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ABSTRACT  This report deals with  the condensation  of  binary zeotropic  working  fluids HCFC22!
HCFCI23 in a  plate heat exchanger.  The correlations  for vapor  single-phase  heat transfer, condensate  heat
transfer and  vapor  mass  transfer are  deterrnined based on  

'the
 experimental  data of  condensation  of

100mo]%HCFC123  and  20mol%HCFC22/80mol%HCFC123. By  using  these correlations,  the prediction
calculation  for condensation  of  HCFC221  HCFC123  mixtures  is carried  out in wide  ranges  ofmole  fractien
and  fiow rate. Then, the characteristics  of  averaged  heat and  mass  transfer for binary zeotropic  working

fluids. are  examined,  ancl  a  simple  prediction method  of  the averaged  condensation  characteristics  is

proposed.
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1. INTRODUCTION

     The establishment  of  utilization  technelogy  ofnatural

energy  sources  such  as  wind  power, hydraulic power and

geothermal power  is one  of  important and  urgent  research

subjects in order  to reduce  the discharge of  carbon  dioxide
and  restrain  the global warming.  Especially the
development of  new  geotherrnal power generation systems

using  binary zeotropic  wdrking  fluid is expected  in Japan.
To  design these systems  well, it is required  to establish the

prediction method  ,of heat and  mass  transfer of  binary
zeotropic  working  fluid in heat exchanger.  From  this point
of  view,  we  have been investigating the condensation  of

binary zeotropic  working  fluid in a  plate heat exchanger.

     In the present paper, the prediction calculation  of  the

condensation  characteristics  of binary zeotropic  working

fluids HCFC22fHCFC123  in a plate heat exchanger  is
carried  out  using  the  same  prediction method  that was

developed for a  plate-fin heat exchanger  [1]. Then, a simple

method  to predict the averaged  condensation  characteristics

of binary zeotropic  working  fluid in the plate heat
exchanger  is proposed.

2. PREDICTION  METHOD  OF  LOCAL  HEAT  AND
  MASS  TRANSFER  CHARACTERISTICS

2.1 Basic Equations

     Figure 1 shows  the  physical model  to predict the

condensation  characteristics  of  binary zeotropic  working

fluid in a  plate heat exchanger.  In this figure, P  is the

pressure, T is the temperature,  y is the mass  fraction of

more  volatile  component  (HCFC22), x  is the vapor  quality,

h is the specific  enthalpy,  q is the heat flux, PV is the mass

flow rate, a  is the  heat transfer coefficient,  fi is the  mass

transfer coefficient, Z is the thermal conductivity,  6 is
the wall  thickness, heA is the condensation  mass  flux of

more  volatile  component  (HCFC22), and  th,  is the

condensation  mass  fiux of  less volatile  component

(HCFC123). Subscripts denote as  fo11ows: Vthe  vapor  of

working  fluid, L the liquid fiIm of  working  fluid, R the
working  fluid, PV the  cooling  water,  i the vapor-liquid

interface, b the bulk of  working  fluid, wall  the heat transfer
surface, By  employing  the same  assumptions  as  in the
prediction rnethocl for a plate-fin heat exchanger  [l], the

fo11owing basic equations  are  derived for heat and  mass

transfer characteristics  in two-phase  region  in the plate heat
exchanger.

I) Heat  balance ofmixture  working  fluid
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where  IR is the peripheral length ofworking  fluid path.

2) Mass  balance ofmore  yolatile  component  in yapor  phase

   rkA =

 
'
 Il,IR II; Cxyph )= - 

'"f.""
 {I} 

-
 x7, cy. - y. ) (2)

3) Mass  balance ofrnore  volatile  component  in liquid film

                YLb  =YL,  (3)
4) Relation between vapor  quality and  mass  fractions

              .=  )'b-YLb (4)
                  Yn  

-
 yLb

  where  y, is the bulk mass  fraction at  the working  fluid

  inlet of  the heat exchanger.
5) Heat conduction  in the heat transfer wall

          qwan =  [l::ii ('Lan Jt 
-T;vall

 rv) (5)

6) Heat  balance ofcooling  water

     q.., =-  
PYI"t.C"rv

 
dde7L"

 
--
 am  CTL,."- 

-7le)
 (6)

  where  lor is the peripheral length ofcooling  water  path.
In the vapor  single-phase  region  the heat transfer
characteristics are determined by the fo11owing equation

along  with  Eq. (5) and  Eq. (6).

       g..ii ='  TRI! 
tZdehFb

 =ay  C7Li 
-71,,.tm)

 (7)

2.2 Correlations of  Local Heat  and  Mass  Transfer

     To  solve  the above  mentioned  equations,  correlations

of  aL,  X3v, aor  and  ak･ shou]d  be given. Therefore,

these correlations are  determined using  the fo1]owing
assurnptlons.

1) The condensate  heat transfer characteristic  is expressed

  by a  correlation  similar  to the semi-empirical  equation

  for free convection  condensation  ofpure'  ry.orking fluid in
  a venica]  smooth  tube [2].
2) The  vapor  mass  transfer characteristic  is expressed  by a
  functional form similar  to the Colbum  equation.  ,
3)The  cooling  water  heat transfer characteristic  is

  expressed  by a  functional forrn similar  to the Colburn

  equatlon.  

't

4)The  vapor  single-phase  heat transfer characteristic  is

  calculated by a correlation, which  is derived from the
  correlation  ofvapor  mass  transfer based on the Chilton-
  Colburn analogy.
In the concrete,  first, the correlation of  cooling  water  heat

transfer is determined by the preliminary experiments  on

single-phase  heat transfer. Next, the correlation of  the
condensate  heat transfer characteristic  is determined by trial

prediction calculation using  experimental  data of  100mol%
HCFC123.  Then, the  correlation  ofthe  yapor  mass  transfer

is determined by trial prediction calculation  using

experimental  data ofthe  mixture  20rnol%HCFC22180mol%
HCFC123.  The correlation  of  vapor  single-phase  heat
transfer is also determined, The  correlations used  in the

present study  are summarized  in Table 1, For reference,  the
dimensions ofthe  test heat exchanger  are  shown  in Table 2.

Table 1 Correlations ofheat  and  mass  transfer

Vapor  single  phase heat transfer
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Mass  transfer ofvapor  core  in two phase region

        fi,,･=Cr-O.023Ret.O'USCI.]']PvDe'1dhR
     where

                      Ps.
                thr･' -
                     Pe' DJ.

Heat transfer of  cooling  water

        am  =O,e345Re.O･S

      where

         Re",ti ..  
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                #dt'
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Table 2 Dimensions of test heat exchanger

Working
fluidathCoolingwaterath

Numberoflaer 2 1
Wallthickness[m] 6.0xlO"6.0 × 10"
Hydrau]icdiameter[m] 6.73x1O'i8.24xlO-3

Platewidth[m] O.1 O.1
Effectiveheattransfer
lenhm

O.97 O.97

Cross-sectionarea[m2] 7.39xlO'44.77 × 10-4
Totalheattransferarea[m2]O.2134 O.2134
Periherallenh[m O.22 O.22

2.3 Prediction CalcuiatioR Conditions

     As  the experiment  of binary zeotropic  working  fiuids
was  only  caniecl out  for about  20molgi6HCFC22 mixture,
the effects  of  the mole  fraction, pressure and  flow rate  of

working  fluid on  the  heat transfer characteristics  are

examined  by the prediction calculation.  The  calculation

conditions  are as follows,
1)cooling water  ternperature at outlet  ofheat  exchanger,

   7Lp,,,, 
=

 3o [`c ]
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2)flow rate  ofcooling  water,  PPI, =398  [kgh]
3)working fluid super-heat  at inlet ofheat  exchanger,

   7Lnr L 7]wew =  20 [K]
4)ternperature difference between dew  point of  working

  fluid and  cooling  water  at  inlet ofworking  fluid,

   Al}pD =  71ed. - 7Lfo,,, 
=
 5, 1O and  20 [K]

5) fiow rate ofworking  fluid, PVk =
 35, 55 and  7S [kgfh]

6)mole fraction ofmore  volatile component  (HCFC22),
   y, 

=
 O, 5, 10, 20, 30  and  50 [mol%]

By  giving the above  conditions  as  known  parameters, the
basic equations  from Eq. (1) to Eq. (7) are  solved

numerically  from the  inlet of  working  fluid toward  the

outlet. Each calculation  is terminated  when  one  of  the
fo11owing conditions  is satisfied,
1)the value  of  vapor  quality at the outlet of  the heat

  exchanger  x.., isequaltoO.2

2) the value  of  temperature differefice between working

  fluid bulk and  cooling  water  in the heat exchanger

  7L - 7L",, is equal  to or less than O.5 [K].
     In the above  prediction ca)culations and  trial

prediction calculations  to determine correlations  of  local
heat and  mass  transfer, thermodynamic  and  thermophysical

properties of  HCFC22!  HCFC123  mixtures  are  calculated

using  PROPATH  [3], and  the properties of  cooling  water

are  calculated  using  reference  [4].

3. RESULTS  AND  DISCUSSION

3.1 Distribution ofTemperature,  Heat  Ftux and

   Vapor  Quality in Heat  Exchanger

     Figures 2 shows  comparison  between experimental
and  preclicted results,  where  the  prediction caleulations  in
figures (a) and  (b) were  carried  out  to deterrnine the

correction  factor$ of  the condensate  heat transfer and  the
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     (b) Mixed working  fluid
Fig.2 Results ofprediction  calculation

vapor  heat and  mass  transfer, CL  and  Cy  
,
 in correlations

shown in Table 1. In these  figures symbols  ofopen  triangle

and  eircle  denote the measurecl  temperature  of  working

fluid, 7)? , and  coolingwater,  7Lpt , at inlet and  outlet  ofthe

heat exchanger,  while  predicted results  are  represented  as

fo11ows. The chain-dotted  line and  chain-double-dotted

lines denote vapor  bulk, IL., and  liquid bulk, 7:Lb, for

working  fluid, respectively. Ilie dotted and  broken lines
denote wall  of  working  fluid side,  Z,.llR, and  cooling

water,  7h, , respectively.  The chain-double-dotted  (thick)
and  solid  (thick) lines denote heat flux, qwa,,and  vapor

quality, x,  respectively.  The chain-dotted  (thick) and  solid

(thick) lines denote bulk, 71, and  vapor-]iquid  interface,

7;･ , of  working  fiuid, respectively.  The  predicted values  of

n, and  7L, agree  well  with  experimental  ones  and  heat

transfer length almost  equal  to O.97 [m], when  using

correlations  in Table l ,
     Figure 3 shows  the temperature,  heat flux and  vapor

quality profiles in the heat exchanger  on  conditions  of  PPk
=75[kgfh]

 and  ATU.  
==20[K].

 Figures (a), (b) and  (c) are

the resu]ts  for O (pure HCFC123),  20 and  50 mo19i6HCFC22,

respectively. In these figures the lines are same  as in Figure
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            in heat exchanger
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2. The  heat transfer length z, where  the condition  of  x.., =

O,2 or 7L-7la･. "O,5[K]  is satisfied, increases with
increase of  y,  , This is caused  by the fo11owing reasons.  1)

The temperature  gride of  mixture  in conclensation  process
increases with  increase of  yb on  the condition  tha! zi7Lm

is kept at a constant  value. 2) The mass  transfer resistance
in vapor  core  increases with  increase of  yh.

3.2 Comparison  between Pure and  Mixed  Working

   Fluid on  Averaged  condensation  Heat  Transfer
   Characteristics

     First, the overall heat transfer coefficient  K.

clefined by Eq, (8) is calculated  from the  results of  the

prediction catculations,

               Km=qwatim!A7L,  (8)
where  the averaged  wall  heat flux q..ii. and  the logarith-

mic  mean  temperature  difTerence An.  are  defined as,

          qMultm=PPO?(hhin-hbot"YAT (9)

       
A7;,,-(7rAd"",:(ttt,l

---(llll:;,t)
-T'"")

 
(io)

Next, the averaged  condensation  heat transfer coeencient
ait.  is evaluated  by

              1 1 tiwati 1

             aRm=K.Tz..ti-am  (11)

where  arv  is estirnated  by the correlation  shown  in Tab]e 1.

Then, the ayeraged  Nusse]t number  IVuR. is obtained  by

                     aR.  dhR
              IViiR.= (12)
                       ZL

where  thermophysical  properties of  liquid are  calculated  at

the representative  thermodynamic  state  of  P, yLh. and

TL. =(7hdL.  +71.,,,Y2.  The Reynolds number  ReL.  and

the Galileo number  GaL.  are  also  calculated  as,

       ReL. =Gtt  ((] 
-X"')+2

 
(1
 
-Xo"'

 
))
 d.  /li, (13)

            GaL.  =gpZ  d#i{ lpZ (14)

    Figure 4 (a) and  (b) show  the relation  between

Nuic.!Ga2'A' and  ReL. in the cases  of  yb=O  and  20

mol%HCFC22,  respectively. In these figures the symbols

ofcircle, triangle ancl square  represent  the results of  PPIe 
=

35, 55 and  75 [kglh], respectively, where  the open,  closed

and  doub]e symbols  represent  the results  of Ah  
=
 5, 10

and  20 [K], respectively.  Each symbol  plottecl in figure
corresponding  to one  of  the results  of  the diffbrent outlet

vapor  quality such  as  x..,=  O.8, O.6, O.4 and  O.2. In figure

(a) forpure working  fluid, thevalue of AiuR.!Gal'.]  is not

affected by Any., and  PF}, variation,  but affected  by

ReL.  . As  a  result,  the averaged  Nusselt number  ef  pure
working  fluid is correlated  well  by
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In figure (b) for mixed  workin

the value  of NitR.IGai.'.3 is affected  not  only  by

butalsoby  PVk and  AThe,

value  with  Eq. (15), which  is represented  by a solid l
is also found that the value  of  Nuit.IGaE'.'

the solid line with  increase of  Pil1, and  decrease of

lt IS lnthe
 mass  transfer resistance  in vapor  core.

    Figure 5 shows  the  relation  between

(15)

                 g fluids, on  the other  hand,

                                 ReL.,

                and  smaller  than the  predicted

                                 ine. Jt

                              approaches

                                 ATL.,;

ferred that this trend corresponds  to the decrease of

IVit. .  !Ga Y.j
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and  ReL. to examine  effects  of  yb  and  zi7}n) on  the

averaged  condensation  heat transfer characteristics. In the
figure the symbols  of  circle,  inverted triangle, triangle and
diamond represent  the results  of  y,= O, 5, 20 and  50

mol%HCFC22,  respectively,  and  the solid  line represents

Eq. (15). The  value  of  Nit,.IGaY.] for mixture  working

fluids decreases with  increase of  y,, and  approaches  the

solid 1ine with  decrease of  A7LpD .

3.3 Simple Prediction Method of Averaged Heat and
   Mass  Transfer Characteristics for Mixture

    In order  to predict the perforrnance of  power
generation systems  using  binary zeotropic  working  fluid
accurately,  modeling  of  momentum,  heat and  mass  transfer

characteristics in all components  shourd  be established, In
this point of view,  the present prediction method  of  local
heat and  mass  transfer characteristics  of binary mixture
condensing  in plate heat exchanger  is effective. However,
to reduce  the computing  time, it is necessary  to develop a

simple  prediction method  of  the heat exchanger

performance. Therefore, a  simple  method  to preclict the
averaged  condensation  characteristics  of  binary zeotropic

working  fluid is examined  based on  the prediction results  of

the ]ocal condensation  characteristics.  In the prediction, the

foIIowing assumptions  are  employed:

1) The condensate  heat transfer characteristics  for mixture
  working  fluids are  sirnilar  to pure working  fluid. That is,

  the averaged  Nusselt nurnber  is calculated  by the

  fo11owing equation,

                  qwatim dhR
         NUL.  iE

                71m-7:veiERm L (16)

             =  2･37 GaY.] fo.O02s +  ReEiin2 )O'"
  where  7;.. is the representative temperature at vapor-

  liquicl interface.
2) The  averaged  Sherwood  number  in vapor  core  is

  expressed  as,

                             1?vm dhi{
      S7i,. =Cx  O.023Re,O,k ScYX =                                          (17)
                              Pp･ Dif

  where  
Rev.

 
.

 
GR(XM

 
+2XO"')dhR

 
,

 
scv.

 
.

 ttv

                    Ftv Pv  DF'

  and  the optimum  value  of  correction  factor C  is
  determined by the results  ofthis prediction calculation.

     The prediction procedure is as  fo1]ows:
1) The fo11owing parambters are given as known quantities:

  total heat transfer area  AT, pressure of  working  fluid

  P,  flow rate  of  working  fluid PPI, ,
 mass  fraction of

  more  volatile  component  in working  fluid y,, bulk

  working  fiuid temperatures  at inlet and  outlet of  heat

  exchanger  7Lin &  7Lo"r･

2) Calculate thermophysical  properties of working  fiuid at
  inlet and  outlet  of  heat exchanger.

3) Calculate averaged  heat flux and  averaged  condensation

  mass  fluxes as,

         qwatim =  PP]e (hhin -hbottt )IA7･ (18)

          th.  =PPh  (xi. -xavt )!AT (19)

       tiIAm =  PPCi (Xin Yplin -Xo,tt YFbout YAr (20)
4) Calculate the value  of  Shv.  from Eq. (17), then obtain

  the averaged  mass  transfer coethcient  fiv. as,

              f]Lrm=Shym pF Dv  ldhR (21)
5) Assume  the representative  temperature at vapor-liquid

  interface 7;･.

6) Calculate the averagecl  mass  transfer coefficient  zz.)i
  obtained  from total mass  balance of  more  volatile

  component  as,

     tev.), ..  
rkmYmrn

 
-nhAm

 .rk.rYmm-4Am)  (22)
             Y"m  

-Ynm
                             khm-YnmY

  where  4Am ==  nhA.1tii.

7) Repeat the calculation from procedure 5) to procedure 6),

  by modifying  7;.. until the fbllowing convergence

  criterion  is satisfied  within  a  convergence  radius.

                 (fiFm)i =,fiFL  

'

8)Calculate the value  of  NuL.  from Eq. (16), then

  calculatetherepresentative  wall,Semperature  7;..nRm as,

                        qwatirn dbR

            7;vaitRmp 
=
 7;m -                                          (23)

                        IVilL. JtL

9)Calculate the averaged  heat transfer coefficient

  (aR.)... and  the averaged  Nusselt nurnber  (NitR.)..,
  defined as,

            (IXRm )c.. 
=

 7i 
.qliei7tL.Mim.

 (24)

           CiviiR. )... =  
(gXRmllcLor

 
dhR
 (2s)

  where  it should  be noted  that (aR.).., and

  (IVitR.).., comprise  both effects  of  the condensate  heat

  transfer and  the yapor  mass  transfer,

     Figure 6 shows  a comparison  between CNuR.),rp
and  (NuR.),... The values  of  (IVuR.).., defined by Eq.

(25) and  the values  of  (Nu,.).. defined by Eq. (12) are

calculated based on  the experimental  results. In this figure,
symbols  of  square,  diamond, circle  and  triangle denote the 

'

value  ofC=1.5,  1.8, 2.0 and  3.0, respectively.  The value  of

(NURm ).., increases with  increase of  the value  of  C. As  a

result,  it is found that an  optimum  value  exists  around  2.0,

     Figure 7 shows  a comparison  between QVuRm),i.
and  (IViiR.),.. in the case  of  C  =  1.8. The values  of

(N2iR. ).., defined by Eq. (25) and  the values  of  (Aior.. ).,.
defined by Eq. (12) are calculated based on  the prediction
results of local condensation  characteristics. In this figure,
symbols  of  inverted triangle, square,  triangle, pentagon and
diamond  denote y, 

=
 5, 1O, 20, 30 and  50 mol%HCFC22,

respectively,  where  the open,  closed  apd  double symbols

are  the same  as  in Figure 5. The difference between the
values  of  (IVuR.),,. and  (NuR.)... are  within  ± 30%.

This also  proves that the eptimum  

'value
 ofC  is about  1.8.
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4. CONCLUSION

10!
   (IVuRm)sim

(NuR. ).i. and10](NUItrn)cor

     Prediction calculation of  the  condensation  of  binary

zeotropic  working  fluid HCFC22fHCFC123 in a plate heat
exchanger  is carried  out  on  various  conditions,  and  the

fo11owing results  are  obtained:

1) Correlations of local heat and  mass  transfer

  characteristics  are  detemiined based on  the experimental

  results  ofpure  andmixed  working  flufds.
2) The correlation  ofthe  averaged  condensate  heat transfer

  characteristics  is proposed.
3) The simple  method  to predict the  averaged  heat and

  mass  transfer characteristics  is proposed.
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NOMENCLATURE

ATccpDdhGGaghKl･rkNuLmNilRmPPr9ReScsuTurxyzafiziZnzi7he)

6z"p4.

:total  heat transfer area  [m2]
: correction  factor [-]
: isobaric specific  heat [J ! kg  K]

:diffusion coethcient  [m21s]
: hydraulic diameter [m]
: mass  velocity  [kg1 m2  s]

: Galileo number  [-]
: gravitational acceleration [m X s2]
: specific enthalpy  [J 1 kg]
: overa}1  heat transfer coefficient  [W 1 m2  K]

: peripheral length [m]
: condensation  mass  flux [kg f m2  s]

: Nusselt number  defined by Z [-]
: Nusselt number  defined by 7L [-]
:pressure  [Pa] or  [MPa]
: Prandtl number  [-]
: heat flux [W 1 m2]

: Reynolds number  [-]
: Schrnidt number  [-]
: Sherwood number  [-]
: temperature  [K]
: flow rate  [kg/s] or [kglh]
: vapor  quality [-]
: mole  or mass  fraction ofmore  volatile  component

 [mol%] or [wi%]
: distance from inlet ofworking  fluid [m]
: heat transfer coefficient [W 1 m2  K]

: mass  transfer coethcient  [kg 1 m2  K]

: logarithmic mean  temperature  difference [K]
: temperature difference between dew point ancl

 cooling  water  at  

'inlet
 ofworking  fluid [K]

:wallthickness[m]

: thermal conductivity  [W / m  K]
: viscosity  [Pa s]
: density [kg f m]]

: the ratio  ofmore  volatile  component  to total

 condensation  mass  fluxes [-]

Subscripts

ABbcordewexpiinLmoutRsimvmwall: more  volatile  component

: less volatile  component

:bulk:

 simple  predictien method
: dew point     ':
 experlment

:vapor  liquid interface
: inlet:
 liquid:mean:

 outlet:

 working  fluid
: local prediction method

: vapor:

 cooling  water

:heat  transfer surface
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