Chapter 5 Condensation Heat Transfler

The removal ol hear Trome a0 =v=tem ome =uch o amanmer thil vapor s
converted into hgo.

O homeogenons condensation

O heterogencons concens=aticn o clrap wise condensation « - nucleate botling

o [Im wize conden=sation < - [hn haolling

1. Drop wisc condensation
[vop wise conden=ation  oceurs  when  the vapor i~ cooled  =ullicient]s
belew the saturation temperature Lo incducee the nueleanion ol droplen =,
o by contamimation ol non wettable <arlaces
o incilental reducton ol miterfactal tension berw een condens=are
snrlace
o oceur homocencousbo o within vapor or heterogencous=lv on the entranned
particular matier
A rehable mechant=m ol drop wi<e  condens=ation  have  nal o vet o heen
extahlished Tlowever, the heat transter by the drop wise condensation s
several times larger than that ol the Thm wi=e condens=arion.
o)

|« peop, hoo— W for vapor  Tormaion,  and Clisios Clipes ron

cauation, THIL Wirtting and Demetrt derived the rae ol nuelearion s,

dn Vi R, ) ,
== — N—Aexpl dmr AKT i1l
dt v, :

where A — (2o ua'= and Nois the number of vapor mole per ol volume,

Also, O=wanitsch dertved the droplet growth rate as.

A v nR e
t sh p\/ 1T M tle—1)

i

@ oo undomientally dillerent maodel 1o deseribe the dropawise concdensation
1y Dy Jakolb 149568
In the beginning, the condensation =tart= o= o thin aostable Tlm on
whole or a part ol <lace. When the Ohne has o cntcal thickness (o
breal tp. the hagud Tormes o droplet due 1o the srface tens=ion,
I 196 L0 Silver has guantitatively analyze the drop swise condens=ation hasedd

on the rachial inward dramagce ol condensate.
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IS oo e diop=w o condonsat’on mass Thas
o the Omowiese condens=arien mas=s o Tor ideal condition
For steam ot latm lor G — L6 W0k fwes .

GG — 650 and mean thickness ol Tilm 21w

* This model it proper when the temperatire dillerence s laree.

heterogeneots= nueleation proce:<s Dy Fucken (19070
I 19nas, NeCormmek and Dacr snegested that o lot ol subnicroscopic
diroplets were randomls ncleaned At active sites ke e groove on
the surlace and collap=cd 1o make i drop which can fall down Trom
Lhe surliee

For hemi=pherieal droplet, the growith rate = a=sumedd 1o be only dependent

on the hea condersation throneh the dropy e,
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where T ©interlactal gas temperature

Dy Goses Nucerardh amdd Dacr (19091,
minimun nucleation site density = 5 10 sdesi e
cdicomerer ol dirap 1o be ehielly collapsed - 0.01 em

* This model = proper when the temperatire dilference s wmall,

For =mall temperature dilference, the drop swise leat tramslor coellicient
a o litle nercases s the temperature nereases, but osionilicant
decreases me the case ol Luee temperatire difference dae 1o clhange i
mechani=m and presence ol non conden=ible gas m vapor pliese.
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2. I'ilm wisce Condensation
winuous= oo (.

The condensate wers the sarlace and Tormis o co
The [ihn behaves according to the ol dynomie s s lich considers the

oravity, the vapor =hear, the surlace tens=ton loree and so on.

* Vo= resi=tmee too heal tremster darme condens=ation

Temperature profiles

For saturated
pure vapour
Interface
resistance
For superheated
vapours with
Liquid _— noncondensible gas
film _ \
. -
resistance Gas phase
resistance
Coolant Wall Film Gas phase

LN o resistancee to heal transler dinmg

condensation
B he mechanism ol condensaticn ar o plane houid vapor mierlace

Con=icder the mterlface miass= tran=ler by kinetie theaor
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arvival rorer O ¢ G U departare rate
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Ironm kmehie theors
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Sinee the interface tsoactually not e the =<tanie thermal cquilibriom, s
meanmgleoss 1o o=e the thermostatie: pressine or the temperaure ny cach
Sides Thus we have 1o solve Doltznem transport cquation swith proper

R

houndary conditions= and the asymptote of the thermal cquilibrionm i Tew

mip.



Dor o Lo the purpose ol congineering, o =impliled  kinetie theors

techimgue and proper correction Lelor may adopled.

A. Crude theory
For apprapriane temperatire and pressare ol loguid and vapor, Trom s
S D ETIITE SRS )
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For wmall chifference i pressore andd teniperature, by chiflferentiating,

1
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Asenme that there 1= no temperatare jump across the mterlacee
1
. Myt R
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This means thar the condensation oceurs when A2 po o or Ap > ()
Interlacial heat tramsler cocellicient
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I3. Modilication of the crude theory

Do Silvers B 2290 p mluphied bhyoa Tactor, £ called the "Molecular

cexchange condensation lactor”
£ 0000 Tor water uncder vacumm condenser conditions.
Or. by schrage, e 0200 can be resoritien e,
1
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where 0, 0 0; 0 condensation and evaporation cocllicientiusually <ame, 06
I' vopresents nel molion ol vapor towand =nrface and =oa lunetion
ol

a 1= the ratio o gas overall <peed w0 — GipLy to chinacter=te malecular

velochie, (2RT A e
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(2RT/ A+
i
For very large a0 T'tey) »2am
" 1
- A]] I vy o p‘, p NS D
G— | ‘j:rth’] tem to ST 0T (210
ol 71 o — | Wl T wurlaceel TR RS molecnle 3 condensing .
cviaporations condensation=l MEEf A=Al E s sTUp s ol el s Black hody
L
For very small ¢ ©F low condensation rated, Tig) =1 + o
(, — [ A4 ) £ - , ( 2o l'] SRRS
Lo mR I- VAR R o
- Nucheror  Rukengalaz cqguation
! Above  kinetie theory neglect= the non cquilibrnnm mteracton and,

morcover, 1 hard o consicder the eflect ol the nen condensable gas

C. I'tlm condensation on a planar surface

Nussell FKguation for a laminar film

o the low ol condens=ate i the Ohm o laovanar

—oconstant [aied properties
neclicible subcooling ol the condensate

neehaible momentum changes throageh the

[thm

vapor 1 ostationary and exerts ne drag

o the dos nward maonion ol the condensate

Foheat trams=ter = by conduction only



Velocty distribation i a lguid Lhm

Irom Toree balimee
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rams=ler coctlicient over the whole surlace s
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The mean value ol hemn
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where T is condens=are flow
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D). Condensation on horizontal Lube
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where a angle between horizomal tabe aned the sertical

I'Jothe local miass How rate per onit length
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Lhicker conden=ate Liver on =ub=cquent tube

ITT coctlicient swill be recdoeed.

P Condensation within o horizontal tabe
[oStratilied o

st vapor veloctts and low mitertacial

shear Torees °o
modily Nu=sch equation o the ontsicde ol o harizontal
e i,
T 5
7= pip. _ ‘D_.” ‘L"_fi‘.‘,. A (20 o)
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where I ois o [actor which depends on the angle subtended (rom the
tmbe conter o the elord Tormimge the Tguid level.
2o=lug, plug and wavs Tow
stentlicant vapor =hear lorce
cdillerent cocllicient ream top e battont ol the tube
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I£. The influence of various paramelers on the  lilin condensalion

4

laminar, wave-free
e Re, =30
[ Turbulence g

N a1 N (R vl i v VY '}' NE .
Eaperiments s<lowes that the wavy surliee laminar . wavy

e 100 = 50 higher 11T coclticient than Reg = 1800
Lheoretical valne
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2o Intloence ol mreriacial shear. CThat s vapor velociiy exgs<ts]
For mclined plane =surlace. Eqai2 1 browill be

I / f/l'[t )

§ T &
(6§— v} oz [poar sin@*(#{” + Tl — 1 ( . }d}: A
: © ol : il
Deline Hetitions vapor dens=ny, plo s
{//’ . . [0 igh velocity
i — p.u <IN A liquid apor

I the only pressare gradient 1= cdue e vapor head,

then p, — p,

Inscrtmg o (2050 mito C208 10 aned imilegralimg _ o
SO0 Inter et sheor
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With =mme procedore as thal Trome T (20060 1o 12 18,
v =n® h - pip  p) Sl p plg =nd©

nen condenzable g elfeer.

o The noncondensable gas near the

AW
AV

Pure component condensate [thm Prorect s e
[ ¥ Tsat diltu=ion ol the vapor trom the

Ts,pure.

bulkk misture 1o the [hm andd thos

AW

With non-condensables

wz\\ :

reduce  the mas== andl eneroy
Pvo lramslor.
Tw/

stnulianeons=ly =olve conservinon

Pso coualions Tor bhoth condens=are Nl

Liquid-mixture interface anel vapor gas laver
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o In nuclear planes, N [rom

- VTRV

| L
Tube ‘ \T Mixture boundary later PR . e 1T chring o
wol Condensate accumularer or 1D during TOCA
film

o hamper the performance o the

S Doonedary Loccer Temperotore aned )
, o [FCSSTTLACT.
FProscaare Fheeehation:



1y FPor <tagnant vapor gias misniure
v By Sparrow and Tam, o Tor Dree convection arising rom densiny

dilferences, the condensing rate 1~ proportional 1o

L
® bullh gas ma=s lraction (p o /po i~ R
® opor g minture Sehmidt T Ce, (7, =T 0P, p ) (20
ner condensable gas ellecr
1.0 T
— Inereise With mercase ol J T,-T,,=10°C |
TS Z 08 o
00
n \o' Forced-convection T,=100°C
AN 4
.\ (p 0 ipo) g . |
= 25°C
3 —=
2
. . . E A
20 Noving vapor with noncondensable = 04
8 A
g T A
. 0.2 A 100°C.
In this caze, the non condens=able \’\\Mxturesta;nant
. I | | 25°C]
gis clfect s wmaller than the case I

] s s s s s
. . . 0.00 0.02 0.04 0.06 0.08 0.10
O Slanoniry vapor gas o miNiure. Mass fraction of air in steam

o ; '\.. oo N e ~(l|' : - I N R

Fhat isthe gis concentration DG T e I CTuenee ol Noncondensalale
the mtertace i Tow relatively doe ADF e Sl

e the Tswveep effect™ ol the moving

VADOT s miINIare.

@ Dillfusion Layer Theory for Turbulent Vapor Condensation
Colburn and Tlengent T89S D T propes<ed than conderns=ation mis:
ran=port s controlled by cdillision aero=s o thin ey or [dm by the

cdilterence nn the bullk and mierlace gies partial pressureel.

WATER STEAM/AIR

A= =hown e el 10, non *
. e PN ol gyt . v e - *
condans=able eas acconmilales al e %\J S Bl
Lhe Tiguid vapor mtertace, andd “"/ W
- /
. . S T S - - X !
reduce the 77 below T E
- e NONCONDENSABLE GAS
v (=T v T % , X, CONCENTRATION
4 = w( i OO)_qc—i—qs o TS SATURATION
- : TEMPERATURE
~ oT . |
= —hpcMu+ k’”(—Y A
oY), T = <8, i
1 ———
P20 '

Tl Condensalide dETusion Taver o

vorticol nlate
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The average molar velocit away Drome the miterface, v, s relined 1o the

X, by Tieks L,

cv,.=cx <;<—CD—8xg Py
gt (/) ay .-

simee the mterlface i=oimpermcable to the noncondensable gas ancd o the

abzalnte gas= velociny at the mterlace cqual= zero. Ugl-:O.

~ 1 ox 9
= |D——= Z(D—ln(wg) ERBY
x, 0y oy i
Qr
-~ D ‘
U= ?{ln(xgb)—ln(xgi)} i ]
g
Deline o loe mean mole Draction s,
Ly — I,
_— R
xavg ln(xb/xl) . Ly < xavg < €T, ST
Then 12: %(:Ugb—mgi) RSN
g,avgg
Assuming the adeal g,
- D =
v= oy 5 (L™ P) (200}
“*g,avg"g

Sinee the dillference ol partial pressure o nat convenient for hear translor
caleulation. t=e Clausins Clapesron cquatlon 1o express the press=ure with
the ternperature,. Then,

~ thgMa:

v, : v, avg (7-:_ 7;9) (3]0
BTy %4,a090

where leg:(Ter Tlf)/2 Caverage temperatire o the dilln=ion Lver

The =herwood mnnber, Tronn Toope2 0010 02000 8 aned 12,01
g L 4 [ BT, o
s, (p-1) T\ P’ i

g b i fg* v

h. myerse ot ol thermal concductivity

where ¢ = Toavg __ anl_xyb)/(l_mgi)]
(L'U,avg h’l [xgb/xgi]
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Introcuce the effective condensation ol thermal conductivity
2 2
- 1 hngOMDO
s T2
¢ (IZS]:LU!] R ZZ—(B

Then the sherwood mnnber Tor condens=ation takes o =unple Torn.,

sy = 1t Ry

L: o]
k.

. e (T3 —T.)—h,(T,— T.,)
“inally =
o t h,+h,
1+7h
w
Woe con osolve the condensanien heat trans=ter with
1 an appropriate correlation Tor Sh
ZHdeterminaion ol 7 0 X,
I neration lor 7
Yol T 1.0 IS ———
| AMF = 0.005 Forced convection
0.8 |-

S Press=ure g 0.05//
. . ) . S o6t 4
INCICeINg pressure for =aluration 8

. . . > * AMF = air mass fraction ~
temperature: lower the ellfecr ol % o4l -
2 -
nonconden=ables doe to the less = _—
£ o2l _—
cllect on vapor =aiaralion I 0.005
) 0.05 Mixture stagnant
lemperanure ot higher pressmre 0.0} = o

. P K
Che heat trans=ler rae mns=1 he ressure (kpa)

o ot i ey s
smaller ar lower pressure than St T Eeet o0 Presscare on

e er Pre=snr Conde=ation o7 Steani= \ar
neher pressure
RS FSIR Y I
[ superheat i vapor
Loraer density cdillerence between bullk misture and mistore near the
mterlace with noncondens=ables than m pure vapor for Loaer <uperheat
Locer buovancey elleers make much stronger conveenive  flow o
sweep past e cooled sarface, ane thos recduce the mterfacial
concentration & the thickness ol noencondensable Tilm

The Beat transler rare mercas=es,
2 RELAPANIOD? conden=arion madel with noncondens=ible gas=

nenconden=ible component e oassumed e be e thermal and mechanieal

comlibrinm
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Lhree correlations Tor conden=ation hez

1y laominanr Doy condensation on an imclinee plane

<tancard Nues=elt Tl condensation correlation

Lrans=ler calealanions

2 laimimor Dlme condens=ation msice o hortzomal tube swith o stratilied

[l =urlaee
moclilication ol original theory
Sroturbulent Tme concden=ation m=ide o vertical tahe
Carpenter ane Colburn correlation

Uhe reduction mulniphier, FNC

\ - ( /)." - /.'Iluin') g i 1- {) I" ‘))(]{
FNC R, # [ Lo O R =
wolere J" IL\)(‘._)_ [ i - iR
=1 +/( j\"("_,.)*('-\-pl. 73{7 ]J

aned poope.

misre. repectively. peg

Lo the prezence ol nonconden=ible

10

girs

anat

D oare partial pres<ures ol steam and airy and toral pressare ol

I minimn pressure i the steam table.

I'. Waviness ceffecl
. ‘ . ) (b) Vertical Film ,
[he rare ol mass tanslor me the Film Reynolds Number ol
. ) . es00e Re=0 P
oot plhase = enhanced by o : 00000 Re=498 e
| I ' o 0oooo Re=748
. o . 9034 anaaa Ret=998 +EA<B ,/
lactor ol 2 0 m the presence ol 2 +++++ Re=1247 + B8 ’/
(%2}
o i R
MV O, E"'z' + /o’
- . . . . %) .
CONLITC DIFOC G < e lor ”
[he entire process ol transler m 5 5)30,
the lguid s controlled by the 1 LA
) w/
Loree scale wave sirieionre. £ Eé’
. . . . . .0 T T T T T T T
o he rate o tremster s hagh 5 7 s n 13
¢ ¢ & Relative Air Velocity U, (m/s)
=t alter the Tomp pos=es el
. : . . . DT Tnter et shear <tres- ve aie veloelns
decavs  with e antl next
[y arrives & o resh Thmois
gencrateds renewal process & unsteacdy miees ranslor
The tremsler e the  gas phase s controlled by the =madl wave

shicenne the =mall waves aet as o roughness

tniepie =hape.
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3. IFalling (1lm cvaporation on a vertical wall
dilferences with condensation

[otomt owith o cortamn thicknes=s ol Lilm

3

Soreduce ol [hm Re according to oevaporition
B the reductuon ol REE 1 o=aally neelected <mee the evaporalion ride s
mtch =maller thane the Tl Plow e,
~inee P20 o the lguid loser 1o the swall s =uperheated
bailing ar bubble cavitanion i the Teed oo
> ihm chi=raption
D, sealer evaporales milo a vapor air nusiore

total pressure - 2 08 0 ancd litde possibility ol hailing.

mclucle M transler proce:ss

[hm concdem=ation @ =uction ellect

[t cvaporation - blowing olTect
Sinee evaporating [hme= e mostly o wary o or tarbualent, by Chuo and

Schan

Nuo— ST Re T LA L Re 4 Rey, By lomar)
Nuo— Zs T Ret ettt Rey, < Re aarbulent 03]
where  Re,, — 8800 D=0

Soamie Wil condensation

1. Mecthods ol Improving the IT'T coell 1s condensation
G changes o geometry ol the sirlace 1o mercas=c the avalable area.
b reaiment ol the srlaee (oo promole drop wise rather than T wise
[oree

fer nse ol Torce Lielels

1 T he mlToence ol surlface geonmiel

A low R h < h

e et the condens=ate retain= cdue e the surlace
Lens1o0.
A hngh R iy b b
[oaw Tin tubing e horizontal tuhbe coneenser
The TTTC Tor Oned surlace s 15%0 Tess than that Tor the =mooth
surlace. but has Lrger net heat transler rate due toomercased trans<ler

et
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roped or spirally incdented tabe
by placing wires along vertical tabe
SOphmunt T ool wire o MJL
il
20 TThe promotion ol drop wise condens=ation
meake the =urlace non welting
1 chemicallv comeed wurlaces
20 polvimier coated surliees
S clectroplined coated anrfaces
A The use ol Toree Deld to enhanee condersation
In the Om o wise condensation, the concdens=ate Tl plavs a0 role ol the
resistance ol heat translonr.
tn=eoexternal torce, coenmrilueal. vibrational ane clectrostanie [oree 1o
reduce the thickness and 1o promote chimage

horizonal rotanng dise

dcausiic vibration
—= — 1 + .nlsfel
It

whoere A Camplitade fnane

17 0 Drequency (0 1501 -
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