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As part or the Building Equipment Research program at Oak h hydraulic
Ridge N'atfon_ L_boratzry (ORNL), nonazeotropic reh_ger_nt miztures i in|et_ inner
(NAP_Ms; are being investigated to rap)ace _]oroNuorocarbon Imtd log mean _mperature cbfference
compounds, The condensation of NALMs is not isothermal, and this can o outlet, outer
improve the heat exchanger effectiveness of a condenser as well as r refrigerant
improve the_'mod).namic cych efl'iclencies. The _1 condensing heat m water
tranS, or o_etTie/en_sfor refrigerant R22 and for four non_eotropi¢
mixture_ of refrigerants R_43s and R124 were measured and are
pretented a_ a function o£ mass fierz For two inside tube surfaces, one [atroductton
h_ving _piral ridged fins and the other ha_ng a spirally corrugated or

fluted _urface. The total condensing coefficient for the finned tube is Replacements for chlorofluoroearbon _CFC) refrigerant_ are being
higher than that for the _uted tube at ,an),given refrigerant mass _lux investigated as part of the Building Equi)_ment Research program at
for all the refrigerant mixtures. ']'he measured irrecoverable pressure Oak Ridge National Laborator7 (OB.NL}. One class of"replacements is
drop for _e finned tube wa_ appro_mateiy half that for the fluted tube; ealled non_zeotropic refrigerant mixtures (NAJ_fs). For NA_s in the

thus. the finned tuba has the better therrna] performance or the two wet {two.phase) re,on, the saturation temperature at constant pre,sure
enhanced tubes, is a function of_e vapor quality, that i_, _e condensation proces_ )s not

The condensing heat t_nst'er coefficient is al_ presented as a isothermal This nonlr,o_her_a] phase.change behavior can improve the
function of the mass fraction of R143a tor three values of mass flux. temperature efTecdveness of a heat exchanger (Oran_'d _nd Conklin,
Deg'radadon of the condensing coef_cient for invermedi_e values of 1990) as well s.s thermod)'namic c_,cle efficiencies (McLinden and
E143a mass fraction is apparent, but has different trends _'ith respect Redermacher, 1987). Other investigators (DeOrush and Stoecker, 1987;
to mass flux for the two enhanced surfaces; thus, the geometry of the Stoecker und Kornot_, 1985; Bokhanovskly, 1980), howe,:or, have
enhanced surface appears to affect the physical mechanism for measured heat transfer coefficients tor binary NKRMs condensing in
condensation of NAJ_Ms. smooth tubes _at were less than the heat transfer coefficients for either

_f the pure constituent refrigerants, Also, the Mme degradation of'
condensing coefficient for mir,tures of R.?2 and R114 was reported by

Nomenclature Koysma et al. (1990) inside a horizonta] tube whh internal spiral
grooves, AddiUona) heat transfer are_ for NAKM condoners would thus

A _rea fm_) be required; hence, the eft'ect that additional enhanced heat transfer "
a dimensionless coefficient used in equation (4) surfaces have on the NAEM condensing heat tranlfer coefficient was
c specific heat at constant pressure (J,kg".K") investigated.

d diameter (rh) The non-CFC refrigerant4 RZ43a and B124 were chosenfor te_ting
e fluid tube indentation (ml baled on a precious research effort C¢ineyard et al., 1989) that _reened
[ fin height fm) refrigerant pairs using such factors as boiling point, stability, ozon_
h heat transfer ¢oeflqcient (W,m'LK "ml depletion potential, and coefficient ofperform_nc¢ to determine suitable
k thermal conductivity (W.ra'LK -sl candids_s for residential heat pump operation. No axeotropic mixtures
m mass flow rate ff, g.s"_) of R143s and R124 ave believed to occur. Four different mixtures of
p fluted t_b_ pith fm) R]43a/R]24 were cortdensed at various mass flow rates in two heat

q" heat f_ux(W.m-_) ezchangers: one with extruded ridged fins and the other with a fluted
Re Reynolds number (ma,lAp) inside tube surface. Refrigerant R22 was also condoned in the two heat.
T temperature (YO exchangers. Because water.to.refrigerant heat exchangers were used in
U overall heat transfer coefficient (W.ra'tK'_} the experimental appsratus, the inlet water temperatures were select_
p d._'homi¢_scosity (Pa.s) to )'ield refrigerant _aturation pressures equivalent t_ those determined
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r_r air.Lo.refrlger_nt he_t eschangers at _he L'.S. Dep_rlrnent of T/o . i, p_S_l_
£n¢_'s s_nda_:l ra_ng conditions for he_t pumps.

1 It''l :_ : VcApp_rattu= . : _'-L . .... . .

're :- -_] _/:The heat tr=mater from enhanced tubes during tube=ida Vc - - ---_ "'":"'_ondensat.ion of binary N._R._,_s is beinl invesdcated at OP,XL in e _ ;_.. ........

,_,ighly.instnJment_d apparatus, sho_'n in Fig. I, that consists of the I] _'.._ vjc,%flowingr,omponenU: avariable-speedcompres_r ha_-inge range of500
• ' 'r -"_ I/C

_03000 rpm t.l_=t_11owsfor variableheatezch_ger loading=,a variable. _¢ I:]_
_n_ce refrlger_.nt me_rLng des'ice(needlevalve),and two sets of
ro_nLerflow concentric.tube heat ex_lmgers ha_ng two different 1/c " " " : .... ,

enh_ced lakeside surfaces. Th, refHg, rlmt drcu},Les in side the een_a] "_(_ ,/c:ube and waLer c_rculatasin the armuluJ. The variable-speed /c:_

.o,,..., d,...o,,..,,o.,,.... ,.. 1needle valve allows flex'bailly in controlling refrigerant condi_ons; this . _
F_er_bility is lacking for capillar)' tubes and thermal expe.nsion vah, es. _/c-t--.

COLD PROCE_.S _O'lPROC[S$ "'_",,'_c_

_,_,_,N ,_rc_our I',T--

CCUPO$1TI_N ,_1¢_

U=J,$URE_[NT

(_.C.) Fig, 2 Heat exchanger schematic

k(ASS COND_.NSER !
f'l..OW TOROUE/RPd ":::..... _.... _:.''"_': ..... ' ..........

-' ['°'-.o°'- lll llll lll lllll  iCOI_PRESSOR _ d. = 15.B mm o
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Fig. 3 Tube geometry: (a)finned, (b)fluted
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Fig. l NA.RM tet't loop Test Procedure "

The heat exchangers, _th instrumentation as shown in Fig. 2,
.onslst ore central tube and am outer tube forming an annuluL There The output ofinttrumen_tlon such as mass flo_'rneters, pressure
,re eighthoHzont.alpasses where the outersurfacesof the water transducerl,thermocouples(T/Cs),and resistancetemperaturedetect_,rs

,nnulusand the refrigerantbends _re insulated.Each hori_ont_l (RTDs), as shown in Fi_. I and 2, was recordedon a PDP-II

ectlon as 1.94 m long. Two tepara_ heat exchangers were u_ed for both minicomputer. In addison, a dedicated gas chromatograph, located at
ondensing lind evaporation, each having lm enhlmced surface on both the compressor exit, wu used to monitor the composition of the
he refrigerant and water _ides for Jnvest_gation of NAJ_M heat transfer, circulating charge in real time, Data were taken every fifteen seconds
:ompleLe condensation results art presented here; resuita for and averaged over ii fifteen.minute period duHngsteady.steLe operation.
•vaporadon were reported by Conklin lind Vineyard (1990). The gas chromatograph and ali pressure transducers, flo_'rneLers.

A sketch of bot,hcondenser tube geometries is pre_nt, d in Fig. 3. thermocoup!es, and RTDs were calibrated before tatting.
Fhe fluted, or corrugated, enhlmced copper tube has an out.r diameter Water flow rates to the heat exchanger_ were pneumatically
,f 18.9 mm =rod a wall thickness of 1.065 mm. The spiral indentation= controlled to nllow tor rapid changes in t_st condition& The inlet
,re approximately 0.8 mm deep, there are two indentations at a given temperature to the condenser was maintained _itha mixing valve that
ross-sectlon, and the pitch (i.e., axial distance between inden_tions) is intrc<luces cool process water while bleeding off warmer water that has

: 1 mm. This pitch results in a helix angle ofapproximet, ly 80' _'Jd_ passed through the condenser. The inlet water temperature to the
"e_pect to the ,ongitudinal axis of the tube. The surfare roughnet_ il evaporator was controlled by a bank of resistance heaters in the closed.
" pnl (80 pin.), loop system.
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condensationwa_ approximately 3500 kPs, and the saturation .Ano_.eral}heat transfercoefficienti$ thendeterrnlnedai follows:

hamper•Surewas approxims_l)'45"C.AtthispressLu-e,thetemperature
m q_

glide ta.e., amoua',t of temptratua'e change in the two-phai4 re,on) was U _ . 13)appro_ma_ely 6"C and I0"C for 73_, R143a/279t R124 aJ_d30_ R143a
/ ';0_ R124, respecdvely. The heat rates for _.hererrlgera_t side lind Me
water side were dtt, rrnined from measured inlet and outlet
temperatures and pressures and measured flow rates and _ere then The heat transfer coef_cient for Me water was obtained from Me
checked for • s_ead)',sLate 1",eat balance. The e|ec_al po_er follow'ing empirical relationship:
measuremenM for Me closed.loop _ys_m were al_ used te check for a

k,, oRr_, (4}
heat _te_ce tn stead)'.sLa_ oper_t.ion. The needed refrigerant h, ''_'t *Mermophysica_ propertieswere de_rrnlnedfrom allot/Mmspresented
]oyMorrlton _d }slcL_nden(X986)Mat implement _e CJu'nsba,n.

S_rling.DeSa_tis equation of slate. During the _sUng, mlnlm_
subcooling at the condenser tr.it and minimal superheaUng at the
evaporator e:_it were maintained to insure two-phase conditions in tJ',e where Re, represents the Reynolds num_,er of the flow based on the
heat exchLnfent, hydraulic diameter of the annulus. The coeffic/ent a was ob_tned from

Baseline test.t were performed _'iM R22 at _fferent _mpres_r • serlet of tests _'ith R22 using t modified Wilson plot meMod
speeds _nd su_sequentJy varyin_ heat exchanger loads to compare the (McAdams, 1942). For the fluted tube, a had a _'alue of 0.0403. For the
two enhanced tube surfaces, as well as to compare slmil_ published finned tube, o had • value of 0.0828.
investi,_ationt. Four compositions by mass of R143a and I'_124 were "/'he heat transfer coeff3cient of the refrigerant is then computed
tested: 30% R143a / 70ek R124, 51% R143a / 49_ R124, 73_ R143a / with the follo_'ing equation:
27% R124, end 77q_ RI43a / 23% R124. A fif_ composition of 63%

R143a / 37% R124 _ss also te_ted, but the resulting condensing h, - 1
coeff3cients were anomalously high for both tubes and are not presented. A, 1 1 _51

presentLolubricatethe compressor.The concent.rat_onofoilw_ about rr, _t., r_,j

1%. The oil's effect on the heat transfer coe_cient or pressure drop was
notinvesfiga_d-

where A, represent_ the heat transfer area of the inner t_ s_rface _o
_e refrigerant The flow area and the b' ,t transfer sre• are those of

Heat Transfer A.na]).els the equJvalent unenhanced sud'ace--which for the finned tube it the
root diame_r and for the fluted tube it the undimpled dlame_r, i_ven

One of the objectives of the investigation at ORNL is Lo measure as d, on Fig. 3. The_e dimensions were chosen ao that the thermal
thethermalperformanceof the .N._Ms incondensers.The refrigerant performanceofenhancedheattransfergeometriescan becompared _'_

enters the condenser with _omesuperheat (approximately 1_0_ quality) the equ.is'alentperformance ofa _mocth tube. Testing ofthese mixtures
and leaves with slight, subcooling (approximately -8% quality). The of R143a and R124 in a smooth tube condenser ia _nderway at OP_L,
superheat is removed in the first pass of condenser t_._blng,and the and the results _'i_1be used Lo quantify the condensing coeff3cien_ of
remaining ees'en passesconstitute the condensing section. A total, or the_e particular N/_.M$ in a smooth tube. The thermal resists.neeof
average, condensing heat transfer coefficient is computed from the the tube material wet neglected because _e tubes are copper, •hd no
measured temperatures end f_ow_, fouling factor was assigned because the tubes were new.

A "standout" log mean temperature difference is computed from In each condensing pass of Me tubes, the flow pattern wet
the measured inlet and outlet temperatures of' the conclensing section det, rrnined bl' first computing the Froude and Weber numbers and then
with the follo_'ing equation: using the criteria of._i_eanandan et al. (1990).

T,._- (r,.-:I'._-{r,,-7"..)

_', "_,*,) The heat tr_sfer coemcient_omputed_,-_thequation (5) for the
series of tests _tb R22 it presented in Fig. 4 as a ft_netion of mass flux.
Linear Yeg'ression analyslt wet used Lo fit a straight line_o the d:,te,

Hera, l represents the cot-responding Oow inlet, and o represents the Approximate uncertainties of 9_ at high mass 13u_e$_nd 15_ at. h,w
corresponding flow outlet. Because _e phase-change processof._AJ_Ma mass fluxes for _the heat transfer coefficient were computed with a
at consent pressure is noniso'_herrnsl, a finite specific heat can be propagation of error analysis Mat included the uncertainties of(l)the
defined in the wet region (Granryd end Conklin, 1990). For the water.aide heat tr_sfer coeffi_ent (estimated),(2) 0.28_C for the RTDs,
refrigerant mixtures of interest, this specific heat variesfrom the inlet and (3) 3% of measured flow for the flowmeters.
to _e outlet, hence, the log.mean temperature difference in the From inspection of Fig. 4 it can be teen that the heat transfer
condenser is not strictly applicable. A preliminary corral.ion of the log coefficient is higher for the finned Man for the fluted tube surface. 'I3e
mean temperaturedifferenceLo_ccou_tforthe varyingspecificheat of flowpatbernforthe finnedtube was t_nularforalitube passe•atall

the refrigerant mixture it being developed at ORNL; therefore, the qua]atlas, and the flow pattern for the fluted tube wet annular for most.
resultant condensing heat transfer coefficlen_ are preliminary _nd are of the tube pastes, with wa_T flow being computed for the last pass of
presented to qu_liLadvely compa_'¢ the heat transfer performance ortho the fluted tube where the quality was less than 25%. The condensing
two enhanced aurface|L coe_cient for the finned tube as shown in Fig. 4 generally agrees _Lh

"me averag_ heat _uz to the refrigerant during the condensation the R22 condensing coeffi¢ien_ presented by Schlager et al. (1989) for
p_'ocesa la then determined from the measured _ater temperatures and different finned tube geometrlet.
flow rate with the follo_'ingequation:

q,. ro.e,. (To,- T.,) (2)
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__-_ 0 fluted

2 _ finned

Ofluted 1 , ) , , : , , • , J L'
finned 100 200 300 400 500 500

....... I , I , }_ASS FLUX (kg/m2s)
11O0 200 _DD 4DO 5DO 500

MASS FLUX (kg/m2s) Fig. 6 Average condensing coe_clent for 5lm R143a /49_ R124

Fig. 4 Average condensing coefficient for R22
6

_ total or average condensing heat transfer coemc_ents for the
four mixtures of R143a and R_24 are presented in Figs. 5 to 8. Linear

regression analysis was also used to fit • straight line to these dam. By

inspection Jt can be _een that the measured condensing heat transfer 5 _ _r
coemclenta for the finned tube are greater San the condensing
coefficientsforthe flutedtube;however, thefittedstraightllneforthe _ /.,.

30'_R143a I ';0_ R124 mixture as sho_'ninFig.5 appearstocro_sthe _ _'.i_._
lineforthe flutedtube at approximately200 kg'm)$. Because no E 4 ../"

experimentaldatawereobtainedforthe finnedtubeattheselow va}ues _ /

of mass flux,extrapolationof this straightlinemay not predictthe .._
condensingcoefficientatlow mass fluxforthisparticularmixture. _'_

3
6 Jz

5 _' O fluted
flnned

_'% , ! , t_ , t , I ,

N 1100 200 3DO _OO 500 600E 4
_-, w,ssFLUX(kO/_',)
"_ Fig.7 Average condensing coefficientfor 7,?,%R143a I
._ 3 27_ R,1

Ingeneral,the flow patterncomputedforeachrefrigerantmixture
2 was annular for one tube pass more in the finned condenser (annular for

0 fluted fourtofivepasses,dependenton mass flux}than inthefluted(annular
¢r finned for three to four pasies). Also, the Reyno}ds number for the flow in the

finned tube will be higher than the Reynolds number for the flow in the

,_ _ J I , I , _ , fluted tube for any g_ven mass flow rate because the finned tube has •
1100 2 0 300 400 500 500 smaller inside diameter. Reynolds numbers for ali flows were greater

MASS FLUX (kg/mls) than 2.5x I04,henceturbulentflowexisted foralltestconditions.
In theflutedtube,thepressuredroprangedfrom 2_ to49Eofthe

Fig. 5 Average condensing coefficientfor 30_ R143a I system pressure(-1500kPa) forthe rangeof pre_entedmass fluxes.
70% R124 The irreversible pressure drop in the finned tube for ali mixtures waa

approdmately half that of the fluted tube. Since the finned tube showed
larger heat transfer,tha finned tube ba_ tha better thermal

performance. No re)ative thermal performance parameter is presenDed
here ff)r these preliminnry results. A relative therrn_dperforTnnnce
........ . . :. t '.. , ) t ! . ,-,v,_.) _ ,.) , ' '
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Fig. 9 Average condensing coefficient for 1RI43xrR124
Fig. 8 Average condensing coef_clent for ??ai R143a / minutes computed from linear regression of da_a in
23_ R124 Figi. 5.8

The condensing coemcienu_of R22 and the NAR.Mi in both tubes .
can be compared at an)' g%en mass flux to give the relative heat. minimum, cf condensing coercions as a fun,:tlon of composition w_
transfer area needed ii" R22 ii replaced by _ese pa_ic_lar N._:L.Ms. expected. The effect on the condensing co_.ff_cient _-i_ re._peet to
From in_pectlonofFigs.4 and 7 ii c_n be seenthatthe fluted-tube composidon't',atilapparentlycausedbytheerlhancedsurfacege°metry

condensingcoemclent for the 73_ R143a 1 27% R124 mixture ii characteristicsii lho_'nin Fig.9.
approximately20c_lessthanthatforR22. ThilfiguceoflO_,however,

iiapproximatelythe uncertaintyinthecondensingcoefficientas given
earlier;therefore,onlyslightlymore heattransferareafora flutedtube Conclusions and Recommendation|
heatexchanger may be neededifR22 iireplaced_th a 73_ R143a /

2T'_ R124 refH_:erant mixture. Conversely, the fluted tube condensing Although s fair amount of scatter exists for the total, or average,
coercionsforthe 30c_R143a i";(J%R!24 mixture,as shown inFig.5, condensing._,e:sttransfercoef_cient0partlcularlythatforT3_ R143a /

iihigherthan thaiforR22,as_ho_'ninFig.4,indicatingthatlessheat 27% R124 ,Fig.TSa_d that;[or";;_Rl43a /23% R124 tFJg.Sl,some
transferarea wouldbe neededForreplacementefR22. The finned.tube conclusionsc-_nbe dra_. 3"hefinnedenhanced tube has a higher

colldenslngcoefficientforthe30_ R143a/30_ E124 mixture,as _hown condensingheat transfercoefficientforthe NAR.Ms at compared _'ith
in Fig.5, isapproximately15_ greaterthan thatforP.22,indicating theflutedt'_ atan)'mass flux,withthepossibleexceptionofthe30%
tj,atslightlylessheattransferareaofthe finnedtubegeometry would R143a 170_ R124 mixtureatlow mali fluxes.Becausetheirreversible

be needed ifR22 ilreplacedwi_ a 30% R143a / _0% R124 refrigerant pressuredropforthefinnedtube was approximatelyhalfthatforthe
mixture, flutedtube in allthe tests,the finnedtubehas the betterthermal

The totalcondensingheattransfercoc._cientobtainedfrom the performan:e.
linearre_'ession relationshipsforeachrefrigerantmixtureai shown in The di.q'erencein thetotalcondensingtoe.clansmaybe partially

Figs.5 to8 fromboth enh_Jiredtubeswas computed atthethreemass explainedby the annularflowpattern'sbehg computed forone more
fluxesof 200, 300, and 400 _g/mis. lt ispresentedin Fig.9 as a tubepa'slinthe finnedtubecondenserthan inthe fluted,aswellasby
functionofthe mass fractionofR143a, The computed pointsforboth a Iow(.rReynoldsnumber flowintheflutedtubeascompared _th the

tubal appear to be be_t representedby quadratic polynomials finnedtube at any givenmass flux. Other factorlmay affectthe
determined_-itha least.squaresanalysis, condensingheat transfer,however,such as surfacefinish,extanded

The condensingheat transfercoef_cien_from the finnedand surfacehe1_xangle,finheir;ht,and surfacewettingcharacteristics.
flutedtubesshow similartrend=asthemass fractionofRl43a increases None of_ese _ere investigated;hence,thecondensingheat transfer

from the lowest(30ql;)tothe highestt77_} mass fractiontested:the coercions=presentedhere are preliminaryand shouldbe considered
condensingcoef_cientinitiallydecrea_c_,reachess minimum, then onlywithinthe specificconditionsofthiswork,whichaimp]ymeasured
increaselal the mass fractionofR143a iiff_¢r¢-ased.Where the thethermalperformanceoftwo specifiedenhanced surfuci_i.

minimum condenslngcoefficiento¢cura,however,the mass fraction Withintheselimitations,then,the majorconclusionofthliwork

appear=tobe a functionofmass fluxforthefinnedtube,whileforthe lithatthegeometryused toenhancehenstransferappearstoaffectthe
fluted tube itoccursat a corlstantvalueofapproximatelyTO% mass physicalme:bahiaS for condensing a nonazeotropi¢mixture of
fraction of R143a (80% by mole), refrigerants. Additional experiments using different enhanced tubeiide

No other published work was found for the condensation of the geometries and other NA_R.Msare recommended to further investigate
R143a/RI24 N.&RMs in the subjectfinnedand flutedenhanced tube the physicalmechanism of condensationofNAR.,M= and to identify

geometrlea. Koyama et al. (1990l, however, report condensing geometries that optimize the heat transfer and pressure drop
coefficientsformixturesefR22 and R114 insidehorizontaltubesthat characteristics.

have an enhanced surface consistingof spiralgrooves. Condensing
coefficlenti were Mso reported for flow in smooth tubes for RI2/R22
mixtures(Bo1_1_anovskiy,1980)and RlcrRII4 mixtures(Stoeckerand Acknowledgment
KerneLs, 1985; DeOrush and Stoecki_r, 1987). Tho_ publications report
a degradation in the condensing heat transfer coe.ff3cient for the This research was sponsoredby the U, S. Department of Energy,
mixture= as compared with the pure constituents, although at differing Office of Buildin_ and Community Systems, under contract DE.AC05-
mole fraction= for the dilTerent NARM_; thu.% a degrndatlon, or 94OR2141_0_'ith ._£_rtin ._l,'lrlett.'l Ene_')' Sy_tem_, Inc.
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