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Abstract A thermodynamic analysis of the R404A refrigeration system with an internal heat exchanger using R744 as a
secondary refrigerant is presented in this paper to optimize the design for operating parameters of the system. The main
results are summarized as follows: The COP increases with increasing subcooling and superheating degree of R404A, internal
heat exchanger and compression efficiency of the R404A cycle and evaporating temperature of the R744 cycle and decreasing
temperature difference of the cascade heat exchanger and condensing temperature of the R404A cycle. The mass flow ratio
decreases with increasing evaporating temperature of the R744 cycle and internal heat exchanger efficiency of the R404A
cycle and decreasing subcooling and superheating degree of the R744 cycle, temperature difference of the cascade heat

exchanger and condensing temperature of the R404A cycle.
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Table 1 Energy and mass balance equation for each component of indirect cooling system using R744 as a secondary

refrigerant
Cycle Component Energy Mass
Evaporator(5 — 6) Qrivia.e =Mpigia g —hs)
Internal heat exchanger(6 — 1) Qrrx = Mpyosn (hy —hg) _
Mpso4a =T
R404A refrigeration cycle | Compressor(l — 2) W, =904 (hy—hy) /0, =m, =my
(R404 A circuit) Condenser(2 — 3) Qrivia.con = Mpioaa (hy =) Ty T,
= Mmg
Internal heat exchanger(3 — 4) Quzx = Mpaoun thy —hy) 0
Expansion valve(4 — 5) hy = h;
R744 liquid circulating Evaporator(9 — 7) Qpras,e =Mpras (hy —hy) B
Mpraq = My
pump cycle Condenser(7 — 8) Qpras, con = Migras (hy = hg) e =m
. . 8 9
(R744 circuit) Pump(8 — 9) W, =mpy, (g - Z)/ﬁp
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Fig. 1 Schematic diagram of indirect cooling system

using R744 as a secondary refrigerant.
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Table 2 Analysis conditions

Items Conditions
0, 0.5, 0.6, 0.7, 0.8", 0.9, 1.0
Toax 0.5, 0.6, 0.7, 0.8°, 0.9, 1.0
T1044,con 30, 35, 40, 45, 50 [C ]
AT1044,sue 0,5, 10, 15, 20 [C]
AT g 100, sun 0*, 5, 10, 15, 20 [C]
Trras,e 20, -15, -10, -5, 0 [C ]
AT i cun 0,5, 10, 15, 20 [C]
ATy e 0,5, 10, 15, 20 [C]
AT, 1,3,5,7, 9 [C]

*Sta.ndard condition.
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Fig. 2 Variation of COP with respect to superheating and
sub cooling degree in indirect cooling system.
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Fig. 3 Variation of R404A and R744 mass ratios with

respect to superheating and subcooling degree in

indirect cooling system.
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Fig. 4 Variation of COP with respect to temperature of
each heat exchanger and temperature difference of
cascade heat exchanger.
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Fig. 5 Variation of R404A and R744 mass ratios with

respect to temperature of each heat exchanger and
temperature difference of cascade heat exchanger.
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Fig. 6 Effect of internal heat exchanger efficiency on
R404A refrigeration cycle.
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refrigeration cycle.
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Table 3 Statistical information for Equations(g)_@)
Linear regression coefficients | Linear regression coefficients
for COP for (mH404A/mH744)opr,
Value Standard error Value Standard error
a | 4.2862 0.01722 1.7092 0.00683
ar | 29367 0.00887 -0.0011 0.00352
a | 0.1826 0.00887 -0.5711 0.00352
as | -0.0482 0.00021 0.0131 0.00008
a4 | 0.0207 0.00021 -0.0123 0.00008
as | 0.0013 0.00021 -0.0031 0.00008
as | 0.1076 0.00050 -0.0160 0.00020
a7 | -0.0020 0.00050 0.0083 0.00020
as | -0.0020 0.00050 0.0140 0.00020
a0 | -0.1128 0.00144 -0.0005 0.00057
Number of points(n) = 5,125 | Number of points(n) = 5,125
ms =0.10174 rms = 0.04037
R’ =98.44% R’ =94.21%

(© SAREK

MR404a/MR744

Fig. 9 Comparison between predicted and analysed
R404A and R744 mass ratios.

Fig. 87} Fig. 9+= COP¢} Askfrguel dish &2 4kt
21(8), 290l g 5ghs Hlaug 1gZo|th Fig.
83} 9ol A & 4= glo] COPE £ 5% ololA] 1=

R7445 A}gahe UG udhy] 2 R404A Y5 A]
2~gle] ofe] RigE o] wslel| w2 COPot A ]
of tiaf doprgtom, olo] Wigk AeS Qokatd
Uk 2

(1) R744 FP=e} HAEE= C
Wieel vt Aers Azt A
Lhghth Z12]31 R404A Fo] I iieol A=
7b 295 COP7F AAl vhgon] Al
2 A YERt

(2) R744/R404A TEHLE7F =555 COP7F =4
vom Al WA UEbdTh g A
sAlo| = Adhr] o] 2219} RAMA SFH2=
7F 2845 CoP 9 Ugkon AEAa

7F AA e

@) WHFdustr|e] g&o] =555 COP7l Eom
AFFvle A Jvestth 18a E5as
o] E&FE COoPE A JElgou A
H = dA 38T

(4) R744 #}Pwe}l 9w 42588 A3 e
HEEe] Jol A AFF7F Sk 45
dFE F7tslm, CoPE #adhes 2o e
=

553



% 7
2 =2 AT EeITAAY 7125 19
“Slol B =8 CO2 Ao = WEA| 28 7Hek2012

0002181)” Ak§ie] Aol ozl = glem, old 7+

AREHU T

A28

1. Reyayan, O. and Behbahaninia, A., 2011, Thermoeco-
nomic optimization and exergy analysis of CO2/NH3 cas-
cade refrigeration systems, Energy, Vol. 36, pp. 888-895.

2. Wang, K., Eisele, M., Hwang, Y., and Radermacher,
R., 2010, Review of secondary loop refrigeration sys-
tems, International Journal of Refrigeration, Vol. 33,
pp. 212-234.

3. Sawalha, S., 2008, Theoretical evaluation of transcri-
tical CO2 systems in supermarket refrigeration. Part I :
Modeling, simulation and optimization of two system
solutions, International Journal of Refrigeration, Vol.
31, pp. 516-524.

4. Lim, H. Y., Choi, Y. D., Kim, Y. C., and Kim, M.
S., 2003, Development of a new correlation for the
heat transfer coefficient of turbulent supercritical car-

554

bon dioxide flow, Society of air-conditioning and re-
frigerating engineers of Korea, Vol. 15, No. 4, pp.
274-286.

. Choi, Y. C., Kang, B. H., and Kim, S. H., 2004, An

experimental study on heat transfer and pressure drop
characteristics during supercritical process of carbon
dioxide in a horizontal tube, Society of air-condition-
ing and refrigerating engineers of Korea, Vol. 16, No.
5, pp. 414-420.

. Son, C. H,, Lee, D. G.,, Kim, Y. L., and Oh, H. K,,

2004, Evaporative heat transfer characteristics of car-
bon dioxide in a horizontal tube, Society of air-con-
ditioning and refrigerating engineers of Korea, Vol.
16, No. 12, pp. 1134-1139.

. Park, S. N. and Kim, M. S., 2001, A study on auto-

cascade refrigeration system using carbon dioxide and
R134a mixture, International Journal of Air-condition-
ing and Refrigeration, Vol. 9, No. 1, pp. 39-49.

. Veiby, O. J.,, 2003, Internal Records, Documentation

in the ICA Supermarket Chain in Norway 2003, Oslo,
Norway.

. 1993, Sintef Vedleggsrapport til STF11 A93051 Bruke-

roversikt-Kuldmedier I Norge, SNTEF report no. STF11
F93058, Trondheim, Norway.

(© SAREK




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


