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Abstract

Increasingly stringent energy standards and the redesigning of room air conditioners for use with
alternative refrigerants have highlighted the need for design and simulation models that are accurate, easy to modify,
and flexible enough for avariety of design and simulation tasks. This report describes the latest version of the Air
Conditioning and Refrigeration Center (ACRC) room air conditioner simulation model. The model is being continually
improved using heat transfer and pressure drop correlations and other modifications which are added as aresult of
an ongoing experimental program.

The governing equations are solved using the Newton-Raphson method, which allows the equations to be
listed in an order-independent fashion. A specialized Newton-Raphson equation solving package was devel oped
that allows model variables and parameters in the governing equationsto be easily "swapped" for design purposes
and includes automated uncertainty and sensitivity analyses.

A two-stage approach toward room air conditioner instrumentation is an integral part of the plans for model
validation and improvement. The first stage uses only air-side thermocouples, and the second stage introduces
refrigerant-side thermocouples and pressure transducers. Comparison of data sets from the two stages allows the
intrusive effects of the refrigerant-side instrumentation to be identified. Simultaneous measurements with air and
refrigerant-side thermocouples make it possible to quantify the offset errorsin surface thermocoupl e measurements
of refrigerant temperatures.

Thefirst stage of the room air conditioner instrumentation has been completed, and a baseline data set has
been taken. The predictions of each component model in the room air conditioner system model are compared with
preliminary experimental results obtained from this non-intrusive instrumentation, and component models which
regquire improvement are identified. Several appendices address details of the model and equation solver, modeling

condenser condensate spray, and the uncertainty analysis methods and results.



Table of Contents

Page

ADSTTACT. ..t r e r R Rt ne e ii
LIST OF FIQUIES ..ttt sr et nr e Vii
LIST OF TADIES .. bbbt e b snesnenne s viii
Chapter 1: INTFOTUCTION ...t b e ne e 1
Chapter 2: Model DESCIIPIION .....ouiiierisereeeeee e 3
P R oY Yo [T o 1-T= S PPPPT 3

A V=T e 1o ] - 1o ] PP 4

RS R Ofe] 1 4] o] 11T o | S PP 4

A - Yo 11 1= Y20 U1 1= 4

2.5 Refrigerant Charge CalCUlation . ........iiuiii i e e e e e 6
Chapter 3: RACMOD and the ACRC SOIVEI ..o 8
3.1 Model-Solver RelatiONSNIP ..ot 8

3.2 Swapping Parameters and VariablesS.........coouiiiiiii e 8

3.3 Speed Enhancements in the Model and SOIVEr..........cooiiiii i 9

3.4 Automated Step Relaxation to Enhance Solution RObUStNESS.......ccoviviiiiiiiiiiiiiie, 10
Chapter 4: Status of Model DeVelopMENT.......c..cce i 11
AL INEFOTUCTION Lottt et ettt e ettt e et et 11
4.2 INStrumentation SChEAUIE ... .o i e 11
R O U =T g ] = T 1= PP PT PP 12
Chapter 5: Preliminary Comparisons of Model PrediCtions .........ccccoovinenenereneenne. 14
Chapter 5: Preliminary Comparisons of Model Predictions .......ccccccveevvcceeieecnene, 14
5.1 Refrigerant Mass FIOW MEASUIEMENT ........iiiiiiiiiiiii et 14

5.2 Volumetric Air FIow Rate MeaSUIEMENT.........iiiiiiiiiiiiiiiei et 14

5.3 COMPIESSON MaAP. . ... ittt et e 15
5.4 Capillary TUDE ... e 17

SR o] gTo [ =T o K] =T PP RPPPI 18

5.5.1 Condenser Air RECITCUIALION ........coevvieieiieiireiceccse et

5.5.2 Condenser Heat Transfer Predictions

5.5.3 Condensate Spray Heat Transfer ENNaNCEMENL...........cco et ssesse s sessssssssesssssssees 20
N Ol V=T o T ] = 1o ] PRSPPI 23
A2 €= 0 1Yo Lo = 24



Chapter 6: Summary and CONCIUSIONS ......ocveiiie e 27

Appendix A: ACRC Equation Solver User's Reference......ccccceoevenenenenenesenecene 28
YN A (a1 o T 1¥ [t £ o ] o F TSP PT PP 28
A.2 Equation Solver FUNAamMeENntalS..........oiiriiieii et 28

A.2.1 NeWtON-REPNSON MELNOM. ...t 28
A.2.2 ACRC SOIVES TEIMINOIOGY ..ooeuvereerrierieeeiresesemsessesessesessesessessessssessssessssssssssssssssessssssssssssesssssssssesssssssssessssesassenas 29
A3 INPUL FilE DESCIIPTIONS ...ttt et e et eeae s 29
ABLINTEIZEION FIlE ..o bbb 30
A LB2 INSTUCHIONS FTE ..ottt bbb 30
A.3.3 SOIVEN SEEINGS FIIE ...ttt a ettt s st s s 32
A4 RUNNING The SOOIV et e e e et e e e e e e e e e e eaaes 34
N o 1= o OO 4
A.4.2 Parameter-variabl € SWAPPING ......ouceeererereeirireseseeesessssssesesssessssessssssssessssssssesssssesssssssssssssssssssssssssessssssssessssssseses 36
A.4.3 AULOMELED SEEP FEIBXELTON. .....eurvriecrieeetieeer et s bbbt 36
AL A TIOUDIESNOOLING ....cvvvreeeeereeeresee et ses e tr e bbbt 37

Appendix B: ACRC Solver Programming Reference ..., 38
B.1 Overview Of ACRC SOIVEN FEATUTES.....cccuuuiiiiiii ettt 38
B.2 The Solver-Model INTerfaCe . ......i i 38

B.2.1 Use of "INCluded” FIlES.......ccommnrcrnerneneneneseseeeee e
B.2.2 The XK and X Arrays
123 Y/ o Yo 1 VA1 a Yo = 1Y, o T 1= 40
B.3.1 Model ModifiCation ChECKIISE.........ceeeeeeeerrrener s 40
B.3.2 Changing EQUALTONS........ccouueuieeeieeeerseesseses e sessessssess s se s ssss s s bbbt s e 41
B.3.2 Adding or Deleting Parameters or VariableS ..ot seaas 41
B.3.3 Adding or Deleting EQUELIONS...........ccccuerierriecirieniessisesisess s ses st ssssssssaas ZN
B.3.4 Rearranging the XK [NitialiZation FIlE..........covviieriirisisssssists st sss s ssssssssssens 41
B.3.5MOdifyiNg [C, FC, AU BC.......ocoeeerecciesicste st se st s ae bttt s st s s 41
B.4 Implementation of Sparse-matrix Jacobian Calculation.............cccccoiiiiiiiiici e 41

Appendix C: ACRC Solver Pseudocode and Subroutine Descriptions.........c.cc....... 44
C.1 Main Program: ACRCSOIVE ... ...t e e et e e e e e e eaaeens 46
C.2 SUDIOULINE: SINGIERUN .. .ce e e e e et e e e e e e e eaneens 46
C.3 Subroutine: MUIIPIERUN .....oe e e e e e e e eaneens 46
C.4 SUDIOULINE: SENSITIVITYRUN ...ttt e e e et e e e e e e e eaneens 47
C.5 Subroutine: UnCertainty ANalY SiS. ...ttt e e e e e e e eees 47
C.6 Subrouting: NRMETNOU . .......oouiiiiii e 47



Appendix D: Demonstration MOAEl.........ccovveieieiice e 49

(D 20 [ § o To [V o1 £ o PP PPTT 49

(D O 1 [} = PP RPEP 49
D.2.1 CacR Using Sparse-matrix Jacobian CalCUlAtioN ...........cvvvvceeinireesrseses st sssssessssssssessesens 49

D.2.2 CacR Without Sparse-matrix Jacobian CalCUIGLION...........ccererereerireseer s sssssesssssssenens 52

D.3 InitializeModel, CreateNonZeroList, and ReadNoONZeroList ...........ccccoveveviiiiiiiiiinniiiineeenenn, 53

[ (O = T O PP PPTPR 53

D.5 EQUIVLINT.INC ...ttt ettt ettt e et r e n e et et e e e e e e reanr e e ennees 55
D.6 XK INItIaliZation File ...cooeeiiiiiii e 56
Appendix E: ACRC Room Air Conditioner Model User's Reference..........cccceeueenee. 57
E.1 Configuring the MOGEl...... oot 57
E.L1The XK INGAIZBHON FlE ..ot e 57

E.1.2 Reconfiguring RACMOD for aNew Air CONAItIONES............cocrureeenreciessesee s sssssssesssssssessesens 58

E.1.3 Capillary TUBE OPLIONS........cccrieeerereceie sttt ssess st s st s sttt es s st esasansessnnns 58

E.2 Initial Guesses for Model Variables...........oooiiiiiiiii e 58

E.3 EQUALION SWITCRING ..uuiiiiiiieiiit et ettt r e 59

E.4 Reading the RACMOD EQUALIONS . .......iiiiiiieiiii ettt e s 59

E.6 Implementation of Multiple Capillary Tube MOdelS..........coviiiiiiiiiiiii e, 59
Appendix F: RACMOD Variable and Parameter Definitions.........ccccovvevininenenecene 63
Appendix G: RACMOD Subroutine and Function Descriptions ........c.ccoccevevveneieniene. 71
Appendix H: ASME and Monte Carlo Uncertainty Analysis .......cccooeonineinineneiennenn. 75
(o PO ] 4 o Yo 1 ¥ 1 £ o o TP 75

H.2 ASME UNCEraiNtY ANAIY SIS ..ottt ittt e e e e e e e e e e e e e r e e s e e e aeeanees 75

H.3 Monte Carlo UNCertainty ANaly SIS ..o e e e e e e eanees 77
H.4 Applications to ThermMal Sy StEMS. ... e e e eanees 77

H.5 Implementation with the ACRC EQUAtioN SOIVEN........cccuiiiiiiiieie e eas 77
H.5.1 Implementation Of ASME MEINOUS..........ccvrirrirrrrrsie s ssasesssssssesssssessesssssssssssssssssenees 78

H.5.2 Implementation of MONtE Carlo ANAIYSIS ....c..ccuieieriirrieseie e 80

H.6 Analysis of Refrigerant Mass Flow Component Models............coovvviiiiiiiiiiiiniiiic e 81

[ A o T aTod 11 110 ¢ 1< T TP PT T PPPTUPPTPPN 82
Appendix I: Condensate Spray ANAIYSIS ...cccciceeieiie i e 84
10 R ] ¥ o T VYo T ] o B PSPPI 84

1.2 Theoretical Analysis and LiteratuUre ReVIEW .........ouuiiiiiiiii e e 84

.3 EXPerimeEntal AN alY SiS. . it e 87

1R R o] g o1 [V =] [0 o I PSPPI 89

Vi



List of Figures

Page
Figure 2.1 Schematic of room air conditioner model Showing State POINES.........covveereirerreeerrereseererssesesessseseesessessesesssseens 3
Figure 3.1 Organization of RACMOD and the ACRC SOIVET..........ciiieeerirenereses e sssessssssssssssenns 9
Figure 3.2 Example of parameter-variable " SWapPiNg” .......cccoeeriiecieiniieseseesess sttt ssss s s ssesesssssssenns 9
Figure 5.1 Compressor map Mass fIOW PrediClioN.........cccenrenreecn st essesssssnssesens 16
Figure 5.2 Compressor map power CONSUMPLION PIEAICTION ........ccvueeereeerieeirererersrer e ssesees 17
Figure 5.3 Capillary tube model error VS, SUBCOOIING ........ccueieuiiieirereeeisresis e tsessss st ssssss st ssssssssesssnssssesnssens 18
Figure 5.4 Capillary tube model error VS. iNTEL PrESSUIE ..ot neses 18
Figure 5.5 Condenser air flOW FECITCUIBLION...........ciueeeeiirieeeisisisest sttt se st ee et ss e st ss e e s s e naesssnnnas 19
Figure 5.6 Condenser model's prediction of outlet subcooling for "dry" CaSES.........couervrreerersenrenes e 20
Figure 5.7 Condensate SPray SCHEMELIC. ...t 21
Figure 5.8 Condenser model's prediction of outlet subcooling for condensate Spray ..........ccocveeeeevereeeresesesseseesesnenens 23
Figure 5.9 Comparison of predicted and measured evaporator CAPACITY ........ccvurreerurerreerrrerssseresessssssesessssssssesssssessesssssssseees 24
Figure 5.10 Comparison of predicted and measured evaporator moisture removal FaLeS............cereeerenernenerneesneeeneenes 24
Figure 5.11 Comparison of predicted and MEaSUrEd COP...........cccceeerreree sttt sassessens
Figure 5.12 Comparison of predicted and measured evaporator capacities
Figure A.1 Solver-model relationShip.......ccocevinnnnnsrrres s
Figure C.1 Flowchart of SOIVEr Organi ZaliON .........ccccceurireceeieisissieesess s ssss e s asesss s s s ssssssssesssssessssssnsessssssnsesnsnees
Figure E.1 Schematic of room air CONAitioNEr MOGEL..........coireiireiirecree e
Figure .1 Condensate SPray SCHEMALIC. .......cccvicurireceerece st ss e bbbttt s st s s s 85

Vii



List of Tables

Page
Table 2.1 Correlations used by RACMOD and the ORNL heat pump MOEL .........covvrenricereseee s ssesessesssnes 4
Table 3.1 Speed eNNANCEMENT FESUITS.......c..c ittt bbb bbbt 10
Table 5.1 Evaporator volumetric air flow rat€ COMPAIiSON.......c.ccccueuririecieriiesie e ssse s ssss e s s sssssassesaes 15
Table A.1 Sample XK iNItialiZatION FIlE ...ttt na et n st nennsnsesnen 30
Table A.2 Sampleinstructionsfile for "SINGLE" @NalYSIS .......ccviiierisiseseee e ese e essssenns 31
Table A.3 Sampleinstructions file for "MULTIPLE" @NalYSIS ......ccccviieirinisesenesssesesss s ssssssssessssssssssessssssssessssssssesaes 31
Table A.4 Sampleinstructionsfile for "SENSITIVITY™ @NalYSIS ... sesessssessssesssseens 32
Table A.5. Sample solver SettingS " SLVERSET" fil€ ..ottt 33
Table A.2 Sample condensed XK VAIUE QULPUL. ..........ccceriirrirercseesesssiesesessssssssssssssessssssssssssssssssssssssssssssssssessssssssesssnsssseses 4
TableB.1"Include" filesin the solver and model
Table B.2 Description Of "INCIUAE" FIIES ......c.cccceseccte ettt a et
Table B.3 SAMPIE JACODI AN MEEIX ......cveeiririiererireeeeesesesesessessssssssessssssssesssssessssssssesssssssssssssssssessssssssesessesssesessssssssesssssssesssnssssesnes
Table B.4 SAMPIE NONZEIOLISE.......c.cvieeeiereieritirese et s bbbt n e a2
Table C.1 ACRC solver file structure and SUbrouting deSCriPLiONS .........c.cvceeirccerrese e saes
Table F.1 Definition of variables used in the room air conditioner MOUEL............ccoverrireirrreerrere e
Table F.2 Definition of parameters used in the room air conditioner model
Table G.1 RACMOD file structure and sUbrouting deSCriPLiONS..........ccccvrrerneresersesee s ssssssssessessssseses
Table H.1 Sampleinstructionsfile for "UNCERTAINTY" @NalYSIS ... ssesessesessssssssssens 78
Table H.2 Sample@ ASME RSS OULPUL TIlE ......cuvicecteiscccte sttt sttt nsantesaen 79
Table H.3 Sample M onte Carlo analySiS OULPUL FIlE.......cciirerrceererccee s ssss s s ssssssssesssnsesnes 81

viii



Chapter 1: Introduction

The Air Conditioner and Refrigeration Center (ACRC) room air conditioner model (RACMOD) and an
equation solving package with special features for thermal systems modeling have been developed in response to the
need for aflexible design and simulation tool for room air conditioners.

Hahn and Bullard (1993) originally developed the ACRC room air conditioner model based on governing
equations embedded in the Oak Ridge National Laboratory (ORNL) heat pump model (Fischer and Rice, 1983) and
modifications to those equations for room air conditioners(O'Neal and Penson, 1988). Approximately 100 governing
equations were used, many of which were taken directly from the ORNL mode.

Hahn and Bullard solved the equations with the Newton Raphson method rather than using the ORNL
model's successive substitution algorithm. The Newton Raphson (NR) method allows the governing equations to be
listed in any order (separately from the solution logic,) so that they are easier to understand and modify. The NR
method also makes it possible to "swap" parameters and variables in the governing equations without changing the
solution logic.

Improved refrigerant-side two-phase heat transfer correlations by Dobson et al. (1994) and Wattel et et
al.(1994) were implemented by Hahn and Bullard. A refrigerant-specific curvefit of afinite-difference capillary tube
developed by Peixoto and Bullard (1994) was al so implemented as an alternative to the curve fit of the ASHRAE
capillary tube model which was used by O'Neal and Penson.

Further development of RACMOD has been carried out by the authors. Charge inventory equations using
the Hughmark (1962) correlation for void fraction were implemented, and ORNL's two-phase refrigerant pressure drop
correlations were replaced with correlations by Souza et al.(1992). A technique was developed that allows the
approximately 200 equations of Peixoto's finite difference capillary tube model to be incorporated directly into
RACMOD using only four governing equations. Equationsto model air recirculation at the evaporator and
condenser and to account for condenser heat transfer enhancement due to condensate spray were added. Equations
and equation-switching logic were also devel oped to handle two-phase exit conditions in the evaporator and
condenser.

A Fortran equation solving and analysis program, the "ACRC solver," with special features for thermal
systems, was also developed. The ACRC solver allows parameters and variables in the governing equations to be
"swapped" without recompiling—making it simple to change amodel from a simulation mode to avariety of design
modes or to solve for an estimated model parameter given known output values. Automated uncertainty and
sensitivity analyses are also included in the ACRC solver, aswell as features that enhance the Newton Raphson
solution method's speed and robustness.
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Chapter 2: Model Description

The RACMOD system model consists of component models for the condenser, evaporator, compressor,
and capillary tube, aswell as equations for charge calculation. The governing equations for all of the component
models are listed together and solved as one simultaneous set. This chapter describes the modeling strategies and

correlations used for each of the component models.

3 20 2i 1
Condenser
0
4
Compressor
X Capillary tube
10
6
Accumulator
Evaporator
7 70 9

Figure 2.1 Schematic of room air conditioner model showing state points

2.1 Condenser
Theroom air conditioner condenser is modeled as a crossflow heat exchanger with uniforminlet air

temperature and velocity. Three heat transfer zones—desuperheating, two-phase, and subcooling—are modeled using
effectiveness-NTU heat transfer rate equations. The two-phase zoneis modeled asisothermal along the flow
direction, though it could be expanded using a finite-difference approach to handl e refrigerants with atemperature
glide. The correlations used for heat transfer correlations and pressure drop calculations are referenced in Table 2.1.
Asinthe ORNL model (Fischer and Rice, 1983), condenser geometries with more than one refrigerant circuit are
modeled asidentical, parallel condensers.

The condenser heat transfer equations were modified to account for heat transfer enhancement due to
condensate from the evaporator that is sprayed onto the condenser by the condenser fan's"sling ring." The
enhancement is based on an effective mass flow rate of water multiplied by water's heat of vaporization. Detailsare

givenin Section 5.5.3 and in Appendix I.



Table 2.1 Correlations used by RACMOD and the ORNL heat pump model

ORNL heat pump RACMOD
Condenser heat transfer
Subcooled Dittus and Boelter (1930) Same
Superheated Kays and London (1974) Same
Two-phase Hiller (1976), Travis (1973), and Dobson (1994)
Rohsenow (1973)
Air-side McQuiston (1978, 1981), Yoshi Same
(1972), and Senshu (1979)
Evaporator heat transfer
Superheated Dittus and Boelter (1930) Same
Two-phase Chaddock (1966) and Sthapak Wattelet (1994)
(1976)
Air-side McQuiston (1978, 1981), Yoshi Same
(1972), and Senshu (1979)
Dehumidification analysis Fischer(1983) Same
Pressure Drop
Two-phase condenser DP Thom (1964) Souza (1992)
Two-phase evaporator DP Goldstein (1979) Souza (1992)
Single phase DP Moody friction factor Same
Single phase return bend DP Ito (1960) Same
Two-phase return bend DP Geary (1975) Christoffersen (1993)

2.2 Evaporator

Likethe condenser, the room air conditioner evaporator model assumes a crossflow heat exchanger with
uniform inlet air temperature and velocity. Two heat transfer zones—two-phase and superheating—are modeled using
effectiveness-NTU heat transfer rate equations. The correlations used for heat transfer correlations and pressure
drop calculations arereferenced in Table 2.1. Evaporator geometries with more than one refrigerant circuit are
modeled as parallel evaporators.

The evaporator heat transfer and dehumidification analysisis performed by a subroutine taken directly from
the ORNL heat pump model, although its solution logic has been modified for implementation with the Newton-
Raphson method.

2.3 Compressor
A manufacturer-supplied compressor map is used to predict the compressor mass flow and power

consumption as a function of condensing and evaporating temperatures. The ORNL model's correction of mass flow
and power predictions for non-standard suction gas return temperatures was not found to improve the map's mass

flow and power consumption predictions and was not used.

2.4 Capillary Tube
The ACRC finite-difference adiabatic capillary tube model developed by Peixoto and Bullard (1994) has been

implemented in RACMOD. The ACRC capillary tube model assumes choked flow at the exit, and it uses a Blasius



friction factor for the subcooled pressure drop calculations and a correlation by Pate (1982) for the two-phase friction
factor.

The ACRC finite difference adiabatic capillary tube model consists of over 200 equations that normally must
be solved simultaneously. Adding 200 simultaneous equations to RACMOD, however, would significantly slow its
execution time, and the 200" variables in the captube model would all requireinitial guesses, to which the captube
model isvery sensitive. This sensitivity to initial guesses would cause difficulty in converging on a solution for the
captube model. These factors make incorporating the capillary tube equations directly into RACMOD impractical.

Normally, one thinks of the inlet subcooling and the length of the capillary tube as known inputs to the
model, with the mass flow and other variables being outputs. However, upon examination of the captube equations
for a case with a subcooled capillary tube entrance, it wasfound that when the inlet pressure (p4), captube diameter
(Dcap), pressure and quality in the outlet region (Pcritcap, xcritcap), and a pressure step internal to the model (DeltaP)
are considered "known," then the captube equations may be rewritten so that they are sequential rather than
simultaneous. These sequential equations can be solved explicitly for inlet subcooling, length of the captube, mass
flow, and the quality at the refrigerant flash point. Thusthe 200" equation capillary tube model can be expressed

mathematically asfour explicit functions:

(inlet subcooling) = f4( p4, Dcap, Pcritcap, DeltaP, and xcritcap) (21
(length of the captube) = f, (p4, Dcap, Pcritcap, DeltaP, and xcritcap) (2.2
(mass flow) = f,,(p4, Dcap, Peritcap, DeltaP, and xcritcap) (2.3
(quality at flash point) = f,(p4, Dcap, Pcritcap, DeltaP, and xcritcap) (249

These functions may be thought of asthe sequential version of the capillary tube equations
"backsubstituted" into four explicit functions. Because these four functions share so many calculations, they are
implemented as one subroutine with four outputs: degsubcoolCalc, L capCalc, wcapCalc, and XflashCalc. These

outputs are used in the following governing equations:

degsubcool = degsubcoolCalc (2.5
Lcap = LcapCalc (2.6)
w = wcapCalc 2.7
0= XflashCalc (28)

Equations 2.5-2.7 specify that the capillary tube model's cal culations must agree with the appropriate NR
variables and parameters, and Equation 2.8 specifies that the cal culated flash point in the captube must indeed occur
where the refrigerant quality is zero.

In thisway, the 200" equations of the finite-difference capillary tube model areimplemented asfour NR
equations, and the NR solver adjusts the values of the variables Pcritcap, DeltaP, xcritcap, and w, along with all of the
other variablesin RACMOD until all equations are satisfied. This"backsubstitution" of the capillary tube model into
four NR equations dramatically improved the convergence of the model, because most internal variables are

diminated, reducing the possibility of inconsistent initial guesses.

*  Although the equations are sequential, some of them areimplicit in one variable and must be solved iteratively.



The ASHRAE curve-fit model (ASHRAE, 1988) was used by O'Neal and Penson (1988) and may also be
selected when using RACMOD.

2.5 Refrigerant Charge Calculation
Simple volume and density calculations are used to calcul ate the refrigerant charge in the room air

conditioner. The Hughmark correlation for void fraction (Hughmark, 1962) was chosen for calculating the chargein
the two-phase regions of the condenser and evaporator because it was found to be most accurate in work by Rice
and by Goodson (Goodson, 1994; Rice, 1987).
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Chapter 3: RACMOD and the ACRC Solver

The ACRC solver handles most input and output for RACMOD and solves its governing equations with a
modified Newton Raphson method. The ACRC solver also performs ASME and Monte Carlo uncertainty analyses
and asimple sensitivity analysis of the governing equations.

The organizational framework of the ACRC solver is based on the TrueBasic sensitivity analysis program by
Porter and Bullard (1992). The ACRC solver includes modifications to the Newton Raphson algorithm that improve
its ability to solve eguations when poor guesses for variable values are given. A simple means of "swapping"
variables and parameters in the governing equationsis also implemented. Sparse-matrix Jacobian calculation was
implemented by Hahn and Bullard (1993) and has been slightly modified in the present version.

The ACRC solver and RACMOD are described in detail in the appendices.

3.1 Model-Solver Relationship
The structure and organization of the ACRC room air conditioner model asimplemented with the ACRC

solver isdepicted in Figure 3.1. The separate subroutines for model initialization, checking, and equation evaluation
allow this structure to handle special problemsthat arisein thermal system simulations. For instance, the boundary
checking in RACMOD determi nes whether the refrigerant at the evaporator exit is currently two-phase or
superheated and switches to a slightly modified equation set if the condition has changed since the last iteration.
Because the equations are listed separately and in an order-independent fashion, it isrelatively easy to modify them

or remove acomponent model and replace it with anew one.

3.2 Swapping Parameters and Variables
The basic requirement of the Newton-Raphson method is that there as many governing equations as

variables and that the equations be independent and non-singular. Thus a given variable can become a parameter if a
former parameter simultaneously becomes a variable (in order to maintain the same number of equations and
variables), aslong as the equations remain independent and no singularities.

For example, Figure 3.2 depicts a set of three equations, requiring three variables for solution.
Conventionally, adesigner might specify the evaporator area (A «4,) and solve for the COP, but "swapping” allows
the NR method to solve for the Ao, that will yield a particular COP. Examples of using "swapping" with RACMOD
include specifying capacity while solving for evaporator size or the length or diameter of the capillary tube. Total
system refrigerant charge can be specified, solving for condenser subcooling, or vice-versa.

Variable-parameter swapping can also be used for parameter estimation. For example, the outlet conditions
of aheat exchanger may be specified to allow a heat transfer coefficient to be solved for.

The ACRC solver allows swapping of a parameter and a variable by simply changing two flagsin the input
file. Thereisno need to change the program or recompile, making it simple to change the model from asimulationto a

variety of design configurations.
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3.3 Speed Enhancements in the Model and Solver
Theroom air conditioner model consists of about 160 governing equations, many of which involve lengthy

callsto property routines or pressure drop functions. A straightforward evaluation of the Jacobian matrix for the 160
equations would require 160° partial derivative calculations and involve considerable execution time. However, most
of those equations contain only afew variables, so the mgjority of the partial derivatives are always zero. Such a

system of equationsistermed "sparse."



To improve execution time, the non-zero elements of the Jacobian are mapped in advance, and that
information is used to ensure that only those partial derivatives that may be non-zero are evaluated when the
Jacobian is calculated. The remainder of the Jacobian elements are always zero and no time iswasted by calculating
them. Sparse-matrix Jacobian calculation is described in greater detail in Section B.4.

Similarly, asparsematrix Gaussian elimination routine given by Stoecker uses full pivoting and linked liststo
speed that step of the Newton-Raphson solution (Stoecker, 1989). The results of the speed enhancements are
presented in Table 3.1. Actual execution times vary by computer, but it is clearly demonstrated that while the sparse-
matrix Gaussian elimination saves a significant amount of time per NR iteration, the largest enhancement is obtained
through the sparse-matrix Jacobian calculation. The benefit of using sparse-matrix Jacobian calculationis more
dramatic when using the ACRC finite-difference capillary tube model because it involves the execution of alengthy
subroutine, while the ASHRAE curve-fit capillary tube model requireslittle computation.

Table 3.1 Speed enhancement results

ACRC captube | ASHRAE captube
Secl/iteration with no enhancement: 100 58
Adding sparse Gaussian elimination: 92 50
Adding sparse Jacobian calculation: 12 9

3.4 Automated Step Relaxation to Enhance Solution Robustness
The Newton-Raphson method is not globally convergent—a NR step may be calculated that does not bring

the variables closer to a solution, particularly when theinitial guesses are poor. A NR step may even result in an
attempt to evaluate afunction (e.g. athermodynamic or transport property) outside of its domain. Common examples
include attempting to calculate arefrigerant quality above the critical temperature or attempting to raise anegative
number to a non-integer power (e.g. in a heat transfer or pressure drop correlation).

When either of the above instances occurs, the ACRC Newton-Raphson implementation recognizesit,
retraces the step, reduces the NR step size by half, and retakes the shorter step. Thistechnique greatly increases the
model's robustness and somewhat reduces the need for good initial guesses. Details of the automatic step relaxation
aregivenin Section A.4.3
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Chapter 4: Status of Model Development

4.1 Introduction
Asoutlined in Chapter 1, RACMOD was based on governing equations from the ORNL heat pump model

(Fischer and Rice, 1980) as modified by O'Neal and Penson (1983) for room air conditioners. The modified ORNL
model, which has been used by the DoE for regulatory purposes, is not afull simulation model because it does not
contain charge inventory equations, but instead relies on a specification of evaporator superheat. O'Neal and
Penson validated the model against three experimental data points that were taken at the rating condition of 80°F
indoor temperature, 95°F outdoor temperature, with no moisture removal by the evaporator. For the three points,
they found that their model's EER and capacity predictions agreed with experimental measurements within 5% when
the amount of evaporator superheat was specified. Novalidation at off-design conditions were reported for the
moddl.

RACMOD models the condenser and evaporator in the same manner as the modified ORNL model, although
updated refrigerant-side heat transfer and pressure drop correlations have been used. Like the ORNL model,
RACMOD models the compressor with an empirical compressor map and contains the ASHRAE capillary tube model,
aswell as afirst-principles capillary tube model by Peixoto and Bullard (1994). RACMOD may be run with a specified
amount of superheat or subcooling, like the ORNL model as modified by O'Neal and Penson. The addition of charge
inventory to the model also allows RACMOD to be run in atrue simulation mode by specifying the total refrigerant
chargein the system rather than specifying evaporator superheat or condenser subcooling.

This ability to run in atrue simulation mode can be very valuable for the prediction of performance for
geometries or operating conditions for which experimental estimates of condenser subcooling or evaporator
superheat are not available. The lack of some experimentally determined data makes accurate prediction more difficult
for atrue simulation model, because errors in one component are always propagated to the other components. Ina
design model, specified superheat and/or subcooling provides a point of reference that removes one degree of
freedom in the model and reduces error propagation.

A complete validation of aroom air conditioner simulation model should include predictions at various
operating conditionsin order to test the limits of the model's accuracy. The various component models of RACMOD
must all be shown to be valid on an individual basis before accuracy in afull simulation system model isto be
expected. Component mode! validations will require accurate and detailed measurements of refrigerant and air side
conditions at various locations in the refrigerant loop, as well as accurate mass flow measurements.

4.2 Instrumentation Schedule

Each room air conditioner tested by the ACRC room air conditioner project will be instrumented in stagesin
order to obtain the maximum amount of information about the units and the effects of installing refrigerant-side
instrumentation in them.

Thefirst stage isinstrumentation with air-side thermocouples. This non-intrusive instrumentation estimates
refrigerant-side temperatures using tube surface measurements, and refrigerant pressures can only be determined in
two-phase regions, using saturation temperature and pressure relations. Though the air-side instrumentation does

not provide the best absolute measurements, it provides a reference for comparison of system performance during
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the second stage of instrumentation, which includes refrigerant-side measurements. Comparison of data on the same
room air conditioner before and after the introduction of refrigerant-side instrumentation will allow the intrusive
effects of such instrumentation to be quantified. During the second stage of instrumentation, analysis of
temperatures measured simultaneously with refrigerant-side and surface thermocouples will help to quantify the
offset errors associated with surface measurements, so that corrections to future air-side measurements can be
estimated. Once RACMOD has been fully validated, the corrected air-side measurements may be adequate to check
model predictions on new test units, and they may be used to evaluate the effects of model improvements aswell.

The second stage of instrumentation involves the addition of refrigerant-side thermocouples and pressure
transducers which will allow much more accurate determination of refrigerant-side state points. In the second stage,
the pressure drop correlations and penalty factors for enhanced tubes may be evaluated directly by the pressure
transducers, reducing the potential sources of error in the model. More accurate determination of refrigerant mass
flows and the states at the inlet and outlet of components will allow precise component-level validations, so that
problems with the first-principles model s can be pinpointed and the governing equations can be improved.

4.3 Current Status

At present, the first stage of instrumentation has been completed, and an initial baseline data set has been
taken. The baseline set contains data for 54 operating conditions covering afull range of indoor and outdoor room
temperatures and humidities and three fan speeds. These data were obtained using aroom air conditioner
environmental chamber described in detail by coworkers(Feller and Dunn, 1993; Fleming and Dunn, 1993; Rugg and
Dunn, 1994). The manufacturer's measurements of volumetric air flow rates were used, and a refrigerant-side energy
bal ance was used with calorimetry measurement of the evaporator capacity to obtain refrigerant mass flow rates.
Two-phase pressures were obtained through surface thermocoupl e temperature measurements and saturation
pressure-temperature relations, and single-phase pressures were estimated using pressure drop correlations.

The experimental data currently available are adequate for checking the accuracy of component model
predictions, and the results of comparisons between experimental and modeled results will guide efforts at improving
first-principles modeling equations and pressure drop and heat transfer correlations in the component models. The
dataavailablein the first stage of instrumentation, however, are not accurate enough to be used in afinal model
validation or to thoroughly evaluate specific model improvements.

Chapter 5 presents comparisons of modeled and predicted results for the various component models and for

the full system simulation model and provides greater detail on certain aspects of the heat exchanger modeling.
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Chapter 5: Preliminary Comparisons of Model Predictions

The comparisons presented here are based on the first stage of instrumentation of aroom air conditioner
and are thus preliminary. The primary purpose of the baseline data on which these comparisons are based isto
provide areference against which system performance can be compared after intrusive refrigerant-side
instrumentation has been added. The comparisons presented here are adequate, though, to point out deficienciesin
some of the first-principles component models, which will guide future efforts at model improvement. Improvements
to the governing equations of these models can be made based data taken using the second stage of
instrumentation.

For each component model, the inlet refrigerant and air conditions (including mass flows) were determined
experimentally, and these values were specified in the component models. Predictions of outlet conditions were then
compared with experimental data. Uncertainty analyses were used to determine the accuracy of the measured mass
flows and to evaluate the expected scatter in component model predictions due to uncertainties in the measured inlet
conditions.

Without validated component models, accuracy in the full system model is not to be expected, but the
results of system simulation predictions are provided as a basis of comparison with predictions based on future
model improvements.

5.1 Refrigerant Mass Flow Measurement
An accurate measurement of refrigerant mass flow rateiscritical to all of the component model validations.

Because the mass flow meter had not yet been installed, arefrigerant-side energy balance was used to determine
refrigerant mass flow.

Temperatures at theinlet of the adiabatic capillary tube and at the evaporator exit were measured with
surface thermocouples and pressures were determined using surface thermocouples in the two-phase region of the
condenser and evaporator along with pressure drop calculations. These temperatures and pressures specify the
enthalpies at the entrance and exit of the evaporator (h2i and h20, respectively) for the 39 data points where the
evaporator exit state is not two-phase. The measured evaporator capacity (qe,s,) Can then be used in the following
equation to determine wg,, the energy bal ance-based mass flow:

Qevap = Wer-(N20 - h2i). (5.1

A Monte-Carlo uncertainty analysis was performed on the cal culation of wy,, the details of which are given

in Appendix H. The uncertainty analysisindicates that wg, should be accurate to within 2.8%. All of the component

validations utilize wg, and thus its uncertainty will limit the ability to discern component accuracies.

5.2 Volumetric Air Flow Rate Measurement
The volumetric flow rate of air iscritical to evaporator and condenser performance. Manufacturer-supplied

data on volumetric flow rates was obtained (Christoffersen, 1994a), although the uncertainty in those measurements
isnot known. Asacheck on the manufacturer's data, the volumetric flow rate of the evaporator was determined with

an air side energy balance:

qe\/ap O = ﬁriair(Ta,eva,oin - Ta,evapfanout ) (5.2
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The equations needed to determine geysp aNd Oy from measurements, the estimation of the radiation error

correctionto T and possible measurement error in T, o atano @€ @l potential sources of error in the

a, evapin !

estimate. T isthe average temperature of agrid of eight thermocouples mounted on wires directly in front of

a, evapin
the evaporator, and Porter (1994) estimates aradiation error of -1.4°F due to the close proximity to the evaporator.

T isthe average of three thermocouples at the outlet grill of the air conditioner. Becauseit is downstream

a, evapfanout
of the evaporator, inadeguate mixing of the colder air from the two-phase zone of the evaporator and warmer air from

the superheated zone may introduce error in T For this reason, only data points where the entire

a, evapfanout *
evaporator was two-phase were used for determination of the air flow rate. Data points where superheat occurred in
the evaporator produced unrealistic scatter in the calculated air flow rate.

Flow rates were determined for three fan speeds, and an uncertainty analysis on the air-side energy balance
calculations was performed at the highest fan speed. A summary of theresultsisgivenin Table5.1.

Table 5.1 Evaporator volumetric air flow rate comparison

Fan Speed Manufacturer's CFM Energy balance CFM Uncertainty
High 379 404 52
Medium 338 341 -
Low 269 298 --

An air-side energy balance was obtainable only for the evaporator because condenser outlet air
temperatures and vel ocities are too nonuniform to allow an accurate average temperature measurement. Since no
contradiction between the estimated air flow rate and manufacturer's measurements for the evaporator was found, the
condenser measurements were trusted aswell. However, Section 5.5.1 identifies a possible error in the manufacturer's

measurements of condenser air flow rates.

5.3 Compressor Map
The compressor model's prediction of power consumption dominates the COP cal culation, and the

compressor—along with the capillary tube—sets the system mass flow rate. Manufacturer-supplied compressor maps
were used to predict Wmg, and pwriyg,, the refrigerant mass flow and compressor power consumption, respectively, for

39 experimental data points.
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Figure 5.1 Compressor map mass flow prediction

Figure 5.1 shows that wi,s, Significantly overpredicted the mass flow rate, with a 95% interval on the error of
14.4%, centered around an average error of 12.5%. As stated previously, the 95% confidence interval on the
experimentally measured mass flow rateis 2.8%. The stated accuracy of the manufacturer's map is 5%.

An uncertainty analysiswas also used to evaluate the effect of errors propagating through the compressor
map, specifically errorsin measuring condensing and evaporating temperatures and in pressure drop correlations.
The analysis predicted a 2% error in the map's prediction of mass flow due only to propagation of inaccuraciesin
measured inputs. These uncertainties, when combined, do not fully account for the observed error in the map's
predictions. The improved instrumentation that will be in place for the next stage of validation should improve our
ability to evaluate the mass flow map's accuracy.

Figure 5.2 shows the compressor map's power consumption predictions, which had a 95% interval on error
of 4.7%, centered around zero.

The ORNL model uses acompressor map correction that accounts for suction gas temperature variation.
This correction was not used because it did not significantly improve the map's mass flow predictions and it made the
compressor power predictions significantly worse.

16



160 +—+——ft—————F+———"—Ft+—F———

1400

1200

1000

Predicted compressor power [W]

800 g

600 TR TR TR TR TR
600 800 1000 1200 1400 1600

Measured compressor power [W]

Figure 5.2 Compressor map power consumption prediction

5.4 Capillary Tube
As described in Section 2.4, the room air conditioner model allows the use of the ASHRAE capillary tube

model or the ACRC capillary tube model. The capillary tube plays acritical rolein determining the mass flow and low
and high-side pressuresin the system.

Both capillary tube models significantly overpredict mass flow rates, and both demonstrate an error trend
with respect to theinlet subcooling and pressure, as shown in Figures 5.3 and 5.3. The 95% interval on error for the
ACRC model is 20.0%, centered about an average error of 12.8%, and the 95% interval on error for the ASHRAE
model is 18.0%, centered around an average error of 6.2%.

The uncertainty analysis given in Appendix H indicated that propagation through the capillary tube models
of inaccuracies in measured inputs would account for 2.0% error in the ACRC model and 2.6% error in the ASHRAE
mode.

The overprediction of mass flow by the capillary tube will have asignificant effect on the accuracy of the
room air conditioner system model, and addressing this inaccuracy should take ahigh priority in future work.
Capillary tube corrections based on inlet subcooling or pressure would be able to reduce the error in the capillary

tube models, although a physical explanation for such correctionsis not readily apparent.
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Figure 5.4 Capillary tube model error vs. inlet pressure

5.5 Condenser

5.5.1 Condenser Air Recirculation
Air recirculation may occur at the condenser, with condenser outlet air being drawn back through the inlet

grille. Thisrecirculation would cause the air temperature at the condenser inlet grille to be slightly higher than the
outdoor temperature due to mixing with the warmer recirculated air. Datafrom 54 data points at three fan speeds were
analyzed, and recirculation fractions ranging from about -0.01 to 0.02 were calcul ated, indicating that the actual
amount of recirculation istoo small to be discerned by our temperature measurements.
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A different type of recirculation is clearly observable in our test unit, however. The condenser fins do not
span the entire condenser exit grille, so that there isagap of about an inch on either side of the condenser, through
which exiting air is drawn back through the outlet grille to the lower pressure area upstream of the condenser. This
recirculation can be readily observed and will actually suck asmall string back into the outlet grill of the running air
conditioner.

Thistype of recirculation will be called "internal” recirculation and must be handled differently than the
external recirculation. Theinternally recirculated air never crosses a control volume boundary at the condenser outlet
grille and would not pass through a volumetric flow measurement device. Thusthe actual air volumetric flow through
the condenser equals the measured flow plus theinternally recircul ated flow.

Figure 5.5 depicts both types of recirculation, where frecircC isthe external condenser recirculation fraction,
frecircCint isthe internal condenser recirculation fraction, VdotaCmeasis the measured air flow rate, and VdotaC is
the actual air flow rate through the condenser coil.

TaoutC
3 20 2 1
Condenser
frecircC
TafanoutC frecircCint
< >
4 Fan 0 Toutdoor
motor VdotaC VdotaCmess
[]

Figure 5.5 Condenser air flow recirculation

If, for example, theinternal recirculation fraction were 0.1, then any measurement of condenser air mass flow
would underestimate the actual mass flow by about 10% and the ?T for heat transfer would be reduced by 11.1%.
These two affects are offsetting, so if one did not account for recirculation, i.e. used the measured air mass flow rate
and did not compute the reduced ET, the COP would be underpredicted, because the underestimation of air mass
flow has a greater effect than the overestimation of ET.

The magnitude of theinternal recirculation fraction cannot be quantified using the limited air temperature
measurements avail able, although the effect of ahypothetical change in the fraction can be evaluated using the room
air conditioner model. A rough estimate of the internal recirculation was obtained by assuming a0.75" strip of air on
either side of the condenser flowing into the outlet grille at 100 ft/min, yielding arecirculation flow of 15.6 CFM, or
about 2% of the measured condenser air flow rate.

If the air flow rate through the condenser coil is held constant, an internal recirculation of 0.02 will reduce
the actual COP by about 0.01 (Iessthan 1%). Thus the performance degradation due to internal recirculation on the
room air conditioner in question does not appear to be significant.

5.5.2 Condenser Heat Transfer Predictions
The condenser model is describedin Section 2.1. The condenser being modeled uses tubing that has been

enhanced with internal microfins. Because heat transfer and pressure drop correlations for the enhanced tubing are
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not available, refrigerant side heat transfer enhancement factors (EFrC) and pressure drop penalty factors (PFrC) are
multiplied by the appropriate smooth tube correlations to account for the effects of microfinned tubes.

Limited data for condensing heat transfer enhancement factors are available, but Dobson (1994) has
recommended using the area ratio between an enhanced tube and the equivalent smooth tube as afirst (probably
high) approximation. The arearatio of the tubing in the condenser being modeled (1.66) was used for EFrC.
Christofferson (1994b) measured a pressure drop penalty factor of 1.37 for R22 in a similar enhanced tube, and this
number is being used until pressure transducers are installed and PFrC can be evaluated directly for the test unit.

Using the parameter specifications above, the refrigerant temperature at the condenser exit (t3) was
predicted for 26 data points where no condensate was being sprayed on the condenser. Accuracy in t3 corresponds
to accuracy in thetotal heat transfer, and t3 directly relates to the amount of subcooling entering the capillary tube,
which has a strong effect on system massflow. Figure 5.6 compares the subcooling predictions with measured data.

Each degree of subcooling overprediction represents an approximately 0.4% condenser heat transfer overprediction.
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Figure 5.6 Condenser model's prediction of outlet subcooling for "dry" cases

5.5.3 Condensate Spray Heat Transfer Enhancement
When moisture removal occursin the evaporator, the condensate is channeled to a"sling ring" on the

condenser fan. The sling ring sprays the water onto the condenser, yielding a heat transfer enhancement that is
examined in detail in Appendix I.

Inreality, not al of the water coming from the evaporator () Will be utilized to enhance the condenser
performance. A portion of 17 Will be evaporated from the condensate pan (17 ,,,) or from the "dling ring” or fan
blade itself (Pg|ing ). Some water (Pmis) May be slung onto the housing surrounding the fan and condenser rather
than onto the condenser. Hopefully, the mgjority of the water (1 «, effective mass flow) will actually land on the coil
and directly enhance heat transfer performance, though a portion of the water that does make it to the condenser

could be blown completely through (P 4;ir). Thus amass balance on the water stream gives

Mg = Mg - Moan = Maging = Mies = Megite -
df total pan sling miss dift (5_ 3)
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Order of magnitude cal culations can estimate the importance of the various termsin the mass balance.

Potential rates of water evaporation were estimated using the Lewisrelation and a heat transfer correlation for laminar
flow over aflat plate as given in Incroperaand Dewitt (1990). These calculationsindicated that evaporation from the
condensate pan (1M ,,,) would be around 0.05 Ibm/hr and evaporation from the "sling ring” ( ging) would generally be
lessthan 0.1 Ibm/hr. These numbers are quite small compared to ar .y of 1 to 6 lbm/hr, which istypical of aroom air
conditioner. Observations of Tree and Goldschmidt (1978) and observations of air conditionersinvestigated in the
current project indicate that 1 4, i virtually zero, as no water is observed to be blown through the condenser. The
quantity 1 ;s is difficult to estimate analytically because of lack of knowledge of the spray pattern, though it may

prove to represent a significant mass flow of water evaporating into the air upstream of the condenser.

Usensible

Figure 5.7 Condensate spray schematic.

Also, since each water droplet may initially be cooler than the air, it can draw a portion of its heat of
vaporization from the air rather than the condenser fins, reducing the utilization of m;'s cooling potential. However,
the temperature difference between the water and the air would be significantly smaller than that between the water
and the fin, and as the water becomes warmer than the air, it will begin sensibly heating the air rather than being
heated by it. The conduction resistance between the water and the fin is also much smaller than the convection
resistance between the water and the air. Thusthe mgjority of the evaporative cooling potential should be drawn
directly from the condenser fins.

In atypical condenser utilizing condensate spray, only aportion of the condenser surface will be wetted.
Both latent and sensible heat transfer will occur on the wetted portion of the condenser. The latent transfer will be
simply 17« times the heat of vaporization of water.

The sensible heat transfer coefficient for the wet surface was cal cul ated based on work by Myers (1967) and
Threlkeld (1970) to be on the order of 10% higher for awetted condenser. According to Tree and Goldschmidt's
(1978) observations, generally less than 25% of the condenser is wetted by the spray, thusif the sensible heat

transfer enhancement were 10%, the overall effect of the enhanced sensible heat transfer would be about 2.5%.
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Considering the much larger uncertainty in evaporative losses prior to reaching the coil and the limits of our
experimental accuracy, the sensible enhancement can reasonably be ignored, as Tree and Goldschmidt did.

Based on observations by Tree and Goldschmidt (1978), we expect that the enhancement due to the
condensate spray would be affected most strongly by the mass flow of water supplied to the condenser pan.
Geometric factors that determine how much of the sprayed water directly hits the condenser would also have a
significant affect. The coil temperature and the humidity ratio of the ambient air should also affect the evaporative
flux on agiven area of the heat exchanger, but since excess water tends to be blown on to dry areasin actual
operation, the overall heat transfer rate should not be affected strongly. However, the changesin the rate of
evaporation before the water actually reaches the coil could have a significant effect on ;.

A proposed form for the enhancement is given in Equation 5.4, where hyg isthe heat of vaporization of water,
Qury isthetotal condenser heat transfer that would occur in adry condenser for the same operating conditions, and

Quet represents the enhanced total heat transfer when condensate spray occurs.

Mgt = Migra = NnA* Wo - Wy ) - Cp* Mgy (5.4)

Theterm h,,A represents an effective mass transfer coefficient times area (analogous to UA) for evaporation
from the condensate pan, the cabinet, and other constant evaporations. The coefficient C, accountsfor the physical
efficiency of thefan in delivering water to the evaporator coil. Observationsindicate that asignificant portion of
condensate is sprayed onto the condenser fan motor and the air conditioner cabinet, whereit will draw heat from the
those surfaces and thus not effect an heat transfer enhancement.

Predictions of heat transfer in the condenser can be made with the equation

Que = Qqry +Mgr * gy , (55
where hyg isthe heat of vaporization of water, Qqy iSthe total condenser heat transfer that would occur in adry
condenser for the same operating conditions, and Q. represents the enhanced total heat transfer when condensate
spray occurs.

The coefficients h,,A and C, in Equation 5.4 were eval uated based on experimental datataken with aroom air
conditioner testing facility. A least squares minimization indicated that the term containing h,,A had anegligible
effect, so h,,A was set to zero. The estimated valuefor C; was 0.73, which, in this simplified correlation, must account
for the physical efficiency of the sling ring aswell asfor small amounts of evaporation. Using this correlation, the
condenser heat transfer enhancement ranges from about 8% to 34% of the total condenser heat transfer for the
thirteen pointstested. Tree and Goldschmidt indicated that heat transfer enhancements of up to 40% were
obtainable.

Figure 5.8 shows the condenser model's prediction of subcooling for the 13 data points in which condensate
spray occurred. Using the condensate spray enhancement, the 95% interval on subcooling error for all 39 data points
was 7.8 °F, centered around an average error of -0.1 °F. This accuracy can be compared to a 95% interval on error of

6.6°F centered around 0.6°F for dry condenser cases alone.
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Figure 5.8 Condenser model's prediction of outlet subcooling for condensate spray

5.6 Evaporator
The evaporator model is described in Section 2.2. Like the condenser, the evaporator being modeled also

uses microfin enhanced tubes, and an appropriate refrigerant-side heat transfer enhancement factor (EFrE) and
pressure drop penalty factor (PFrE) are needed.

Christoffersen (1994) devel oped an enhancement factor correlation for evaporation, which was used to
determine avalue of 1.4 for EFrE for the evaporator being modeled. Christoffersen's measurement of 1.37 for the
pressure drop penalty factor in asimilar tube is also being used until the penalty factor for the evaporator can be
measured with refrigerant-side pressure transducers.

Using the parameter specifications above, the evaporator model was used to predict the evaporator capacity
and moisture removal for 39 data points. Figure 5.9 shows the evaporator capacity predictions versus measured
values. The 95% bound on capacity error is 3.6%, centered around the average overprediction of 2.8%. Thiserroris
on the order of the uncertainty in the evaporator capacity measurement, which was determined to be 2.7%in
Appendix H.

Figure 5.10 compares predicted and measured moisture removal rates and shows that the moisture removal
rate is overpredicted by 0.7 Ibm/hr on average, with a 95% interval of 0.8 Ibm/hr centered around the average. Inthe
context of a system model, the error in moisture removal prediction will adversely affect condenser model predictions,
because the cal culated moisture removal at the evaporator is used to determine the condensate spray enhancement in

the condenser.
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5.7 System Model
The various components of RACMOD predict with varying degrees of accuracy, with the most notable

problems being overprediction of mass flow rates by the compressor and capillary tube. The charge inventory
equations also overpredict the total system charge, although this may be due primarily to errorsin predicted
subcooled and two-phase area fractions, which are influenced strongly by the evaporator and condenser models.
The void fraction correlation and the estimated internal volume of the compressor are also potential sources of error.

At arating condition of 80 °F indoor temperature and 95 °F outdoor temperature, RACMOD predicts a
refrigerant charge of 1.65 Ibm, compared to the actual charge of 1.375. In order to test the rest of the system model,
the refrigerant charge was set to 1.65 |lbm.
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For testing the full system model, all component models were used without correction for known
inaccuracies. The ASHRAE capillary tube model was used because of its smaller error. Indoor and outdoor room
temperatures and humidities were specified, as were condenser and evaporator air flow rates and the fan power
usage.

Figures5.11 and 5.12 compare RACMOD's predictions for COP and evaporator capacity with measured
valuesfor 39 datapoints. The 95% interval on COP error is 0.71, centered around an average error of 0.33. The 95%
interval for evaporator capacity error is 2800 Btu/hr, centered around an average error of 1460 Btu/hr. The evaporator
capacity predictions of the system model are not as good as those of the evaporator component model alone because

the system model's predictions are also influenced by the inaccuracies of the other component models.
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Chapter 6: Summary and Conclusions

The ACRC room air conditioner model has been devel oped based on governing equations from the ORNL
heat pump model. Modifications have been made to the model including updated heat transfer and pressure drop
calculations and the addition of charge inventory equations. A first-principlesfinite difference capillary tube model
has been implemented using a"backsubstitution" technique that allows the capillary tube model's 200 equations to
be solved by adding only four simultaneous equations to the system model. A calculation of condenser heat transfer
enhancement due to condensate spray has al so been added.

The ACRC solver, a specialized Newton-Raphson equation-solving and analysis program, was devel oped
for RACMOD, the ACRC refrigerator model, and other models being developed in the ACRC. The solver allows
variable and parameter swapping without recompiling, contains speed and robustness enhancements, and allows the
modeler to implement subroutines to be called before, during, or after the solution process for purposes of variable
checking, pre or post-processing, or implementing equation switching in amodel.

Thefirst stage of instrumentation for an air conditioner — utilizing air side thermocouples only — has been
completed and measurements have been taken at 54 data points. These data establish a baseline for future
evaluations of theintrusive effects of installing refrigerant-side thermocouples and for quantifying the error
associated with surface thermocouples versus refrigerant side thermocouples.

The baseline data was also used here to make preliminary compari sons between predictions of the
component models and experimental data. It identified several deficienciesin some of the first-principles component
models that must be addressed with the help of more accurate and extensive experimental instrumentation in the
second stage of the experimental program. The capillary tube and void fraction models for charge calculation are
among the most difficult to accurately model from first principles, and they appear to be the limiting factors currently
in the accuracy of RACMOD.
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Appendix A: ACRC Equation Solver User's Reference

A.1 Introduction
The ACRC equation solver is a Fortran program for solving systems of nonlinear algebraic equations and

for performing sensitivity and uncertainty analysis on those systems of equations. The original impetus for
developing the program was to solve the systems of equations that make up the ACRC room air conditioner model
(RACMOD) and refrigerator models. The RAC model is used here as an example model.

The solver isintended for research and design purposes, with afile-based user interface that provides
flexibility in specifying of the program's operation and output. The organizational framework for the ACRC solver is
based on a TrueBasic sensitivity analysis program described by Porter and Bullard (1992). Running the solver is
straightforward--no programming knowledge is required, although making modificationsto a model requires abasic
understanding of Fortran. Parameter-variable switching allows amodel to be easily switched from a simulation mode
to avariety of design modes without re-compiling.

Understanding the governing equationsis necessary to properly use any model, and the solver's use of the
Newton-Raphson method allows all of the governing equations to be listed together in a single subroutine so that
they are easier to understand and modify. Sparse matrix Gaussian elimination and automated step relaxation enhance
the solver's speed and robustness, as described in Sections 3.3 and 3.4. The solver is also compatible with sparse

matrix Jacobian cal culation, which can be implemented in amodel as described in Section B.4.

A.2 Equation Solver Fundamentals

A.2.1 Newton-Raphson M ethod
A thorough explanation of the Newton-Raphson (NR) method of numerically solving a set of nonlinear

algebraic equationsis given by Stoecker (1989). The NR method requires that the equations to be solved be written
in"residua" format. For example, R = RHS - LHS would be the residual format of the equation LHS = RHS, where
RHS and LHS are the right and left hand sides of the governing equation, respectively. "R =RHS- LHS" iscalled the
i""residual equation," and R iscalled thei™ "residual value." If there are n equations and variablesin the system to
be solved, then a solution has been found when all residual values, R;... R,, are equal to zero. In practice, the system
is considered solved when the residual values are less than a specified tolerance.

Thefirst step in the NR method is the calculation of the Jacobian (J), which is done numerically by the
ACRC solver. The Jacobianisthe (nx n) coefficient matrix for the set of linear equations that best approximates the

nonlinear set at aparticular X, where x is the vector of variable values. The Jacobian is defined by

efR, . Rwu
e Ty
J=ga : I
R, . TRuu
gﬂxl ﬂXnH

where n isthe total number of equations. Once the Jacobian is calculated, the linear system J : (X - DX) = R is

solved for Dx, where R isthe vector of residual values. Then, for the linear approximation, J (X - DX) will yield
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residual values of zero. The correction to the variables, X =X - DX, ismade, and the residual values of the actual
nonlinear equations are calculated. The process of linear approximation and solution is repeated until all of the
residual values are less than a user-specified tolerance.

The Newton-Raphson method requiresinitial guesses for each variablein order to calculate the first residual
values and Jacobian. The NR method is not globally convergent, so poor guesses may not allow the program to

converge on a solution, as described in Section 3.4.

ACRC Equation
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and utility functions

Figure A.1 Solver-model relationship

A.2.2 ACRC Solver Terminology
Inthe ACRC solver, variablesin the governing equations are referred to by the letter " X", with X values

being synonymous with variable values. Similarly, all user-specified parametersin the modeling equations are
referred to by "K," and residual values arereferred as"R" values. The X'sand K's are stored together in the array
XK, and avariable or parameter's position in that array determinesits XK#.

Itisimportant to understand what is meant by "model" and "solver." The solver isthe Fortran program that
keeps track of most input and output files and either solves a given system of governing equations or performsa
sensitivity or uncertainty analysison them. Strictly speaking, "model" refers to the governing equations that
represent the system to be simulated. In the context of the ACRC solver, "model" also encompasses the Fortran
subroutines that handle simulation-specific initialization tasks, check the XK values, and calculate the residual values
for the governing equations. The solver-model relationship is depicted in Figure A.1, although the options of

multiple runs and sensitivity and uncertainty analysisin the solver are not shown.
A.3 Input File Descriptions

Threefilesare used asinput by the solver and model: asolver settingsfile, an instructionsfile, and an

initialization file. Thesethreefiles are described below, and an example analysisis given in Section A.4.
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A.3.1Initialization File
The XK initialization file, an abbreviated sample of whichisgivenin Table A.1, containsinput valuesfor all

of the model's parameters and initial guessesfor al of itsvariables.

Table A.1 Sample XK initialization file

** XK initialization file: initializes variable guesses and paraneter val ues.
*o* Paraneters are flagged with 'K and variables are flagged with 'X

*o* The units are delimted with "'[ ]'.

*o* The | ast nunber signifies the nunber of decimal places (0-10).

** The ORDER of the input |ines CANNOT CHANGE wi t hout program nodification.

Fl ag Nane XK# Val ue Units # of digits
ok ok ok K ko ok ok % DO NOT DELETE THESE FI RST SEVEN LI NES! Fok Kk ok ko ok ok Kk k ok k%

X COoP = XK( 1) = 1.74 [ ] 2

X EER = XK( 2) = 5.95 [Btu/hr-W 2

X degsubcool = XK( 3) = 0.0 [F] 1

K Tout door = XK(162) = 111.9 [F] 1

K Ti ndoor = XK(163) = 60.0 [F] 1

K Rhai C = XK(164) = 0.420 [ ] 3

The X and K flags indicate whether each line is specifying avariable or aparameter. The names correspond
to the Fortran variable names for the model's variables and parameters, and the numbersin parentheses are the "XK
#s." Thevaluesareinitial guesses for variables or specified values for parameters. Units must be delimited by
square brackets, and the number of digitsto be output in solution filesis specified by the number in the rightmost
column. The order of the namesin the XK file cannot be changed without modifying parts of the program code, asis
described in Section B.3.4.

A.3.2 Instructions File

The four analyses that may be performed with the ACRC solver are denoted "SINGLE," "MULTIPLE,"
"SENSITIVITY," and "UNCERTAINTY." The"SINGLE" analysis simply loads parameter values and initial guesses
from the XK file, solves the equations with the NR method, and outputs the solution. The"MULTIPLE" analysis

allows solutions of the equations to be performed for multiple sets of parameter values, so that alarge number of

parametric runs can be performed conveniently. The"SENSITIVITY" analysis findsthe influence coefficients of the

variables with respect to specified parameters, i.e. ﬂ—:zj . The"UNCERTAINTY" analysis performs either an ASME
[

root-sum-square (RSS) or additive (ADD) uncertainty analysis or aMonte Carlo (M C) uncertainty analysis on the

equations. The uncertainty analyses and their implementation are described in Appendix H.

Theinstructionsfile ("INSTR" in the case of the sample solver settingsfilein Table A.5) directsthe
execution of the program for each of the four analyses. Tables A.2-A.3 provide line-by-line explanations of sample
instructions files for the single, multiple, and sensitivity analyses, and the uncertainty analysisis discussed in
Appendix 2

Theinstructionsfile specifies the type of analysisto be performed (the name is case-sensitive), the name of

the XK initialization file, an extender to be appended to all output filenames, and any other information that may be



necessary for execution of the analysis. The separator ***' may be used to separate multiple sets of instructions,
which will be performed in sequential order. Intheinstructionsfile, both variables and parameters are referred to by
their XK#'s rather than by name.

Table A.2 containsinstructions for two single runs, the first using thefile "XK" asan initialization file and
appending "out" to the output file names, while the second reads parameter values and initial guesses from thefile

"XK2" and appends "out2" to all output filenames.

Table A.2 Sampleinstructionsfilefor "SINGLE" analysis

Example Description
SINGLE Type of analysis (solve for a single set of parameters)
XK Name of initialization file
out Extender to append to output file names
ok Separator (allows multiple sets of instructions in one
file)
SINGLE See above
XK2 :
out2

For amultiple analysis, the base parameter values and initial guesses are loaded from theinitiaization file.
Theinstructions file for amultiple analysis contains alist of parameters which are to have their values modified
between solutions, aswell asalist of valuesfor those parameters.

The user also specifies the number of intermediate steps to take between solutions. If the number of
intermediate stepsis one or more, then the"MULTIPLE" analysiswill direct the NR solver to perform solutions for
that number of intermediate solutions--linearly interpolating between the previous specified parameters and the next
specified parameters. This enables a smooth transition from one set of parameters to another when amodel isvery
sensitivetoinitial guesses. The number of intermediate steps should remain set to zero if no problem occursin
solving amultiple run, because the "extra" solutions for the intermediate steps increase the execution time.

As specified in the solver settingsfile, the solutions can be saved individually asinitiaization files and
combined in atab-delimited file to be read by a spreadsheet. Intermediate solutions are not saved.

Table A.3 Sampleinstructionsfilefor "MULTIPLE" analysis

Example Description

MULTIPLE Type of analysis (solve for multiple sets of parameters)
XK Name of initialization file

mit Extender to append to output file names

32,1 # of runs, # of parameters to vary, # of intermediate steps
250,274 XK#'s of the parameters to be varied

80.0,95.0 List of specified parameter values for run #1

90.0,95.0 List of specified parameter values for run #2

90.0,105.0 List of specified parameter values for run #3
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For a sensitivity analysis, asolutionisfirst performed for the parameter values given in theinitiaization file,

and then influence coefficients are calcul ated for the parameterslisted in theinstructionsfile. In addition to the

T, x; /9K,

standard influence coefficients, —L , arelative influence coefficient, — k_ , isalso calculated, which indicates
. X. )

i ] i
the percent changein x; (expressed in decimal format) given apercent changein ki. Theinfluence coefficients are
saved to the file "SA .extender" in atab-delimited format.

Table A.4 Sampleinstructionsfilefor "SENSITIVITY" analysis

Example Description

SENSITIVITY Type of analysis (find influence coefficients)

XK Name of initialization file

sns Extender to append to output file names

5 Number of parameters for which to calculate influence coefficients
161,162,166,206,247 | XK#'s of parameters for which to calculate influence coefficients

A.3.3 Solver Settings File
Thefile"SLVERSET" contains settingsfor various solver parameters, convergence criteria and tol erances,

and output options. The sample SLVERSET filein Table A.5 isfollowed by descriptive notes. Some of the output
settings (printing initial, intermediate, and final XK and R values) are primarily useful for debugging a model, and
normally the solver settings do not need to be changed. However, the iteration summaries and final summaries may

be turned off during a Monte Carlo uncertainty analysisto eliminate excessive output.
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Table A.5. Sample solver settings"SLVERSET" file

Sample File Note
KKK AR KR AR KRR K KR AK KA AK KA AT KA AT KA AT KTA AT A AKX A KK *A K
*kkkhkkkk* NE\M’O\I_RAPHSO\I SETT' NGS *kkkhkkkk*
Instruction file nane : INSTR 1
Step factor for partial derivatives ;. 0001 2
Maxi mum al | owabl e NR iterations : 60 3
Convergence criteria 1(Maxi numresidual): 1.0e-6 4
Convergence criteria 2 (RMS residual) : 1.0e-7 5
Sel ected convergence criteria (1 or 2) : 1 6
NR step rel axation paraneter 1.0 7
Use sparse matrix techni ques? ;. TRUE 8
Updat e guesses between runs? : . TRUE 9
kxkkxkx*x CENERAL OUTPUT SETTI NGS ********
Send general output to screen? ;. TRUE 10
Send general output to a file? : . FALSE. 11
Print abbreviated sol ver settings? : . TRUE 12
Print initial XK val ues? : . FALSE. 13
Print initial residual values? : . FALSE. 14
Print iteration sunmaries? : . TRUE. 15
Print intermedi ate XK val ues? : . FALSE. 16
Print internmedi ate residual val ues? : . FALSE. 17
Print final XK values? : . FALSE. 18
Print final residual values? : . FALSE. 19
Print a final sunmary : . TRUE. 20
R I SG_LJT'O\I aJTPLJT SETT' NGS R I
Save XK values in input file format? : . TRUE 21
Save XK val ues in spreadsheet format? : . TRUE 22
Qutput digits 0-10 (-1 = as in XK file) : -1 23

Notes:

1 Specifies the name of the file from which instructions for particular analyses are to be read.

2 When numerical partial derivatives are taken (% = % ) thisfactor is used to determine
j j

Dx;,ie Dx; = x; :(step factor).

Maximum number of iterations allowed before the NR routine prematurely terminates.

Maximum residual convergence criteria.

Root-mean-square (RMS) convergence criteria.

Selects which of the above two convergence criteriaare to be used.
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7. A parameter that is multiplied by the correction to the x values for each NR step, i.e.
X =X - (relaxatior parameter ):Dx.

8. Use sparse matrix Gaussian elimination techniquesif "true.”

9. If "true,” during amultiple run the solution for the first set of parameters will be used asinitial
guesses for the second solution, and that solution will be used for the third, etc. If "false,”
guesses are read from theinitialization file before each solution.

10.  Specifiesthat output is sent to the screen during program execution.

11. Specifiesthat output is sent to afile named "O.extender" during program execution.

12.  Specifiesthat part of the solver setting information be printed in the general output.

13.  Print XK valuesin a condensed format before the solution begins. In the condensed format, the
integer followed by a colon on each row isthe XK or residual number corresponding to the first
value on that row. For the example shownin Table A.2, XK #5 has the value 0.59003 and XK #8
has the value 576.27.

Table A.2 Sample condensed XK value output.

XK Val ues :
1: 5.5023 6. 3092 0.72624 0. 83445
5 : 0.59003 955. 20 744. 13 576. 27
9 : 526. 99 49, 283 112.85 98. 217
13 : 112.85 54. 291 76. 664 62.327 .......

14.  Print residual valuesin acondensed format before the solution begins.

15.  Printasummary of iteration #, step relaxation parameter, and maximum and RMSresidual .

16. Print XK valuesin acondensed format after each iteration.

17.  Print residual valuesin acondensed format after each iteration.

18.  Print XK valuesin acondensed format after solution.

19.  Print residual valuesin acondensed format after solution.

20.  Print summary of number of iterations, maximum residual, and RMSresidual after solution.

21. Savethesolutionto afile"XK.extender" in the format of an XK initializationfile.

22.  Savethesolutionto afile"S.extender" in atab-delimited format for use by a spreadsheet.

23.  If thisnumber is an integer from 0 to 10, then the specified number of output digitsin the XK file
will be overridden, and the number given here will be used instead.

A.4 Running the Solver

A.4.1 SingleRun
To solve amodel (RACMOD being used here as an example) for agiven set of input parameters, the three

input files must be located within the same directory as the compiled solver program. Thefile"SLVERSET" must
contain the name of the instructions file to be used, and the instructions file should be set up asin thefirst part of
Table A.2. The XK file should contain the parameter values for the case for which asolution is desired.
When the executable name of the compiled solver ("rac" in this example) is entered, the following should
appear:
$ rac

Si ngl e Run using extender: out
Rebui |l d the NonZerolList?

"y" if residual equations have been nodified or if paranmeters and/or
vari abl es have been swapped (y/n).



Because the NonZeroL.ist keeps track of which Jacobian elements will always be zero (see Sections 3.3 and
B.4), it must be rebuilt when the equations are modified. Swapping variables and parametersindirectly changes the
equations, so this also necessitates rebuilding the NonZeroList, as does switching between the two available
capillary tube models. When the program isrun for thefirst time with a new or modified model, "y" should be
entered. Building the NonZeroList involvestaking al n? partial derivatives for the Jacobian, where n is the number of
equations, so the building process may take afew minutes for alarge equation set. The NonZeroL.ist is saved to the
file"NONZEROL.IST" so that it can beread from afilein the future to save time.

After selecting "y," the following will appear:

Creating NonZerolLi st.

Usi ng regul ar evaporator equations.
Usi ng regul ar condenser equati ons.
Usi ng regul ar cap-tube equations.

The statementsindicating that "regular" equations are being used are printed by RACMOD's initial
checking subroutine, which determines, for example, whether the initial parameter values and variable guesses
indicate that the evaporator exit is "regular" or two-phase. Once the NonZeroL ist has been built, the output will
continue and is shown here for a case where the output flags are set asin Table A.5. The second and third iterations
are deleted for brevity.

NonzerolLi st saved to file "NONZEROL. | ST"
Usi ng regul ar evaporator equations.

Usi ng regul ar condenser equati ons.
Usi ng regul ar cap-tube equations.

*xxxkxxx NEWTON- RAPHSON SETTINGS ** %% % %%

Instruction file nane : I NSTR
Step factor for partial derivatives . 0. 100E-03
Maxi mum al | owabl e NR iterations : 60
Convergence criteria 1(Maximum residual): 0.100E-03
Convergence criteria 2 (RMS residual) . 0.100E-04
Sel ected convergence criteria (1 or 2) 1

NR step rel axation paraneter : 1.00

Use sparse matrix techni ques? : T
Updat e guesses between runs? : T

Maxi mum r esi dual : 1828. 8 in Egn #111

RMS resi dual : 146. 35

Beginning iteration # 1
Took a Newt on- Raphson step with Beta = 1. 0000
Maxi mum r esi dual : 66. 998 in Egn #101

RMS residual: 6.2030

Beginning iteration # 4
Took a Newt on- Raphson step with Beta = 1. 0000
Maxi mum r esi dual : 0.20118E-08 in Egn #111

RMS residual: 0.23042E-09



Finished in 4 iterations.
Maxi mum resi dual : 0.20118E-08
RMS residual: 0.23042E-09

Witing solution as an initialization file: XK. out
Witing spreadsheet-readable solution file: S. out
Program Executi on Conpl ete.
"Beta" isthe current value of the NR step relaxation parameter. The"EQN #" indicates the number of the
residual equation that has the maximum residual value, which can be useful in debugging a new model.

A.4.2 Parameter-variable swapping
In anormal simulation mode, the total refrigerant charge in the systemis specified as a parameter (Mtotal)

and the degrees of subcooling isavariable. If one wanted to instead specify a particular amount of subcooling and
solve for the amount of charge that would be required, only two flags need to be changed in the XK initialization file.

Thelines

X degsubcool = XK( 3) = 12.1 [F] 1

K Motal = XK(170) = 1.4335 [ bnj 4
would have to be changed to

K degsubcool = XK( 3) = 12.1 [ F] 1

X Motal = XK(170) = 1.4335 [ bni 4

Then the solver can be run as described above. Caution must be exercised when swapping variables and
parameters to ensure that the equations are not made singular or non-independent because of the swapping. When
the configuration of the equationsis changed through swapping, the model may also become more sensitiveto initial
guesses.

It isrecommended that a solution of the original equation set be found before swapping, and that solution
be used as abasis for the new XK file with swapped parameters and variables. Thisensuresthat theinitial guesses
will be very good for the first solution attempted with the new configuration.

If the equations are very sensitive to a particular parameter, making alarge change in the value of that
parameter may cause difficulty in solving. Inthiscase, it isbest to achieve the desired parameter change with a
series of intermediate steps, with each intermediate solution being used as the initial guessesfor the next step. The
multiple analysis option is convenient for this technique, although solution output files can also be renamed and
used asinput filesfor the single analysis.

A.4.3 Automated step relaxation
If aNR step istaken that does not decrease either the maximum residual value or the root-mean-square

residual value, the solver will untake that step, halve the step size, and take the smaller step. The process will be
repeated if successive steps do not improve the residual values, although if the residuals do not improve after

reducing the step size to 2, the solution will be terminated with an error.



In the course of asolution, the model's equations may attempts to divide by zero or raise non-integer
numbers to negative powers, and other numerical problems may occur. If the ACRC solver isrun on amachine that
does not halt program execution immediately upon the occurrence of such errors, the subroutine Vectorinfo will
check to see if any residuals have the value NaN ("Not aNumber".) If they do, it will give that residual avalue of
99%. Thus when the maximum and RM S residual values are checked, they will have increased and the automated step
relaxation discussed above will untake the bad step.

Automated step relaxation greatly increases the robustness of the solution process, and consequently
reduces the required accuracy ininitial guesses.

A.4.4 Troubleshooting
Care must be taken for al input files to ensure that floating point numbers contain a decimal point and that

numbers which should be integers do not contain adecimal point. Otherwise, the input information may be
misinterpreted.

There should also always be at least one empty line at the end of any of the input files, or the last line of
input may not be read. This may cause the solver to falsely report that not enough variables or parameters were
found.

A good way to ensure that the parameter and variable values are being read properly isto select in
SLVERSET the option to print initial XK values. These values can be checked against the XK fileto ensure their
accuracy.

If thereis difficulty solving for aparticular set of parameters, a solution can often be found by starting with
aprevious solution and gradually changing the parameter values to the desired ones, as described in Section A.4.2.

Choosing asmaller NR relaxation parameter will sometimesimprove the solution robustness, although it will
also increase the required number of NR iterations for a solution.

If thereisasingularity in the Jacobian, the program will return a message that either one equations contains
no variables or one variable does not appear in any equation. These problems may be due to improperly switching
variables and parameters or from a problem with the equations themselves.

Specifying that the NonZeroL.ist be rebuilt will solve convergence problemsif the NonZeroList has become

out-of-date by X-K swapping or otherwise altering the equations.
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Appendix B: ACRC Solver Programming Reference

B.1 Overview of ACRC Solver Features
The ACRC Solverisintended for general use with any system of nonlinear governing equations, although it

contains features that make it particularly useful for thermal systems problems. The solver isamultifunction program
for solving equations, as well as performing other analyses, and outputting the results. The solver is distinguished
from the model according to the definition given in Section A.2.2.

The solver uses a Newton-Raphson algorithm that performs automatic step relaxation and allows the
governing equationsto be "switched" in mid-solution. It optionally outputs information about variable, parameter,
and residual values and solution progress that is useful for model development and debugging. Model-specific
"checking" subroutines are accessed before, during, and after the solution process so that checking and pre- and/or
post-processing of NR variables and parameters can occur, or other model-specific tasks can be performed.

The solver's NR variable handling structure allows variables and parameters to be referred to by namein the
governing equations rather than by number and allows variables and parameters to be "swapped" in the model
without recompilation of the Fortran code. The solver numerically cal culates the Jacobian and provides information
to the model that allows the implementation of a sparse-matrix Jacobian calcul ation method within the model, though
itsimplementation is not required.

The solver can perform multiple parametric solutions of the governing equations as well as sensitivity and
uncertainty analyses, and output for solutions and analyses is produced in spreadsheet-readable and XK
initialization file formats.

Pseudocode for the ACRC solver program, along with details of the file structure and subroutine

descriptionsis provided in Appendix C.

B.2 The Solver-Model Interface
In order to use the solver's features, guidelines for solver-model interface must be followed, as described

below. The sample model in Appendix D demonstrates the essential s of the solver-model interface, aswell as the
implementation of sparse-matrix Jacobian calculation and equation "switching" in amodel. Following the example of
Appendix D and of the ACRC room air conditioner model listing in Appendix K isthe best way to ensure that a new
model interfaces properly with the solver.

B.2.1 Use of "Included" Files
The main method of communication between the solver and model is Fortran common blocks which allow

variablesto be shared between various subroutines. These common blocks, along with many frequently-used
variable declarations, are usually located in "include" files, denoted by the extender "INC." Thesefiles areincluded
in subroutines viathe Fortran "include" statement. Table B.1 showswhich "include” files are used by particul ar

subroutines of the mo del and solver, and Table B.2 describes the contents of the various "include" files.



TableB.1"Include" filesin the solver and model

Include File Name

Model Subroutines ACRC Solver Subroutines

DIMENSN.INC InitializeModel, SingleRun, MultipleRun, SensitivityRun, UncertaintyAnalysis,
CreateNonZeroList, SensCoeffCalc, GetX, PutX, NRMethod, CalcD,
ReadNonZeroList CheckForSingular, InitializeModel, CalcR, Nzero, XGauss,
Gauss, OutputlnitFile, OutputSprdShtFileHeader,
OutputSprdShtFileLine
EQUIVLNT.INC CalcR, Initialize, IC, SensitivityRun, MultipleRun, UncertaintyAnalysis,
BC, FC SensCoeffCalc, GetX, PutX, XKPrnt, OutputlnitFile,
OutputSprdShtFileHeader, OutputSprdShtFileLine
ERRCOM.INC CalcR, IC, BC, FC MAIN ACRCsolver, Getlnstructions, GetSeparator,

GetSolverSettings, SingleRun, MultipleRun, SensitivityRun,
UncertaintyAnalysis, NRMethod, InitializeModel, XGauss,
Gauss, StoreError, PrintErrorlist, OutputSprdShtFileLine

GAUSSCOM.INC

SensCoeffCalc, NRMethod, Nzero, XGauss

GENCOM.INC IC,BC, FC MAIN ACRCsolver, GetInstructions, GetSeparator,
GetSolverSettings, SingleRun, MultipleRun, SensitivityRun,
UncertaintyAnalysis, SensCoeffCalc, NRMethod, CalcD,
XKPrnt, VectPrnt, PrintSolverSettings

NISTCOM.INC Initial, psatt, tsatp, hpt,

htx, hpx, vpx, vtx, vpt,
saturation, xph, cvpt,
cvpsat, spt, spx

NRCOMMON.INC

CreateNonZerolList MultipleRun, SensitivityRun, UncertaintyAnalysis,
SensCoeffCalc, NRMethod, CalcD, CheckForSingular,

Nzero, XGauss, Gauss

XANDKCOM.INC

InitializeModel,
CreateNonZeroList

SingleRun, MultipleRun, SensitivityRun, UncertaintyAnalysis,
SensCoeffCalc, GetX, PutX, NRMethod, CalcD,
CheckForSingular, Nzero, XGauss, Gauss

XKCOM.INC

InitializeModel MultipleRun, SensitivityRun, UncertaintyAnalysis,
SensCoeffCalc, GetX, PutX, OutputlnitFile,

OutputSprdShtFileHeader, OutputSprdShtFileLine

Table B.2 Description of "include” files

Include File Name Description

DIMENSN.INC Defines the Fortran parameters Xmax, Kmax, and XKmax, which specify the maximum
allowable number of variable, parameters, and the sum of Xmax and Kmax,
respectively, for use in array declaration statements.

EQUIVLNT.INC Declaration and common block for the XK array, and "equivalence" statements that
cause the elements of the XK array to be interchangeable with corresponding variable
and parameter names

ERRCOM.INC Declarations and common blocks pertaining to error handling

GAUSSCOM.INC Declarations and common blocks used by the Gaussian elimination routine

GENCOM.INC Declarations and common blocks for all variables set by the SLVERSET file

NISTCOM.INC Declarations and common blocks for property functions

NRCOMMON.INC

Declarations and common blocks for the residual array, the Jacobian, the delta X step
array, etc. for the Newton-Raphson routine

XANDKCOM.INC

Declarations and common blocks for X, Xnm, NumVar, and NumPar

XKCOM.INC

Declarations and common blocks for the XK name and flag arrays and Xmap
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B.2.2 The XK and X Arrays
Two important features of the solver are that variable and parameter names may be used directly in the

governing eguations (unlike most "canned" Newton-Raphson solvers) and variables and parameters can be
"swapped" without recompiling, as described in Section 3.2. In order to facilitate these features, a system of handling
NR variables and parameters was created as described below.

The primary storage location for variables and parametersisthe XK array, the elements of which are made
"equivalent" to Fortran variables that bear the names of the variables and parameters as they occur in the governing
equations. For example, inthe room air conditioner model, XK (1) and COP are "equivalent" and thus may be used
interchangeably. Asdiscussed in Section A.2.2, parameters and variables are usually referred to by their XK#in the
solver, while the governing equations and IC, BC, and FC routines refer to them by name. The XK array and the
"equivalent” Fortran variable names are declared and put in acommon block in EQUIVLNT.INC so that they can be
easily included in different subroutines.

The Newton-Raphson and Jacobian cal culation subroutines require that the variables be in asingle array, X.
The array Xmap keeps track of which elements of the XK array are variables. For example, Xmap(1) = (XK# of the
first variable) and Xmap(23) = (XK# of the 23rd variable). The subroutine GetX is used by NRMethod and CalcD to
transfer values from XK to X, and PutX transfers values back from X to XK.

B.3 Modifying a Model
Appendix D demonstrates the requirements for the solver-model interface and is helpful for understanding

how to modify an existing model. The checklist in Section B.3.1 covers the main issues involved with modifying a

model, and the subsequent sections provide details for specific modifications.

B.3.1 Model Modification Checklist

1 There must be an equal number of residual equations and NR variables and they must be
defined so that the equations are neither singular nor non-independent.

2. The Fortran parameters Xmax, Kmax, and XKmax in DIMENSN.INC must be large enough to
accommodate all variables and parameters, and XK must be dimensioned in EQUIVLNT.INC to
have the same size as XKmax.

3. The XK initialization file and EQUIVLNT.INC must be consistent in variable and parameter
ordering and all model parameters and variables must be declared as double precision Fortran
variablesin EQUIVLNT.INC. All XK#'sshould be consecutive.

4. The number of parameters and variables (NumPar and NumV ar) specified in InitializeM odel must
be correct.

5. If sparse-matrix Jacobian calculation isbeing used, all linelabelsinthe" computed GOTO"
statement in CalcR must be consistent with the labels of the appropriate residual equations.

6. For sparse-matrix Jacobian calculation, any equation that may sometimes not reflect its
dependence on all of the variables that it may ever contain should be augmented with a auxiliary
residual equation that is executed only when NonZeroFlag istrue. The replacement equation
should contain every variable or parameter that may ever occur asavariablein that equation.
(See Section B.4 and the examplein Appendix D.)

7. ThelC, BC, and FC subroutines should be appropriately programmed for the specific needs of
the model, and if they are not needed, they should be left as empty subroutines.

8. All functions and auxiliary Fortran variables used by the governing equations should be
properly declared in CalcR.




B.3.2 Changing Equations
Making a modification to existing egquations only involves making the changes in the governing equations

in CalcR and recompiling the program, unless parameters are removed or added, as described in Section B.3.2.

B.3.2 Adding or Deleting Parameters or Variables
If changes to the governing equations involve the removal of old parameters or variables or the creation of

new ones, the appropriate changesin the XK initialization file, EQUIVLNT.INC, and InitializeM odel must be madein

accordance with checklist items 2, 3, and 4.

B.3.3 Adding or Deleting Equations
Changing the number of equations entails changing the number of variables as described in Section B.3.2.

The appropriate line labels should be inserted in or removed from the "computed GOTO" statement in CalcR, and the
residual equations should be numbered consecutively and consistently with the "computed GOTO" statement. The
room air conditioner model uses pointersthat indicate the residual equation number at which a particular component
model begins. Thisallows equations to be added to or removed from a component model without renumbering the
residualsin all subsequent components--only the pointers to subsequent components need to be changed.
Checklist item 6 also applies when an equation is added.

B.3.4 Rearranging the XK Initialization File
The variables and parametersin the XK initialization file can be listed in any order aslong as the conditions

of checklist item 3 are met.

B.3.5 Modifying IC, FC, and BC
If new code isto beincluded in any of the checking subroutines, the appropriate common blocks must be

included in the subroutines. 1n most cases, only thefile "EQUIVLNT.INC" should be needed. Appendix D gives

more information on implementing the checking routines.

B.4 Implementation of Sparse-matrix Jacobian Calculation
This section provides an overview of sparse-matrix Jacobian calculation and summarizes the motivation for

itsuse. Individual aspects are discussed further throughout thisthesis.

Section 3.3 explains that sparse-matrix Jacobian calculation is necessary to reduce the number of partial
derivatives that must be cal culated when generating the Jacobian, which would otherwise require n? partial derivative
evaluations, where nis the number of equations.

Thelogic that must be included with the governing equations to implement sparse-matrix Jacobian
calculation makes them less readable, but it reduces execution time for the RACMOD and other large models by a
factor of 6 to 9 times and isthus well worth the clutter in the equations.

The concept behind sparse-matrix Jacobian calculation issimple. Intheinitialization stage of running a
model, the full Jacobian matrix of n? partial derivativesis calculated, which takes afew minutesfor large models. The
Jacobian isthen scanned to determine which elements are nonzero, and this information is stored in the two-
dimensional array NonZeroList. Later, only Jacobian elements that may potentially be nonzero are actually

calculated, and therest are assumed to be zero.

a4



Table B.3 gives an example Jacobian for a set of four equations, and Table B.4 depicts the corresponding
NonZeroList. Recall that the Jacobian isthe matrix of the partial derivatives of residual equation values with respect
to the NR variables.

efir, ~ TRyu
el Mxag
J=a : o
efR, . TR,u
gﬂxl 1]Xn H
Table B.3 Sample Jacobian matrix
X1 X2 X3 X4
Ry | .54 0 0 0
Ro| © -.02 0 0
R3 2.6 0 -4.55 0
Ry | -22 61 0 3.8
Table B.4 Sample NonZeroL ist
#0 #1 #2 #3 #4
1 1 2 3 4
2 3 4 0 0
3 4 0 0 0
4 0 0 0 0

The sample NonZeroList indicates that variable #1 occursin residual equations#1, 3, and 4; Variable #2
occursin the second and fourth residual equations, etc. Column #0 of NonZeroList is used when it is necessary to
evaluate all residual values at once'.

When the Jacobian matrix is being calculated in the course of the NR solution, CalcR must be called once for
every variable with respect to which a partial derivativeisbeing calculated. Theresidual values R thus attained are

DR
used to numerically calculate the derivatives D_ . Only those residual valueswhich are affected by a given variable
X

need to be calculated in agiven call toCalcR. CalcR containslogic that evaluates only those equations which are
affected by aparticular variable. The demonstration model in Appendix D illustrates thislogic, which uses a
"computed GOTO" statement to execute equations individually, using the NonZeroL st to determine which equations
must be evaluated when calculating the partial derivatives with respect to a particular variable.

Asexplained in Appendix A, each timethe solver isrun, the user is asked whether the NonZeroL ist should
berebuilt. The NonZeroList issaved to the file"NONZEROL.IST" each timeit is generated, so that if the equations

have not changed in any way, the NonZeroL ist can simply be |loaded from afile, saving a significant amount of time.

*  Once per NRiteration, all of the residual values must be evaluated at once so that their maximum and root-mean-
square residual values can be found. Column #0 of NonZeroList contains alist of all equation numbersand is
used for this purpose.
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The NonZeroList must be rebuilt when the equations are changed directly or when they are changed indirectly by
variable-parameter swapping or selecting a different capillary tube model with the CapTubeSel ect parameter.

Certain governing equations may not always reflect their dependence on every variable that they may ever

n n

contain. For example, inthe equation R, =y - max(a,b), will be nonzero when a>b, and will be nonzero

when b>a. In order to ensure that the NonZeroL ist accounts for every Jacobian element that may ever be nonzero, an
auxiliary residual equation isrequired that is only executed when the NonZeroL ist is being generated. Theflag
NonZeroFlag is set true when the NonZeroL st is being built, so the statement "If (NonZeroFlag) Then R, =y + a+b"
would ensure that the NonZeroL ist indicates that residual #n may have nonzero partial derivativeswith respecttoy,

a, orb.



Appendix C: ACRC Solver Pseudocode and Subroutine Descriptions

The program structure of the solver is depicted in Figure C.1 and outlined in detail by the pseudocode
presented below. Only the major subroutines and program operations are shown. Pseudocode is given for the main
program and for the subroutines SingleRun, MultipleRun, SensitivityRun, UncertaintyAnalysis, and NRMethod. The
actual subroutine names are used in the"Call" statements. An overview of the file organization with brief
descriptions of all of the solver's subroutinesis givenin Table C.1.

Within the pseudocode, the notation " (in model)" indicates that the subroutine being called is actually part

of the "model" program, not the solver.

Start

| GetSolversettings |
I

{ Getlndructions J

l

b i
[ MultipleRun ] SngleRun

[Sensitiv;tyRun ] [Uncertain;yAndysis ]

! : ' l ,
No {End of Ingtructions? ]
| Yes
[ End Program ]

Figure C.1 Flowchart of solver organization

The ACRC solver is organized into many files which are compiled using a"make" file that automatically
compiles and links the subroutinesin the various files. The use of "include" files within various subroutinesis

discussed in Section B.2.1.



Table C.1 ACRC solver file structure and subroutine descriptions

File or Subroutine
Name

Description

MAIN.f

This file contains the main program structure of the ACRC solver as depicted in
Figure C.1

MAIN ACRCsolver

Main program unit

Getlnstructions

Reads the analysis type, XK filename, and output flename extender from the
instructions file

GetSeparator Looks for the separator "***", which indicates the start of a new set of instructions
GetSolverSettings Reads the information in the file SLVERSET
shortn Concatenates two strings
SINGLE.f This file contains the subroutine for the "SINGLE" analysis
SingleRun Performs a solution of the governing equations for a single set of input
parameters, as given in the XK initialization file
MULTIPLE.f This file contains the subroutine for the "MULTIPLE" analysis
MultipleRun Performs multiple solutions of the governing equations using a base set of input
parameters from the XK file, with specified parameters modified according to the
instructions file
SENSTVTY.f This file contains subroutines for the "SENSITIVITY" analysis
SensitivityRun Performs a sensitivity analysis, i.e. calculation of influence coefficients, for

parameters that are specified in the instructions file

SensCoeffCalc

Calculates the influence coefficients

UNCRTNTY.f

This file contains subroutines for the "UNCERTAINTY" analysis

UncertaintyAnalysis

Performs an ASME, ADD, or RSS uncertainty analysis or a Monte Carlo analysis
according to instructions in the instructions file

ran Random number generator
rect Rectangular distribution generator
normal Normal distribution generator
NRMETHOD.f This file contains subroutines for performing the Newton-Raphson method
NRMethod Solves the governing equations using a modified Newton-Raphson method
CalcD Numerically calculates the Jacobian matrix
CheckForSingular Checks for singularities in the Jacobian
Vectorinfo Calculates the maximum and root-sum-square values of a vector (usually the
residual value array) and changes NaN to 99e99
AssVect Assigns one array the values of another
VectDiff Subtracts two arrays, storing the result in a third array
VectAdd Adds two arrays, storing the result in a third array
ScaMult Multiplies an array by a scalar
MatDif Subtracts one matrix from another
GetX Transfers NR variable values from the XK array to the X array
PutX Transfers NR variable values from the X array to the XK array
GAUSSIAN.f This file contains subroutines for Gaussian elimination
Nzero Used to create the linked list of non-zero Jacobian elements for XGauss
XGauss Performs sparse-matrix Gaussian elimination with full pivoting
Gauss Performs standard Gaussian elimination with full pivoting




OUTPUT.f This file contains subroutines for program output
StoreError Stores error codes for later printing by PrintErrorList
PrintErrorList Prints the errors stored in ErrLst to the file instruction-file-name.EF.
XKPrnt Prints the XK array in a concise format using VectPrnt
VectPrnt Prints any array in a concise format

PrntintArray

Prints an integer array, only used for debugging purposes

PrintSolverSettings

Prints a portion of the solver settings

OutputlnitFile

Saves a solution file in the same format as an XK initialization file

OutputSprdShtFileHeader

Saves a header of labels for a solution file in a tab-delimited format

OutputSprdShtFileLine

Saves a solution on one line of the solution file in a tab-delimited format

"Model" Subroutines

These subroutines are part of the model, but are briefly described here

InitializeModel Reads XK initialization file, builds or loads the NonZeroList for sparse-matrix
Jacobian calculation, and performs other model-specific tasks

CalcR Calculates the residual values of the governing equations

IC, BC, and FC These subroutines perform model-specific checking or other tasks before,

during, or after the Newton-Raphson solution process

C.1 Main Program: ACRCsolver

Call GetSolverSettings

1 Call Getlnstructions

Which analysisisto be performed? Call the appropriate one below

Cal SingleRun

Call MultipleRun

Call SensitivityRun
Call UncertaintyAnalysis
Has the end of the instructionsfile been reached?
No, Call GetSeparator and Goto 1
Y es, End the program

C.2 Subroutine: SingleRun

call InitializeModel (in model)

Call NRMethod
Call OutputInitFile

Call OutputSprdShtFileHeader
Call OutputSprdshtFileLine

Return

C.3 Subroutine: MultipleRun

Call InitializeModel (in model)
Read # of runs, # of parametersto vary, and # of intermediate runs from instructions
Read thelist of parametersto vary and all parameter values from instructions
Call OutputSprdshtFileHeader
1 If not "updating,” Call InitializeModel (in model)

XKold=XK

Set parameter values according to values read from instructions
If # of intermediate runs = 0 then Goto 3

XKdiff = XK - XKold

XK =XKold + XKdiff* (1/(1+ # of intermediate runs))
Do 2, n=1, # of intermediate runs

Call NRMethod




2

XK = XK + XKdiff*(1/(1+ # of intermediate runs))
Call NRMethod
Call OutputSprdshtFileLine
Call OutputInitFile
Finished all runs?
No, Goto 1
Y es, Return

C.4 Subroutine: SensitivityRun

Cal InitializeModel (in model)

Read number of parameters and parameter list from the instructionsfile
Call SensCoeffCalc

Write influence coefficients to the file SA .extender

Return

C.5 Subroutine: UncertaintyAnalysis

Cdl InitidizeModel (in model)
Read all information for the uncertainty analysis from the instructionsfile
Call NRMethod
ASME analysis or Monte Carlo?
ASME:
Call SensCoeffCalc
Calculate bias, precision, and uncertainty
Combine bias and precisioninto uncertainty according to ADD or RSS method
Goto 5
Monte Carlo:
If MCF analysis (analyzing previous MC runs), Goto 3
Generate parameter values according to distributions specified in the instructions
Call NRMethod
Was the solution successful ?
No, save parameters and error flag to the M Ctemp file and Goto 2
Y es, save selected variables to the MCtemp file
Restore original XK values
Have enough Monte-Carlo runs been compl eted?
No, Goto 1
Y es, proceed
Was one of the attempted sol utions unsuccessful ?
Y es, print warning and Return
No, Goto 4
Read the results of aprevious MC analysisfromfile
Calculate offset, precision, and uncertainty values
Generate a histogram of variable values and save to the file H.extender
L ocate the boundaries of the actual 95% coverage interval for each variable
Save MC output to afile MC.extender
Return

C.6 Subroutine: NRMethod

1

Cdl IC (in model)
Cdl CacR (inmodd)
Display initial XK and R values as specified by SLVERSET
Aretheresidual equations solved?
Yes, Goto 3
No, proceed
Call CacD (calls CalcR repeatedly, in model)
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Call CheckForSingular
Call Gaussian elimination routine (XGauss or GAUSS)
Cal GetX
Calculate a Newton-Raphson step
Scal e the Newton-Raphson step by the relaxation parameter
Take the Newton-Raphson step
Call PutX
Cdl BC (in model)
Cal CdcR (in model)
Display intermediate XK and R values and summary as specified by SLVERSET
Did neither the maximum residual nor the RMS
residual decrease or did a"not a number" occur?
No, the step isgood, Goto 1
Y es, the step is poor, proceed
Untake the last step
Halve the NR step relaxation parameter
Isthe step size too small?
Y es, terminate execution (Goto 3)
No, now take the shorter step (Goto 2)
Cdl FC
Print final XK and R values and summary as specified by SLVERSET
Set error flag 'true' if asolution was not reached
Return



Appendix D: Demonstration Model

D.1 Introduction
A four equation sample model is presented here to demonstrate the essential features of amodel as

implemented with the ACRC solver. These routines can be used as an "empty" model in which to insert new
modeling equations.

The sample model demonstrates the utilization of sparse-matrix Jacobian calculation, although its usein the
model is not required by the solver. Commentsin the code indicate linesthat may be deleted if sparse-metrix
Jacobian calculation is not desired.

The use of the IC and BC subroutines for equation-switching is also demonstrated here, but if a new model
has no need for extra processing or checking before, during, or after the Newton-Raphson solution, the IC, BC, and

FC routines may be |eft empty, although they must exist because they are always called by the solver.

D.2 CalcR
The CalcR (calculate residuals) subroutine contains the governing equations written in residual format. Itis

evaluated repeatedly by CalcD for Jacobian calculation and once per Newton-Raphson iteration for determination of
al of theresidual values at once. If sparse-matrix Jacobian calculation is not used, CalcR may contain only asimple
list of the residual equations, as shown in Section D.2.2.

D.2.1 CalcR Using Sparse-matrix Jacobian Calculation
Sparse-matrix Jacobian cal culation introduces extra logic among the equations, but greatly reduces

execution time for large models.

Subroutine Cal cR(Variabl eNum R)

Ck**********************************************************************

C

C PURPGCSE:

C Cal cul ate the values of the residual equations. A nodel's

C governi ng equations are converted into residual format according
C to the follow ng exanple:

C Egn #1 : LHS = RHS ---> R(1) = RHS - LHS

C Where LHS and RHS are the left-hand and ri ght-hand sides of the
C equation respectively. The equation is considered solved when
C the residual value is equal to zero within a specified

C t ol erance.

C

C CalcR is called repeatedly by Cal cD (Jacobian matrix

C calculation) and is called by NRVet hod once per New on- Raphson
C iteration.

C

C INPUTS:

C Vari abl eNum - current variabl e nunber

C

I f Variabl eNune0, all of the residual values are to be
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det erm ned at once.
Ot herwi se, Variabl eNum represents the variable with respect
to which the partial derivatives are being taken.

SHARED | N COMMON BLOCKS:

NonZer oLi st - list of nonzero elements of the Jacobian to
facilitate sparse-nmatrix Jacobi an cal cul ation.
Col um #n of NonZeroList contains a list of all of the
resi dual equations that contain variable #n.
Col um #0 of NonZeroList contains a list of ALL residua
equations and is used when all of the residual values are
to be determ ned at once.

NonZeroFlag - this flag is set .true. only when the NonZerolLi st
is being built. This information is needed when a
particul ar residual equation does not always showits
dependence on all of the variables that it may contain, e.g.
when certain equations nmay be switched during the course of
a solution or a function such as 'max' or 'mn' is used.
The Jacobian that is calculated during building the
NonZeroLi st is not used for any calculations, thus it does
not to be the true Jacobian, but it nust be non-zero
EVERYWHERE t hat the true Jacobian will EVER be non-zero.

XK - the array of variable and paraneter val ues

All variable and paraneters - these are included in EQUI VLNT. I NC

and are made equivalent to XK array el enents via the
" Equi val ence' st atenent

OUTPUT
R - the array of residual val ues

R I O I S SRR R S S S R R R R S I S A I S R

* k *

* k *

* k *

* k *

* k *

* k *

Implicit None

I ncl ude ' DI MENSN. | NC
I nt eger Vari abl eNum
Doubl e Precision R(Xmax)

EQUI VLNT. I NC declares all the variables and paraneters and
sets themto be equivalent to el enents of the XK array.
I ncl ude ' EQUI VLNT. | NC

The common bl ock bel ow contains flags that are used to switch

equations in this sanple nodel in md-solution. |If equation-
switching is not required in a nodel, no such common block is
required.

Logi cal Curvel
Common/ EqnFl ags/ Curvel

*** Al of the code fromthis point to the Governing Equations is

* k *

* k *

necessary only if sparse-matrix Jacobian calculation is being
used, as are the 'CGoto 100" statements after every equation



I nt eger EQNUM ELEMENT

I nt eger NonZeroLi st ( Xmax, 0: Xmax+1)
Conmon/ NonZer oBl ock/ NonZer oLi st

Logi cal NonZzZer oFl ag, Al readyAsked
Common/ NZL/ NonZer oFl ag, Al readyAsked

C *** The followi ng code inplenents the sparse-nmatrix Jacobi an
C *** calculation. If partial derivatives are currently being taken with
C *** respect to variable #n, the list of equation nunbers contained in
C *** colum #n of NonZeroList indicates which residual equations may
C *** possibly be affected by a change in variable #n. The 'conmputed
C *** Coto' statement bel ow enables CalcR to execute only those
C *** equations that are affected by variabl e #n.

ELEMENT=1
C *** The commented-out wite statenments are useful for tracking the
C *** execution of the equations when debuggi ng a nodel
C Wite(*,*)
C Wite(*,*) 'Variabl eNum =", Vari abl eNum
100 EQONUM=NonZer oLi st ( ELEMENT, Vari abl eNum

ELEMENT=ELEMENT+1
C Wite(*,*) EQNUM
C *** The conputed goto statenent all ows each residual equation to be
C *** accessed individually. This facilitates sparse-nmatrix Jacobi an
C *** calculation by nmaeking it possible to evaluate only those equations
C *** which contain the variable with respect to which a parti al
C *** derivative is currently being taken.
C *** |f EQNUMELl, Coto 1000; if EQNUM=2, Goto 1020; etc. |If EQNUME=O,
C *** the 'conputed Goto' statement will not execute.

o000

o000

Goto (1000, 1020, 1040, 1060), EQNUM

If (EQNUM .EQ 0) Goto 5000

khkkhkhhkdhhkdrdhdhkdrhhkrrdrrhhrhdhxkhkxx*k

*xxxkx GOVERNI NG EQUATI ONS * % %%

khkkhkhhkdhhkdrdhdhkdrhhkrrdrrhhrhdhxkhkxx*k

*** Note that the equations in this sanple have no real neaning, but
*** are intended only to denpbnstrate the basic nodel and sol ver
*** features.

1000 R(1) = Paraml*1.5 - Varl

Goto 100

1020 R(2) = Param? - Var?2

C

Goto 100

*** This is an exanple of an equation that would not indicate its
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C *** dependence on both Varl and Var2 if the NonZeroFl ag were not used.

1040 I f (NonZeroFl ag) then
R(3) = VvVarl + Var2 + MaxVar
El se
R(3) = max(Varl, Var2) - MaxVar
Endi f
Goto 100
C*** This is an exanple of equation switching. The flag Curvel is
C*** first set in IC and then checked in BC according to the
C*** criteria:
C **x I f MaxVar<=200 then Curvel = .true., otherw se Curvel = false.
C *** The NonZer oFl ag nust be used to ensure that the NonZerolLi st
C*** reflects that the partial derivative of R(4) with respect to both
C *** Varl and Var2 MAY be non-zero at any given tine
1060 If (Curvel) then
R(4) = 100. + Var2*5 -y
El se
R(4) = 300. + Varl*4 -y
Endi f

If (NonZeroFlag) R(4) = Varl + Var2 + vy
5000 Ret urn
End

D.2.2 CalcR Without Sparse-matrix Jacobian Calculation
For asmall model, sparse matrix Jacobian calculation is not warranted, and in this case the previous CalcR

subroutine could appear as follows (with comments deleted for brevity).

Implicit None

I ncl ude ' DI MENSN. | NC

I nt eger Vari abl eNum
Doubl e Preci si on R(Xmax)
I ncl ude ' EQUI VLNT. | NC
Logi cal Curvel
Conmon/ EgnFl ags/ Cur vel

C EE R R R I I R I R

C **x**x GOVERNI NG EQUATI ONS ****x*
C*********************************
R(1) Paraml*1.5 - Varl
R(2) = Paranm? - Var?2
R(3) = max(Varl, Var2) - MaxVar
If (Curvel) then
R(4) = 100. + Var2*5 - vy
El se
R(4) = 300. + Varl*4 - y
Endi f

Ret urn
End
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D.3 InitializeModel, CreateNonZeroList, and ReadNonZeroList
The InitializeM odel subrouting's first executable lines are:

C **x* Speci fy the nunmber of paraneters and nunmber of Newton-Raphson
C *** variables in the nodel.

NunPar = 2

Nunvar = 4

These lines must be updated whenever the number of parameters or variablesis changed. The
InitializeModel subroutine also reads the XK initialization file and administrates building the NonZeroList if sparse-
matrix Jacobian calculationisbeing used. The "Initial" subroutine to initialize the REFPROP property routines may
also be called here. Because the only difference between these subroutines in this demonstration model and in
RACMOD are the specified number of parameters and variables and that the subroutine Initial is not called by the
demo model, the reader isreferred to the ACRC room air conditioner model program listing in Appendix ¥ for details

of the subroutines.

D.4IC, BC, FC
TheIC (initial checking) subroutine for the demonstration model checks the value of the variable MaxVar

and sets an equation-switching flag accordingly. The BC (boundary checking) routine performs asimilar check, and
the FC (final checking) subroutineisleft empty. A simple model may have no use for these three subroutines,

although they must exist even if they are empty.

Ck*********************************************************************

Subroutine IC

PURPCSE - The IC (Initial Check) routine for the nmodel may be
used for pre-processing of variable initial guesses or
par amet er val ues, checking XK val ues and setting equation
flags accordingly, or perform ng any other nodel -specific
operations before the start of the Newton-Raphson sol ution
process.

O0O0000

Implicit None
I ncl ude ' EQUI VLNT. | NC

*** The comon bl ock bel ow contains flags that are used to switch
*** gquations in this sanple nodel in md-solution. |If equation-
*** switching is not required in a nodel, no such common block is
*** required.

Logi cal Curvel

Common/ EqnFl ags/ Curvel

OO0

C *** Set the flag Curvel, which is used for equation swtching
If (MaxVar .le. 200.) then

Curvel = .true.

Wite(*,*) ' Using curve #1.'
El se

Curvel = .false.



Wite(*,*) ' Using curve #2.'
Endi f

Ret urn
End

Ck*********************************************************************

Subrouti ne BC(Abort Step, Switch)

C PURPOSE - The BC (Boundary Check) routine for the nodel may be
C used to check variable values and ensure that they fall
C within certain boundaries. The BC subroutine is also
C intended to facilitate switching of equations in
C m d-sol ution. Based on the variable values, |ogical flags
C may be set that "switch" nodel equations in or out.
Implicit None
I ncl ude ' EQUI VLNT. | NC
Logi cal AbortStep, Switch
C *** The common bl ock bel ow contains flags that are used to switch
C *** equations in this sanple nodel in md-solution. |If equation-
C*** switching is not required in a nodel, no such comon bl ock is
C *** required.

Logi cal Curvel
Common/ EqnFl ags/ Curvel

C OUTPUTS:

C AbortStep - if .true., tells the solver that the NR step that
C has just been taken should be aborted, the Jacobian

C recal cul ated, and a new step taken. It nmy be necessary
C sonmeti nes when equations are switched.

C Switch - If .true., indicates to the solver that an equation
C flag has been switched, in which case the automatic step
C rel axation will be overridden for this iteration.

Abort Step = .fal se.
Switch = .fal se.

If (Curvel .and. (MaxVar.gt.200.)) then
Wite(*,*) ' MxVar>200. Switching to curve #2. '

Curvel = .fal se.
Switch = .true.
Endi f

If (.not. Curvel .and. (MaxVar.le.200.)) then
Wite(*,*) ' MaxVar<=200. Switching to curve #1. '

Curvel = .true.
Switch = .true.
Endi f
Ret urn

End



Ck*********************************************************************

Subroutine FC

C PURPCSE - The FC (Final Check) routine for the nodel may be

C used for post-processing of variable or paraneter val ues,

C checki ng XK val ues and setting equation flags accordingly,
C or performing any other nodel -specific operations after the
C Newt on- Raphson solution is conplete.

I MPLI CI' T NONE
C *** NO FINAL CHECKI NG | S | MPLEMENTED I N THI S DEMONSTRATI ON MODEL

Ret urn
End

D.5 EQUIVLNT.INC

EQUIVLNT.INC contains the declarations of all variables and parameters used in the model, along with
"Equivalence" statements that make the variable and parameter names interchangeable with elements of the XK array.
It isincluded in every subroutine where the values of the XK array or individual variables and parameters are needed
(see Table B.1). The order in which the variables and parameters occur in this file must exactly match the order of the
XKinitialization file.

C EE R R S S S S S R O R S R S R O S O I O
C

C This file contains Equival ence statements that allow vari abl e and

C paraneter nanes fromthe nodel to share nenory | ocations with

C elenents of the XK array, thus when one is changed, the other is

C autommtically updated.

C The file is included anywhere the variabl es or paraneters need to be
C accessed by nane or by XK#.

C EE R R S b b S S S S R S O S S O R O S R O

Doubl e Precision XK(300)
Common/ XKt oget her / XK

C ***** Variabl e and paraneter nane declarations *****
Doubl e Precision Varl, Var2, MaxVar, y, Paranil, Paran?

C *** Make XK el ements equivalent to naned variables ***
Equi val ence XK( 1), Varl
Equi val ence XK( 2), Var2
Equi val ence XK( 3), MaxVar
Equi val ence XK( 4), vy
Equi val ence XK( 5), Paranl
Equi val ence XK( 6), Parang

e R N N N e
— N N N N N



D.6 XK Initialization File
The XK initialization file must contain the proper number of variables and parameters, flagged appropriately.

The variables and parameters must appear in the same order asthey do in the EQUIVLNT.INC file.

* %

* %

* %

XK initialization file:
Parameters are flagged with 'K

The units are delimted with "[ ]'.

initializes variable guesses and paraneter val ues.
and variables are flagged with 'X

*x The I ast nunber signifies the nunber of decinal places (0-10).

** The ORDER of the input |lines CANNOT CHANGE wi t hout program nodification.
Fl ag Nanme XK# Value Units # of digits
ok ok ok ok ok ok ok k ok DO NOT DELETE THESE FI RST SEVEN LI NES! R K KKK Rk kK K

X Varl = XK( 1) = 2. [ ] 1

X Var2 = XK( 2) = 1. [ ] 1

X MaxVar = XK( 3) = 1. [ ] 0
Xy = XK( 4) = 1. [ ] 2

K Paraml = XK( 5) = 100. [ ] 0

K Paran = XK( 6) = 200. [ 1] 0



Appendix E: ACRC Room Air Conditioner Model User's Reference

A general overview of the ACRC room air conditioner model (RACMOD) isgivenin Chapter 2. This
appendix provides details on the use of RACMOD. Hahn (1993) provides a more detailed description of many of the
modeling equationsin his Appendix A.

E.1 Configuring the Model
Running the model requires that all input parameters be set to the proper values for the room air conditioner

to besimulated. Appendix F definesall parameters and variables used in RACMOD, and Figure E.1 depicts the basic

structure of RACMOD, indicating state point locations and some important variables and parameters.

TaoutC
3 20 2i 1
Condenser
frecircC
TafanoutC frecircCint
< >
4 Fan 0  Toutdoor
motor VdotaC VdotaCmeas
Capillary
tube
\%
6 dotaE
TafanoutE
Acclimuilator
< >
TaoutE
Evaporator
7i TanE 70 9
frecirce .
Tindoor

Figure E.1 Schematic of room air conditioner model

E.1.1 The XK Initialization File
The XK initiaization file for RACMOD is organized with the variablesfirst, followed by the parameters. The

most important variables are grouped at the beginning, and most other variables are grouped alphabetically. The key
parameters are also listed first, and all parameters are grouped by component or parameter type.

Some of RACMOD's "parameters' are not parametersin the true sense of the word. The ACRC solver
considers everything that is not a Newton-Raphson variable to be a parameter. For example, the pressure drop
values and the cal culated evaporator moisture removal rate are calcul ated by the model asintermediate values, but
are not needed as NR variables. Such parameters are denoted " pseudo-constants” in Appendix F and are included

with the actual parameters only for convenience in reporting their values. Thus attempting to specify the two-phase
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condenser pressure drop (pd2phC), for example, through the XK file would be futile—a new pressure drop would be

calculated immediately by the model when the following code is executed:

460  vvtp = VTX(t2i,1.0d0)
vitp = VTX(t 20, 0.0d0)
x2i = 1.0

pd2phC = PD2phACRC(w, PFrC, EqCircuitC, Di nC, TubeLenC, NunRtbC,
& VTubeDi st C, f2phC, t2i, t2o, x2i, x2o0, vvtp, vltp,15)

R(cond+8) = pd2phC - (p2i - p20)

Goto 1

The code could, however, be changed so that the statement "pd2phC-=......" iscommented out. Then, after
recompilation, the pressure drop value specified in the XK file would be used.
E.1.2 Reconfiguring RACMOD for a New Air Conditioner

The program comes with an XK initialization file representing a solution to RACMOD for atypical 12,000
Btu/hr air conditioner. When setting up an XK initialization file for adifferent air conditioner, it is recommended that
one begin with an existing XK solution file and that the changeover to anew set of input parameters be made in
stages, as described in Section E.2, because making drastic changes to many model parameters at once may change
the system so severely that the initial guesses for the variables are no longer adequate.

Changing the model configuration also requires replacing the current compressor map and recompiling. The
compressor mass flow and power map subroutines--"wmap" and "pwrmap"--can be found in the file EQNSUBS.f, as
described in Appendix G.

E.1.3 Capillary Tube Options
Three capillary tube options are availablein RACMOD. Either the ACRC finite-difference captube model or

the ASHRAE standard curve-fit may be used, or one can choose to have no capillary tube model and instead specify
the amount of evaporator superheat. A captube option is selected by appropriately setting the parameter
"CapTubeSelect." Setting CapTubeSelect=1 specifiesthe ACRC captube and CapTubeSel ect=2 specifiesthe
ASHRAE captube.

If CapTubeSelect is anegative number, then the capillary tube mass flow equation is replaced with an
equation that sets the evaporator superheat equal to the absolute value of CapTubeSelect, effectively switching the
equationsto design mode. Care must be taken that the variable "degsup" is still flagged with an " X" in the XK file,
because it remains aNR variable even though it is effectively set by the user when switching to design mode. See

Sections E.5 and E.6 for details on the implementation of the capillary tube models.

E.2 Initial Guesses for Model Variables
The ACRC solver contains features that improve its ability to converge on difficult solutions, but it is not

fail-safe. Selecting reasonable initial guesses for variables valuesisstill necessary. Fortunately, RACMOD comes
with several solution filesin XK file format, and these files can be used as a basis for initial guesses.

The best technique for ensuring adequate initial guessesisto make the required parameter changesin old
solution files. If the parameter changes are large enough that the model still will not converge, the transition to the

new parameter values can be made in stages, updating the initial guesses with intermediate solution files along the



way. The MUPLTIPLE analysis of the ACRC solver is convenient for systematically changing parameter values
while updating the initial guesses along the way.

E.3 Equation Switching
Inaroom air conditioner, the evaporator exit may be either superheated or two-phase--a single set of

governing equations will not properly model both of these conditions. RACMOD contains equations for both atwo-
phase and a superheated zone of the evaporator, but when it becomes apparent that evaporator exit is actually two-
phase, the superheated equations are switched with new equations that, among other things, specify that the area of
the superheated zone is zero. Theinitial and boundary checking routines determine the status of the evaporator exit,
and set the flag "Evap2phX" (evaporator two-phase exit) accordingly. Logic statements within the equations
determine which equations are executed. RACMOD can thus automatically handle solutions with both two-phase
and superheated evaporator exits.

Similarly, the condenser exit and the capillary tube entrance may be subcooled or superheated, and the flags
"Cond2phX" and "Cap2phin" are set by theinitial and boundary checking routines to select the appropriate
equations.

E.4 Reading the RACMOD Equations
The governing equations for RACMOD are contained in the subroutine CalcR (calculate residual values) in

the file EQNS.f and are listed in Appendix ¥. The equations also call subroutinesin EQNSUBS.f, variousfunctionsin
FUNCTION.f, and functions that interface with the NIST property routinesin PROPFNCT f, all of which arelisted in
Appendix ¥.

Implementation of sparse-matrix Jacobian calculation and equation switching necessitate that some program
logic beincluded in CalcR aong with the governing equations. The demonstration model in Appendix D explains
thislogic with amuch simpler model. Explanations are also given in the comments at the beginning of CalcR.

In addition to using logic for equation switching and the use of "NonZeroFlag" for proper building of the
NonZeroL.ist for sparse-matrix Jacobian calculation, RACMOD also uses the flags UCDone, UEDone, FWDone, and
CTDone. These flags are used by logic statements to ensure that certain computationally intensive subroutines are

only executed once per cal to CalcR.

E.6 Implementation of Multiple Capillary Tube Models
The various options avail able for capillary tube modeling make the capillary tube equations one of the most

complex parts of CalcR. The equations are discussed here so that they may be better understood, and as an example
of some of the logic statements that are included throughout the governing equations.
At the start of CalcR, CapTubeSelect is checked and the flags ACRCcaptube and DesignM ode are set.
If (CaptubeSelect .le. 1.5) ACRCcaptube = .true.
If (1.5 .1t. CaptubeSel ect) ASHRAEcaptube = .true.
If (CaptubeSelect .le. 0.) DesigniWbde = .true.
The ACRC captube uses five residual equations, whereas the ASHRAE captube model and design mode
only require two equations. Because the number of equations cannot be changes without modificationsto various

part of the program and input files, three additional "dummy" equations that assign arbitrary values to xcritcap,
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DeltaP, and Pcritcap are used with the ASHRAE model and design mode, in addition to the two required equations.
Definitions of all variables and parameters in the governing equations are given in Appendix F.
When in design mode, the equations are:
R( capt ube+0)

degsup - abs(CaptubeSel ect)

R(captube+1) = h7i - h4
R(captube+2) = xcritcap - x7i*.9
R(captube+3) = DeltaP - 8.

R( capt ube+4) Pcritcap - p7i
For the ASHRAE capillary tube model, the equations are;

R( capt ube+0)

wcapCalc - w

R(captube+l) = h7i - h4
R(captube+2) = xcritcap - x7i*.9
R(captube+3) = DeltaP - 8

R( capt ube+4) Pcritcap - p7i
where wcapCalc is a Fortran intermediate variable calculated by the subroutine CapTubeASHRAE.

The ACRC capillary tube model is discussed in Section 2.4, although this section does not mention the
equation for h7i, because it does not involve the captube subroutine. The equations used for the ACRC captube are:

R( capt ube+0) wcapCalc - w

R( capt ube+1) h7i - hcapout

R(capt ube+2) = degsubcool Cal c- degsubcool
R( capt ube+3) LcapCalc - Lcap
R(captube+4) = XinflashCalc - x4

Thereisablock of code for each of the four capillary tube equations. Each block contains|ogic that directs
which capillary tube model isto be executed. If DesignModeistrue, the appropriate equation is executed and control
returnsto the "on GOTO" statement.

If ACRCcaptubeistrue, the code checksto seeif NonZeroFlagisalso true. If itis, adummy residual
containing all of the variablesthat could ever influence the residual when the captube entrance is subcooled or two-
phase. The code checksto see whether CTDone istrue before executing the CaptubeACRC subroutine. CTDone
indicates whether the subroutine—which returns values for all four functions used in the ACRC captube residual s—
has already been executed. Unnecessarily executing the lengthy subroutine would slow the solution process.

If ACRCcaptube isfalse, the appropriate equations for the ASHRAE captube are executed. Thereisalso a
check for NonZeroFlag to ensure that the Jacobian will be correct for caseswith both subcooled and two-phase
captube entrances.

The portion of CalcR which contains the capillary tube equationsis listed below.

C **x** CAPI LLARY TUBE EQUATI ONS *****

1260 I f (DesignMode) Then
R(capt ube+0) = degsup - abs(CaptubeSel ect)
Goto 1
Endl f

I f (ACRCcaptube) Then
I f (NonZeroFl ag) Then
R(captube+0) = p4 + Dcap + Pcritcap + DeltaP + xcritcap
& + degsubcool + Lcap + x4 + wcapCalc + CT1 +



1280

1285

1290

CT2 + w + h7i + p2o
Goto 1
Endl f
If (.not.CTDone) Call CaptubeACRC(Cap2phln, p20, p4,
Dcap, Pcritcap, DeltaP, xcritcap, x4, degsubcool Cal c,
LcapCal c, weapCal ¢, Xi nfl ashCal ¢, hcapout)
wcapCal ¢ = wecapCal ¢ * Nuntaps
CTDone = .true.
El se
I f (NonZeroFl ag) Then
R(captube+0) = p4 + Dcap + Lcap + wcapCalc +CT1l+
degsubcool + CT2 + w + p7i + x4 + NunCaps + t20 + t4
Goto 1
Endl f
Cal | CapTubeASHRAE(Lcap, Dcap, Nuntaps, Cap2phln, t2o,
t4, x4, p4, p7i, wcapCalc)
Endl f
R(capt ube+0) = wcapCalc - w
Capillary tube massflow correction based on subcooling
Goto 1

R(captube+1l) = h7i - h4
I f (ACRCcaptube) Then
I f (NonZeroFl ag) Then
R(captube+l) = p4 + Dcap + Pcritcap + DeltaP + xcritcap
+ degsubcool + Lcap + x4 + wcapCalc + CT1 +
CT2 + w + h7i + p2o
Goto 1
Endl f
If (.not.CTDone) Call CaptubeACRC(Cap2phln, p2o0, p4,
Dcap, Pcritcap, DeltaP, xcritcap, x4, degsubcool Cal c,
LcapCal ¢, weapCal ¢, Xi nfl ashCal ¢, hcapout)
CTDone = .true.
R(capt ube+1) = h7i - hcapout
Endl f
Goto 1

R(captube+2) = xcritcap - x7i*.9
I f (ACRCcaptube) Then
I f (NonZeroFl ag) Then
R(captube+2) = p4 + Dcap + Pcritcap + DeltaP + xcritcap
+ degsubcool + Lcap + x4 + wcapCalc + CT1 +
CT2 + w + h7i + p2o
Goto 1
Endl f
If (.not.CTDone) Call CaptubeACRC(Cap2phln, p20, p4,
Dcap, Pcritcap, DeltaP, xcritcap, x4, degsubcool Cal c,
LcapCal ¢, weapCal ¢, Xi nfl ashCal ¢, hcapout)
CTDone = .true.
R(capt ube+2) = degsubcool Cal c- degsubcoo
Endl f
Goto 1

R( capt ube+3) DeltaP - 8.
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I f (ACRCcaptube) Then
I f (NonZeroFl ag) Then
R(captube+3) = p4 + Dcap + Pcritcap + DeltaP + xcritcap

& + degsubcool + Lcap + x4 + wcapCalc + CT1 +
& CT2 + w + h7i + p2o
Goto 1
Endl f
If (.not.CTDone) Call CaptubeACRC(Cap2phln, p20, p4,
& Dcap, Pcritcap, DeltaP, xcritcap, x4, degsubcool Cal c,
& LcapCal c, weapCal ¢, Xi nfl ashCal ¢, hcapout)

CTDone = .true.
R(captube+3) = LcapCalc - Lcap
Endl f
Goto 1

1295 R(captube+4) = Pcritcap - p7i
I f (ACRCcaptube) Then
I f (NonZeroFl ag) Then
R(captube+4) = p4 + Dcap + Pcritcap + DeltaP + xcritcap

& + degsubcool + Lcap + x4 + wcapCalc + CT1 +
& CT2 + w + h7i + p2o
Goto 1
Endl f
If (.not.CTDone) Call CaptubeACRC(Cap2phln, p2o0, p4,
& Dcap, Pcritcap, DeltaP, xcritcap, x4, degsubcool Cal c,
& LcapCal ¢, weapCal ¢, Xi nfl ashCal ¢, hcapout)

CTDone = .true.
R(captube+4) = XinflashCalc - x4
Endl f
Goto 1

References
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Appendix F: RACMOD Variable and Parameter Definitions

TablesF.1 and F.2 contain descriptions of all variables and parameters in the governing equations of
RACMOD, based on atypical simulation mode configuration. The XK initialization filefor RACMOD is organized

with the variablesfirst, followed by the parameters. The most important variables are grouped at the beginning, and

most other variables are grouped alphabetically. The key parameters are also listed first, and all parameters are

grouped by component or parameter type. Of course, changing the X' and 'K flags for variable-parameter swapping

may cause the variables and parameters to become intermingled. The variables and parameters are listed in the same

order in which they appear in the XK initialization file.

Table F.1 Definition of variables used in the room air conditioner model

XK name Definition Typical Units Com-
Values ponent
COoP coefficient of performance for the room air conditioner 2.65 [-] All
EER energy efficiency ratio for the room air conditioner 9.05 [Btu/W] All
gEvap total heat transfer rate of the evaporator 11605 [Btu/hr] Evap
degsubcool | degrees of subcooling at the condenser exit 12.1 [°F] Cond
degsup degrees superheat at the end of the superheated zone of the 16.8 [°F] Evap
evaporator
SLsuperheat | degrees of superheat at the end of the suction line 27.6 [F] Comp
tsatincomp | saturation temperature of the refrigerant entering the 43.5 [°F] Comp
compressor
tsatoutcomp | saturation temperature of the refrigerant exiting the 125.9 [°F] Cond
compressor
w refrigerant mass flow rate throughout the room air 168.3 [lbm/hr] All
conditioner
PwrComp electrical power used by the compressor 3530 [Btu/hr] Comp
gComp heat transfer rate of the compressor to the condenser inlet 1450 [Btu/hr] Comp
air stream
RejectRatio | ratio of the heat rejected by the compressor to its power 0.411 [] Comp
consumption
Acond total refrigerant-side area of the condenser 4.349 [ft"2] Cond
Aevap total refrigerant-side area of the evaporator 2.871 [ftr2] Evap
asupC refrigerant-side area of the superheated zone of the 0.453 [ftr2] Cond
condenser
az2phC refrigerant-side area of the two-phase zone of the condenser 3.534 [ftr2] Cond
asubC refrigerant-side area of the subcooled zone of the condenser 0.361 [ftr2] Cond
a2phE refrigerant-side area of the two-phase zone of the evaporator 2.589 [ft"2] Evap
asupkE refrigerant-side area of the superheated zone of the 0.281 [ftr2] Evap
evaporator
caC air mass flow * Cp for the entire condenser airflow 698.5 [Btu/hr-°F] Cond
cakE air mass flow * Cp for the entire evaporator airflow 380.4 [Btu/hr-°F] Evap
casupC air mass flow * Cp for the superheated zone of the 72.8 [Btu/hr-°F] Cond
condenser
cazphC air mass flow * Cp for the two-phase zone of the condenser 567.7 [Btu/hr-°F] Cond
cazphE air mass flow * Cp for the two-phase zone of the evaporator 343.1 [Btu/hr-°F] Evap




XK name Definition Typical Units Com-
Values ponent

casupE air mass flow * Cp for the superheated zone of the 37.3 [Btu/hr-°F] Evap
evaporator

crsubC refrigerant mass flow * Cp for the subcooled zone of the 50.6 [Btu/hr-°F] Cond
condenser

crsupC refrigerant mass flow * Cp for the superheated zone of the 37.8 [Btu/hr-°F] Cond
condenser

crsupk refrigerant mass flow * Cp for the superheated zone of the 315 [Btu/hr-°F] Evap
evaporator

cmaxsubC maximum heat capacity of the refrigerant and air streams for 58 [Btu/hr-°F] Cond
the subcooled zone of the condenser

cmaxsupC maximum heat capacity of the refrigerant and air streams for 72.8 [Btu/hr-°F] Cond
the superheated zone of the condenser

cmaxsupE maximum heat capacity of the refrigerant and air streams for 37.3 [Btu/hr-°F] Evap
the superheated zone of the evaporator

cminsubC minimum heat capacity of the refrigerant and air streams for 50.6 [Btu/hr-°F] Cond
the subcooled zone of the condenser

cminsupC minimum heat capacity of the refrigerant and air streams for 37.8 [Btu/hr-°F] Cond
the superheated zone of the condenser

cminsupE minimum heat capacity of the refrigerant and air streams for 31.505 [Btu/hr-°F] Evap
the superheated zone of the evaporator

esupC heat exchanger effectiveness of the superheated zone of the 0.653 [] Cond
condenser

e2phC heat exchanger effectiveness of the two-phase zone of the 0.703 [] Cond
condenser

esubC heat exchanger effectiveness of the subcooled zone of the 0.456 [-] Cond
condenser

e2phE heat exchanger effectiveness of the two-phase zone of the 0.936 [] Evap
evaporator, pseudo-constant

esupE heat exchanger effectiveness of the superheated zone of the 0.419 [] Evap
evaporator

fsupC fraction of the condenser which is superheated, on an area 0.104 [-] Cond
basis

f2phC fraction of the condenser which is two-phase, on an area 0.813 [] Cond
basis

fsubC fraction of the condenser which is subcooled, on an area 0.083 [] Cond
basis

f2phE fraction of the evaporator which is two-phase, on an area 0.902 [-] Evap
basis

fsupE fraction of the evaporator which is superheated, on an area 0.098 [-] Evap
basis

GrC mass flux in one equivalent circuit of the condenser 281717 | [lbm/(hr-ft"2)] Cond

GrE mass flux in one equivalent circuit of the evaporator 156509 | [lbm/(hr-ft"2)] Evap

hO enthalpy of the refrigerant exiting the compressor 126.1 [Btu/lbm] Comp

hl enthalpy of the refrigerant entering the superheated zone of 125.2 [Btu/lbm] Cond
the condenser

h2i enthalpy of the refrigerant entering the two-phase zone of the 113.4 [Btu/lbm] Cond
condenser (saturated vapor)

h2o enthalpy of the refrigerant exiting the two-phase zone of the a7 [Btu/lbm] Cond

condenser (saturated liquid)




XK name Definition Typical Units Com-
Values ponent
h3 enthalpy of the refrigerant exiting the subcooled zone of the 43.3 [Btu/lbm] Cond
condenser
h4 enthalpy of the refrigerant entering the capillary tube 43 [Btu/lbm] Captube
h7i enthalpy of the refrigerant entering to two-phase zone of the 43 [Btu/lbm] Evap
evaporator
h7o enthalpy of the refrigerant exiting the two-phase zone of the 109.2 [Btu/lbm] Evap
evaporator
h9 enthalpy of the refrigerant exiting the superheated zone of the 112 [Btu/lbm] Evap
evaporator
h10 enthalpy of the refrigerant entering the compressor 113.8 [Btu/lbm] Comp
MtotC mass of refrigerant in the entire condenser 0.82 [lbm] Charge
MtotE mass of refrigerant in the entire evaporator 0.529 [lbm] Charge
MsupC mass of refrigerant in the superheated zone of the 0.027 [lbm] Charge
condenser
M2phC mass of refrigerant in the 2ph zone of the condenser 0.611 [lbm] Charge
MsubC mass of refrigerant in the subcooled zone of the condenser 0.183 [lbm] Charge
M2phE mass of refrigerant in the 2ph zone of the evaporator 0.525 [lbm] Charge
MsupE mass of refrigerant in the superheated zone of the 0.004 [lbm] Charge
evaporator
Maccum mass of refrigerant in the accumulator 0.019 [lbm] Charge
Mcaptube mass of refrigerant in the capillary tube 0.003 [lbm] Charge
Mcomp mass of refrigerant in the compressor 0.002 [lbm] Charge
MdisLine mass of refrigerant in the discharge line 0.008 [lbm] Charge
MEheader mass of refrigerant in the evaporator header 0.007 [lbm] Charge
MligLine mass of refrigerant in the liquid line 0.038 [lbm] Charge
MsuctLine mass of refrigerant in the suction line 0.009 [lbm] Charge
muf2 viscosity of liquid refrigerant at state point 2 0.414 [lom/ft-hr] Charge
muf7 viscosity of liquid refrigerant at state point 7 0.544 [lbm/ft-hr] Charge
mug?2 viscosity of gaseous refrigerant at state point 2 0.037 [lbm/ft-hr] Charge
mug7 viscosity of gaseous refrigerant at state point 7 0.03 [Ibm/ft-hr] Charge
po pressure of the refrigerant exiting the compressor 297.6 [psia] Comp
pl pressure of the refrigerant entering the superheated zone of 297 [psia] Cond
the condenser
p2i pressure of the refrigerant entering the two-phase zone of 296.5 [psia] Cond
the condenser
p2avg average saturation pressure of the two-phase zone of the 293.6 [psia] Cond
condenser
p20 pressure of the refrigerant exiting the two-phase zone of the 290.8 [psia] Cond
condenser
p3 pressure of the refrigerant exiting the subcooled zone of the 290.7 [psia] Cond
condenser
p4 pressure of the refrigerant entering the capillary tube 290.7 [psia] Captube
p7i pressure of the refrigerant entering the evaporator 91.6 [psia] Evap
p7avg average saturation pressure of the two-phase zone of the 90.3 [psia] Evap
evaporator
p70 pressure of the refrigerant exiting the two-phase zone of the 89 [psia] Evap

evaporator




XK name Definition Typical Units Com-
Values ponent
p9 pressure of the refrigerant exiting the superheated zone of 88.8 [psia] Evap
the evaporator
p10 pressure of the refrigerant entering the compressor 88.6 [psia] Comp
gCond total heat transfer rate of the condenser 13784 [Btu/hr] Cond
gspray latent heat transfer associated with the condensate spray on 0 [Btu/hr] Cond
the condenser
gsupC heat transfer rate of the superheated zone of the condenser 1998 [Btu/hr] Cond
g2phC heat transfer rate of the two-phase zone of the condenser 11175 [Btu/hr] Cond
gsubC heat transfer rate of the subcooled zone of the condenser 611 [Btu/hr] Cond
g2phE heat transfer rate of the two-phase zone of the evaporator 11127 [Btu/hr] Evap
gsupE heat transfer rate of the superheated zone of the evaporator 478 [Btu/hr] Evap
ggainAccum | heat transfer rate in the accumulator required to ensure a 0 [Btu/hr] Comp
quality of 1 at the compressor inlet
rhof2 density of liquid refrigerant at state point 2 67 [Ilbm/ftr3] Charge
rhof3 density of liquid refrigerant at state point 3 68.2 [lbom/ftr3] Charge
rhof5 density of liquid refrigerant at state point 5 74.2 [lom/ft"3] Charge
rhof7 density of liquid refrigerant at state point 7 78.5 [lbm/ft~3] Charge
rhog1l density of gaseous refrigerant at state point 1 8.1 [lbm/ftr3] Charge
rhog2 density of gaseous refrigerant at state point 2 55 [lbom/ftr3] Charge
rhog5 density of gaseous refrigerant at state point 5 2.8 [lbom/ft~3] Charge
rhog7 density of gaseous refrigerant at state point 7 1.6 [lbm/ft~3] Charge
rho7avg average density of two-phase refrigerant at state point 7 6.7 [lbm/ftr3] Charge
rhog9 density of gaseous refrigerant at state point 9 1.9 [lbom/ftr3] Charge
rhog10 density of gaseous refrigerant at state point 10 2.1 [lbom/ft~3] Charge
t0 refrigerant temperature exiting the compressor 183.1 [°F] Comp
t1 refrigerant temperature entering the condenser 178.8 [°F] Cond
t2i refrigerant temperature entering the two-phase zone of the 125.9 [°F] Cond
condenser
t2avg average saturation temperature of the two-phase zone of the 125.2 [°F] Cond
condenser
t20 refrigerant temperature exiting the two-phase zone of the 124.4 [°F] Cond
condenser
t3 refrigerant temperature exiting the condenser 112.3 [°F] Cond
t4 refrigerant temperature entering the capillary tube 111.4 [°F] Captube
t7i refrigerant temperature entering the evaporator 45.5 [°F] Evap
t7avg average saturation temperature in the two-phase zone of the 44.7 [°F] Evap
evaporator
t70 refrigerant temperature exiting the two-phase zone of the 43.8 [°F] Evap
evaporator
19 refrigerant temperature exiting the evaporator 60.6 [°F] Evap
t10 refrigerant temperature entering the compressor 711 [°F] Comp
tafanoutC temperature of air leaving the condenser fan, immediately 97.9 [F] Cond
before entering the condenser
tasupoutC air temperature exiting the superheated zone of the 125.4 [°F] Cond
condenser
ta2phoutC air temperature exiting the two-phase zone of the condenser 117.6 [°F] Cond
tasuboutC air temperature exiting the subcooled zone of the condenser 108.4 [°F] Cond




XK name Definition Typical Units Com-
Values ponent
taoutC air temperature exiting the condenser, assuming all three 117.6 [°F] Cond
zone air streams are mixed
TainE air temperature entering the evaporator 70.1 [°F] Evap
ta2phoutE air temperature exiting the two-phase zone of the evaporator 47.7 [°F] Evap
tasupoutE air temperature exiting the superheated zone of the 67.2 [°F] Evap
evaporator
taoutE air temperature exiting the evaporator, assuming that both 49.6 [°F] Evap
zone air streams are mixed
tafanoutE air temperature exiting the evaporator fan and entering the 50.1 [°F] Evap
room
usupC overall heat transfer coefficient in the superheated zone of 123.2 [Btu/hr-ft"2-°F] Cond
the condenser
u2phC overall heat transfer coefficient in the two-phase zone of the 194.7 [Btu/hr-ft"2-°F] Cond
condenser
usubC overall heat transfer coefficient in the subcooled zone of the 123.3 [Btu/hr-ft"2-°F] Cond
condenser
u2phk overall heat transfer coefficient in the two-phase zone of the 299.2 [Btu/hr-ft"2-°F] Evap
evaporator
usupE overall heat transfer coefficient in the superheated zone of 83.6 [Btu/hr-ft"2-°F] Evap
the evaporator
vdotaC actual volume air flow rate passing through the condenser, 700 [cfm] Condc
with recirculation
mdotaC mass flow rate of air passing through the condenser 2910 [lbm/hr] Cond
mdotaE mass flow rate of air passing through the evaporator 1585 [lbm/hr] Evap
TubeLenC length of tubing in condenser per equivalent circuit 50.2 [ft] Cond
TubelLenE length of tubing in evaporator per equivalent circuit 18.4 [ft] Evap
Vcond volume of the condenser, excluding return bends 0.032 [ft"3] Charge
Vevap volume of the evaporator, excluding return bends 0.021 [ft"3] Charge
VRtrnBndC | volume of a condenser return bend 0 [ft"3] Charge
VRtrnBndE volume of a evaporator return bend 0 [ft"3] Charge
Vcap volume of the capillary tube 0 [ft"3] Charge
Vdisc volume of the discharge line 0.001 [ft"3] Charge
VligLine volume of the liquid line 0.001 [ft"3] Charge
WwgC heat-flux-averaged void fraction in the condenser 0.711 [] Charge
WgE heat-flux-averaged void fraction in the evaporator 0.668 [] Charge
Wgheader heat-flux-averaged void fraction in the evaporator header 0.934 [] Charge
X20 quality at the end of the 2ph zone of the condenser 0 [-] Cond
x4 quality at state point 4, the capillary tube entrance 0 [] Captube
X7i quality at the evaporator entrance 0.229 [] Evap
X70 quality at the end of the 2ph zone of the evaporator 1 [] Evap
DeltaP pressure step taken in the two-phase portion of the capillary 8 [psia] Captube
tube (ACRC captube model only)
Pcritcap critical pressure in the exit section of the capillary tube 91.6 [psia] Captube
(ACRC captube model only)
xcritcap critical quality in the exit section of the capillary tube (ACRC 0.206 [] Captube
captube model only)
mH20rmvd | mass of water removed from the air by the evaporator, 0 [lbm] Evap

pseudo-constant
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XK name Definition Typical Units Com-
Values ponent

g2phtotalE heat transfer rate of the two-phase zone of the evaporator if 12336 [Btu/hr] Evap
the entire evaporator was two-phase, multiplied by f2phE to
get q2phE

tftmout temperature of the trailing edge of the evaporator coil in the 46 .4 [°F] Evap
event that the coil is fully, or partially wet

twalli wall temperature of the leading edge of the evaporator coil in 46.9 [°F] Evap
the event that the coil is fully wet

wairo humidity ratio of the air leaving the evaporator coil 0.002 [lbmw/lbmda] Evap

All of the "pseudo-constants” in the parameters are grouped at the end. The term "pseudo-constant” is
defined in Section E.1.1 and refers to intermediate variables in the equations that are not needed as NR variables.

Pseudo-constants are included with the parameters only for convenience in reporting their values. Specifying the

value of a pseudo-constant in the XK file will have no effect and pseudo-constants may not beinvolved in variable-

parameter swapping.

Table F.2 Definition of parameters used in the room air conditioner model

XK name Definition Typical Units Com-
Values ponent
Toutdoor temperature of the outdoor room 95 [F] Cond
Tindoor temperature of the indoor room 85 [F] Evap
RhaiC relative humidity of the air entering the condenser 0.42 [-] Cond
RhaiE relative humidity of the air entering the evaporator 0.1 [] Evap
vdotaCmeas | measured volume flow rate of air passing through the 700 [cfm] Cond
condenser, assuming no recirculation
vdotaE actual volume air flow rate passing through the evaporator, 350 [cfm] Evap
with recirculation
frecircC fraction of condenser outlet air that is recirculated to the its 0 [] Cond
inlet grille
frecircCint fraction of condenser outlet air that is recirculated back into 0 [] Cond
its outlet grille, "internal” recirculation
frecirck fraction of evaporator outlet air that is recirculated to the its 0 [-] Evap
inlet grille
Mtotal total refrigerant charge 1.4335 [lbm] Charge
patm atmospheric pressure 14.24 [psia] -
TcompRetG | temperature of the suction gas for which the compressor 95 [°F] Comp
as map was generated
UAcomp area averaged heat transfer coefficient for the compressor 16.47 [Btu/hr-°F] Comp
shell
wmapCor multiplicative correction factor for the compressor mass flow 1 [] Comp
map
pwrmapCor | multiplicative correction factor for the compressor power 1 [] Comp
map
SprayC1 a constant for condensate spray heat transfer enhancement 0 [] Cond
calculation
SprayhmA (not used in current model) 0 [lbm/hr] Cond




XK name Definition Typical Units Com-
Values ponent
CapTubeSel | selects captube 1=ACRC, 2=ASHRAE, negative #= design 2 [] Captube
ect mode, i.e. no captube, and degsup=abs(CapTubeSelect)
CT1 unimplemented, possible captube corrective factor 1 [] Captube
CT2 unimplemented, possible captube corrective factor 0 [1/F] Captube
NumCaps number of parallel capillary tubes in the unit 1 [] Captube
Lcap length of the capillary tube 38.2 [in] Captube
Dcap inside diameter of the capillary tube 0.064 [ft] Captube
Dsuct inside diameter of the suction line 0.038 [ft] Suclin
Ddisc inside diameter of the discharge line 0.02242 [ft] DisLin
Dliq inside diameter of the liquid line 0.02758 [ft] Liglin
DinC inside diameter of the condenser tubing 0.02758 [ft] Cond
DinE inside diameter of the evaporator tubing 0.02758 [ft] Evap
DoutC outside diameter of the tubing of the condenser 0.03125 [ft] Cond
DoutE outside diameter of the tubing of the evaporator 0.03125 [ft] Evap
EFaC enhancement factor for condenser air-side heat transfer 1 [] Cond
coefficient
EFrC enhancement factor for condenser refrigerant-side heat 1.66 [] Cond
transfer coeff.
EFaE enhancement factor for evaporator air-side heat transfer 2 [] Evap
coefficient
EFrE enhancement factor for evaporator refrigerant-side heat 1.66 [] Evap
transfer coeff.
LegDL discharge line equivalent length (for pressure drop) 2.43 [ft] Disclin
LegLL liquid line equivalent length (for pressure drop) 0.93 [ft] Liglin
LeqSL suction line equivalent length (for pressure drop) 3.65 [ft] Suclin
PFrC refrigerant-side pressure drop penalty factor for the 1 [] Cond
condenser
PFrE refrigerant-side pressure drop penalty factor for the 1 [] Evap
condenser
pwrfanC fan power added to the air stream before the condenser 580 [Btu/hr] Cond
pwrfanE fan power added to the air stream after the evaporator 194 [Btu/hr] Evap
ggainSL specified suction line heat gain 300 [Btu/hr] Suclin
glossDL specified discharge line heat loss 150 [Btu/hr] Disclin
glossLL specified liquid line heat loss 50 [Btu/hr] Liglin
AfrontC Frontal area of crossflow condenser 2.083 [ftr2] Cond
AfrontE Frontal area of crossflow evaporator 1.375 [ftr2] Evap
EQcircuitC number of equivalent circuits in the condenser 1 [] Cond
EQcircuitE number of equivalent circuits in the evaporator 1.8 [] Evap
TubeRowsC | number of tubes in the airflow direction of the condenser 2 [] Cond
TubeRowsE | number of tubes in the airflow direction of the evaporator 2 [] Evap
HtubeDistC | horizontal tube spacing in the airflow direction of the 0.07217 [ft] Cond
condenser
HtubeDistE | horizontal tube spacing in the airflow direction of the 0.07217 [ft] Evap
evaporator
VtubeDistC | vertical tube spacing in the condenser 0.083 [ft] Cond
VtubeDistE | vertical tube spacing in the evaporator 0.083 [ft] Evap
LRtrnBndC length of a condenser return bend 0.13 [ft] Cond
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XK name Definition Typical Units Com-
Values ponent
LRtrnBndE length of an evaporator return bend 0.13 [ft] Evap
NumRtbC number of return bends in the condenser 29 [] Cond
NumRtbE number of return bends in the evaporator 20.5 [] Evap
FinPtchC fin pitch of the fins on the condenser 192 [fins/ft] Cond
FinPtchE fin pitch of the fins on the evaporator 192 [fins/ft] Evap
FinThC thickness of the condenser fins 0.00035 [ft] Cond
FinThE thickness of the evaporator fins 0.00035 [ft] Evap
rough tubing roughness for calculating pressure drop in various 0.000005 [in] All
components
KfinC thermal conductivity of the fins in the condenser 128.3 [Btu/hr-ft-°F] Cond
KtubeC thermal conductivity of the tubing in the condenser 196 [Btu/hr-ft-°F] Cond
KfinE thermal conductivity of the fins in the evaporator 128.3 [Btu/hr-ft-°F] Evap
KtubeE thermal conductivity of the tubing in the evaporator 196 [Btu/hr-ft-°F] Evap
Vaccum volume of the accumulator 0.0024 [ft"3] Charge
Vcomp volume of the compressor 0.0405 [ft3] Charge
VheaderE volume of the evaporator header 0.001 [ft"3] Charge
Wgcaptube | void fraction in the capillary tube 05 [] Charge
Ilcomp irreversibility generated in the compressor, pseudo-constant 1180 [Btu/hr] Irrev
Icond irreversibility generated in the condenser, pseudo-constant 1316 [Btu/hr] Irrev
levap irreversibility generated in the evaporator, pseudo-constant 1099 [Btu/hr] Irrev
Ipipes irreversibility generated in connecting lines and capillary 386 [Btu/hr] Irrev
tube, pseudo-constant
Itot total irreversibility generated in the system, pseudo-constant 3981 [Btu/hr] Irrev
pdsupC pressure drop in the superheated zone of the condenser, 05 [psia] Cond
pseudo-constant
pd2phC pressure drop in the two-phase zone of the condenser, 5.68 [psia] Cond
pseudo-constant
pdsubC pressure drop in the subcooled zone of the condenser, 0.05 [psia] Cond
pseudo-constant
pd2phE pressure drop in the two-phase zone of the evaporator, 2.61 [psia] Evap
pseudo-constant
pdsupE pressure drop in the superheated zone of the evaporator, 0.21 [psia] Evap
pseudo-constant
pdsuctline pressure drop in the suction line, pseudo-constant 0.2 [psia] Suclin
pddisline pressure drop in the discharge line, pseudo-constant 0.6 [psia] Disclin
pdligline pressure drop in the liquid line, pseudo-constant 0.01 [psia] Liglin
fsensible fraction of the 2ph heat transfer in the evaporator that is 1 [-] Evap
sensible, pseudo-constant
TACI bulk air temperature in evaporator at which water begins to -3.7 [F] Evap
condense, pseudo-constant
wwallo humidity ratio of air at wall leaving evaporator coil, pseudo- 0.002 [lbm Evap
constant H20O/Ibm air]
Kcntact contact conductance, pseudo-constant 85913 [hr-ft-°F/Btu] Evap
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Appendix G: RACMOD Subroutine and Function Descriptions

RACMOD isorganized into several fileswhich are compiled using a"make" file that automatically compiles
and links the subroutines in the various files along with the subroutines and files from the ACRC solver. The use of

"include” files within various subroutinesis discussed in Section B.2.1.

Table G.1 RACMOD file structure and subroutine descriptions

File or

Subroutine Name

Description

INITMOD.f

This file contains subroutines used in the initialization of RACMOD

InitializeModel

Reads XK initialization file, generates Xmap, asks if NonZeroList should be rebuilt
and calls CreateNonZeroList or ReadNonZeroList accordingly

CreateNonZerolList

Calculates the Jacobian, builds the NonZeroList, and saves it to a file

ReadNonZerolList

Reads the NonZeroList from the file "NONZEROL.IST"

EQNS.f This file contains CalcR for RACMOD

CalcR Calculates residual values of the governing equations using sparse-matrix Gaussian

elimination
EQNSUBS.f This file contains several subroutines that are used by the governing equations of

RACMOD

CaptubeAshrae Calculates mass flow through the capillary tube based on the ASHRAE curve-fit
model

CaptubeACRC This subroutine is used to solve the ACRC finite difference capillary tube model (See
Section ?.5)

FindWet This subroutine is used to solve the evaporator dehumidification analysis, based on
the analysis in the ORNL code

Pwrmap Compressor power map

Wmap Compressor mass flow map

Wact Calculates compressor mass flow based on Wmap and the suction line superheat
correction from the ORNL code

Pwract Calculates compressor power based on Pwrmap and the suction line superheat
correction from the ORNL code

sfunct function for finding temperature as a function of entropy and pressure, equals zero
when the temperature has been found. Used by Pwract

zero A single variable Newton-Raphson solver used by Pwract

KH Returns parameter used by Hughmark void fraction correlation in GLIntegrate

GLlIntegrate

Returns the refrigerant gas density weighting factor (Wg) using Hughmark void
fraction correlation and Gaussian-Legendre quadrature integration

FUNCTION.f This file contains numerous functions used by the governing equations of RACMOD
pi Returns the value for p
FK Converts Fahrenheit to Kelvin
iff A function that replicates a one-line if-then structure found in EES
ez2p Returns the effectiveness of a two-phase heat exchanger
ecrossflow Returns cross flow heat exchanger effectiveness, taken from Incropera and DeWitt
ha Returns the enthalpy of air given the temperature (Btu/lbm)
va Returns the specific volume of air given the temperature and pressure (ft*3/lbm)
cpa Returns the specific heat of air given the temperature (Btu/(Ilbm-R))
mua Returns the viscosity of air given the temperature (Iom/(ft-hr))
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File or
Subroutine Name

Description

ka Returns the thermal conductivity of air given the temperature (Btu/(hr-ft-F))

ReAir Returns the Reynolds number of air given the temperature, mass flux, and diameter

PrAir Returns the Prandtl number of air given the temperature given the temperature

Cpl Returns the specific heat of saturated liquid refrigerant given the temperature
(Btu/(Ibm*R))

Cpv Returns the specific heat of saturated vapor refrigerant given the temperature
(Btu/(Ibm-R))

ki Returns the thermal conductivity of saturated liquid refrigerant given the temperature
(Btu/(hr-ft-F))

kv Returns the thermal conductivity of saturated vapor refrigerant given the temperature
(Btu/(hr-ft-F))

mul Returns the viscosity of saturated liquid refrigerant given the temperature (Ibm/hr-ft)

muv Returns the viscosity of saturated vapor refrigerant given the temperature (lbm/hr-ft)

Rel Returns the Reynolds number of saturated liquid refrigerant given the temperature,
mass flux, and diameter

Rev Returns the Reynolds number of saturated vapor refrigerant given the temperature,
mass flux, and diameter

Prl Returns the Prandtl number of saturated liquid refrigerant given the temperature given
the temperature

Prv Returns the Prandtl number of saturated vapor refrigerant given the temperature given
the temperature

hdbw Returns the enthalpy of moist air given dry-bulb temperature and humidity ratio
(Btu/lbm)

Humrat Returns the humidity ratio given temperature, pressure, and relative humidity.

Tdp Returns the dew-point temperature of moist air given temperature, humidity ratio, and
pressure (F)

PVSF Returns the partial pressure of water vapor in saturated air (psi)

VolMoist Returns the specific volume of moist air given temperature, pressure, and relative
humidity

UsCond This subroutine calculates the superheated, two-phase, and subcooled overall heat
transfer coefficients for the condenser, based on geometric parameters specified in
the input file

UsEvap This subroutine calculates the superheated and two-phase overall heat transfer
coefficients for the evaporator, based on geometric parameters specified in the input
file

hliq Returns the refrigerant side liquid heat transfer coefficient (using Dittus Boelter
correlation)

hvap Returns the refrigerant side vapor heat transfer coefficient (using Dittus Boelter
correlation)

SPHTC This subroutine determine singles phase heat transfer coefficients and reynolds
numbers in laminar, transition, or turbulent gas flow from an abrupt contraction
entrance (from ORNL code)

h2phcondACRC Returns the two-phase heat transfer coefficient for the condenser (based on
correlation by Chato/Dobson at ACRC)

h2phevapACRC Returns the two-phase heat transfer coefficient for the evaporator (based on
correlation by Chato/Wattelet at ACRC)

h2phcond Returns the two-phase condensation heat transfer coefficient (from the ORNL code)

CHTC This subroutine determines the forced convection condensation two-phase heat

transfer coefficient for flow in tubes (from ORNL code)
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File or
Subroutine Name

Description

h2phevap Returns the two-phase evaporation heat transfer coefficient, (from the ORNL code)

SurfEff Returns surface effectiveness for given geometry, (from ORNL code)

hair Returns air side heat transfer coefficient in (Btu/hr-ft"2-F) for a fin and tube heat
exchanger, (from the ORNL code)

ERROR This subroutine is used by CHTC

pd2phACRC Returns the pressure drop for a two-phase zone of a heat exchanger (developed by
ACRC)

Xtt Returns the Lockhart-Martinelli parameter

dptpHX Returns the pressure drop for a two-phase zone of a heat exchanger (taken from
ORNL code)

z Returns the frictional multiplier for calculating pressure drop (based on data taken
from ORNL code)

zzZ Returns the accelerational multiplier for calculating pressure drop (based on data
taken from ORNL code)

dpspHX Returns the pressure drop for a single-phase zone of a heat exchanger (taken from
ORNL code)

dpsuction Returns the pressure drop for the suction line (taken from ORNL code)

Moody Returns the Moody friction factor (explicit form of correlation taken from ORNL code)

CHECKMOD.f This file contains the subroutines used for initial, boundary, and final checking for

RACMOD

IC Checks for two-phase condenser and evaporator exits and capillary tube entrance
and sets the flags Cond2phX, Evap2phX, and Cap2phln accordingly

BC Checks to see if the phase status at the condenser and evaporator exits and capillary
tube entrance have changed and sets the flags Cond2phX, Evap2phX, and Cap2phin
accordingly

FC Calculates irreversibilities that are output as pseudo-constants

PROPENCT.f This file contains functions that interface with REFPROP

Initial This subroutine initializes the property routines and selects a refrigerant

xht Returns the quality of saturated refrigerant given enthalpy and temperature

xhp Returns the quality of saturated refrigerant given enthalpy and pressure

htpsub Returns the enthalpy of subcooled liquid given temperature and pressure (Btu/lbm)

PsatT Return the refrigerant saturation pressure given the temperature (psi)

TsatP Return the refrigerant saturation temperature given the pressure (F)

hpt Return the enthalpy of subcooled or superheated refrigerant given pressure and
temperature (Btu/lbm)

htx Returns the enthalpy of saturated refrigerant given temperature and quality (Btu/lbm)

hpx Returns the enthalpy of saturated refrigerant given pressure and quality (Btu/lbm)

VpX Returns the specific volume of saturated refrigerant given pressure and quality
(ft*3/1bm)

vitx Returns the specific volume of saturated refrigerant given temperature and quality
(ft*3/1bm)

vpt Returns the specific volume of saturated refrigerant given pressure and temperature
(ft*3/1bm)

saturation This subroutine calculates the saturation properties given the pressure.

xph Returns the quality given the pressure and enthalpy
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File or
Subroutine Name

Description

CvPT

This subroutine finds the constant volume and pressure specific heat and the velocity
of sound given the temperature and pressure, only for the superheated and
subcooled regions

CvPsat This subroutine finds the constant volume and pressure specific heat and the velocity
of sound of saturated vapor and liquid given the saturation pressure

spt Returns the entropy for subcooled liquid or superheated vapor given the temperature
and pressure (Btu/lbm-R)

spx Returns the entropy for subcooled liquid or superheated vapor given the quality and

pressure (Btu/lbm-R)
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Appendix H: ASME and Monte Carlo Uncertainty Analysis

H.1 Introduction
In the closure to ASME's 1983 Symposium on Uncertainty Analysis, S. J. Kline (1985a) stated the primary

conclusion of the symposium: "Uncertainty analysisis an essential ingredient in planning, controlling, and reporting
experiments.”" Uncertainty analysis, if performed accurately, allows meaningful comparisons between experiments
performed at different times and locations to be made (Moffat, 1991). Meaningful model validation requires
uncertainty analysisto determine whether discrepancies between modeled and measured results may be due to
uncertainties in measured input parametersrather than mis-modeling of the system in question (Kline, 1985b).
Estimating the uncertainty of a mathematical model requires specification of uncertainties for all important
input parameters and propagation of those uncertainties through the modeling equations to yield an uncertainty in
theresult. Thisappendix discusses two common uncertainty analysis methods, ASME uncertainty analysis and

Monte Carlo uncertainty analysis, and describes the implementation of both methods into the ACRC solver.

H.2 ASME Uncertainty Analysis
Much debate over the years has addressed the validity of various methodoligies for uncertainty analysis,

but a degree of consensus has been achieved in recent years and has led to a standard method of analytical
uncertainty analysis, which iswell represented by the ASME Measurement Uncertainty standard (ASME, 1985). The
ASME method draws from the work of various authors, including Kline and McClintock's seminal paper (1953) and is
based on standard statistical principles. Abernethy (1985) provides a concise summary of the standard, and the
reader isreferred to it or the actual standard for the details of the ASME method, though its main features are
discussed below.

Precision error is characterized by the precision index (S), which is the expected standard deviation of
random errorsin the measurement, and the bias error (B), or fixed error in the measurement. The precision index can
be determined through statistical analysis of repeated measurements at steady state. Bias error canbe reduced by
careful experimental calibration, but may be impossible to measure statistically and in general must be estimated
based on judgment (Abernethy, 1985).

Much of the debate regarding uncertainty analysis has dealt with the method for combining multiple bias or
precision errorsinvolved in ameasurement. Thereisafinite, but very small, probability that multiple precision or bias
errors will simultaneously have the same sign and a near-maximum value, which justifies summing the errors, i.e.

X=X +X, + ... +X
1o K, (H.1)

where x represents either B or S, the bias or precision error in aparameter, and k is the number of sources of
uncertainty. Because of the low probability of simultaneous, like-signed, near-maximum errors, a root-sum-square
(RSS) method "iswidely used and is recommended"” in the ASME standard (1985) because it accounts for some error

cancellation. Thusbias or precision errorsin aparameter are given by

2 2 2
= + X5+ +
X \/ Xp X+ 0 X H2)
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Once the precision and bias errors are determined, they can be combined to yield an overall uncertainty
interval (U), which is analogous to a confidence interval, but not rigorously defined as such, since bias uncertainties
are often estimated rather than statistically determined. The ASME standard resolves the debate over combining
precision and bias uncertaintiesinto an overall uncertainty by allowing either an additive (ADD) or RSS approach to
be used (Abernethy, 1985).

Uapp =B+tS (H.3)

Upss =yB* + (19 (H.4)

In the above equations, t is the 95% confidence Student t statistic associated with S. Monte Carlo simulation was
used to determine that when bias and precision errors are of the same magnitude, Uapp covers 99% of the
uncertainty, while URsg provides 95% coverage. If either the bias or precision error is negligible relative to the other,
both Ua pp and URrsg provide approximately 95% coverage (ASME, 1985).

The ASME standard justifies allowing two combination methods by specifying that the method (ADD or
RSS) must be clearly stated in reported uncertainties and that bias and precision errors must be propagated through
data reduction cal culations separately, with combination being the last step so that it can be easily undone and
converted to the alternate method.

As mentioned, bias and precision uncertainties in individual parameters must be propagated through data
reduction cal culations or modeling equations in order to determine their effect on the desired result. The ASME
standard recommends a Taylor series method for properly accounting for the "linked" relationships between various
parametersin calculating aresult, although for large systemsit may be impractical (ASME, 1985).

ASME also recommends a simpler approach for uncertainty propagation using sensitivity factors (g;j). If the

result (r) is dependent on J parameters, i.e.

r=f(P.,P,,...P;)

(H.5)
then the sensitivity coefficient of r with respect to the ith parameter is given by
9 =
=
Jll (H.6)

This partial derivative may be evaluated analytically, but anumerical estimation may be necessary if the data
reduction calculations or model are too complex.

The precision and bias uncertainties of the result can then be calcul ated by

S =4a (qiSI)2
e (H7)
o
B =,a (qui)2
Vi< . (H8)

76



The bias and precision uncertainties are combined by the RSS or ADD method to yield the overall uncertainty in the
result (Abernethy, 1985).

H.3 Monte Carlo Uncertainty Analysis
As mentioned previously, the Monte Carlo method was used in the devel opment of the ASME standard to

evaluate the accuracy of the ADD and RSS error combination methods. 1n general, Monte Carlo uncertainty analysis
isamoreflexible and accurate technique of propagating the uncertainty in parameters through a model without the
complexity of the Taylor series approach.

While the ASME standard uncertainty analysis method is statistically based on normal error distributions of
the input parameters, the Monte Carlo technique involves evaluating the actual data reduction or modeling equations
repeatedly with computer-generated distributions for the input parameters. The distribution of the results then
represents uncertainty in the results due to the uncertainty in input parameters. Any input parameter distribution
may be used, allowing improved accuracy for cases when anormal distribution is not the best representation of the
uncertainty in an input parameter (Shannon, 1975). The Monte Carlo method is also more convenient for handling
cases where uncertainty intervals are asymmetrical, e.g. dueto radiation error in athermocouple. The large number of
model solutions required necessitates computer implementation, thus execution time may be alimiting factor for large
systems.

Because al of the input parameters may be varied simultaneously and the actual propagating equations are
used, the Monte Carlo method redlistically accounts for error cancellation in the model. The ASME method accounts
statistically for error cancellation, but may not accurately reflect the cancellation through a particul ar set of non-linear

equations.

H.4 Applications to Thermal Systems
Both the ASME standard method and Monte Carlo analysis are useful for the uncertainty analysis of

thermal systems. Cho (1987) used a RSS method that was fundamentally similar to the ASME method to evaluate the
uncertainty in required areafor aheat exchanger design. Badar (1993) reexamined the thermal model presented by
Cho and performed a Monte Carlo analysis with normal, log-normal, and Weibull distributions for heat transfer
coefficient errors and normal distributions for other parameters. The magnitudes of the uncertaintiesin input
constants were held constant.

For the case where all input parameters had a normal distribution, Cho predicted 6.3 and 20% uncertaintiesin
areafor 80 and 99% confidence levels, respectively, while Badar found 6.6 and 29.5% uncertainties. Badar offered no
rationalization for the larger discrepancy at higher confidence intervals. Badar also noted that the uncertainty in area
was best represented by a Weibull distribution, even when the input distributionswere al normal. Using different
input distributions had only minor effects on the area uncertainties, which are increased to 6.8 and 30.3% when all the

heat transfer coefficients are characterized by Weibull distributions.

H.5 Implementation with the ACRC Equation Solver
Both of the ASME uncertainty analysis methods (ADD and RSS) as well as a Monte Carlo uncertainty

analysis (MC) have been implemented in the ACRC equation solver. Appendix & explains how to usethe ACRC



solver and Table H.1 contains an exampleinstructions file for an uncertainty analysis. The# of MC runsand R/N
(rectangular/normal distribution) specifiers may be omitted for ADD and RSSruns. Asindicated by the descriptions
in Table H.1, the user selects the number of parameters for which uncertainties will be given and the number of
variablesfor which distributions will be reported. XK#'s are used to indicate specifically which parameters and
variables areto be used. Bias and precision values, as defined in Section H.2, are specified for each parameter on
either apercentage or an absolute basis. Either arectangular or normal parameter distribution can be selected.
Although Badar (1993) indicated that other parameter distributions may be appropriate, they have not yet been

implemented.

Table H.1 Sampleingtructionsfilefor "UNCERTAINTY" analysis

Example Description

UNCERTAI NTY Type of analysis (perform uncertainty analysis)

XK Name of initialization file

ncout Extender to append to output file names

MC Specify type of uncertainty analysis: ADD, RSS, MC, or MCF
25, 14, 1000 # of parameters, # of variables, # of MC runs

23 20 0 % N | Parameter List:

25 50 0 % N XK#, bias, precision, A/% (absolute or % basis),
34 0.05 O A N R/N (rectangular/normal distribution)

37 1.0 0 % N "

43 1.0 0 A N (Note that tabs may be used instead of commas)
45 0.3 0 A N "

48 0.5 0 % N

94 1. 0 A N

95 1. 0 % N

98 0.025 O A N "

71 Variable list: XK#'s

72 "

77

82 "

89 "

A very important assumption madein all of the analysesisthat precision values are always based on sample
sizes = 30, so that according to the ASME standard, the Student t statistic is approximated by avalue of 2 (ASME,
1985).

H.5.1 Implementation of ASME Methods
For both the ADD and RSS methods, the first step after reading the input information isto calculate the

sensitivity coefficients. Moffat (1985) suggests a"jitter" algorithm to numerically calculate the sensitivity
coefficients by solving the model repeatedly for slightly altered parameter values. The fact that the Newton-Raphson

IR
algorithm provides a Jacobian matrix (J = ﬂ_ , where R and x represent the residual function and variable vectors,
X
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IR
respectively), suggests adifferent approach. A "jitter"-type algorithm is used to calculate _k , and then the linear
i
ix R fix . . . _
system J - —— =—— issolved for — , the vector of sensitivity coefficients with respect to the ith parameter.
ﬂk| ﬂk| ﬂkl
Thelinear system is solved with the same Gaussian elimination routine used by the Newton-Raphson solver.
Once the sensitivity coefficients are found, equations H.7 and H.8 are used to propagate the uncertainties,

and equation H.3 or H.4 is used to calculate an overall uncertainty, labeled Upgrmgl in the ADD and RSS output.

An example output file for aRSS analysisisgivenin Table H.2 for a sample model that will be discussed in
Section H.6. Note that with the ASME analysis, the distribution specification isignored. Input parameter
specifications are reported in the output, as well as the bias and precision that was propagated to the variables. All

values are reported on an absolute basis, even if they were input on a percentage basis. Ugctyal is only applicable to

the Monte Carlo analysis.

Table H.2 Sample ASME RSS output file

RSS uncertainty analysis

XK# Name Nom. value Bias/Offset | Precision Unormal | Uactual
23 PFrC 1 0.2 0

24 PFrE 1 0.2 0

25 glossLL 50 25 0

26 glossDL 150 75 0

27 ggainSL 220 110 0

34 FanPercent 0.33 5.00E-02 0

35 GSB 85 8 0

36 GSN 85 8 0

37 gE 10170 101.7 0

38 t0 183.1 1 0

39 t1 178.8 1 0

40 t2avg 125.2 1 0

41 t3 112.3 1 0

42 t7i 455 1 0

43 t9 60.6 1 0

45 Tindoor 80 0.3 0

46 Toutdoor 95 0.3 0

47 FanPwr 227 1.135 0

48 RacPwr 1260 6.3 0

93 UAwall 7.9 1 0

94 UAcab 8 1 0

95 Al 82.875 0.82875 0

96 A2 52 0.52 0

97 A3 102 1.02 0

98 Ftrans 1 2.50E-02 0

53 QCab 120 15.379 0 15.379 0
54 QevapEB 10603 290.2 0 290.2 0
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RSS uncertainty analysis
XK# Name Nom. value Bias/Offset | Precision Unormal | Uactual
55 QFan 255.59 38.747 0 38.747 0
56 QWwall 57.655 43.005 0 43.005 0
70 pwrmp 3530.6 35.561 0 35.561 0
71 pwrmapc 3051.7 105.35 0 105.35 0
72 CompPwr 3524.6 21.842 0 21.842 0
77 tsatincomp 43.918 1.088 0 1.088 0
78 tsatoutcomp 125.74 0.99721 0 0.99721 0
80 wmap 169.51 3.4009 0 3.4009 0
81 wmapc 176.62 3.7962 0 3.7962 0
82 wEB 153.38 4.2966 0 4.2966 0
85 WACRC 178.83 3.635 0 3.635 0
89 WASHRAE 166 4.3954 0 4.3954 0

H.5.2 Implementation of Monte Carlo Analysis
Section C.5 contains pseudocode for the uncertainty analysis. For each Monte Carlo run, input parameters

are randomly generated according to the specified distributions, and the full model is solved. Solution valuesfor the
selected variables are written to the file "M C.extender”

If aparticular Monte Carlo model run does not solve, awarning will be given, the parameter values will be
written to the "M C.extender" file, and the error flag will be set, causing program execution to halt once all Monte
Carlo runs have been attempted. The user may then attempt to solve those runsindividually and edit "M C.extender"
accordingly or remove the bad runsfrom "M C.extender." The statistical analysis can then be completed by running
the MCF analysis, which loads a pre-existing "M C.extender" rather than generating anew one. The MCF option can
also be used to combine the results of two smaller MC runsinto one larger file for statistical analysis.

After all of the Monte Carlo runs have been completed (or loaded from afile in the case of MCF) , the
"MC.extender" fileis used to generate a histogram of values for each variable, which is saved to thefile

"H.extender.” The offset (Xnominal - Xavg) and precision of the data around xgy g are then calculated, and an overall
uncertainty (Unormal) is calculated according to equation H.4, which assumes anormal distribution.
In addition, the actual 95% coverage intervals (Ugctyal) based on the generated data are found viaa

symmetrical search, increasing the symmetrical U interval until 95% of the generated valueslie withinit.
An output file for aMonte Carlo analysisis given in Table H.3 for the sample model that will be discussed in
Section H.6. Notethat for this case the ASME RSS and the Monte Carlo analysis give similar predictions. Thisis

often the case and the RSS method can be used as a good approximator for aMonte Carlo analysis.



Table H.3 Sample Monte Carlo analysis output file

MCF uncertainty analysis: 431 runs

XK# Name Nom. value | Bias/Offset | Precision Unormal | Uactual
23 PFrC 1 0.2 0

24 PFrE 1 0.2 0

25 glossLL 50 25 0

26 glossDL 150 75 0

27 ggainSL 220 110 0

34 FanPercent 0.33 5.00E-02 0

35 GSB 85 8 0

36 GSN 85 8 0

37 gE 10170 101.7 0

38 t0 183.1 1 0

39 t1 178.8 1 0

40 t2avg 125.2 1 0

41 t3 112.3 1 0

42 t7i 455 1 0

43 t9 60.6 1 0

45 Tindoor 80 0.3 0

46 Toutdoor 95 0.3 0

47 FanPwr 227 1.135 0

48 RacPwr 1260 6.3 0

93 UAwall 7.9 1 0

94 UAcab 8 1 0

95 Al 82.875 0.82875 0

96 A2 52 0.52 0

97 A3 102 1.02 0

98 Ftrans 1 2.50E-02 0

53 QCab 120 0.69586 7.8057 15.627 16.235
54 QevapEB 10603 -1.2486 147.09 294.18 296.12
55 QFan 255.59 0.28265 18.873 37.748 36.649
56 QWall 57.655 0.24874 21.866 43.732 41.142
70 pwrmp 3530.6 0.585 19.283 38.57 38.46

71 pwrmapc 3051.7 -2.5733 56.544 113.12 111.82
72 CompPwr 3524.6 -0.16165 10.189 20.378 20.064
77 tsatincomp 43.918 5.64E-02 0.62732 1.2559 1.2429
78 tsatoutcomp 125.74 -7.31E-3 0.53082 1.0617 1.0849
80 wmp 169.51 0.17068 1.9559 3.9155 3.8408
81 wmapc 176.62 0.18166 2.1502 4.3043 4.2692
82 wEB 153.38 1.47E-02 2.1827 4.3654 4.1024
85 wACRC 178.83 -9.29E-2 1.8614 3.724 3.5603
89 WASHRAE 166 -0.27252 2.0804 4.1696 4.0465

H.6 Analysis of Refrigerant Mass Flow Component Models
A set of equations that includes the calculation of arefrigerant mass flow viaan energy balance on an

evaporator, two capillary tube models, and compressor maps for mass flow and power consumption was used as a
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sample model in this Appendix. Theresultsfrom the uncertainty analysiswere used in the model validationsin
Section 4.

The calculation of refrigerant mass flow from the energy balance involves numerous parameters describing
the heat transfer characteristics of the room air conditioner calorimeter. These parameters and their uncertainties
were estimated by Rugg and Dunn (1994), and will not be described here.

The most critical part of any uncertainty analysisisthe determination of uncertainties for the input
parameters. Often, only educated guesses about the uncertainties of certain parameters are available. Uncertainties
on thermocouples were specified as £1 °F to account for thermocouple error aswell asthe fact that surface
thermocouples will not measure the true refrigerant temperature. The power input to the calorimeter was assumed to
have an accuracy of 1% and fan power measurement were assumed accurate to 0.5%. Pressure drop calculations
were assumed accurate to within 20%. Theinstructionsfilein Table H.1 is an abreviated version of the one used to
perform the uncertainty analyses.

The 95% uncertainty interval of wep, the mass flow calculated from the energy balance, is 4.3 Ibm/hr for a

nominal value of 153.4, or 2.8%, which represents an absol ute uncertainty bound on the mass flow, assuming that the

specified uncertainties and the equations used to calcul ate wgp are correct.

The uncertainties for the capillary tube and compressor models do not represent absol ute bounds on the
values that they predict, but rather indicate the uncertainty that will be propagated through those models due to
uncertaintiesin their input parameters. Thisinformation is useful to judge whether mispredictions of the models may

be dueto errorsin the input parameters rather than errorsin the models themsel ves.

H.7 Conclusions
Both the ASME uncertainty analysis methods and the Monte Carlo method can be helpful for evaluating

thermal systems model predictions. The predictions of the RSS and Monte Carlo analyses were very similar for all of
these models, as will often be the case. The Monte Carlo is ultimately more accurate, and was used by ASME to
validate their method.

The ASME methods are fast, simple approximators of uncertainty and are thus well-suited for a screening
analysis. A Monte Carlo analysis gives the most accurate uncertainty predictions, especially when modeling
equations that are highly nonlinear, though it may require large amounts of computer time for large models.

Determination of the magnitudes of individual parameter uncertainties is the most important step in any
uncertainty analysis, and will naturally be the controlling factor in theresults. The overall uncertainty in aresult may
also be dominated by the uncertaintiesin only afew of itsinput parameters. An analysis of sensitivity coefficients

may help identify which input parameters introduce the most uncertainty in the result.

References
Abernathy, R. B., R.P. Benedict, and R.B. Dowdell. “ASME Measurement Uncertainty.” Journal of Fluids Engineering
107 (June 1985): 161-164.

ASME. Measurement Uncertainty Part 1, Instruments and Uncertainty. ASME, 1985. American National Standard
PTC 19.1-1985.

Badar, M Affan, Syed M Zubair, and Anwar K Sheikh. “Uncertainty Analysis of Heat-Exchanger Thermal Designs
Using the Monte Carlo Simulation Technique.” Energy 18 (8 1993): 859-866.

82



Cho, S. M. “Uncertainty Analysis of Heat Exchanger Thermal-Hydraulic Designs.” Heat Transfer Engineering 8 (2
1987); 63-74.

Coleman, Hugh W. and Jr W. Glenn Steele. Experimentation and Uncertainty Analysisfor Engineers. New Y ork: John
Wiley and Sons, 1989.

Coleman, Hugh W., M. H. Hosni, Rabert P. Taylor, and Glenn B. Brown. “Using Uncertainty Analysisin the
Debugging and Qualification of a Turbulent Heat Transfer Test Facility.” Experimental Thermal and Fluid
Science 4 (1991): 673-683.

Dilks, David, Raymond Canale, and Peter Meier. “ Development of Bayesian Monte Carlo Techniques for Water
Quality Model Uncertainty.” Ecological Modeling 62 (1992): 149-162.

Kline, S. J. “The Purposes of Uncertainty Analysis.” Journal of Fluids Engineering 107 (June 1985hb): 153-160.

Kline, S.J. “1983 Symposium on Uncertainty Analysis Closure.” Journal of Fluids Engineering 107 (June 19853): 181-
182.

Lassahn, G.D. “Uncertainty Definition.” Journal of Fluids Engineering 107 (June 1985): 179.

Moffat, R. J. “Establishing the Credibility of Experimental Work.” Experimental Thermal and Fluid Science 4 (5 1991):
Back cover.

Moffat, R. J. “Using Uncertainty Analysisin the Planning of an Experiment.” Journal of Fluids Engineering 107 (June
1985): 173-178.

Moffat, R.J. “ Contributions to the Theory of Single-Sample Uncertainty Analysis.” Transactions of the ASME 140
(June 1982): 250-120.

Moffat, Robert J. “ Describing the Uncertaintiesin Experimental Results.” Experimental Thermal and Fluid Science 1
(1988): 3-17.

Rugg, Steveand W. E. Dunn. "Design, Testing, and Validation of a Room Air Conditioner Test Facility" University of
Illinois at Urbana-Champaign, ACRC TR-59, 1994.

Shannon, Robert E. Systems Simulation: The Art and Science. Englewood Cliffs, N.J.: Prentice-Hall, 1975.




Appendix I: Condensate Spray Analysis

[.1 Introduction
When the room air conditioner evaporator removes moisture from the indoor air, condensate drains from the

evaporator and travels through two channelsto a pan in the outdoor side of the air conditioner. The flow of
condensate represents an evaporative cooling potential equal to the mass flow rate of the water times the heat of
vaporization of water. This cooling potential may be used in one of two ways to enhance condenser performance.

The water could be used to evaporatively cool the air before it passes over the heat exchanger, increasing
the heat transfer due to the higher temperature difference between the air and the refrigerant. Thisisan inefficient
use of the water's cooling potential, however, because it only indirectly cools the refrigerant stream, with the air
serving as an intermediary.

A sample calculation was performed using an effectiveness-NTU based model of a condenser for a 12,000
Btu/hr room air conditioner at the highest fan speed with condenser inlet conditions set to experimentally measured
values. By evaporating 5 [bm/hr of water into the air stream (a potential 5200 Btu/hr of evaporative cooling) the air
temperature entering the condenser was reduced from 95°F to 87°F, causing an additional 700 Btu/hr heat removal
from the coil, increasing condenser capacity by only 5% and representing a 13% utilization of the water's cooling
potential.

The more efficient approach of spraying the condensate directly onto the condenser is commonly used in
room air conditioners. The spraying is accomplished by the use of aplastic "sling ring" that is attached to the
perimeter of the condenser fan blade. The "sling ring" dips down into the pool of condensate and slings the water
up onto the condenser. Using the model and conditions described previously and assuming 100% utilization of the

cooling potential of 5 Ibm/hr water, the condenser capacity could be increased by 39% over adry condenser case.

I.2 Theoretical Analysis and Literature Review
In reality, not all of the water coming from the evaporator (1 tqtg)) Will be utilized to enhance the condenser

performance. A portion of Mqtg Will be evaporated from the condensate pan (1 pan) or from the "sling ring" or fan
blade itself (ms“ng ). Somewater (" miss) May be slung onto the housing surrounding the fan and condenser rather
than onto the condenser. Hopefully, the majority of the water (1 g+, effective mass flow) will actually land on the coil

and directly enhance heat transfer performance, though a portion of the water that does make it to the condenser

could be blown completely through (1 grift). Thus a mass balance on the water stream gives

me‘f :mtotal - n-f]pan' n-f]sling' rhmiss' n-f]chft- (| 1)
Order of magnitude cal culations can estimate the importance of the various termsin the mass balance.
According to Stoecker (1986) and ASHRAE Fundamentals (1993) using the Lewis relation and assuming that the

Lewis number is unity gives

pm 1.2)



where hmisthe mass transfer coefficient, Comis the specific heat of moist air, and h¢ is the convective heat transfer

coefficient. Using aheat transfer correlation for laminar flow over aflat plate as given in Incroperaand Dewitt (1990),
potential rates of water evaporation were estimated. These calculations indicated that evaporation from the
condensate pan (7 pan) would be around 0.05 Ibm/hr and evaporation from the "sling ring" (M gjing) would generally

be lessthan 0.1 Ibm/hr. These numbers are quite small compared to aigtgl Of 1 to 6 Ibm/hr, which istypical of a

room air conditioner. Observations of Tree and Goldschmidt (1978) and observations of air conditionersinvestigated

in the current project indicate that m grift is virtually zero, as no water is observed to be blown through the
condenser. The quantity ' mjssis difficult to analytically estimate because of lack of knowledge of the spray

pattern, though it may prove to represent a significant mass flow of water evaporating into the air upstream of the
condenser.

Oeensible

mdnft

mtotd

Figurel.1 Condensate spray schematic.

Also, since each water droplet may initially be cooler than the air, it can draw a portion of its heat of
vaporization from the air rather than the condenser fins, reducing the utilization of 1 gff's cooling potential. However,
the temperature difference between the water and the air would be significantly smaller than that between the water
and the fin, and as the water becomes warmer than the air, it will begin heating the air rather than being heated by it.
The conduction resistance between the water and the fin is also much smaller than the convection resistance
between the water and the air. Thusthe majority of the evaporative cooling potential should be drawn directly from
the condenser fins.

Inatypical condenser utilizing condensate spray, only aportion of the condenser surface will be wetted.
Both latent and sensible heat transfer will occur on the wetted portion of the condenser. The latent transfer will be

simply M g times the heat of vaporization of water.



The sensible heat transfer is less straightforward to determine. The thickness of water introduces a small
conduction resistance while simultaneously increasing surface area and roughness. The presence of the water also
increases the degree of air flow constriction in the condenser, increasing the air velocity while possibly reducing total
air flow dueto pressure drop. Myersswork (1967), reported by Threlkeld (1970), indicates a net effect of aslight
increasein the air-side sensible heat transfer for awetted fin, compared to an equivalent dry fin. The sensible heat
transfer coefficient is™12% higher in an example given by Threlkeld, which would typically translate into an ™ 9%
increasein overall UA, assuming that the refrigerant side resistance is about half of the air-side resistance. Strictly
speaking, one would not expect the heat transfer coefficient between the water and air to be any higher than that
between abare fin and air, but because our practical definition of the heat transfer coefficient is based on the dry fin
area, the surface areaincrease due to droplet area getsincorporated into the heat transfer coefficient

Based on an empirical study by Myers, the wetted sensible heat transfer coefficient can be related to adry
coefficient by

— 0101
h,, = h, 4 >0.626V°™", 03

whereV isthe standard air face velocity in ft/min. Equation 1.3 predicts wet air-side sensible heat transfer coefficients
to be 10 to 25% higher than the equivalent dry coefficients, corresponding to approximately 7 to 20% increasesin
overall UA, not accounting for conduction resistance between the tube wall and the water surface. Theincreasein
the sensible heat transfer convection coefficient may be due to the surface roughness and increased surface area of
the water and the increased core air velocity caused by restriction of the condenser's free flow area.

Myerswork was also used by Fischer and Rice (1983) in the development of a dehumidification heat transfer
analysis for the evaporator model of the DOE heat pump model. Running this evaporator model yielded 7.7% higher
sensible heat transfer in wetted regions of the evaporator for one case, or about an 11% increase in the sensible heat
transfer coefficient on the wetted fraction of the evaporator.

The aboveindicates that sensible heat transfer in the wetted regions will be enhanced rather that reduced,
and Threlkeld indicates that Myers's equation may be used as an approximation of the sensible heat transfer
coefficient.

Using Equation 1.2, hmfor the wetted condenser can be determined based on a heat transfer coefficient.
Then, given the i gff applied to the coil, hyy, can be used to determine an effective wetted area, A g, for calculation of

increased sensible heat transfer:

Mg =h A W, - wy),

(1.4)
where wg and wg are the humidity ratios of saturated air at the water temperature and of the ambient air.
Tree and Goldschmidt (1978) assert that the heat transfer for awet coil is approximately the heat transfer of

an equivalent dry condenser plusthe latent heat of an effective water mass flow, M gff. They give an expression for

M eff

: n-1
mtotal d

Mg =1-c
df 3 rWAe

(1.5)



where d iswater droplet diameter, nisempirically determined, A g is the wetted area of the condenser, r \y isthe
density of water, and cgisempirically determined based on droplet evaporation rate. Tree and Goldschmidt indicate

that the form of predictions based on Equation 1.5 agree with their experimental data, although they do not show any
predicted versus experimental results. They also assumed a wetted area equal to 1/8 of the total surface, rather than

calculating an area based on M gff.

The experimental results of Tree and Goldschmidt indicate that heat transfer enhancements were most
strongly affected by the total mass flow of water spray and were not consistently affected by drop diameter. They
obtained condenser capacity enhancements of up to 40% for the highest water flow rates.

Grissom (1981) discusses spray cooling in general, focusing on determination of the point at which flooding
of asurface will occur, and calculation of the maximum rate of evaporation possible, given a particular surface
temperature and ambient pressure. He also examines the onset of the Leidenfrost state.

His discussion of dry-wall, transition, and flooded modes of evaporation suggest that due to the particular
geometry of the condenser and spray mechanism, the front edge of the condenser may be flooded with more water
than it can evaporate, with excess water being blow farther back in the condenser. The actual conditions are not
readily observable due to the difficulty of seeing inside the running air conditioner. Tree and Goldschmidt reported
observing dropwise evaporation and indicated that only 1/4 of the depth of the condenser was wetted. They
reported adroplet evaporation time of about .5 seconds after impact on the fin.

Given these considerations, it can be assumed that the mass flow of water to the condenser in atypical room
air conditioner is not in excess of the maximum amount that can be evaporated. This conclusion is also supported by
the absence of drift of water droplets through the condenser exit on two units that we have tested.

McQuiston (1978) has done extensive work on combined heat and mass transfer for dehumidification coils,
using amass transfer analogy to the Colburn j-factor analogy. McQuiston's analysis may be valid for evaporation as
well, but the j-factor method is not easily amenable to our current modeling methods.

As stated earlier, M gff cannot be evaluated analytically using our known information, and its reasonable

determination will require experimental analysis. A proposed method of eval uating an approximate expression for the

M eff iS given below.

I.3 Experimental Analysis
Using aroom air conditioner testing facility, we can experimentally determine condenser capacity and the

water removal rate by the evaporator, aswell as air and refrigerant-side condenser inlet conditions. Experimental data

for acase with no dehumidification and thus no water spray can be taken to establish a base capacity of Qary-
A condenser model can be calibrated to give accurate prediction of Qgry based on the measured inlet

conditions. Another data point can then be taken with water supplied to the condenser by dehumidification

condensate, where P otg] can be considered equal to the measured water removal rate by the evaporator. The
condenser heat transfer for the wet case will be denoted Qyyet- The condenser inlet conditions for this second point
will be different from those for Qdry s0 the condenser model must be used to predict what the dry heat transfer,

Q'dry, would have been in the absence of the water spray.
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Thus the heat transfer increase due to the condensate spray is given by

DQ = Que - Qldry =My * hfg *+ Qe (1.6)

where DQ isthe heat transfer enhancement and Qse i's the sensible heat transfer enhancement over the area A ¢ due

to the increased sensible heat transfer coefficient. Equation |.6 can then be solved for 17 gff:

Qwet - Qldry' Qse

hyg (1.7)

According to Tree and Goldschmidt's observations, generally less than 25% of the condenser is wetted by

Mg =

the spray, thusif the sensible heat transfer enhancement were 10%, the overall effect of the enhanced sensible heat
transfer would be about 2.5%. Considering the much larger uncertainty in evaporative losses prior to reaching the
coil and the limits of our experimental accuracy, the sensible enhancement can reasonably be ignored, asTree and
Goldschmidt did. Given this assumption, the Equation 1.7 can be rearranged to give
Qwet b Qldry _

hyg (1.9)
Using several experimental determinations of 1M ¢, an expression can be found to relate M gff to Myotg)-

Mg =

Based on observations by Tree and Goldschmidt (1978), we expect that the enhancement due to the
condensate spray would be most strongly affected by the mass flow of water supplied to the condenser pan.
Geometric factors that determine how much of the sprayed water directly hits the condenser would also have a
significant affect. The coil temperature and the humidity ratio of the ambient air should also affect the evaporative
flux on agiven area of the heat exchanger, but since excess water tends to be blown on to dry areasin actual
operation, the overall heat transfer rate should not be strongly affected. However, the changesin the rate of

evaporation before the water actually reaches the coil could have a significant effect on 17 gff.

Thus a proposed form for arelationship between i gff and Mtotgl IS

me‘f = r'ntotal - hmA*(Wo - Wy )- Cl* mtotal'

(1.9)

where hpA represents an effective mass transfer coefficient times area (analogous to UA) for evaporation from the

condensate pan and other constant evaporations.

Predictions of heat transfer in the condenser can be made with the equation

Quet = Qay Mt * g (1.10)
The coefficient C1 accounts for the physical efficiency of the fanin delivering water to the evaporator coil .
Observations indicate that a significant portion of condensate is sprayed onto the condenser fan motor and the air
conditioner cabinet, whereit will draw heat from the those surfaces and thus not effect an heat transfer enhancement.
The coefficients hyA and Cq were evaluated based on experimental data taken with aroom air conditioner
testing facility. A least squares minimization indicated that the term containing hmA had anegligible effect, and its

estimated value was negative, so hyyA was set to zero. The estimated value for Cq was 0.73, which, in the newly



simplified correlation, must account for the physical efficiency of the sling ring as well as for small amounts of

evaporation.

I.4 Conclusion
Equation 1.10 can be easily implemented in a mathematical model of aroom air conditioner. Becausetheair

conditioner geometry and the design of the "sling ring" can vary significantly between different units, this method is
strictly only valid when experimental data is available, although the general behavior of different air conditioners
should remain the same, and the equation should provide a reasonabl e estimate of condensate spray performance for

avariety of air conditioners.
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