}dz: A | a—’Odz
Lel
Applying Leibniz’ Rule
LeT

d d
= A [z AlplLer S+ Al o “ 2

dt '«

d 1 LeT Lel
= A—
dt eZ(L }L.Llpd Apev

A dle2Pe2
dt

= Al d,0e2 + ADe Le + ADey— = Le’l.

+ APev— Lel

Because the total length is fixed: M =0 = dﬁ = —dL—Eﬂ
dt dt dt
Replacmgd with — dley
dt dt
doep dlg dlg
= AL -A + A
7R Oe2 at Oev—, at

d d
Term 1=Algp lg(taZ + A[pev_peZ] ;ﬂ
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Term 2: aaﬂ

V4

Integrate over the cross-sectional area.

J‘aﬂdA
62

dpu
dA= A=
I A 0z

Integrate over the length.
LeT

0
| A% dz=[AalZZhe
Lel
= [Apu]e,out - [Apu]e,int

Term 2=mg gyt — Mg int

Combining Term 1 and Term 2

dp
Al g

d ) .
+ A[pev - :Oez]d—l_f‘1 + Mg out ~Me,int =0
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Energy Balance on the Refrigerant in the Superheat Region of the Evaporator
The control volume of interest is shown in Figusg 2s cv2.
0 0 4
—(oh-P)+—(ouh)=—a; (T, - T
at(ph ) az(pu) D, |(w r)

0
Term1l: —(oh-P
o (n=P)
Integrate over the cross-sectional Area.
LQQM—PMA
ot
0
=—[(ph-P)dA
5| (=)
0
=—Alph-P
o Aln=Fe)
Integrate over the length.

LeT a
J ot Alph - P, )dz

Lel

Applying Leibniz’ Rule

LeT q ;
=A : I(’Oh - Pe)dz+ A[(,oh - Pe)]z:Leld_L:iL - A[(ph - Pe)]z:LeT%

dt | e
d LeT d
= Aa [(oh = Pe)dz+ Alpeyhey - Pe)d_L?l
Lel
_ d 1 LeT dl_e,l-
= Aa Leo I _[(,0"1 - Pe)dZ+ A(pevhev - Pe)?
€2/ Lel

1 LeT
Assuming(L—] [ phdz= perhep
€2/ Lel

d d
=A—_Le (Pez hep — Pe) + A(pevhev - Pe)—l_e:L

dt dt
do dP, d d
edZtheZ - df } + A[,Oezhez - Pe] :,iz + A(pevhev - Pe) I(;[ﬂ

= ALeZ{
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Substituting in—== dlc_ifz __dla

dt
"dp dP d
= ALeZ_ (zzthez - dte} - A[ Peohep = e] + Apev ev Pe)d—l_:iL
_dpezheZ dR

)dLel

=A I
Le2 it

at - at } + A(pevhev — Pehen

d do, dP. d
= Ale pe2 Ziz he2 d(ta2 _Tte} + A(:Oevhev - :0e2|"e2)d_l_f;L

From Conservation of mass on superheat region tiequg.5)

d . .
Alg :Z(:Z + A[pev pe2] = Mg int — Mg, out
d
Alg 'Zfz = Mg int ~Meout ~ A[:Oev :OeZ]

heZALeZ 632_hezmelnt —hepe out — heZA[pev ,Oez]—

Substituting this into Term 1

d dP. . . d

= ALeZ{peZ % d_te} heoMg int = Ne2Mg out — he2 A[,Oev - IOEZ]d—L:l
d
+ A(pev ev pe2he2) I;l

d dP. . . d
= ALeZ{IOeZ% d_te} heoMe int = Ne2Me out — Ne2 Aoy — Lel + APeNey I(;;l

d dr, . . d
= Algg| p Zﬁ — | T Ne2Me int ~ PeaMMe out + Aey(hey —hep)—= el

dt dt dt
.- heV + he out
Defining h,, ET'
dhey + he t _dR .

= ALeZ{O-5pe2 - at o dte} +hepMe int — Ne2Me out

d
+ Apev(hev — 0.5hg, - 0-5}"e,out)d—l_te:L

d
Terml= AL‘32{0_5,0e2 d;'fv ddlje} + 05ALe0ep he out

+ hezme,int - hezme,out

d
+0-5A,0ev(hev he, out) :fl
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. 9
Term 2: az(,ouh)

Integrate over the cross-sectional area.

0 0
—(pouh)JdA=— h)dA

< (aur)aa=2 f(a)
0

=— h
0z A

Integrate over the length.

Le a
— hdz
I 0z Ao

Lel

_ =LeT

=[Aouh)ZZie

Term 2 =g outhe out =~ Meinthev
4

Term 3: —a;(Ty-Tr)
Di

Integrate over the cross-sectional Area.

4
- ai(Tw =Ty JdA
|

4
= EaeiZ(Tevvz _TerZ)A
|
2

4 7D:
=—gio(Tewp ~Ter2 ) ——

Di e|2( ew?2 er2) 4
= 7D, Uein (Tewz ~ Ter2)
Integrate over the length.

LeT
[ Do (Tewp —Ter2)dz
Lel

1 LeT
=Lep T ,[7Di aeiZ(TeWZ _TerZ)dZ
€2 ) Lel

Term3 = Lgp7D; 7ei2(-TeV\2 _ferZ)
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Combining Terms 1, 2, and 3

dhey

dPR dhe, t
ALeZ[O-SpeZ at ‘d—te}+0-5A|—e2,0e2 =

+ hezme,int - heZme,out

d . . = —
+ 0-5Aloev(hev - I"e,out)d—l_(:;L + Mg outhout = Meint hey = Le27D; aeiZ(TeV\B _Terz)

dhe, dR. ] dhe out dlg

Alg) 05,0e2 at F + 0.5ALep Og +O-5A:0ev(hev heout) at

+ me,int( e2 ~ hev) me,out(he,out heZ) Lep7D; aelz(T Ter2)

d dP, | he t
Algp 05,0e2 :Ev d_te + 05ALgp Pep ——

+ r‘he,int (O-5hev + O-5he,out - hev) + rhe,out( e,out -0 5hev he out)
= Lep7Dj ﬁeiZ(Tev\lz _-ITerZ)

d dR d
ALe2|:0-5,062 Ziv _d_te} + 05ALe2 02 - O-5A:0ev(he,out - hev)d—l_:-1

+ 0-Sme,int (he,out - hev)+ 0-5me,out(he,out - hev) = Leo7Dj i (-ITeWZ _Terz)

d dP dhe out d
ALe2{0-5pe2 ::iv dte }'05A|—e2,0e2 dou _0-5'0\,0ev(he,out_hev)d—l_te1

- _0-5me,int (he,out - hev) - 0-Sme,out(}"e,out - hev)"' Lep7D; ﬁeiz(fev\lz _-TerZ)

From Mass Balance equation (2.5)

+ O5A,0ev(hev he, out)d—l_\,[91

dhe out
dt

Mg int = Alep pez"'A[pev ,Oez] "'me,out

Substituting this into the Refrigerant Energy Bakan

d dP dhe, out d
Alep| 050¢2 L + 05ALegpPgp — = 0-5Apev(he,out - hev)—l_e:L
dt dt d dt
_ — = - do .
= Lep7D; aeiZ(TeV\Q _Terz) {ALe €2 + A[pev peZ] me,out}(he,out - hev)
- 0-Sme,out(}"e,out - hev)

d dR d
ALe2[0-5pe2 va - d_te} + 0.5ALe2 g2 - 0-5Apev(he,out - hev)—l_e:L

dt

dhe,out
t

= Lep7D; ﬁeiZ(TeV\Q _-lTerZ) {ALe pe2 + A[pev peZ] }( e, out ~ hev)

- rhe,out(he,out - hev)
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dhey _dRe dhe out

dt dt

ALe2[0-5pe2 } + 05ALe2 Oe2

d dt

= LeoDj i (-FEV\Q - -lTerZ)

- O.S{ALez dp(taz — ApPep d—LeL}(he,out - hev)_ Me out (he,out - hev)

d drP dhe out
ALe2[0-5:0e2 va _d_tﬂ + 05ALe2 Oe2 dto -

= Lep7DiTeip (TeV\Q ~Ter2 ) - r‘he,out(l"e,out - hev)
d d
~ 05A0e (he,out - |"ev)d_l_:iL + ALe2{05:0e2 gctav + o-5(he,out - hev)

dhe out

+ 05ALe2 Oe2
Applying the chain rule assuminge, = P (he'out, Pe)

doez _ 0pep dhe,out +6,0e2 dRy
dt  dhggy dt 0P, dt

Substitute this into the energy balance equation.

d
¥ o.s{ALez % - Ap,

dt

= Lep7D; 7ei2(fewz _-Terz) - r‘he,out(l"e,out - hev)

dig

e2 —d t

doen _%}

dt

}(he,out - hey)

d d
~ 05A0e (he,out - |"ev)d—l_\,[91 + ALe2{05:0e2 va + o-5(he,out

dhe out 00e> dheout
+ 0-5A|—e2|:,0e2 d:u + (he,out - hev) oh &2 d:u
e,out

= Lo D; ﬁeiZ(Tewz _-ITerZ)_ me,out(he,out - hev)

VR, dt

—h \0,062 dpe _ dpe
dt

d d
~ 05A0¢ (he,out - hev)d—l_:iL + ALeZ{O-5pe2 dh;v + 0-5(he,out - hev)

e

\apez dhe,out
SV ohe ot | dt

= Lep7D; 7ei2(TeV\2 _-lTerZ)"' r‘he,out(hev - he,out)

+ 0-5A|-e2|::0e2 + (he,out —h

0Pe2
0P,

:

dRe
dt
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Energy Balance on the Tube Wall in the Superheat Region of the Evaporator
dEcv _ ., ¢
—=V¥Y =0+E

at Q+En

This derivation is similar to that to the two-phasgion. Again the two-phase
region is shortening while the superheat regiogtleens. Figure A-2 shows the

parameters involved. The positive Z direction esponds to the direction of refrigerant

. dby . . . . . .
flow. The velocltyd—t’al Is intentionally shown in the negative directionltustrate that

the two-phase region is getting shorter.

T, . \'

////W///ﬁ4wzi

L &l * a2

—»
+7

Figure A-2 Evaporator Superheat Wall Energy BalanceDiagram

Term 1: dﬁ
dt
d d LeT
iCtV T (CA),, Twdz
Lel
d 1 LeT
= (oCA)y, — Le ( ] Tenpdz
Wit % Lgo LLle
= (ch),, ezl
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- (e L T 4T, 22|

dt
Substituting dlep __dley
dt dt
rem 1= A Lo T T |

Term 2: o)

Term2 =Q= Teo’Doler (Tea _TeV\/2)+ Tei2™DjLe (-Terz —T_ewz)

Term 3: E

m

= [unoul? ~ ) fidA
CS

- ICWTWIOW(\7 _\7b)' NdA
cs

- (pCA)W'FeWL{O - (— dle nﬂ *A

Term 3= ~(CA), Tou 2

>
[ ]
>
1
=

Combining terms 1, 2, and 3

dTewp = d

(,OCA)W[Lez “dt Tewz d—L‘tel} = 0eo/Dpler (Tea ‘Tewz)+ Oeio™Dj Leo (-FerZ _-'Tevvz)

- (IOCA)WTeV\Zl[dd—L:l]

dT, — — \d _
(pCA)W{ Leo W2 4 (TeWL ~Tewe )d—Lfl} = Qeo/Dole (Tea ~Tew )

dt

+0eip7Dj Lep (-lTerZ _-lTeV\Q)

ITevz . (Teut ~ Tewz) dle
A ew? ewl ew2
(eC )W{ a Leo dt

+ 07D (Ter2 - T_ewz)

} = 0eo’Dg (Tea —T_ewz) (2.10)
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Overall Mass Balance of Evaporator

From mass balance on Two-Phase region, equatiéh (2.

: : dog dR dlg
Mg int Mg in L1 dR, dt (pel pev) at

From mass balance on the superheat region, equatsn

do i .
Algp d$2 + A[pev ,Oez] + Mg out ~Me,int =0

Combining the two mass balances

dpoe dog dP. d
Algp —== dt 2 + A[pev Pez]— + Mg out ~ Me,in + Algr dPel d_te + A(pel - ,Oev)d—l_f1 =0
e
—_ + L L . —
A[pel pez]—dt A{ €27 4 dp, dt =Mgin — Mg out

Since Pep = Pep(Perhez)  and  hgp = hep (Pe’ he,out)
Pe2 = Pe2 (Pe’ he,out)

d
Applying the chain ru|edpe2 _ 0P ANy .90 AR,
dt oh,, dt oR dt

e,out

d 0per R, , pep dhe dog dR.
A[pel_peZ]—;fl+{L [pez Pe2 '°“t] tlg }

0P, dt ahe,out dt dR, dt
= Mg in ~ Mg out
A[pel_peZ]d—LeJ'+ 6'092 +Lg d'oel}d + Al Opez IMe.out
GP dR, | dt ohg oyt dt (2.6)
= Mg in ~ Mg out
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Appendix B - Derivation of Condenser Equations

Superheat Region

Mass Balance on Refrigerant in the Superheat Region of the Condenser

The control volume of interest is shown in Figuré as cv1.

%:a_p+aﬂzo
Dt ot o0z

ap
ot

Integrate over the cross-sectional area.

j?éid;\:,A£§2
ot ot

Integrate over the length.

Lcl Lcl
j{ "p}d =] %4,
0

Term 1:

Applying Leibniz’ Rule
Lcl

‘A_ I pdz= Apl o —= dLCl A[P]o

d 1 Lcl dLCl
=A—L z- A
dt cl( Lclj [ pd Ocv— at

Lcl
Defining the average density innode 1  py = (Li] jpdz
cl

dt Vodt
do d d
= Al—cl—d;:1 + cl—LCl ~ Aley— Ld

d d
Term 1=Alg 'g,fl + A[pcl _pcv] :td
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Term 2: aaﬂ

V4

Integrate over the cross-sectional area.

J’aﬁdA
62

dpu
= dA= A==
j,ou 0z

Integrate over the length.

f Aapudz [Apu]Zzket
la 97
=[Aou] oy ~[Acu]y

Term 2= jnt1 — Mg in

Combining Term 1 and Term 2

Alg ,001 + A[pcl :Ocv] +Mgint1 ~Mgin =0

dt

d
Al p01+'°‘[pcl pcv] Ld = Mg in — Mg int1
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Energy Balance on the Refrigerant in the Superheat Region of the Condenser
The control volume of interest is shown in Figuré 2s cv1.
d d 4
—(oh-P)+—(ouh)=—a; (T, - T
at(ph ) az(pu) D, |(w r)

0
T 1. —(oh-P
erm p (oh-P)
Integrate over the cross-sectional Area.
0
—(oh—-P)dA
J5; (eh=P)
0
=—[(ph-P)dA
o/ (=)

0

=—Aloh-P

o Aln=Fc)
Integrate over the length.
Lcl a
I a—A(,Oh - R )dz

o Ot
Applying Leibniz’ Rule

dbtet _ do _ _ dLey
a Jen=PRedze Alen=Pe)l,o g = Aloh=Pe)l -0 ="

d Lcl d
= Aa _[ (,Oh -R )dz_ A(pcvhcv - Pc) ::1
0

= A

d 1) d
= Aa Lcl( L 1] I(,Oh -R )dZ— A(pcvhcv - Pc) I(;fl
C. 0

Lcl
Defining the average enthalpy in node onle4 = (Li] j’hdz
cl/ o

And, assuming the average of the prodyt) equals the product of averageg;hy

d d
= Aa Lcl(pclhcl - Pc) - A(pcvhcv - Pc)%
do~h dP. d d
= A%l{% - d_tc} + A[pclhcl - Pc]% - A(pcvhcv - )%
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= A'—cl[hcl d'gfl P dgfl %_Iz} A[,Oclhcl‘,ocvhcv]dd—l_fl

From conservation of mass on superheat regiontieguz.12)

d ) .
Al —= pC1 + A[pcl pcv] =Mcin — Mg int1
d d
Alg Igfl =Mein —Mgint1 ~ A[pcl pcv] Ld

hclALcl Cl_hclmc in ~heaM,int1 — hclA[pcl Pev] IO_I'tCl
Substituting this into term 1

dR, . .
:ALcl{ Cld_h(t:l E} A[pclhcl Pev cv] +hclmc,in = he1Me int1

- hclA[pcl - pcv]%

d dR. d . d
Term 1= ALcl{pcld_rEl _E} Oeey— = LCl +heg in = a1 int1 + hcl'o‘:ocvd—l_f1
Term 2: i(,ouh)
0z

Integrate over the cross-sectional area.

0 0

—(ouh)JdA=— h)dA

|5, (un)dA=— ] (uh)

0
=— h

0z A

Integrate over the length.
Lcl a

j'—A,ouhdz
—[A,ouhz Lcl

Term 2= int1hey =M inMe,in
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Term 3: iai (T = Tr)
Di

Integrate over the cross-sectional Area.
Iiai (TW -T; )dA
D;

4
= D aCil(TCV\ﬂ. - Tcrl)A
|
2
4 TD;
= D aCil(TCV\ﬂ. - Tcrl)—l
i
=7D; acil(Tcwl - Tcrl)
Integrate over the length.

Lcl
[ 7D cin(Towa = Tern )z
0
Term 3= Ly7D; ﬁcil(fcvvl _-ITcrl)

Combining Terms 1, 2, and 3

d dR; d ) d
Alg clﬂ — Apcvhcv—LC1 +he1Mein = Mg int1 + hea A0y —~ ol
dt dt dt dt
+ Mg int 1hey = Me in hc,in = LD C_’cil(fcvﬂ _-Tcrl)
ha, +
Defining hy _chhcm
d dr. dLg ]
Lcl{pcl 2;'1 at } Apcyhey —= at (0 Shey + 0.5h iy )mc in (O-5hcv +0.5N¢ jin )mc,intl
+hg A0y — = LC + Mg int1hey =~ Mg inhein = Lea7D; ﬁcil(fcv\a _fcrl)
d dP dL . .
Al clﬂ —= | = APcvhey —<ly (0-5hcv)mc,in - (O-5hc,in )mc,intl
dt dt dt
+ hclAlocv I(;[: + O5mc |nt1hcv O-5mc,in hc,in = I-cl7i)i 5cil(fcwl _fcrl)
d dR, dL dLy
ALcl[pcld_h;’l E} A:Ocv cv d;:l + A(O 5hcv + O5hc in )pcv dt + 05mc mtl( cv hc,in)

+ 0.5 jn (hcv —Nejin ) =L 7D; 5cil(fcv\zl - fcrl)
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d dR,
'A\l-cl[locl—(:%1 at

- 0-5( v hc,in )(mc,intl + r.nc,in)

} o-5A(hcv —hgin )pcv d:‘tj LD CIl(TCV\ﬂ. Tcrl)

From conservation of mass on superheat region tiequ@.12)

) ) d
Me.int1 = Me,in ~ Lcl A[pcl pcv] Ld

Substituting conservation of mass into term 1

dhy dR

ALcl{ cl?‘ dt} 05A(hcv Ne.in )pcv :fl = Ly7D; a'ml(chﬂ -ITcrl)

_0-5(hcv cm[mcm Lcl A[pcl pcv] Ld mcm]

Alg pcl% % _0-5A(hcv cmchv + (o - pcv] L01 _05A|—cl( hey = cm)dlgfl
= La7D; C’ca(chm Tert) = (e = Nejn I
Alg pcl% dd_F,: + O5A(hcm cv)pcl I(;[:l + O-SALcl(hc,in - hcv)dg;fl
= L1 7D; O'C|1( ) ( he,in = cv)mcm
Expanding the derivative gby = p(P;,hy) and assumingd% = d;ﬁ"

dog _ 0Pq1 dR; + 0P dhy
dt 0P, dt ohcl dt

dog _ 0Pq dR + 0P dhy
dt 0P, dt oh dt

Substituting these derivatives into the energyriaaequation

dh,, dR
dt dt

dt

0pc AR | 9P¢1 dhey
OoF, dt 6h(1']. dt

Lcl[pcl } + 05A(hc in hcv)pcl—LC1

+ OSALcl(hc in hcv{
+ (hc,in - hcv)mc,in

j = LaDia CIl(TCV\ﬂ. Tcrl)

90



dhy _ dR 0P ARy | 9P dhy dly
A -—=+05\h. in - + + 05A\h.:y —h —
Lcll:pcl at at ( c,in hcv{ P, dt  ohcl dt ( c,in cv)pcl at
= La7D; ﬁcil(fcvﬂ _-chrl) + (hc,in - h(:v)mc,in
Becauseh,, = h(P;) the time derivative df., can be writtendrey = (ilh;" ddlzc
c
d o) 00 d dR
ALCl{p cl thiv + 05 - hcv{ a/;Cl * aﬁg dh;vj _1}d_tc
¢ ¢ ¢ (2.16)
d a'2 T T .
+ o-SA(hc,in - hcv)pcl% = Ly /D; aCil(TCV\ﬂ. _Tcrl)"' (hc,in - hcv)mc,in

Energy Balance on the Tube Wall in the Superheat Region of the Condenser
dEcy -
—=V¥Y =0+E
ot Q+En
This derivation is similar the evaporator. Theextygat region is assumed to be
lengthening. FigureB-1 shows the parameters iratI\he positive Z direction

corresponds to the direction of refrigerant flovelocities are shown the direction that

the derivation assumes.

[T 7777

at

= ————— —

i
—
n4—f Ouar T

[ = /177 7=/ 7 777

— ‘JL‘:I_.'

+7 e

Figure B-1 Condenser Superheat Wall Energy BalancBiagram
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dEcy
dt

Term 1:

dECV d Lcl
=— A, T,dz
dt dt 0(:00 )w w

d 1 Lcl
:(PCA)WE L = [Tewadz
cl/o
dlg Tewa

=(eCAl =2

dTom = dlg
+ Ty —L
dt gt

Term 1= (pCA)W{Lcl

Term 2: o)

Term 2= Q =0coDg Lcl(Tca _chvl) + 0 i1 7D; I-cl(Tcrl _-ITCWl)

Term 3: Em

Em = —j’uW,oW(\7 —\7b)- AdA
Cs

= ~ [CuTwowlV ~Vp )+ AidA
CS

= —(pCA)W'TCV\Q[O - E% nﬂ « fi

Term 3= (pcA)WT—M(%j

Combining terms 1, 2, and 3

dT. - d _ _ — —
—o Te LCl} = QcoDol (Tca - TCWL) + i 7D I—cl(Tcrl _chxll)

dt WL gt
dig
dt

(PCA)W{ Let

+(pCA)WT—cWZ(

_ _ d _
WL 4 (TCWl ~Tewz )d—Lfl} =0co7Dg Lcl(Tca _Tcmll) + 01 7D; I-cl(Tcrl _chﬂ)

dT,

-
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dTew |, (Tevt ~ Tene) Loy

(CA)w dt Ly dt

+ C_rcilmi (Tcrl - Tch)

} =0co7Dy (Tca - chﬂ) (2.19)

93



Two-Phase Saturation Region

Mass Balance on Refrigerant in the Two-Phase Region of the Condenser

The control volume of interest is shown in Figuré 2s cv2.

Integrate over the cross-sectional area.

12 4a
ot

J,Od —i{ ,OcLﬂ pcvpzvﬂ

= §[A('OCL (- ye)+ pevre)]

Integrate over the length.

Lcl+Lc2

L{:l E[A(ch( ~¥e)*+ Pouve )]dz

Applying Leibniz’ Rule

d Lcl+Lc2 dl—cl
- I[A(ch (1 yc) * PevVc )]dZ+ [A(IOCL (1 VC) + pcvyc) Ll ™ gy

dt |
d(l—cl + LC2)
dt
d Lcl+Lc2 d
- .[[A(ch (1_ Vc) * Pevle )]dZ+ [A(ch (1_1) * Pcv EL))]%

dt g
d(l—cl + LCZ)
==

d 1 \Lcl+lc2 iy
= a LCZ( L 2] .[[A(IOCL(]- yc) + pCVyC ]dZ+ AIOCV " — A,OCL
C

Lcl
+L
- d_ LCZ[A(IOCL (1 Vc) + OcvVe )] + Alcy— =~ AL %

% P > P d d(Lg +L

- [A(ch (1 Ve ) * Pevlec )] Lcl+Lc2

- [A(ch (1-0)+ pey @

d (Lcl + LCZ)
dt

|—c1
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_ d _ d d
:A(l_yc){l—cz Pl chi} Ayc[l-cz pcv + Pcv LCZ} ADey— = Lol

_ A, ke +Llep)
ApCL dt
_y d
= Al¢p [ pCL( Vo) IZS[ZV } + ApeL (L= V) + Pev¥e = PeL LCZ Aloey = pa) I(;t:l

Using the definition of average density in node tag = oo (1- yC)+ PevVe

d d
Term 1= Alg p 2+ Apca = pol | L°2 + Alpey ~ PeL) :fl
Term 2: aﬂ
0z

Integrate over the cross-sectional area.
I aﬂ dA

0z

0 0
= oz [ pudA= E{A{chucL % * Pevley %ﬂ

0
= S [A(chUcL (1~ ye )+ PoticvVe )]
Integrate over the length.
Lcl+Llc2

J _[A(chUcL (1~ ye) + Pobiee )]dz
L 92

= [A (cLUcL L= ye )+ Pevticyye) ; tg%+ o

= [AlpeLuc (L-0)+ peyticy )] = [AloeLuc (1-2) + peyicy @)
= ADcUcL — Al ey

Term 3=ny int2 — Mg int1

Combining Term 1 and Term 2

doco
dt

d .
A(pcv ,OcL)d—LtCl + Mg int2 — Mejint1 =0|(2.13)

Alc
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Energy Balance on the Refrigerant in the Two-Phase Region of the Condenser

The control volume of interest is shown in Figuré 2s cv2.
0 4

=P+ () =i (1, -T0)

0
Term1l: —(on-P
(=P
Integrate over the cross-sectional Area.
0
—|oh—-P)dA
J 5 (h=P)
0 0
=— dA-— | PdA
ot Jon 6tI

0 oP,
~ ot Pet el % + Pevhcy %} - Aa_tc
0P,

0
= ot A[chth (1_ Vc) + :Ocvhcvyc] - AE

d
= ot ApeLher - Vo) + pehevve — Pl

Integrate over the length.

Lcl+Lc2

o A[chth(l_ Vc)+ Pevhevye — Pc]dz
Lcl

Applying Leibniz’ Rule
d Lcl+Lc2

=A—- I[chth (1_ Vc)+ PevhevVe — F’c]dz+ A[chth(l_ Vc) + Pevhevye — Pc]

dt |
d(l-cl + LCZ)

- A[chth (1_ yc) + PevhevVe = PC]z:Lcl+ Lc2 dt

d Lcl+Lc2

d
=A— I[chth (1_ Vc) + Pevheve — Pc]dz"' A[chth(l_l) + Peyhey [1- Pc]—

dt

- pLhLl_O"'pvhvm_PM
cLle cvile c at

d 1 \Lel+Lle2 dLy
= Aa LCZ(L_j I[chth (1_ Vc) + PevhevVe = Pc]dz"' A[pcvhcv - PC]T
c2 Lcl

d(Ly +L
B A[chth - Pc]%
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dt



d _ _ d
= Aa Leo [chth (1_ Vc) + PevhevVe = Pc] + A[pcvhcv - Pc]d—Lfl - A[IocLth - Pc]

_yd _d dL.»,P, d
= A(l_ Vc)a [I—czchth] + AV at [I—czpcvhcv] -A ijzt <+ A[pcvhcv - Pc]—l_:1

_ d(Leg +Lep) d(Leg + L)
A[chth] + AR
dt

dt
_\d _d d dP
= A(l_ Vc)a[chchth] +A)e _[l—czpcvhcv] - AR % — Al —=
+L diL~q +L

+ Alpoyhey - Py 2L '—c1 — Ay g | St * be2) d(L c1 c2), + AR, ( Cldt c2)
- - dilg
A(l_yc)a[chchth]"'Ayc [l—czpcv CV] ALcZ + Aoy ey — = at

d{Lyg +L
_A[chth]%

_ d

= A(l_ Vc)chth :2
dR; d +L

LcZ + Apcyhey LCl A[ PcLh CL]M

_ _ d
= A[(l_ Ve )chth + Ve Pevhey ~ chth]F + A(,Ocvhcv - ,OcLth)—LC1

dt
doc h docyh dR,
r Al 2{(1 Vc\ th cL +Ve ca/tcv tc}

B d
Terml= AVc[pcvhcv - chth] 2+ A(pcvhcv chth) Lﬂ

y dR,
+Ach[(1 7o) % CgthCLwc £ ‘(’jvthw dt}

0
Term 2. —(puh
5, ()
Integrate over the cross-sectional area.

0 0
— h)JdA=— h)dA
J5, (un)dA=— [ (aun)
0
= 3 A{chucLth _AZL + Peevhey _AXV}

0
= oz A[IOCLUcLth (1_ Vc) + pcvucvhcvyc]
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d(I-cl + LCZ)

dt

_vdoq h _ do~h _ d
+ ALCZ(l_ Vc)% +Alco)e pc;vt Y+ Aycpcvhcvi

dt



Integrate over the length.

Lcl+Lc2 d

9z A[pCLuCLhCL (1_ Vc) + ,Ocvucvhcvyc]dZ
Lcl

_ =Lcl+Lc2
= A[chUcLth(l_Vc)"'pcvucvhcvyc ;:Lgl+ ¢

= A[,OcLucLth (1_ O) + Peylevhey [(D] - A[chUcLth (1_ 1) + PeyUevhey El]
= AocLUcLheL — Abclicyliey
Term 2 =1 int 2Mel. —Meint1hev
] 4
Term 3: o Ty -T/)

Integrate over the cross-sectional Area.

4
IF ai (TCV\Q - Tcr2 )dA

4

= EaCiZ(TCV\/Z _Tch)A
i

_ 4 Df

= EaCiZ(TCV\/Z _Tch)T
= 1D ip (Tewp ~ Terz)
Integrate over the length.

Lcl+Lc2

I D d i (TCV\/Z —Ter2 )dZ
Lcl

Term 3= 7t ., D; ﬁciz(ch\lz _-TCFZ)

Combining Terms 1, 2, and 3

d d . .
:‘;2 + A(pcvhcv = PeLheL )d—Lfl + Mg int 2heL = Mg int 1hey

_dogLh _ dogyh dR (= —
+A|—c2{(1_yc) C(Ij_t CL"'VC (iivt Y~ df:|:ﬂ—CZDiaCi2(TCV\Q_TCI’2)

AVec [pcvhcv - chth]

From mass balance on two phase region, equatit8)(2.

doco
dt

dL,

+ A(pcv - ch)d—fl +Mejint 2

. dL
Meint1 = Alco + A Pe2 ~ P d(t:Z
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From mass balance on subcool region, equation)2.14

M int2 = Mg out + Ales ch

Substituting the mass balance results into theggrmalance equation

_ dL,
AYe [pcvhcv - chth] diz

dt © dt

doc
doeL Algr — = d +Npep - ,0c|_]
(mc out + Ales j cL ~

dL, dp,
+ A(pcv ch)Tfl + Mg out + Alcs diL

hCV

=7t oD ﬁciZ(chZ ‘fcrz)

_ d
A[Vc(pcvhcv _chth) (Pcz ch) cv] + A{pcv ev ~ PeLhel = (pcv _ch)hcv]%

_ydog h _ dogyh dP dp, dp
+A|—c2[(1_yc) C(;_tCL"'Vc (Sl,[cv_dif_hcv d(tzz}"'ALcs(th_hcv) diL

+Me out (th - hcv) =71t oDiacin (fcwz _fcrz)

To further simplify the equation the first and thterms of the left hand side will
simplified separately as follows.

) L
Term A: A[Vc (pcvhcv - chth) (:002 :OCL CV] C2

_ d
= A[Vc (pcvhcv - chth) = Pcohey + chhcv]%

_ _ _ d
= A[Vc (pcvhcv - chth) - (1_ Ve )chhcv = VePevhey + chhcv]%

d
—Ayc[chhcv chth] LCZ

d
Term A = AZe e[y ~he 122
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d _\dpghy dogh
+ A(pcvhcv _chth)TLfl"' ALCZ|:(1_VC) e + P Y~

dRe

dt

|



> d:OCLhCL = dpcvhcv dPC de2
TermB: Al (1- " _dR
erm ch{( 7c) pm Ve gt 5 vy
- d _ d d _ d dpP. |
(1_ Ve )th IZCI:L + (1— Ve )IOCL 2?' ychcv 'Z: + Ve Pev ZEV d_f
= Alc _ _
-h d(L- e )oeL + VePev
L dt |
-7 ), 9P do dh,, dR.]
(1_ Ve )hCL d(t:L ( Ve )ch ;th Vehey dfv YcPev (:k{v _d_tC
= Aleo
v dIOCL = dpcv
- hcv(l_ VC)T —heyVe “at
_ ,0 d dR _\dp
= Aleo (1 Ve el CL +{1-Ve)oeL 2?' VePey 2(1_:\/ d_tc ~hey (L= 7o)

Using the definition of enthalpy of vaporizatidm, = hey = hetg, to replacenc.

dt

(L- Vc)(hcv - hcfg) 'ZCL +(1- Vc)ch(CVTcg) +VePev LEV __d'f
= Alco g
_hcv(l_J_/c) 'ZE:L

(hcv hcfg) dhy _dR
dt

_\d _
:ALCZ{_hcfg(l_Vc) pCL"'(l_Vc)ch at +VePev at

dt

_ do dhetg d dP
:ALC2|:_(1_VC{thg dE:L"':OCL at j ((1 Vc)ch"'chcv) giv d_tc:l

_\ ARergocL dh, dR
TermB = ALC2|:_ (1_Vc) C?t = *Pc2 (?;V - dtc

Putting terms back together in energy balance exuat

dig, \ h:fgch dh, dR.
+ A 1- -
at LC2|: ( ye) at * Oc2 at at

AJ_/c[chhcv _chth]

 Aet ey =P 125+ ALg(b. =) S+ i . ~he)

= ”L-CZDiﬁciZ(TCWZ _-Tch)
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dicy
dt
dhetg OcL N dhy, _dRe
dt 274t dt

= m(:,out(hcv - th)"' 7t o D; C_rCiZ(TCV\Q _Tcrz)

Using the definition of enthalpy of vaporizationgobstitute forh,,, —hg

d _
Ach[hcv - th]% + Aycch[hcv - th]

+Aleo| - (1-7c)

d
} + ALC3 (th - hcv) ,Z(t:L

d _ d _
AP hetg d—Lfl + AVcPet herg % + ALCZ{_ (1_ Vc) dt 27 g4

do i — (= =
+ ALC3(hCL - hcv)TiL =M outhetg + 712D aCiZ(TCV\Q _Tcrz)

dhetg OcL p dhe, dR.

d _ d
Apc hetg % + AVcPeLNetg %

dP, 2 R, dp,

=M, outhefg + 712D ﬁciZ(Tcwz _-chrZ)

d
+ A{LCZ|:_ (1_ J_/c) el P ey _1} + Lc3(th - hcv)%
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Energy Balance on the Tube Wall in the Two-Phase Region of the Condenser
dEcv _ 4.,
— VvV = E

p Q+En

This derivation is similar the evaporator. Theextygat region is assumed to be
lengthening, while the subcooled region is getshgrter. Figure B-2 shows the
parameters involved. The positive Z direction esponds to the direction of refrigerant

flow. Velocities are shown the direction that tezivation assumes.

Fleo XT.:C-.

T‘-_-“-E / | / / / .:-g / / / T.:-Ly]_ /
/ . / _ /-
Tcrl t
Ty Oz )
e . +L, 1_" g
dr
— Yawayawa ,
TEI\-‘} / I / / / TEI\-‘: / / / |/ TE“']_ /
/ | A A _’f TR AN SN
L.:j - L.:j L Lcl >
T.a .
ca oo
ol LT L
P —
+2

Figure B-2 Condenser Two—Phase Region Wall Energyaiance Diagram

Term 1: dﬁ
dt
d d Lcl+Lc2
iCtV = [(eCA),, Twdz
Lcl
d 1 Lcl+Lc2
= A L T,d
A g dt CZ('—czl LJ;IW ’
= (goA),, Lezlone

dT. _d
Term 1= (pCA)W{ch grﬁ +Towp %}

102



Term 2: o)

Term 2=Q = A coDolco (Tca _TCV\fZ)+ Aci2DjLco (Tcrz _-lTCV\fZ)
Term 3: Em

o = [unpul? ~ )+ fidA
CS

= _ICWTWIOW(\7 _\7b)' AdA

CSs

{0 Toe]0-( 52 (1) -1~ (oo T 0- - e b2l ) o

_ d - d = d
= (oA Tena -2 + (PCA) Towo =L+ (ACA), T “ 2

Term 3=(0CA), Tow °-2

Combining Terms 1, 2, and 3

dT. _ d _ _ B _
(pCA)W{ch % + chxlz %} = acomo I-c2 (Tca —Tcwz)+ acizmi |—02 (Tcr2 —Tcwz)

- d
(PO Towo “ 2

dT, _ _ . _ _
(pCA)W Leo % = QcoDolc) (Tca - Tcwz) + o™i Lo (Tcr2 - Tcwz)
dT, _ _ . _ _
(pCA)W d;:\a = QoD (Tca - Tcwz) + Ui TD; (Tcr2 - Tcwz) (2.20)
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Subcool Region

Mass Balance on Refrigerant in the Subcool Region of the Condenser
The control volume of interest is shown in Figuré a@s cv3.

% = a_p +aﬂ =
Dt ot o0z
Term 1: 6_,0

Integrate over the cross-sectional area

ja—pdAz Aa_,o
ot ot

Integrate over the length

LcT LcT
j 6,0 dz=A j 9p dz
Lei+lc2 Ot Lel+Lc2 Ot

Applying Leibniz’ Rule

d Let d(Ly +L d
= Aa [ dz+ Apl o gy cp— o —C2 C 1 c2) - Aol = ret —:CtT
Lcl+Lc2
d LcT d + |_
= Ad_ Imz-}- ApCLM
UicltLe2 t

Assuming that the density is the density of saagtdijuid throughout the subcool region
Ach3ch + ADeL d(l—cl"' LCZ)

dt ¢ dt

dp d{Lyq +L
= Alcs dE:L ApcL ;3 + ADcL ( Cldt c2)
- Al d,OcL + Aoy d(Lg + :tzz +Les)

d,0
= Al dE[:L Ao :Ct'T

Term 1= Al dﬁ‘ti
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Term 2: aaﬂ

V4

Integrate over the cross-sectional area.

192 g
0z
0 0
— | pudA=—A
62I Al 0z -
Integrate over the length.
LcT a
| % Apdz
Lei+Le2 9%

— =LcT

=[AnuZZid L2

Term 2= oyt ~ Mg int 2
Combining Term 1 and Term 2

d
Alcs 'Z?‘

+Me out ~Meint2 = 0

Meint 2 = Me,out + ALc3

docL
dt
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Energy Balance on the Refrigerant in the Subcool Region of the Condenser
The control volume of interest is shown in Figuré @s cv3.

e =P+ () =i (1, T

Term 1: i(,oh -P)
ot
Integrate over the cross-sectional Area.

j%(ph— P)dA

_ 0 (e
=5 (oh-P)dA
=2 (n-r,)

Integrate over the length.

LcT 0
[ = Alh-PR)dz

Lei+Lc2 Ot

Applying Leibniz’ Rule

d ¢ d(Lyg +L) g
=A [(oh =P, )dz+ A(ph - Pck:mymz% ~Ah-Ry),- ot %
Lcl+Lc2
LcT
= Adg ch[Li] [(h-P.)dz+ Alp hgy - pc)w
t c3 /Lcl+Lc2 t
The density is assumed toag throughout the region
d d(Ly +L
= Aa Lea(PcLes = Pe) + AloeL et - Pc)%
= Ap&th% + A'—c3% - AR % - A'—ca% + AlpeLhet - Pc)w

. . L, Lo +L
Using the fact that the length of the condenseoisstant dles _ _d( Cldt )

dlLyg +L doq h diLsg +L dP.

:_AchhCS (cldt C2)+AI 3 CstC3+APC (cldt CZ)—AI 3 dtc
diLyg +L

+ A(IOCLhCL - PC)%
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dlley *L d dR d(Lg +L
- —Achhc3% + A'—cspcd—l‘thcg’ - A'—csd—tc + A(chth)%
d(Le +L d drP.
Term 1= Ach[th —hc3]%+ ALC3p((:j—LthCB_ ALC3d_tC

0
Term 2. —(puh
5, ()
Integrate over the cross-sectional area.

I (pubda= [(aur)aA

0z

0
=— Alpouh

5, Alauh)
Integrate over the length.

LcT a

[ = Alpuh)dz

Let+Lc2 92

_ =LcT
=[Auh|ZZrg, o
Term 2= r.nc,outhc,out — Mg int 2heL

Term 3: %ai Ty -T/)

Integrate over the cross-sectional Area.

I%ai (TCV\B _Tcr3)dA
i

4
= D aCi3(TCV\B - Tcr3)A
i

2
4 TD;
=—a.i3(Tewg —Terz)——
Di CI3( cw3 cr3) 4

= 7D; aCi3(TCV\B _Tcr3)
Integrate over the length.

LcT
I i3 (TCV\B - Tcr3)dz
Lcl+Lc2

Term 3= 7t 3D ﬁci3(fc:V\B "'Tcr3)
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Combining Terms 1, 2, and 3

d(Lyq +L do, h drR. | .
Ach[th - pc3hc3]% +Ales (I;t <3 — Alcs d_tc + M outhe,out = Me,int 2NeL

= 73D C_Ycia(T_cmB ‘T_crs)

From mass balance on subcool region, equation)2.14

,o
Mg int 2 = Me,out + Alc3 CL

Substituting this into the energy balance equation

d(L +L dog h dP. . )
Ach[th - p03h03]% + Al CL <3 - Alcs d_tc + M outhe, out — Mg, outheL

docL _ =
= AlgsheL d(t: = 7t 3D; aus(chxe Tcr3)

d{Lyg +L dog h do
Ach[th_pc3hc3]—( Cldt c2) +Alcs CL S — Algghe d(t:L Lc —

= m(:,out(th - hc,out)"' Tt 3D aCi3(TCV\B _Tcr3)

d{Lyg +L dp do
Aper[heL _pc3hc3]—( c1.* Leo) + Alcgheg S8 + Alggpp — dhes _ Alczhg —Ck
dt dt dt dt
dR,

- ALC3— =g out(th he, out)+ 7t 3D @cia(Tons ~ Ters)

th + hc,out

Defining hez = >

d(L, +L d d
Ach[th - hc3]% 05A|—c3( hel +h, out) 'Z(t:L + Ale3OcL 2?3
docL _ dR,

A|—c3th dt Lc F - mc out( CL hc out)"' 7LC3D aCI3(TCV\B 1Tcr3)

L +L do d
Ach[th - hCS]QTCZ) + 0-5A|-c3 (hc,out - th) d(t:L AI—c PcL 2(1?
dR

LC3F =g, out( hep —he, out)+ 7t c3D; aCI3(TCV\B 1Tcr3)

L +L d d
Ach[th - hCS]% + 0-5A|—c3(hc,out - th) fj(t:L + OSALC3IOCL%

dh, out _ dR;

+05AL30cL —— " |—c3— =, out( hep = hc,out)+ 7t :3D; C_"ciS(—lTCV\B _-chrB)
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d(Lsg +L d d dP
A'OCL[hCL a hC3]M + ALc3{0-5(hc,out - th) Pl 050 ey -1

dt dp, dp, | dt
dheout _ . _ = =
+ 05ALc30cL d:u = mc,out(th - hc,out)+ 7t 3D; aCi3(TCV\B _Tcr3)

die out
dt

diLg +L
APCL[th - 05h - 0-5hc,out]% + 0.5ALc300L

dIOCL + 05ch dkhl_ _1:| dPC

dR dR;

= m(:,out(th - hc,out)"' Tt 3D C_YciS(TCV\B _1Tcr3)

+ ALC3{0-5(hc,out - hCL) dt

dlL. +L d d
0-5APCL[th - hc,out]M +Ales o-S(hc,out - th) PeL + 050 oL -1—=
dt dR. dR,
dhe out

dt

+ 0-5A|—c3ch = rhc,out(th - hc,out)+ 77—03Di ﬁCi3(-ITCV\B _1Tcr3)

d d
O'SApCL[hCL - hC,Out]TLfl + 0-5Ach[th - hc,out]%

d d dP.
+ ALcs{O-S(hc,out ~ o) 2L + 059, ML —1} c (2.18)

dP, dP. | dt
dh; out

= rhc,out(th - hc,out)+ 7t 3D; ﬁci3(TCV\B _fcr3)

+ 0.5ALc300L
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Energy Balance on the Tube Wall in the Subcool Region of the Condenser
dEcv _ 5, ¢
=0+E
p Q+En

This derivation is similar the evaporator. Thedl region is assumed to be getting
shorter. FigureB-3 shows the parameters involvEte positive Z direction corresponds
to the direction of refrigerant flow. The velocity the boundary is shown in the
direction that the derivation assumes.

Ueo

T
ca
{ T
'/T/;/// T/////Tl/
! — I // Fi
! |
o } ' .
| ard o I )
| - | —dly+L.»
I ( I > dr
Y — ,
! Tews ' Tew2 / / / / / Tew /
EVASSS 1
- L L L.s L La Ly
T Ueo
o ca LCT -
P
+7

Figure B-3 Condenser Subcool Region Wall Energy Bahce Diagram

Term 1: %
dECV d LcT
—NY == [(pCA), Twdz
dt  dt i

d 1 LcT

:(PCA)WE LC{L_] [Twdz
c3 /Lcl+Lc2

dL AT,

= (ocA),, LCC;tCV\B
dT. - d

Term 128 Les T2+ T, 02
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Term 2: o)

Term 2= Q =00’y Lc3(Tca _-TCV\B)+ qi37D; I-03(-|Tc:r3 _-FCV\B)
Term 3: Em

Ep = —j’uwpw(\7 ~V, )+ fidA

CSs

= ~ [CuTwowlV ~Vp )+ AidA

Cs

= —(pCA)WT‘cm{O - [—M nﬂ *f

dt

Term 3=—(oCA),, Tewo —d(LCld: Leo)
Combining Terms 1, 2, and 3

dT, - d _ — _ _
(pCA)w{Lc3 5:\6 +chxB ;3} = acomo I-c3 (Tca _TCV\B)+ a'ci37i)i I—c3(Tcr3 _TCV\B)

- (00, T At )

+
Using the fact that the length of the condenseoisstant dles _ d(La +Leo)

dt
dT, —  d(Lq +L _ _
(pCA)W Lc3 (;::\B - (IOCA)WTCV\B % =0co’Dolc3 (Tca - TCV\B)
_ — — — d(Lyg +L
+0iz’Djle3 (Tcr3 _TCV\B) - (PCA)chwz %
dT, — _ qd(Lg +L) _ —
(pCA)W Lc3 o8 (,OCA)W[Tcwz _TCV\B]% = QcoDolcs (Tca _TCV\B)
+ ﬁci37Di Lc3(fcr3 _-ITCV\B)
dT, Tewz ~ Tews | dle Tewz ~ Tews |dle
A cw3 A cw2 cw3 1 A cw2 cw3 2
(oCA) dt +loc )W{ Les } dt +lec )W{ Les } dt |(2.21)
= QoD (Tca _-ITCV\B)+ aci37D; (-ITcr3 _-FCV\B)
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Overall Mass Balance of Condenser

From superheat region mass balance, equation (2.12)
, . do d
Mg int1 = Mein ~ ALcld—fl - A[pcl - IOCV]ﬂ

From two-phase region mass balance, equation (2.13)

do
Alco d(tzz

Lat | . : _
(pcv - ch) at +Meint2 ~ Mejint1 =0
From subcool region mass balance, equation (2.14)

Mg int2 = Alcs 'OCL

+ M out

Plugging results from the two single phase regiotsthe two-phase mass balance

Alea =~

d . d .
A(pcv - ch)% +1Mg out + Alea Pel _ Mein
d
+Aly IOCl + A[pcl pcv] LC1 =

Al

dt

dlLy d d .
A(pcl - pCL) dt + Al pCl + Alcg 'OCL = n‘b in = Mt out
If peg = (P heg) and assumingdd— i1 _ dhey

, using the chain rule
dog _ 0P dR + 0p¢ dhyy
dt 9P, dt ohy dt

Plugging this in to the mass balance equation

doco dLg 0pc1 dR. | 0p¢ dhey
A + + Al + A +
Leo at Npco = ch] (o1 = oL )— at Le ( 9P, dt  ohy dt
+Alc ,OcL = Mejin — Me out

dp dp 00y 0py d dR d

Lc3 cL +|-02 c2 L cl cl rT:v C +A[,002 ch] LcZ
dR, dR, 0P, ahcl dR, dt (2.15)

d .

(pcl ch) :;tc =M in ~ M out
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Appendix C - Derivation of Linear Modeling Equations

Evaporator Equations

Nonlinear equations with the left hand side expdnde

from equation (2.7)

d d dog h
_A[(]-_J_/e)peLhefg]d—Lfl"'ALel{pelh_(l Ve) PeL ety IB:|

dR, dR,
from equation (2.8)

d

d 0 dP,
~ 05A0¢7 (he,out - hev)d—l_:iL + ALe2{05:0e2 dh;v + 0-5(he,out —h JoPe2 ,5} d f

e

v/ op
e

dNe,out _

) dhe out
+ 0-5A|—e2|::082 + (he,out - hev)ahpe2 :| dtOU =Te
e,out
from equation (2.6)
dly 0Pep dpel dR; )
— D —EL + A L +Lle +A
A[,Oel ,Oez] dt €2 0P, dP, dt e2 0he out

from equation (2.9)

(o), ‘”eﬂ - fus

dt

from equation (2.10)

dt L,  dt

(pCA)W_d-FGV\Q N (Tens ~Tewe) d'—a} .

The right hand sides of the nonlinear equationaedpd
fea = Mjn (Nejn = o) * LerDi @i (Tewa = Tert)
fep = Lep D Teip(Tewe = Tera) + Mo outhey ~ Neout)
fez = Mejn = Meout

feq = Teo™Dg (Tea ‘-lTeWL) + Oy 7D (-ITerl _TeV\ZL)
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=f
dt e3

from equation (2.7)
from equation (2.8)
from equation (2.6)

from equation (2.9)



fes = Tooo (Tea ~ Tewz ) + TeizDi (Terz — Tewz) from equation (2.10)

States and inputs

Xe:[l—el Pe  Neout Tewt -lTeWZ]T ue:[me,in Nein  Meout Ve]T

Linearizefqsy

ohey 0Ten
Pe — La/Diein P }db + Ly 7D; aelléTE\M.

e

Xy = 77Dae|1(Tew1 Terl)d—el“{ Mg in

+ (he,in - hev)&he,in + r'ne,inme,in
Linearizefes

oL oh T,
Xep =7D; 2(Twz -T 2) = dl—el’{me, =~ Lep7Di @, 2—er2}5p
e el (S) er 6Le1 ou 6Pe e el ape e
+| =gy — L li)-_-@dw ¥ LoD TeipOTayp + (N )
me,out e2 idei2 oh e,out e2 idei20lenp ev eout dneout
e,out
Using the total length constraint
oL
Lex =Ler —La aLeZ =-1
el

Substituting this in

_ (= — ohe, T,
de2 = _7Di Aeip (TeWZ _Terz)d-el {meout I—e27i) ei2 %}&e

0P, A
. . 0Tep T oin0Tong + b )
- Mg out — I-e27i)i Qeip 7 d1e,out + I-e27i)i aeioneV\Q + ev eout dneout
e,out

Linearizefges
de3 = &he,in - dﬁe,out
Linearizefes

_ 0Ter1 _
Keq = Laeilm P ]JD +[ Aeit7Dj —Aeo/D O]éTEV\ZI. +{7D0(Tea_Te\All)
e

Linearizefes

0Tero _ 0Tero _ _ —
Xes = [aelzrDi aer jdje + {aeiZmi ahiJme,out + [_ TeipDj — aeorDo]aTeV\Q
e,out
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Putting the equations into matrix form

DeXe = fo =| fe3

Linearize the previous equation

De(xe+5 Xe): fe + Aed Xe + BeO Ug

Ded %o = A0 X+ Bed Ug (2.23)
afi ap 0 ag 0| b b 0 0]
ap ap ag 0 as 0 0 bpz O
A=l0 0 0 0 0| B=[1 0 -1 0
0 a, 0 af, O© 0 0 0 b
0 ap ap 0 ak (0 0 0 b

dE d5 0 0 0|
dz; dp dzz 0 0
De=|dg; d3; diz O 0
0 0 0 di o

dsg 0 0 0 dgg]
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Condenser Equations
Nonlinear equations with the left hand sides expdnd
from equation (2.16)

d 9ps 9o d dr d
ALcl{pcl thSV +05(hin - hc\,{ T 2ha thiVJ - ,3} e 05A(hein - hcv)pcld—l'f[:l = fy
Cc C C

from equation (2.17)

chhcfg I +AyC10CLthg LCZ

_ yAhetgocL dog | dR.
+A{LCZ{_ (1_Vc)' —d?:’ c Pc2 dEV B +|—c3(th hcv) dF(’:L dt =fe
C

from equation (2.18)

d d
0-5APCL[th - hc,out]% + 0-5Ach[th - hc,out]ﬁ

d d d
+ ALC3[0-5(hc,out - th) (;OSL +0.50c hCL ,8} ©+ 05ALc300L =fes
c

from equation (2.15)

Les dch +L d,0c2 +L 0Pc1 apcl dhey
c2 cl
3 dp, dP, oP, ahc1 dP, dt
from equation (2.19)
ATows . (Tewt = Tewz) dle
A cwl , \"ewl ‘cw2 1| = f
(,OC )W|: dt Lcl dt c5

d
A(p ~ PcL )i =fca

from equation (2.20)

dT.
(pCA) dc 2 - f06

from equation (2.21)

dt Les dt

The right hand sides of the nonlinear equationaedpd
fe1 = LD ﬁcil(fcvvl _fcrl)+ (hc,in - hcv)mc,in from equation (2.16)

feo = mc,outhcfg + 7t oD 5ci2(-|7cvv2 _Tcrz) from equation (2.17)
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fez = r.nc,out(th - hc,out)"' 7t 3D; 7ci3(-|TCV\B _-Fcr3) from equation (2.18)

fea = Mg in — Mg out from equation (2.15)
fes = TooDo (Tea — Tows )+ Tein i (Tert ~ Tewa) from equation (2.19)
feg = Teo™o (Tea ~ Tewz )+ TeinDi (Terz ~ Tewz) from equation (2.20)
fe7 = Tooo (Tea ~ Tewa) + Teia i (Ters — Teug) from equation (2.21)

States and inputs

_ —_ — — 1T . . T
Xc—[Lcl Lo e heout Tem Tewe TCV\B] uc—[mc,in hein Mg out Vc]

Linearizef.,

oF;
+ I—cl7i)i ﬁcilafcvvl + (hc,in - hcv)dﬁc,in + rhc,in d"c,in

aT, 0T Oh
crl + crl Yilcy dgc
oF; ohe OR,

e _ ] oh _
O = 7D, a'cil(chﬂ _Tcrl)d-cl + {_ Me in — = Ly7D; acil(

a-Tcrl - a-Tcrl

This is assumingh i, :a—hc"aPC and

0P, ohcin  Odhg
Linearizef.,
Ko = 7D; C_rCiZ(-TCV\Q _Tcrz)d-CZ "{mc,out a;;fg —TLcoDiaciz a;%z}dbc
c c
+ 7t oD ﬁcizéfcwz + hcfgdhc,out
Linearizef.s
ohg

L — afcrs
— 7t 3D i fo &
c3*~ici3 oP } c

. N a oL |
A3 =Dy aCi3ﬂ(TCV\B _Tch{ S A+ d—cZ] '{mC,OUt P
c c

oLy OLco

. _ 0T,
+ _mc,out_ﬂ—csDiaciSa or3

J&‘c,out + ﬂ—cSDi C_rCi35TCV\B + (th - hc,out)m’b,out
,ou

Using the total length contraint

ez Oz _
oy Ol

Lz =Let — (Lcl + ch) 1
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Plugging this in

P _ oh _oT

&3 = DiTeiam{Tewg ~ Tera )~ g — dco) + Mo out o~ 7 eaDi@iz— o (P
, _ 0T,

'{_ Mg out ~ 7Lc3Di i3 ahn =

3t }d‘c,out + 7LC3Di C_"ci35rcm8 + (th - hc,out)&hc,out
c,0u

Linearizef.s
Keq = &hc,in - a'hc,out

Linearizef.s

_ 0Tery  0Tepy O _ _ _ _ 7

Xes acilmi( (')FC’; ah(:l apccljdbc + [_ acin’D; - acomo]drcvvl +7D, (Tca ‘chvl) avio Ve
. ) 0 aT, aT,

This is assumingh; i, = &d:’c and —ci-""crl
Linearizef.g

_ OTero _ _ _ _ \oad
Kep =i D; LdDc + [‘ aioTD; ‘ﬂcoﬁDo]éTcwz + TDO(Tca ‘Tcwz) = Ve

0P, Ve

Linearizef,;

_ aT, _ aT, _ _ _
K7 =0iz7D; i?)apc + 037D, LBChc,out + [_ aiz’Dj _aCOmO]OTCV\B

aI:)C a Cc,out
+7Dy (Tca _fcme)aaco Ve
ove
Putting the equations into matrix form
e _ T
DeXe = fe = [fcl feo fea fea fes fee fc?]
Linearize the previous equation
Del%c + 3 %)= fe + Ad Xc +BLd ug
DO X. = AcO X + B ug (2.24)
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Complete Model
Fold 6fes into complete model usingdig i, = dMygjye = K116 + K120 +Ky3dUy5ve
MNe,in = N, out
Xeg = a1Eld—e1 + a1Ezd:)e + a1E45r ewl t blEld'nem + blEZd"e,in
K = afidl e + 0P + aadeyg +bfi (ky 18P + Ky 20P% + ki 3dyaive) +bI2d out

__E E ,nE E E E E
Xeg =aide + (312 + bllkll)dbe +a120Tey + P1iky 20 + D11k 3dUyaive + e out

Fold 8fez into complete model usingdig oyt = dMeomp = K31Fe + k3o + Kazdlcomp
__E E E E o E .

Kep = 8510 + 37000 +az3dhe out +8250Teup + 230 out
__E E E E o E

Xep =az1d e + 520 +a53Mg out + 3250 enp + bzs(ksld:’e +k3pdR + kssdicomp)

__E E ,nE E E o E E
Xep =az1de + (322 + b23k31)d3e +az3dNe oyt + 82501 evp + P23K320: +Do3K33Ucomp

Fold 3feginto complete model usingdig oyt = dMeomp = K319Fe + k3ot +K3adUcomp
d’he,in = AMalve = k110Fe + K120 + kizdUyajve

Xeg = Al jn — Mg ot

Keg = K10 + Ky o0 + ki3dUyaive — k310Pe — K3pdR: —kzzdUcomp

Feg = (k1 —k31)dPe + (ky2 —K32)dP% + k13dlyatve ~ K3alicomp

ofes andofes require no modifications for complete model

__E E = E
Keq = a0 +ag40Tepy +DggdVe

K5 = aSEZdDe + aEI;E3d1e,out + a5E55Tev\/2 + b5E45Ve
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Fold &fcy into complete model usingdiy in = dMeomp = k31Fe + K320 +k3zdUcomp
d1c,in =kp1dFe + kpodht: + kzsme,out
A = afld—cl + a1%dbc + af55Tch + blclancm + blczd"c,in
_.C C C = C
X =adeg a0 + 0l + bll(k31d3e +Kapd + k33dJcomp)
C
+ b12(k21dbe +KoodPe + kzséhe,out)
_.C C ,wC C C == C
dg =apdag+ (313 +byiksp + blzkzz)d’c +a50Tcw + by 1k33dicomp
C C C
+ b12k23d"e,out + (b11k31 + b12k21)d3e

Fold 6fz into complete model using dmg gyt = diygpye = K11Pe + K120 +Kq3dUy51ve
_.C C C = C <

Ko = agodcp + 330 +aze0Tcpp + b330 oyt
_.C C C = C

Feo = azodlep + azadPs + azg0iong + b33(ky10Ps + Ky odP: + kg adlyalve)

_.C C . wC C <= C C
Koo =azodep + (323 + b23k12)d3c +a360Tcnp + P33k 3dUyaive + b3k 10

Fold 6fc3 into complete model usingdi oyt = Oy gjye = K110 + k123 + Ky 3dUya1ve
_.C C C C C s+ C s

Xz =agide +ag,den +agd: +ag,MNe out + 3370 eng +bg350Me oyt
_.C C C C C s+

Xz =agideg +ag,dcn +agadhe +agde oyt +3370Tcng
+ bg;cg(klldD e + ko + ledealve)

Xez = a;)(,:ld—cl + agzd-cz + (ae% + b3(,:3k12)d3c + a:(3:4&‘c,out + a§7bf w3 t b?,C3k13djvalve + bg(,:3k11d3 e

Fold 6fc3 into complete model usingdi oyt = Oy gjye = K110 + k123 + Ky 3dUya1ve
Mg in = dT‘comp = kg 0P + k3od; + k3SdJcomp

Xeq = d'hc,in _&hc,out
Xca = K310 +k3pdR: +k33dUcomp — K110Pe — K20 —ki3dUyaive
Fea = (ka1 —k1)Pe + (k3o —k12)P: +Kazdigomp — Ki3livaive

121



ofcs , ofcs anddfe; require no modifications for complete model
_.C C s C

Xes = a0 +ag50T e +bsy0V
_.C C s C

Xep = Agadhe + 50T ewp + b0V

_.C C C C
X7 = a0 +ag,de oyt +a770Toyg +by,0Vc

Express the linear model of the evaporator in tesfrie evaporator and condenser
states and system inputs in matrix form

DO %X, =AJd x,+Bou,=A0 X +A0 X +BJou

D.J %, =A0 X, +A0 X +B, Jdu

0%, =D;'Ad X, +D;'ALJ x, +D.'B.J u

OX,=AO0X +AI0X +Bou

Express the linear model of the condenser in teftise evaporator and condenser states
and system inputs in matrix form

Dcd Xc = Acd X¢ +Bed Ue = Agcd Xe + Aggd Xe + Bpcd U

DO Xo = Al X + Aced X + Bl U

0 X = Dc_l%co_ Xc * DglA'ceO_ Xe + Dc_lBécé_ u

O Xg = AccO Xc + Acel Xg +Bcco U

System states and inputs

0 Xe T

System linear modeling equations

J X= [A‘?e A‘EC}S x+[Bee}5 u (2.28)
Abe ACC BCC
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ah 0 o rbka +bio) O
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Evaporator Matrix Elements

] = f‘@:’ Tiai) l-Tewl - Terl )

Iy ] 2 _
iz = |:_ Mz in . Loy 780 Ty

3E,

E _ LT

alg = L 70 Ty

Iy _ o — \
@31 = _?@z'aez'E l-Tewi _Te;"E J

g . My _
@53 = | Mg ot =~ Le2 i Ty

|: 2, 0L BPE 1 [=4]

iy . —
@3 = _[me,ouf + Ly 7 &gy

I _
azs = Lo 83

E_|= 11
dgy = (%:‘15@1 a;r J
(=4

ﬂfdl = _[‘:_re:'lfﬂi +Eeo:"ﬂo]

I _
di] = —_a';l[-l —¥e Bl "ggefg
dh =
Ll d;v —1- Ye

g

B
diz = ALy

E
ICJ!121 = _U-ﬂﬂpd |;3€, out ~ ’Ezev I

D.ﬁlﬂ‘ez Cﬂﬂeu
B dPe
dyp = Algs
+ Dj"’zge,ouf — B
B
diz = 05A4L5,5] 2.2 +|';ge,ouf — ligy

et hefy

|a"g_€2_1
aF

biY = e in = ey
b3 = g
b3, = oy = g ot
g,

302 41
df = AL, 22y C
1} iz { 1 5p, Lg JE,
302
dff = ALy —=*
Bﬁze ot
B _
df = (ocAl,
E ’f —f |
ffjl —'pCﬂ'w awl oW
Lei
B
dsz =1oCAL,
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Condenser Matrix Elements

C N
2y = ALY, G \ Ty —Top1)

IE;ETE'J‘I a&cv

2

mc,z'n =

- a7,
a13 = — —
+ L 70, Plert
rl 14400l aPc

o —
s = Lo 7l Gy
= 7L 8pyp [T_TS‘WE — Tz |
ol

c

.

iy . i —
e [mc,ouf ? - ﬂf‘cED:

(& _
Bog = g Ly Gyg
‘131 = D ﬂcﬂm? W3 _?T:'rE :l

C — =
ey = — L 'ﬁcz’E?ﬂTcWE — T3 )

AP,

aTrE

35,

5. aT.
c . el = CcF3
oo =M — = T
x] [ o, ouf EPC o3 &y Cleys aﬂ-
aT,
[y . — 3
Dz = 7| P out + gy LDy Gy =
a"zgc,ouf
oo —
Bon = MCEDJ":ECJ'E
alf = T I af:rl + IE;ETE'J‘I a"zzcv
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dlcl. =054, i — ey 01

'
a5 = ALy

| +a.-'5"c1 dhcv]_1:|

dhl:'l"
+0.5lh, 5, —h
Pl Jp it ”[apc el dr,

[
c

dyy = Aler Mgy
C 4

dogy = AF: PcLhc_,f'g

dhpe 0 dh d
o _ efp Mel el
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[

AF,
Z
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Z
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dG.1 dh.r
a5 = AL,5| 0.5A —-hp =52 405 £ -1
33 3[ couf ~ el AP, el AP, :|

c

Z

doy =0.5AL30,1
i

dap = A8l - 5Ber |
iy

dg= a"l[/ﬁ'cI! _P'cl.]

qué:A I da‘:"ci. o dﬁc? s [aa‘:"cl _I_aa‘:"cl dhch:|
c

3 2
2 4R, Tt dF, aF,  3h, dF,
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el
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C
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d’ﬁ = (a0 lerchL_ I::w3:|

3

d% _ 'PCA'W[TCWEL_ I::w3:|
[HE]
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Appendix D - Experimental Setup References

System Diagrams

©

@ Condenser Evaporator
P1
L
%JQS)D::
P5
Pressure
Transducer Ball Valve [ Check Valve
Figure D-1 Original Design Diagram
FM-C FM-E
P
= N 0 Q
M S
T T3
Condenser = = Evaporator
P =
PH (63
po~"B
T2 S
A . P4
T4
| -
L
TP [
d INE) :-:u:;:
——_°J R
—j T5 P5
Pressure Manual Variable Thermocouple
Transducer Ealj/ans L=< Check Valve ® Valve S Probe

Figure D-2 Final Design Diagram (Front)

(See Table D.1 for key to diagrams)

127



FM-E

FM-C

| 17}

" o] DI

Evaporator Inlet

o P3

P2 -

Condenser Inlet

P1

\ BLE BL-C
Pa
—,—|— —’—|—
P5
© w
TCB = |_|X sce
Y? ar

Figure D-3 Final Design Diagram (Back)

(See Table D.1 for key diagrams)
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Table D.1 Key to Diagrams

Switch, Condenser

A Filter/Dryer G3 | Pressure Gauge 3 S-1 | Blower Motor
Control
. . Switch, Evaporator
B Moisture/Liquid Sight G4 | Pressure Gauge 4 S-2 | Blower Motor
Glass
Control
gL-c | Blower/Motor H | Receiver, Refrigerant | s-3 | SWitch, Compressor

Assembly, Condenser Motor Control

BL-E | Blower/Motor | Switch, Expansion

Reversing Valve S-4
Assembly, Evaporator 9 Valve
C | Solenoid Valve J | V cone Flowmeter TCB | Temperature
Control Board
D Expansion Valve K D|fferen_t|al Pressure T Thermocouple
Transmitter Probe 1
i Thermocouple
D1 | Dial Thermometer 1 L | Compressor T2 Probe 2
D2 | Dial Thermometer 2 M | Main Switch T3 | Thermocouple
Probe 3
D3 | Dial Thermometer 3 N | Watt Meter T4 | Thermocouple
Probe 4

Condenser Blower

D4 | Dial Thermometer 4 O | Motor Variable 15 | Thermocouple

Frequency Drive Probe 5
Compressor Motor . .
i i Suction Line
D5 | Dial Thermometer 5 P | Variable Frequency U Accumulator
Drive
E | Capillary Tube P1 | Pressure Transducer1 | v |24 VDC Power
Supply
F Separator, P2 | Pressure Transducer2 | W | Power Strip, 6 outlet

Oil/Refrigerant

Air Flowmeter,

FM-E P3 | Pressure Transducer 3 X Ground Bar
Evaporator
FM-C Air Flowmeter, P4 | Pressure Transducer 4 Y Grounded Plug 2
Condenser (3 outlet)
G Reciever, Oil P5 | Pressure Transducer 5 z Grounded Plug 1
(3 outlet)
Evaporator Blower
Gl Pressure Gauge 1 Q Motor Variable
Frequency Drive
G2 Pressure Gauge 2 SCB | Screw Terminal Board
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Wiring Diagrams

3501 18pn0 Jamog 0] Ajddng duys Jamog
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[E—"
13m0 4 Jalalumn| 4 Jasuapuo”
]
SHLE
A
T
T ISR e A
#2e|g
18IS
LiThaas

JEEE

Figure D-4 Main Box Wiring Diagram (Right)
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Figure D-5 Main Box Wiring Diagram (Center)
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Figure D-6 Main Box Wiring Diagram (Left)



To SCH |

To Power Bus | o
1 £ 8
ToYalve 2 L 7 +12
jw i
To 54 iofin
Ta Fower Strip o A 4 o= &
-
‘_
120 24y |"| |_| ’J-‘ l |_-|
pump MA@ 8 £ 0T 35 0T
down D=2 '§ )
Transfarmer TE 2 s v
— ] COM COM [—— Temperature Control
Board

Figure D-7 Temperature Control Board Wiring Diagram
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+12¢
A2 % C3
|

. |
R3
1413121110 9 8
1 28 £z ZFRi1 | Frequency to Waltage =
2 L 7 e 1234 5 87
3O 6Be
Iz e——4d T & 4{ i
- RN 1
)
“out =
+h ® -
1 - al
|_—W\I\—o y T ] [
= R4 = 1413121110 9 8 FTHIHIW
r D Flip - Flop [ .
g H5§ 1 2 3 4 8 F7 Fower connectar
; —
~ T
To Power Bus
ToSCE
Figure D-8 Air Flow Meter Wiring Diagram
Table D.2 Air Flow Meter Key
R1 39 kQ R5 110Q C4 1uF
R2 10 kQ C1 0.1uF D Detector
R3 2.2 kQ C2 4.7 uF E Emitter
R4 1 kQ C3 470 pF
Notes:
* The ground symbol represents the ground on tlwitiboard.
** The voltages go to their respective buses’ ancincuit board,

134



Out of Box
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Figure D-9 Screw Terminal Board Wiring Diagram
(See Table D.3 for Key)

Cut of Box
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Table D.3 Screw Terminal Board Connections

Screw Terminal Board Connections

Board # 1 Board # 2
Channel Signal Channel Signal
0 Condenser Air Flowmeter 0 Cold Junction Ref.
8 Pressure 1 8 blank
1 Pressure 2 1 Thermocouple 1 (+)
9 Pressure 3 9 Thermocouple 1 (-)
2 Pressure 4 2 Thermocouple 2 (+)
10 Pressure 5 10 Thermocouple 2 (-)
3 Evaporator Exit Humidity 3 Thermocouple 3 (+)
11 Evaporator Exit Temperature 11 Thermocouple 3 (-)
4 Evaporator Inlet Humidity 4 Thermocouple 4 (+)
12 Evaporotor Inlet Temperature 12 Thermocouple 4 (-)
5 Condenser Exit Humidity 5 Thermocouple 5 (+)
13 Condenser Exit Temperature 13 Thermocouple 5 (-)
6 Condenser Inlet Humidity 6 blank
14 Condenser Inlet Temperature 14 blank
7 Differential Pressure 7 blank
15 Evaporator Air Flowmeter 15 blank
DACOOUT |Compressor Control DACOOUT |Evaporator Fan Control
DAC10UT |Expansion Valve Control DAC10UT |Condenser Fan Control

* A circled G on a wire indicates that the shielding is grounded at the body of the

enclosure.
*R=1MQ
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LabVIEW Block Diagrams
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Figure D-10 Main Block Diagram (Top Half)
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(See later figures for sub-vi's)

Figure D-11 Main Block Diagram (Bottom Half)
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Figure D-12 board_1_router sub vi
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Figure D-13 sat temps sub vi
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Figure D-14 file_writing sub vi
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Figure D-15 flow processing sub vi
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Figure D-18 Integral sub vi

142



Table D.4 DAQ Assistant Custom Scales

DAQ Assistant Custom Scales
Name Equation Output Units Range
Voltage-Pressure |P =(517.11)V - 517.11 kPa (gauge) | O - 2000
Voltage-Humidity |RH = (20)V percent 0-100
Voltage-Temperature|T = (26)V - 30 °C -30 - 80
pressdiff AP = (4.982)V - 4.982 kPa 0-20
Evapflow F = (62.4597)V + 20.862 cfm 0 - 400
Condflow F = (64.6994)V + 10.2628 cfm 1-400
cjcel T = (100)V °C 0-40
diffOffset mV = (1000)V + .12 mV -5-5
Table D.5 Formula Block Equations
Formula Block Equations
Input | Output
Name Equation Units | Units
CtomV |V =(-1.2902E-7)T? + (2.672E-5)T? + (3.9444E-2)T - 3.121E-4| °C mvV
mV to C |T = (0.0701)V> + (-0.4535)V? + (25.352)V + 0.015 mV °C
High
Pressure |T = (-0.1709)P? + (7.1201)P - 14.7079 bar °Cc
Saturation
Low
Pressure [T = (0.3328)P° + (-4.2153)P? + (25.5184)P - 46.9264 bar °Cc
Saturation
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Parts Lists

Table D.6 System Components

Components
Quantity Device Manufacturer | Part Number |Relevant Specifications
Supply: 115 VAC
VS Mini Variabl single phase, 60 Hz
2 Frs 'r;' aEr)'r_ © Yaskawa GPD205 - 10P2 |Output: 200-230 VAC
eguency Drives 3 phase, 0-60 Hz
Control Signal: 0-10VvDC
200-230 VAC
2 AC Century Blower Motor MagneTek HM2H001 3 phase, 1/4 hp
Supply: 115 VAC
Speedmaster Adjustable single phase, 60 Hz
1 Speed AC Motor Leeson 174931 Output: 200-230 VAC
Controller 3 phase, 0-60 Hz
Control Signal: 0-10VvDC
208-230 VAC
1 AC Compressor Motor Leeson C6T17FK58A 3 phase, 3/4 hp
1 Compressor Blissfield CE 9910 Single Cylinder, 1/4 hp
1 Temperature Control Sporlan 952660 Supply: 24VAC
Board Control Signal: 0-10VDC
1 Stepper Expansion Valve Sporlan SEI-05-10-8 Cooling Capacity: 0.5 ton
Table D.7 System Sensors
Sensors
Calibration
Quantity Sensor Manufacturer | Part Number | Supply Output Range
5 Pressure Transducer Cole Parmer 07356-04 24VDC 1-5VvDC 0-300psig
Type K Thermocouple o
1 Probe (grounded) Omega KQSS-18U-4 N/A -6 - 50 mV -200 - 1250 °C
1 D'fferenl\t/'lzlt:rressure Rosemount | D2M22B2S1B4E5 | 12vDC | 1-5vDC | 0-80in water
1 V-Cone Meter McCrometer VTOAQCO2N1 N/A 0-80in water | 6-60 Liter/min
2 Air Flow meters N/A N/A *12 VDC 0-10 VvDC 50-260 cfm
5VDC
Relative Humidity & 0-100%
4 Temperature Precon HS-2000V 5VvVDC 1-5VvDC 430 10 85 °C
) . 0-1500W
1 Watt Meter Triplett 460 - G N/A visual 0-750W
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Table D.8 Electronic Components

Electronics
Quantity Device Part Number Relevant Specifications
Supply: 120 VAC, single phase, 60 Hz
1 DC Power Suppl HD24-4.8-A
PPy Output: 24 VDC
1 24to 5 DC-DC PSS3-24.5 Supply: 24 VDC
Converter Ouptut: 5VDC
1 24 to0 £12 DC-DC PsSD3-24-1212 Supply: 24 VDC
Converter Output: -12 / +12 VDC
Input: 120V, 50/60 Hz
1 Transformer TCT40-01E07AB Output: 24V @ 1.67 Amps
Maximum Power: 40VA
2 Flip-Flop 74LS 74A Supply: 5VDC
5 Frequency to Voltage VEC32KP Supply: £12 VDC
Converter Output: 0-10 VDC
5 -Infrared 276-142 (RadioShack) Reverse Voltage: 5VDC
Emitter/Detector Turn on Current: 150 mA
3 741 Op-Amp LM741CN Supply: +12 VDC
1 Tri-State Buffer 74HCT541N Supply: 5VDC
1 Solid State Relay | 275-310 (RadioShack) | Ont0l: 1.2 VDC (typ.) 20-50 mA

Rated: 3A, 125 VAC
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Air Flow Meter Calibration

Table D.9 Linear Regression Results

Linear Regression Results
Measured Calculated
Condenser|Evaporator|Conderser |Evaporator |Condenser
Velocity |Flowrate |Evaporator |Voltage Flowrate |Flowrate [Voltage Voltage
(ft/min) [(cfm) Voltage (V)|(V) (cfm) (cfm) (V) V)

543 47.4 0.40 0.55 46.2 46.1 0.42 0.57
1008 88.0 1.07 1.21 87.5 88.6 1.07 1.20
1486 129.7 1.76 1.87 130.9 131.0 1.74 1.85
2020 176.3 2.53 2.56 178.9 176.1 2.49 2.57
2515 219.5 3.16 3.24 2184 219.6 3.18 3.23
3048 266.0 3.91 3.94 264.9 265.4 3.92 3.95

Evaporator Equations

V =0.016F -0.334
F =6246V +2087

Condenser Equations
V =0.015~ -0.159

F =6470v +1026

V is the output voltage in Volts and F is the floate in cubic feet per minute

Table D.10 Uncertainty Results

Uncertainty Results

Evaporator|Condenser |

Linearity Uncertainty

0.07811 0.04467|Volts
4.879 2.890|cfm
Resolution Uncertainty

0.0024414| 0.0024414]Volts
0.152 0.158|cfm
Random Uncertainty

0.05392 0.05462|Volts
3.368 3.534|cfm
Standard Error "+/- 1%"

3| 3|cfm

Total Uncertainty

6.65

5.47

cfm

2.22%

1.82%

@ 300 cfm
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Appendix E - Modeling Parameter Values

Table E.1 Mutual Parameter Values

Mutual
Direct Indirect
- | A |595E-05m° Ler=Le| 61m
(]
?} AW 1.16E-05 m2 Tc,air,in 23.4 T
§ D, | 0.00952 m Tearon | 31.8 T
D; 0.00871 m
3 | com 0.385 kJ/(kg*K) Cpair | 1.007 kJ/(kg*K)
E 3 3
Ei Pw 8933 kg/m Par | 1.161 kg/m
©
2 Imdot| 0.00913 kg/s mdot, . | 0.186 kg/s
S Vdot,,, | 340 cfm
O
T
¢)

k11 | 8.56E-06 kg/(kPa*s)
k12 | 1.75E-05 kg/(kPa*s)
k13 | 6.06E-04 kg/(V*s)
k21 | -7.42E-02 kJ/(kPa*kg)
k22 | 1.72E-02 kJ/(kPa*kg)
k23 | 3.25E-02 unitless
k31 | 2.30E-05 kg/(kPa*s)
k32 | 1.20E-05 kg/(kPa*s)
k33 | 1.43E-04 kg/(Hz*s)

Expansion Valve and
Compressor Coefficients
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Table E.2 Evaporator Parameters

Evaporator
Direct Indirect
=1 296.7 K P, 348.6 kPa
7 T oo 282.3 K
(]
=
2 g (Po) 194.8 kJ/kg Cpez (Per he) [ 0.9152 k/(kg*K)
8 |h., (Po) 401.4 kJ/kg het (Po) 206.6 kJ/kg
& o0 (Per Teou) 405.5 ki/kg kez (Pe Nez) | 0.01207 W/(m*K)
% Ters (Pe) 278.1 K ey (Po, hey) | 1.10E-05 (N*s)/m?
%‘ Terz (Pe, heo) 280.3 K Peg (Pe) 17.1 kg/m®
% Pe2 (Pes he2) 16.44 kgim®
= |pe(Po) 1278 kg/m®
L., 571 m C 0.0564
L., 0.39 m hez 403.5 kd/kg
Tout 281.3 K Nein 250.3 kJ/kg
2 [Tew 290.5 K Pre 0.835
% iy 2.7617 WI(M**K) Re., 1.21E+05
S o 0.346 KWI(M*K)  |x,., 0.224
Ueo 0.524 kW/(m?*K)
Ye 0.952
Per 77.252 kg/m®
d(pey)/dP, 0.2336 kg/(m**kPa) dheg/dP, -0.0663 kJ/(kg*kPa)
d(Pe *Nerg) /AP -140.52 kJ(m*kPa)  |dp, /dP, -0.2864 kg/(m**kPa)
dhe/dP, 0.049 kJ/(kg*kPa)  |dae./aVdot 1.118 W/(m**K*cfm)
8 [dT.../dP, 0.0851 K/kPa avdot/ov, 4.25 cfm/Hz
€ [0Terol0Ne 0 =L/C, oo 1.09 (kg*K)/kJ
& loa.fav. 4.75E-03 KW/(m*K*Hz)
0T o0l 0P, 0.030 K/kPa
3PeslNe out -0.096 kg?/(m**kJ)
3Pe2/0P, 0.0513 kg/(m**kPa)
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Table E.3 Condenser Parameter Values

Condenser
Direct Indirect
2 Tea | 2967 K P. 1046 kPa
§ Teout 309.1 K
= Tein 317.4 K
2 Per(Pehcy) 51.03 kg/m’ Pev (Po) 51.62 kg/m’
i o (P) 1142 kg/im® e (Po hey) | 1.267E-05 (N*s)/m?
S| hew (P Tein) 4235 kJlkg Coer (Por Do) 1141 J(kg'K)
S heou (Pe Teow) 250.3 kJ/kg ke (P ho) | 0.01566 W/(mK)
% ey (Pc) 419.9 kJ/kg Hes (Pe, hea) 1.67E-04 (N*s)/m?
=) he, (Po) 258 kJ/kg Cp,ca (Pe, hea) 1489 J/(kg*K)
£ hetg (Po) 161.9 kJ/kg kes (P> Noa) 0.07541 W/(m*K)
é Tcrl (Pcv hcl) 315.8 K
Terz (Po) 314.2 K
Loy 0.22 m C 0.127
L 5.23 m Pro 0.9231
s 0.65 m Req 1.05E+05
Yc 0.802 Pre; 3.30
Pe2 267.8 kg/m® Res 8.00E+03
3 Tow 302.9 K he 421.7 kJlkg
E Tcw2 308.5 K
3 Tows 301.17 K
S Qcig 0.421 KW/(m?**K)
Uiz 1.7955 KW/(m?*K)
i 0.378 KW/(m?*K)
o 0.800 kW/(m?*K)
Ters 311.6 K
Ne3 254.2 kJ/kg
d(he,)/dP. 0.0153 kJ/(kg*kPa) d(herg)/dP, -0.0385 kJ/(kg*kPa)
d(he)/dP, 0.054 kJ/(kg*kPa) d0,,/oVdot 1.118 W/(m**K*cfm)
d(pc)/dP, -0.154 kg/(m**kPa) avdot/dv, 4.70 ofm/Hz
d(pe*herg)/dP -68.93 kg/(m**kPa)
m 9(Pc1)/OP. 0.057 kg/(m**kPa)
< (T er1)/OP, 0.022 K/kPa
S| apw)iens 0.318 kg?/(m**kJ)
g 9(Tr3)/0Neo 0.336 (kg*K)/kJ
d(pc2)/dP, 0.104 kg/(m**kPa)
d(Ter2)/dP 0.036 K/kPa
O(T¢r3)/0P 0.0184 K/kPa
d(Ter1)/ohe = Ucy e | 0.876 (K*kg)/kJ
A(0co3)/dV 5.25E-03 KW/(m**K*Hz)
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Table E.4 Wall Temperature Optimization Spreadsheet

Constant Inputs
mdot Refrigerant Mass Flow Rate 0.00913 kg/s
D, Inside Tube Diameter 9.52E-03 m
D; Outside Tube Diameter 8.71E-03 m
Ne.in Inlet Enthalpy 250.3 kJ/kg
hey Saturated Vapor Enthalpy 401.4 kJ/kg
he, Saturated Liquid Enthalpy 206.6 kJ/kg
e out Outlet Enthalpy 405.5 kJ/kg
Tea Ambient Temperature 235C
Ten Temperature of Node 1 Refrigerant 49 C
i Inside Convection Coefficient of Node 1|  2.7617 KW/(m™K)
Tero Temperature of Node 2 Refrigerant 7.14 C
Oeip Inside Convection Coefficient of Node 2 0.346 KW/(m“K)
Liotal Total Heat Exchanger Length 6.1 m
Variables
Tewt Temperature of node 1 wall 8.10 C
Tewz Temperature of node 2 wall 17.3C
Calculated Variables
Lel met*(hev'he,in) /(aeil*Di*Tr(Tewl'Terl)) 571 m
I—e2 met*(he,out'hev) /(aeiZ*Di*TT(TeV\Q'TerZ)) 0.39 m
oo MAot*(Ney-Ne in) /(T*Do*Ler*(Tea-Tew)) 0.524 kW/(m**K)
Ltotal Lel + LeZ 6.1000 m
Heat Transfer Values

Q,(meas) |mdot*(hg ou-hey) | 0.03741 kw
Q(air calc) |0 Do Ler*(Tea Tewn) [ 0.03741 kw

diff*  |(Q,(meas) - Q,(air calc))® || 4.27E-22][kw

The solver was set to vary the values gfiBind &, to minimize the target cell
that calculates the difference squared while eggdtie constant input total length and
the calculated variable total length. The cal@datariables and heat transfer values are

evaluated with the given equations.
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Table E.5 Recalculated Values for Modified Mass Fle Rate and Ambient

Temperatures
Modified Parameter Values
mdot (kg/s) Tea! Tea(K)
"+10%" "-10%" 75% 50%
0.01004 |0.00821| 293.5/298.725 | 290.35/ 300.08 units
i 2.98] 2.494] nochange no change | kKW/(m?*K)
Oeip 0.373] 0.318] no change no change | kKW/(m?*K)
o 0.578 0.47]  nochange no change | kKW/(m**K)
iy 0.454] 0.387] nochange no change | kKW/(m?*K)
cip 1.938] 1.647] nochange no change | kKW/(m**K)
Ogis 0.408| 0.347] nochange no change | kKW/(m?*K)
Oco 0.889] 0.718] no change no change | KW/(m**K)
Tewt 281.31| 281.23 281.29 281.34 K
Tewz 290.55| 290.45 289.25 290.55 K
Tewm 302.74] 303.01 303.5 304.21 K
Tew 308.35| 308.55 308.35 308.25 K
Tews 301.08| 301.28 302.05 303.05 K
Lot 5.72 5.73 5.67 5.59 m
Leo 0.38 0.37 0.42 0.51 m
Lot 0.223 0.218 0.232 0.246 m
Leo 5.223 5.206 5.141 5.055 m
Les 0.652| 0.673 0.0725 0.797 m
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Least Squares Analysis

kil* 0P +ki2* OP. +k13* OUawe = dmdot|dmdot(calc)  diff® o4 giff
kil 0.0308 -10.43 -8.31 0.2 -1.173 -1.282 1.18E-02 9%
k12 0.0631 -8.96 -3.71 0.2 -0.965 -0.946 3.57E-04 -2%
k13 2.1813 -16.93 -8.85 03  -1.831 -1.734 9.34E-03 -5%
-12.50 -4.18 0.25  -1.056 -1.194 1.91E-02 13%
-13.42 -8.03 025  -1.559 -1.465 8.84E-03 -6%
21.97 45.30 0 2126 2.182 3.12E-03 3%
-18.32 29.78 0  1.393 1.315 6.12E-03 -6%

sum 5.87E-02|
k3l* OP. +k32* OP. +k33* OUemp, = dmdot|dmdot(calc)  diff" o diff
k31 0.0828 -10.43 -8.31 0 -1.173 -1.221 2.31E-03 4%
k32 0.0431 -8.96 -3.71 0 -0.966 -0.001 4.20E-03 -7%
k33 0.5141 -16.93 -8.85 0 -1.829 -1.783 2.14E-03 -3%
-12.50 -4.18 0 -1.054 -1.215 2.60E-02 15%
-13.42 -8.03 0 -1.554 -1.456 9.55E-03 -6%
21.97 45.30 4 2.126 2.191 4.17E-03 3%
-18.32 29.78 3 1.39 1.310 7.42E-03 -6%

sum 5.58E-02|
k21* 0P, +k22* 08P, +k23* Ohgoy = Ohgin |5h1 (calc) diff* o4 giff
k21 -0.0742 -10.43 -8.31 3.8 0.9 0.75 2.11E-02 -16%
k22 0.0172 -8.96 -3.71 4.1 0.7 0.73 1.19E-03 5%
k23 0.0325 -16.93 -8.85 6.2 1.3 1.31 3.22E-05 0%
-12.50 -4.18 55 1.0 1.03 1.18E-03 3%
-13.42 -8.03 5.4 1.0 1.03 1.10E-03 3%
-21.97 45.30 2.7 2.6 250 1.10E-02 -4%
-18.32 29.78 2.1 1.8 1.94 1.93E-02 8%

Notes: sum 5.49E-02|

Pressures are in kPa
Mass flow rates are in kg/hr
Enthalpies are in kJ/kg

diff is the difference between measured and calcluated
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