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AOSTRACT 
This paper 1s concerne d ..... il.h l.he inv e st.lgat.i on of t.he C!'ffect. o f 
t.he nat.uro of t.he surface of Lho condens:a\,.v fI lm on he",L Lransf er 
d uring lamll'lar film condensaLiOI"l. An Idaa11%ed r ippled naLure of 
~hc film Sur race 1s propo sed . Local heal t.ran~fer coorficionls arc 
ca l cul alod ( or Cllm condensat. l o n on '" vert. l c al plat..o In lamina r 
case, Calculalions are perrorme o numer ica lly . F'or the proposed 
r ippled na\.uf;' c of Lhe film s urface, the average heal l ransfer 
c:oerfic: ienls: ar e up l o 20;.:; hlghe.r Lhan l hal oblained f o r smoolh 
~nd.ns.ce su.r.co. 

"'-Q:OOUCTION 
-- _ r l.olal or p~r \.1 a l condenser s fo r 

"'li xLurq 1 s: 01'10 of' t..h 6 i mpo r t.. ... n t.. 
singlo vapor o~ 

probloms In Lhe 
-hemlcal .,ng inoa rlng . 

has beon doscribod ~n~ ano l ~0d 

s implifying assumpl.io ns: suc h ~s ; 
. he liquid f ilm are ignorod; 

.. dbu\..ion lhrough lhe l1qu1d film 

q uid subcoollng 1s not. included. 

by 

1 s 

la.l.er improvod b y ~ny invC$llgalors to 
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,",ceount. {'or I..h.;o. .. bov o mQ ... tl o ...... d Qf'f'oet..G. Als: o boundary la.yor 
"' ........ 1 y.:oll:1 h ... D t><> ... n "ppl1.d 1..0 ('11 m condon ..... t..i on. 90und ... ry l ... yor 
analysis Improv gs. t..ho accuracy 01' t.ho r o pr oS:Qnla.t,.J. on of \..ho film 
cOf)donsat.ion process by includl 11Q convecLion Lorlt'lS in Lhe liquid 
1 ayer. 
In many circumstances. actual heal tr ans fer ratos during film 
condensati on e.re substantially higher than predicted onos [2]. 
Those discre~ncles h a v e boen o xplained 1..0 arisQ mainly bocause 
the behav ior '~ the actual fIlm dIfeers from Lhat. assumed . Many 
actua.l f'ilms: "low In _ rippled manner (4. 61. ThOs.o rlppl .. s: oCLon 
arl ~o b&ca1.lS: O br such dlsLurb&Aces as un Qvvn . though small. v~por 
veloci Lies or a~ a result. ot condensate drainage from hlgher 
sur feces:. The eff'ecl. '01' lhi s rippled st..r uct..uro is assumed t..o 
incrgg,sG t.. h o> hG .. \ t.. rg,n s:.f'gr ralol:. Conside r ing Fig . 1. t..hG s:c"nsi blo 
heat.. flux qg Cro~ lhe bulk 01' gas phase is: given by : 

.... h er o h 
9 

gonerally 
The local 

(1) qg 1- hg ( \, - ts? 

i5 t..he dr y ~ gas h ea t.. t..ransfor coeffic i ent.. • which 

ovaluaLed as i1' Lho Q~s phase ware f"lo .... ing alon e 
overall heat.. t..ransfer coeffici"nt.. U, defined by 

q "" U (t.. - \. ) = h e( t.. - l. ) (cD 
t.. 9 wsw 

! s: t..h en g1 ven by 

1 
ju-

1 

~ 
(3) 

1s 

[3] . 

where q t.. is the t olal heal f lux 

t ransfer coo1'1'ic!ent.. . 

I s tho condensate film heal 

l • 

\ 

l 
9 

gas phase 

cond&nsato surface 

Flg .( 1) Tempora ture distribu t ion in 
partial or lotal condenser s 

To detormine lho dry gas h ea l lr a n s fer coefficient.. h • 
Q 

lher e a r e 

many correl ali ons which gi YO acceptable val uas for lami nar a nd 
turbulQnL rlow o r gas phaso [1,23 . Such COr rQl~tions g,pply \.0 boLh 
smoolh ::a.nd rough sur rac ... s . 
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NO ... . in t.ho proc~ss of' f'11m c::ondensat.ion .... hlch is t.ho major 
c once .- ,., of l.hls paper. th(r surfaco of t.ho condensat.o film builds 
on t.he lUM .... ""11 ..... hose Slruc::lure :)f"fecls boLh the dry 9~s hoat.. 
t. r a .... s:f"or cooffic::ienL h a.nd Lhs condens"l. film h e a.t. t.r:..nsfer 

9 
c oefficient. h

f
. TI10 erf"ect. on tho f;lr y gas heat.. transfer may be 

compar""d ... 1 th t.he effocL of t.he su.-r",co roughnoss .... 1 th l~o main 
di fforonCO$ t' l ; 
1- Tho condonSaLe has a voloclt.y relat.ive Lo t.ho vapor 
2- Lho ripplo charact.orist.ics aro not constant. along 
flo ..... 

phase; and 
the .... ay of 

To account. for t.his eCfect.. Hampel [4] deveioped lhe fol 1 0 .... 1 ng 
in t.he- dry correlalion Lo delermi ne the friet.lop facLor lo bo used 

gas hoaL lransfer corrolalions: 

C :: 1"0[1'+- (4) 

.... he.re 6 t is t.he film thickness. 1s lho lube lnside diameLer. 

and to is t.ho 1"rlcLion tact.or for smooth surraco. ....hich 1s 

fUr'\cti o n of RO)'T'lold r'\unlber Ro . 
an tho other hand. tho effoct.. of the condonsalo film 
tho condensat.ion heat. transfer c o efficient. he .... 111 

and described 11'1 the followln9 secLion . 

f"lL."t HEAT TRANSFER WITH 
Consldor a flat pI ale 
un1form t.omporat.ure t. 

w 

PARTIAL.L.Y ACTUAL FlLH SURf"},CE 
of 10ngLh L whoso o~posed 

and .... hlch is 1nclined at an 

struct.ur o on 
bo developed 

f"c o 
:t.nglo 

1s 
1> 

al 
.... 1 t.h 

lhe horl~onlal . Figu.-e 
actual ....."vy film surface. 

(2) illustrales • proposed idealiz$d 

Flg.(Z) The proposed actual conde nsate surface 
nalure for laminar f'ilm conuensali o n on a plate 
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The ac~ual rilm ~hlcknQSS y~x at any distance x along the plata in 

the direction of flow can be expressed b y the rollo~lng rolati o n 

Y • Y [1.0 - Co sin C2rfx/P)] (8) ax x . 
In Sq.(S) I: is a ra.ctor' loss t.han unity. pIs t.he perIod of tho 
proposod waV9. ~nd y Is the moan lhlck~QSS of Lh e conduns~Lo film 

~ . 
evaluated on Lho basis of Nuss o ll t. heory for- 1 a.mi na. r flow fl1"" 
condensation and is gi ven qy : 

CO) 

I L is lalent.. heal. o f Lho form hCg .. 

h~ + 0.69 C , ec 
~g p. 9 - lw) in 110u or hrg in Eq.(6) [15], 

According NusselL t.heor y, t.hlS' local heat. t.ra.nsfer cooff'iciopl 

h x is given b y : 

. 3 1/4 

[

"lCP1-P) K19 he 51n¢] 1/' 
hx - J.:1/Yx .. 4. ~l ce C) 9 Cl/x) 

o w 
(7) 

How, 1-0 calculZLl.o l.ho local aclu.l heaL lran:;:fer coefficient. h
ax 

which consider s t.he sur-race st.ructure one substitutes: in Eq. (7) 
for Ya x instea.d of Yx' The aver age actual heal t.ransfer 

coefficient. h for the plat.e of lengt.h L 1s lhen gi.ven by : 
a 

L 
h -Cl/L) J ",/)' ) dx 

a o ax 
L 

(lcl/L)J 
dx 

CS) - Y [1. 0 c sIn (21!x./p) } 

. 0 
~ 

1/' Sl l"1ce Yx 
i. ['unc lion oC x Lh. I'l.bovo i nlo~rat.l0n can 

porformed only numerically. In t.hl~ work. nUmQrlcal 1nlograt.ion 1s 
performed using lho t.rapezoidal. rul0 . On t.he o t.har hand. t.he 
integra t ion can be performed analytically for c. = 0 C smoot.h film 
sur ['aco) t.o got. lno avoro.go ho"t. lransfor coerrlclen L h The 
rosult. Is glvon by : 

CQ) 

To Invest. Jgale t.he effect. of the proposed ac lual surface structure 
describQd by Eq.(S) . condensal ion over a verlical ~ale of length 
L Is consi dered . whose surface is maint.ained at. 71 C . Vapor phase 
i s st.eam llIt. 0. 5 bar and condans; os: In a filmwlse manner. The 
fol10 ..... 1ng lhe rmophY'$lcal properlie!6 are used 



I 

I 
i 

\ 
i 
I 

H.ansoura Englno&ring Journal (ME)) Vo)..16, ~lo . 2,Docomb·l)r 1991 H.2B 

t • 02 °C . t . 71 °C . '1 = 0 70x:10-3 W/ m. deg . 
g w - 7 

hr. 2304 i(J / Kg "I • 3510xlO kg / I'll. . 5: 

3 3 
P, -070 . 5 Kg ..... m Pg • 0.3085 Kg/» 

9 • 9 . 91 m/s
2 

In \..hl-=a anal )'l"i g liquid pro~r 1.1 0li0$1 .eo aS$>umod to b. cons:t.. ... nl 
t.hrough tho fl1n'1 t.hicknl)S:s. 1.. t.emperaluro i "dependent. . 

RESVt.TS AND DISCUSSION 
FOr comp~rison. t.he analytica~ solution of lhe'problom according 
t.o Nus:s&'l t. t.heory for normal condensat.e surCace ( c • 0 ) is 
oblainod and lhe results ar~ plotted in Flg. (3). n,e fIgure 
111ust.ralcs t.hO' behavior of tho local heat.. t.ra.nsrer coofrlclenl 
hx and t.he l ocal condensat.e ('11m Lhlck:nQ~s Yx along tho plat.e. 

Aceor (H ng 1..0 l.ho f 1 gur&. lhe heA.\. tor ansfe... doer o:).s;es 1 n t.ho 
dir""<;t..ion o f" t.h_ rio,,", along t.h. pl ... \.. o becauso t..h. ('11m l,.)o..l.c!o:n eo .... 
i~ incr-oasing. Thflt ~at. tr-ansfoc- coefficient. at. t.ho .nd of" l.ho 
plate is 6053 ' W/'m .dog . ....hilo Lho avoc-ago h~l t.ransfer 
coef ficiont. h for- normal sur-faco CEq.(Q)) is 0072 W/ m .dog. 
On lhe ot.hor hand. Lho pr-oblem is solvod numer-ically ~ccordLng t.o 
lhc pr-oposcd proe:cduro ..,hl ch lake-s erfecl ' of the actual fIlm 
sur-faco nalure into consideratIon. In the procoss of numerical 
InLegr-ation. the distanco step 6x must bo loo small (Ax > L/ I000) 
lo account for tho infinit.o heat. t.rans;Cor coofficient. at. lhe 
leading od90 of t.ho plat.o. Tho obt.ainod r¥ulls are plotlod on 
r i9urOS: 4 -6 and somo soloct.&d val ues lOlr . Ii st.ed in lho tablo 
belovo 
Figure 4 Illuslralos, thO' local hea l t ransfer I=OofficJ.ent and film 
thic~ness for specified surface parameLers e = 0 . 2 ~nd p 3 L/3 C 
thaL is lho .... a.V'(t is repoatod lhroo times along tho lenglr. L ). 
Generally. it is cl oar that tho local heat. t.ransfor coefficienl 
hax doereasos al ong t.ho dirocti on o f flo'" bocauso t..he local film 

thIckness tends to increase in t..he same direction CEq.(5)) . In the 
sarno time-. th& behavior of local hoat transfor c:oofTicivnL gains: 
t.he .... avy char act.ori.s: tlcs AS the film thickness:. Ho st not.ice3.ble is 
Lh~ value o f the act..ua.l average heat. transfer cooCCi c icnl.. h . The . ~ 
predicted va.luo of h 1'or e '" 0.2 and p -L/3 is 8287 W/ m . deg .• • 
vhlch 1$ 2 26X hlghoc- than t..hal obtain&d for smooLh Cilm surfaco Ch 
- 9072 W/ •. dog.) . For lho ~.mo ~ CO . 2) and ro~ p D L C on eo "'.vo 
ovor t.ho. lengLh L of tho plaLe). Lho prodi c lod v alue of h is 8342 

2 . a 
W/ m . dog. "'hich 1s 3.3X h igher thaf'l t.hat obt.a.lnod for normal 
surface. This result is physically accopt.ablo because as p 
incr e ases t.he film surfaco suffors mqro local t.hinning or 
\..hlckonlng. 
Accordlng Lo Fig.9, it.. is: clohr tha t t.ho combIned ..,ffecL o r both 
para~Lor-s c -0.5 and p ~ L/3 is groat... The avor3~o ho~l transrer 
c09frl c: i e>n l h"" in this case rjl;: o~ to t..ho valuo 060e W/ m .dqg. 

r-lguro e illu~t.rQ~OS t..he obt.ineod 
"'hi ch mQan~ dooper lhi nni n9 lnd 

reo.ul ~SI ror 6-

t..hic:kon.1.ng o f 
• 0 .6 and p -
Lho s urfaco. 

L • 
Th. 
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• pr edicled valuo 01' h .... ror lhi .. ce.s;o is Ge(37 W/m . deg ..... hich 1s 

abo~l 20X highor Lhan t.he va lue of' h for smoolh surface C9072 
W/m . dog). Compar-i son bel .... een t.hQ> abovo oblni ned val ue~ leads: t.o 
the f"act t...hal t.h~ faetor & is more off"ective t.han t.he period p. In 
addit.ion. a. 21X Increase in Lhe average h9aL Lrans:f"er rate is 
reported 10 (7) ..... here lhe wavo mot.ion h a s be on considered t.o bo 
si nusoidal fUnliol'!. in t.imo at any distance x. 
Examining Lhe values in Lhe Lable. iL is found Lhat in the oxt.remo 
caso- .... horo &: = O. ~- lho averago h O:l.t transfor ral e approaches the 
val ue of 19694 W/m . deg. This value 1s in t.he order of Lho heal 
lransfer coeff"icienls in case of drop ..... is~ condensation. This 
result is ::J.::llisfact.ory because. in t...his c a.s"" C ~ .. O. Q) t.ho heal. 
transror mode changes from filmwiso to drop .... iso condensalion. 

Average heat. t.ransfer coe rrlcienls for dirferenl 
aclual surfaco parameLers Cc and p) 

p 

c C/3 L/O L 

0.0 Sr072 9072 9072 
0.1 8110 8120 9142 
0.2 0270 6220 9342 
0.9 9500 95eO Qe~7 

0.9 1Q250 10420 1Q15Q4 

COHCLUSI ON 
In f"i1 mwl.s:o condensalion. act.ual heal. Lr:losfor r:lt.es .are 
substant.ially higher t.han predicl-ed ones. One reason f"or lhis Is 
Lhe ~Lruclure of the Del-ual ~urf"ac e of lha condensal& Cilm. Actual 
f"i lms f"lo .... in a rippl ltd ('"", vy) trl-.'-hnnr . According Lo the propo!O:ed 
physical surface ... al.uro o :f Lhe condens aLe film l.he heat. transfer 
raLa rls:es: up t.o -20X hi.gher Lhan 'l.ho corre'~ponding val ue tor 
n o rm.al smoolh f"ilm surCacH. 

REFERENCES 
(1) HEtSlroni. G.. Har,dbook of" Hul Li phaso Sysle1l\S. Hem1sphore 
Publishing Corporat.ion, IG82 
[2] Gebhart. 9 . • HOAl TI~:anster. McGraw.,.Hlll Oook Company. lQ71 
( 3 ) McNaught.. J . M.. An AssossmQnt. of Dosign l.!ot.hods: for 
Condensalion oC Vapors: f"rom NoncondGnsing oos. H",aL Exc: hangors: 
Thoory and Practice. H81.n1 .sphero Publishing Corporalion , 1993 
(4] Loser, T .• Grunlag.,n· f"ur die Borechnung dor Toilkondensa. l ion 
von Zwal-und Mahr :<;;t.of"f"g e m.1s chon in Sonkrochle~ und Wa.agerochton 
Rohren. TU-Dresden, Dr. In9. Diss . • Ge rman y 1981 



Han~oura Engineering Journal (HEJl Vol.tB. No.2.Docembor ~QQl M. 29 

(5] [)eo.P . • V .• and ebb. D. R . • An Experlmont.al 
the tft'oct. of .... av.s On V"'por Side HoD.t. and 
Filmwis& Condens.t.lon Insido a Vorlical Tube. 
Flow. Vol. Q. No.1. pp 37-.d.8. lQ83 

InYeost..igat.ion of 
Mass Transfer in 

Ii'll. Mulliphaso 

[01 Incrop4tra.F .. and qo Witt...D .• Int.roduction to 
John WUey & Sons. Inc .• Singapor. 1990 

Heat Transfer. 

(7) Ir;:a.chonko V. P .• si pova V. A . • and SUKomol A. S . • 
I-(l R Publ i II hor Ii:. 1 Q77 

Hea.t Tra.nsfer. 

NOMENCLATURE 

c 
p 

C 

g 
h 

hCg 
K 
L 
q 
l 
x 

specifiC h&al CKJ/Kg.deg.) 

rricllon factor 

Gravilational accelerat.lon (m/§2) 
IIoaL lransfor coeffi c ienl CW/m . dog) 
LaLent. he'll.l CK.1/1(g) 

Thermal condu ct..ivily (W/~. dog . ) 
Plate lengt.h C~ 
Hl2'at. flux CW/m~ 
T~mperat.ure CDC) 
DisLanco along lhe plalo (m) 

Subscripls 

c film 

y.6 

" •• p 
p 

of> 
Ro 

Film lhickness (m) 

Viscosily (Kg/m.s) 
Surfaco para~lors 
Denslly CKO/m ) 

Angia 
Reynol ds number 

a 
1 

aclual 
11 qui c.I s fIlm surface/sat.urali o n 

g gas 
w wall 
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