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A bstract

D irect - contact cond ensat ion exp erim en ts of a tm osp her ic s team and s team/ air m ix ture on

s ub - cooled water f low ing co- curren tly and coun ter - curren tly are carried out in a circular

p ip e. T he cond ensat ion heat transf er was evaluated in counter - current f low in a horiz on tal

circular p ip e w ith s team - water or s team/ air m ix ture - water f low, and in co- curren t f low w ith

s team - water f low. T he exp erim en tal res ults show that log arithm ic heat transf er coeff icients

increas e as the in le t liquid R ey n olds n um ber increas es and the in le t s team R ey nolds n um ber

increas es , but it d ecreas es as the inle t a ir m ass f ract ion increas es . E mp irical correla t ions f or

liquid N uss e lt num ber are d ev elop ed f or both co- current and coun ter - curren t f lows , and the ir

p red ict ions are comp ared to show g ood ag reem en ts w ith the exp er im en tal data.

1. IN TRO D U CTION

Direct contact conden sat ion is fundam entally im port ant in LW R (Light W ater React or ) safety

analy sis an d other indu str ial application s . E specially , during a postu lat ed LOCA (Loss of

Coolant A ccident s ), cold ECCW (Em erg ency Core Cooling W at er ) w ould be inject ed t o cool

dow n th e reactor core. W hen the subcooled w at er is inj ect ed in t o th e h orizont al pipe filled

w ith steam , th e st eam flow s ov er the w ater in the opposit e dir ect ion an d st eam conden sat ion

occur s in a str at ified flow . T h e local con den sation rat e and the relat iv e m otion of st eam an d

w ater are im portant in the det erm in at ion of core uncov ery . F urtherm ore th e local conden sat ion

h eat tr an sfer coefficient s ar e the key param et er of w at er ham m er . Becau se the sy stem

b ehavior for these case is highly depen dent upon the local con den sation rate .



T h ere hav e b een a lot of th eoret ical an d experim ental r esearch on h orizont al in - tube

con den sat ion u sin g a rectangular ch ann el w hich has large aspect r at io an d thin w ater lay er

thickn ess . H ow ev er , it m u st be doubtful w heth er ex isting corr elation s obt ained by rect an gular

channel can ev alu at e th e nu clear piping sy st em s dir ectly .

T h e obj ect iv es of present stu dies are t o ev alu at e th e con den sation heat t ran sfer an d dev elop

empirical corr elat ion s both in co- curr ent flow w ith st eam - w at er flow an d in counter - curr ent

flow w ith st eam - w ater flow an d st eam/ air m ixture - w ater flow in a horizont al circular pipe t o

b e com pared w ith each other , and t o inv est ig ate effect s of sev eral param et er s su ch as the

sub - cooled in let w ater t em perature, th e g as m ixture and w at er flow rat e an d the air m as s

fr act ion .

2. EXPERIM EN TAL W O RKS

2 .1 D e s cription of an Ex perim ent al Loop

An adiabat ic t w o- phase loop is m odified t o carry out dir ect - cont act con den sation

experim ent s . T he ov erall sch em atic diagram of th e ex perim ent al facility is show n in F igure 1.

T he m ain com ponent of ex perim ent al facilit ies ar e con sist ed of w at er , st eam supply sy st em ,

t est sect ion and data acquisition sy stem s . St eam supplied by 100k w st eam g enerat or passes

through tw o steam - w at er separator s and then it is inj ect ed in t o th e t est sect ion . T h e

t em perature in the steam g en erator is m aint ained about 130℃ durin g the ex perim ent to

com pen sat e the los s of h eat in a long pipelin e. St eam w hich is controled by control v alv e

can be m ix ed w ith h eat ed air before passin g through steam - w ater separator for the

experim ent t o inv estigate the n on - con den sable effect s in con den sation . T h e inlet w at er

t em perature is controlled by a heater an d a h eat ex chan ge t ank in stalled in a w at er supply

t ank .

S ev eral v ariables are m easured to obt ain a direct - cont act con den sation heat tr an sfer

coefficient . In th e t est loop , the flow rat e, pres sure, an d tem perature of m ix ture lay er in the

t est sect ion are locally m easured . T he inlet pressure and t em perature in th e t est section are

m ea sured at th e t op of the w at er v es sel conn ect ed t o the t est section . W ater subcooling is

controlled ba sed on the t em perature m easured in the w at er v essel. In side the t est section , local

bulk m ean t em peratures are m easured by u sin g therm ocouples an d pit ot tubes at thr ee

location s . A s sh ow n in F igure 2, K - type therm ocouples w ith the outer diam eter of 0.5 m m are

att ach ed t o the side of pitot tub e w ith the out er diam eter of 1.5 m m w ith m agic bon d in order

t o m ov e an d m easure the local tem peature an d v elocity at the sam e tim e.

2 .2 T e s t M atrix and Ex perim ent al Procedure

T h e controllable test param et er s are summ arized in F igure 3 and th e present t est m atr ix is

also sh ow n in T able 1. T h e crit er ia of select in g t est param eter s and set t in g t est m atr ix are



divided int o t w o reason s . One is to est im at e th e suit ability of applin g the inform at ion obt ained

by rect angular chann el experim ent s to the pipe sy stem . T he other is t o ex amine effect s of

sev eral param eter s su ch as the sub - cooled in let w at er t em perature, the g as m ix ture an d w at er

flow rat e and th e air m ass fr act ion .

T h e present experim ental w ork is conduct ed throu gh the follow in g procedure :

1. S elect the t est type.

2. Control the inlet w at er t em perature.

3. F ix the inlet w ater flow rate.

4. M easure the w at er lay er thickness .

5. Increase the inlet steam flow rate .

6. W ait unt il th e st able and saturat ed st at e.

7. M easure the t em perature an d v elocity at thr ee local position s .

8. S av e the dat a .

3. D ATA RED UCTION M ETHO D

3 .1 Calculations of W ater B ulk T emperature

T h e local w ater bulk t em perature is defin ed as follow s :

(1)T f , bu lk ( Z ) =
L (x , y , z ) T L ( x , y , z ) V L (x , y , z ) dx dy

L (x , y , z ) V L (x , y , z ) dx dy

In order t o ev alu at e the bulk temperature, as show n in F igure 4, th e nodalization of w ater

lay er is div ided by th e h eight y . Local w at er t em perature is calculat ed by sum m arizing each

t em perature an d v elocity v alu e at certain height in w ater lay er . T he bulk liquid t em perature

can be calculat ed as follow :

(2)T L , bu lk ( z ) =

n

j = 1
T m e an (y j , z ) V m ean ( y j , z ) S i (y j ) y

n

j = 1
V m ean (y j , z ) S i (y j ) y

3 .2 Loc al He at T rans fer Coeffic ient

T o ev alu at e the av erag ed v alu es of t em perature an d v elocity at each v ert ical posit ion from

the bot t om , the t em perature an d v elocity profiles in the cros s - sect ion ally horizont al direction

are a ssum ed as follow s :

1. T he t em perature profile is uniform in the cross - section ally horizontal direction from th e

result s of Chun et al.(1999).

2. T he v elocity profile follow s th e 1/ 7 pow er v elocity profile in the cross - sect ionally

h orizont al dir ect ion .



3. T h e properties of st eam alon g the t est sect ion are con st ant .

4. T h e heat t r an sfer from steam and w at er side w all t o th e atm osphere is neglig ible.

A ctu ally it w as show n that the steam con den sation rat e at the pipe w all is m u ch less th an

the total st eam conden sat ion rat e at the steam - w at er int erface from th e result of Chun et

al.(1999).

F rom the energy b alan ce equ ation , th e heat tr an sfer coefficient is defined as follow :

(3)h z =
C pL WL ( z )

b [ T G - T L ( z ) ]
d T L ( z )

dz
.

Since W L ( z ) is also a fun ction of T L ( z ), th e local heat t r an sfer coefficient can be

det erm in ed only from T L ( z ) u sin g th e slope of liquid t em perature , liquid flow rat e, et c. T h e

defin it ion of dim en sionless param eter s in the present w ork are a s follow s :

(4)
N u =

h c D h , f

k f
, R e k =

k V k D h , k

k
, k = f , g ,

P r =
c p , f f

k f
, D h , f =

D f

- + s in
.

3 .3 Log - M ean Heat T ran s fer Coeffic ient

T h e log - m ean heat t r an sfer coefficient , h log , can be obt ain ed from the tot al heat t r an sfer

area and th e m easured liquid and m ix ture temperatures both at the inlet and outlet as follow :

(5)h log =
Q tota l

A T log
,

w h ere A is the t ot al heat t ran sfer ar ea and both T log an d Q t ot a l are th e log m ean

t em perature differ en ce an d th e tot al h eat flux from inlet t o out let , r espect iv ely . T he log m ean

t em perature differ en ce is defined by

(6)T log =
T 1 - T 2

ln ( T 1/ T 2)
,

w h ere

(7)T 1 = T g , in - T f , in ,

and

(8)T 2 = T g , ou t - T f , ou t ,

w h ere T g , in , T g ,out , T f , in , T f ,out are t em peratures of m ixture an d liquid b oth at the inlet

and outlet .

3 .4 U ncert ainty A naly s i s

T h e un cert ain ty an aly sis for the local heat t r an sfer coefficient s ha s been carr ied out by an

error propagat ion m ethod.
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u
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2

2 (x ) + (
u
y

)
2

2 ( y ) + (
u
z

)
2

+ . . .

T h e un cert ain ty of in terfacial h eat tr an sfer coefficient s , h , is com put ed by root - sum

- squ are m ethod of bias lim it , B , and precision lim it , p , a s follow :

(10)h = 2
B + 2

p

T h e m axim um un certain ty of th e in terfacial conden sat ion heat t ran sfer coefficient s is 27% ,

w hich is m ainly due to the error of w at er bulk tem perature that r esult s from the error

produced in the determ inat ion of w ater lay er th ickn ess . T he det ailed inform ation are

sum m arized in T able 2.

4. RESU LTS AN D D ISCU SSIO N

4 .1 F low Reg im e

Ex perim ent al data are plott ed on th e M an dh ane et al.(1974) ' s flow patt ern m ap to ident ify

flow regim es of both co- curr ent an d count er - curr ent gas - liquid flow s in horizontal pipes as

show n in F igure 6. T he present ex perim ent al condit ion s of co- curr ent flow lie in the str atified

flow and w avy flow regim es and those of counter - current flow lie in the w avy flow an d at

the in terface bet w een w avy flow an d slu g flow regim es . Both flow rat es of gas and liquid are

m u ch higher in co- curr ent flow experim ent s than in counter - current flow ex perim ent s , an d

their predict ion s of flow regim es are ident ical w ith v isu al ob serv ation s .

4 .2 Co - Current S tratified F low Ex perim ent s

12 set s of co- curr ent dir ect - cont act con den sation experim ent s u sing pure st eam are

perform ed. Log arithm ic heat tr an sfer coefficient s ar e calculat ed for pure st eam dat a . F igure 7

show s the effect of the in let steam Reyn olds num ber on th e h eat t ran sfer , in w hich the in let

liquid Reyn olds num ber is u sed as a param et er . T he log arithm ic h eat t r an sfer coefficient

increases w ith an in crease in inlet st eam Reynolds num ber s and it also increases slight ly w ith

an in crease in inlet liquid Reyn olds num ber s .

T h e ex perim ent al Nu sselt num ber is corr elat ed w ith the param et er s of R e f , R e g , and

P r f w here the expon ent of P r f is fix ed t o 0.95. U sin g th e least - squ are m ethod, the final

corr elation is ex pres sed as follow :

(11)N u f = 8 .36 * 10 - 6R e 1 .49
f R e 0 .09

g P r 0 .95
f ,

w hich is applicable in the follow in g operat in g rang es :

(12)14766 < R e f < 29559 ,

(13)2486 < R e g < 23655 ,

and



(14)2 . 18 < P r f < 2 .88 .

Equ ation (11) show s that the Nu sselt num ber is mu ch higher w ith an in crease in the liquid

Reynolds num ber R e f . H ow ev er , it s depen den cy on R e g is sm all.

F igure 8 show s the com parison of Nu sselt num ber s estim ated from th e ex perim ent al dat a

w ith those calculat ed from the present corr elation and four ex ist in g corr elation s . T h e stan dard

deviat ion of the prediction s of the present corr elat ion from th e ex perim ent al heat t r an sfer

coefficient s is 15.8% . T he Kim (1983) ' s corr elat ion w ith F roude num ber ov erestim ates th e

experim ental Nu sselt num ber s w ith st an dard deviat ion of 179.2% , an d the oth er three

corr elation s of Chun et al.(1999) ' s , S eg ev et al.(1981) ' s , and Kim (1983) ' s w ith Reyn olds

num ber deviat e w ith st an dard deviat ion s of 50.0% , 32.8% , an d 41.7% , respect iv ely .

T h e correlat ion s obtained by S egev et al.(1981) and Kim (1983) are ba sed on a rectan gular

flow ch ann el and a v ery sh allow w ater lay er thicknes s . H ow ev er , th e corr elat ion obtain ed by

Chun et al.(1999) are based on a cir cular flow chann el an d it s prediction ov er th e present

experim ental data is comparat iv ely accurate .

4 .3 Counter- Current S tratified F low Ex perim ent s

12 set s of counter - current dir ect - contact conden sat ion ex perim ent s u sin g pure st eam are

perform ed and 24 set s ar e also perform ed u sing air/ st eam m ix ture. F igure 9 sh ow s the effect

of th e in let liquid Reyn olds numb er on th e heat t r an sfer , in w hich the in let m ix ture Reynolds

num ber is u sed as a param et er . Sim ilar ly w ith ex perim ent al r esult s of co- curr ent flow , the

log arithm ic heat t r an sfer coefficient increases slight ly w ith an in crease in in let liquid Reynolds

num ber s and it also increases w ith an in crease in inlet mix ture Reyn olds num ber s .

F igure 10 sh ow s the effect of the in let air m ass fr act ion on th e h eat t r an sfer , in w hich th e

inlet liquid tem perature is u sed a s a param et er t o sh ow it s degree of sub - coolin g . T h e inlet

air m ass fr act ion chan ges bet w een 0, 10, and 30% . T he log arithm ic heat t ran sfer coefficient is

m u ch high er w ith pure st eam th an w ith steam/ air m ix ture, but th e differ en ce of h eat t r an sfer

coefficient s betw een ex perim ent s w ith 10% an d 30% air m as s fraction s is v ery sm all. T h e

dependen cy of logarithm ic h eat tr an sfer coefficient on th e degree of subcooling is higher w ith

pure st eam , but it is v ery low w ith st eam/ air m ix ture.

U sin g sim ilar approach es of co- curr ent flow ex perim ent s , the ex perim ent al Nu sselt numb er

is also correlat ed w ith th e param et er s of R e f , R e g , an d P r f , and th e final corr elation is

expressed as follow :

(15)N u f = 3 .26 * 10 - 6R e 1 .43
f R e 0 .22

g P r 0 .95
f ,

w hich is applicable in the follow in g operat in g rang es :

(16)4573 < R e f < 9350 ,

(17)4005 < R e g < 13351 ,



and

(18)2 .95 < P r f < 3 .71 .

Equ ation (15) show s that the Nu sselt num ber is mu ch higher w ith an in crease in the liquid

Reynolds num ber R e f . E specially , it s depen dency on R e g in creases compared m ore than

that of co- curr ent flow experim ent s .

F igure 11 sh ow s the comparison of Nu sselt numb er s est im at ed from the ex perim ent al data

w ith those calculat ed from the present corr elation and four ex ist in g corr elation s . T h e stan dard

deviat ion of the prediction s of the present corr elat ion from th e ex perim ent al heat t r an sfer

coefficient s is 11.6% . T he Kim (1983) ' s corr elat ion w ith F roude num ber ov erestim ates th e

experim ental Nu sselt num ber s w ith st an dard deviat ion of 185.5% , an d the oth er three

corr elation s of Chun et al.(1999) ' s , S eg ev et al.(1981) ' s , and Kim (1983) ' s w ith Reyn olds

num ber deviat e w ith st an dard deviat ion s of 18.5% , 24.0% , an d 26.2% , respect iv ely .

5. CO N CLU SIO N S

S ev eral experim ent s are perform ed t o obtain reliable dat a on the in t erfacial conden sat ion

phen om en a to show th e param etr ic effect s on th e con den sation heat t ran sfer an d t o dev elop an

empirical corr elat ion s for both co- curr ent an d count er - curr ent flow s .

F rom the aforem ent ioned stu dies , the follow in g conclu sion s h av e been reached:

1. T he log arithm ic h eat t r an sfer coefficient s in crease a s th e inlet liquid Reyn olds num ber

increases and the in let st eam Reynolds numb er in creases , but it decreases as th e in let air

m as s fraction in creases .

2. Empirical corr elat ion s for liquid Nu sselt num ber are dev eloped for both co- curr ent and

count er - curr ent flow s . T heir predict ion s are com pared w ith th e experim ental data t o sh ow

g ood agreem ent w ith st andard deviat ion s of 15.8% and 11.6% for b oth co- curr ent and

count er - curr ent flow s . Com parison s of the present experim ental dat a w ith four ex ist in g

corr elation s of S eg ev et al.(1981), Kim (1983), an d Chun et al.(1999) show ed that the

Kim (1983) ' s corr elat ion w ith F rou de numb er show s a m u ch high er predict ion th an the

experim entally estim at ed Nu sselt num ber , and corr elat ion s of S eg ev et al.(1981) ' s and

Kim (1983) ' s w ith Reyn olds num ber does n ot predict w ell th e ex perim ent al dat a w ith high

standard deviat ion s .

3. Dev eloped em pirical corr elat ion s show th at dependen cy of liquid Nu s selt num ber on R e g

are higher w ith count er - curr ent ex perim ent al dat a th an w ith co- current experim ental data .
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T able 1. T est m atr ix of the present ex perim ent s

A ir M ass

F raction

Inlet W ater

T em perature

(℃)

Inlet W ater

F low Rat e

(gpm )

Inlet St eam

F low Rat e

(k g/ hr )

F low Regim e

0

63 2 21∼59
In clined

st eam - w at er

co- curr ent flow

63 4 19.3∼59.2

52, 56 6 19.3, 24.6

0
40 1.3, 1.9, 2.4 13.6, 21.6 St eam - w at er

count er - curr ent

flow50 1.3, 1.9, 2.4 13.6, 21.6, 43

0.1
40 1.3, 1.9, 2.4 13.6, 21.6 Air/ st eam

m ixture - w at er

count er - curr ent

flow

50 1.3, 1.9, 2.4 13.6, 21.6

0.3
40 1.3, 1.9, 2.4 13.6, 21.6

50 1.3, 1.9, 2.4 13.6, 21.6

T able 2. Un cert ain ty of local heat t r an sfer coefficient

P aram eter Precision Limit Bias Limit

In depen dent

P aram et er

W at er lay er thickness 0.005m 0.001m

Inlet w at er flow rat e 2% 1%

Inlet st eam flow rat e 5% 1%

Local w at er v elocity 5% 5%

Local w ater & st eam t em perature 0.5℃ 1.2℃

Local heat t r an sfer coefficient , h 24.4% 12.8%

M ax im um uncert ainty of
local h eat t r an sfer coefficient , h

27.5%



F igure 1. S chem atic Diagram of th e Ex perim ent al Apparatu s

F igure 2. T em perature an d v elocity m easurem ent sy stem



F igu r e 3 . E xp er im en t a l pr ocedu r e



F igu r e 4 . N odaliza t ion for t h e ca lcu la t ion of wat er

bu lk t em p er a t u r e

F igu r e 5 . E n er gy b a lan ce in con t r ol volu m e



F igure 6. Ex perim ent al dat a plot t ed on the M an dhan e et

al.(1974) ' s flow pat t ern m ap

F igure 7. Effect of the inlet steam Reynolds num ber on

logarithmic heat t r an sfer coefficient



F igure 8. Com parison of Nu s selt num ber s est im at ed from

the ex perim ent al dat a w ith those calculat ed from the

present correlat ion an d four ex ist ing corr elation s

F igure 9. Effect of the inlet liquid Reyn olds num ber on

logarithmic heat t r an sfer coefficient



F igure 10. Effect of the inlet air m a ss fr act ion on

logarithmic heat t r an sfer coefficient

F igure 11. Com parison of Nu s selt num ber s est im at ed from

the experim ental data w ith th ose calculated from th e

present corr elation and four ex ist in g corr elat ion s
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