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ABSTRACT

This paper is concerned wilh Lhe investlgation of Lhe effecl of
Lhe nature of Lhe surface of Lhe condensale film on heat transfer
during laminar film condensalion. An ldca2llzed rippled nature of
the fllm surface ls proposed. Local heat trans(er coelflclenkls are
calculated for fLlm condensation on a verllcal plate In laminar
case. Calculalfons are performed oumerically. Ffor the proposed
rippled nalure of Lhe film =urface, ULhe average heal (ransfer

coefficifents are up Lo 20% higher Lhan that obtained for smoolh
condenzate surface.

“TTmRODUCTION
~* Letal or partlial condensers Tfor single vapor or
" mixtlure is ones of the importanl problems in Lhe
~hamical angineering.

has been doscriboed and annlyzed by
simplifylng assumplions such as

-he liquld fi{lm are ignored;
(ribulion Lhrough the liqulid {ilm s

quid subcooling is nol included.
Later improved by many lnvestigateors to
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account for the above mentioned eoffecte. Also boundary layer
analyeie ham boon applied Lo film condeamation. Boundary layer
analysis improves bLhe accuracy of the ropresentation of the f({lm
condensatlon process by {ncluding conveclion terms in Lhe liguid
layeor.

In many clrcumstancés, actual heat transfer rates during (llm
condensation are substantially higher lhan predicted ones [21].
These dLscropéncies have been explained Lo arise mainly because
the behavior the actual f(ilm differs from that assumed. Many
actual filmse flow Ln a rilpplasd manner [4,5). Those ripplac oflen
arime because df such dlsturbatces as uneven, though small. vapor
velocities or as a result of condensate drainage from hlgher
surfaces. The effect 'of Lhls rippled =structure Lls assumed to
increase tho heal Lransfor ratds. Considering Flg. 1, the sensible
heat flux qg from Lhe bulk of gas phasea i{s glven by

a =h_Ct_ -t <1
g g g s

where hg ils the dry 'gas heat transfer coefficlent. which s

generally evaluated as {f Lhe gas phase were f(lowlng alone [3].
The local overall heal transfer coefficienLl U, deffined by

ay = U Cbg - Lw) = hf(Ls - Lw) (@=>
Ils then glven by
. q
. b. - hi .- )
J r g
where q, is the tolal heat (lux and h[ ls the condensate (llm heatl
Lransfec coefficlent.
t L t
w s g
|
/ )
wall gas phase
condensate surfeace
Fig.{13> Tempaerature distributlon i{n
parLial or total condensers
To determine thoe dry gas healt transfer cosl(lcient h . Lhere are

many correlations whlich glve acceptable values for laminar and

turbulent flow of gas phase [1.2). Such correlations apply Lo both
smool)hh and rough surfacex.
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Nov, 4in Lhe procoss of film condensation whlch (s Lhe major
concern of Lhls paper. Lhe surface of the condansate film bullds
on Lhe tube wall, whose structure affecls both Lhe dry gas heat
Ltransfar coalficiant hg and Lhe condensatae f{lm heal Lransfer

coefficlentl hr. The effect on Lhe dry gas heal Lransfer may be

compared wlLh the offect of the surface roughness wllh two maln
differonces (4)

1- The condensaltle bas a velocily relative Lo the vapor phase; and
2- the ripple characterlstics are nolL constanL along the way of
flow.

To account for bthis effect, Hampesl {4) devaioped the followlng

corrolatlion to determine the frictiopn faclor to be used {n Lhe dry
gas heabl Lransfer correlalions:

0.8
= 7
r rc[ 1+ 17.2 ¢6.7d) ] 4>
where 6f {is the {1lm thlckness, di Ls Lhe tube Lnside diameter,
and (o {s the friction faclor for smoolh surlface, which {8

functi{on of Reynold number Ke.
On the other hand, Lhe effecl of Lhe condensatlo fllm struclturo on
Lhe condenzal{ion heat Lransfer coefficient h will bae developed

¢
and described In Lhe (ollowing sectlon.

FILM HHEAT TRANSFER WITH PARTIALLY ACTUAL FILM SURFACE
Conslder a flal plate of longlh L whose oxposed (ace s at
unl form temperalure Lw and which (s inclined at an angle 7 wilh

Lthe horlzontal. Filgure (2> {llustrates a proposed f(deallzed
actual wavy fi{lm surface.

Fig.(2> The proposed actual condensate surface
nature for laminar (llm condensatlon on a plate
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The actual film thickness Yo, @b any distance x along the plate in
the direction of flow can bo expressed by the followling rolation :

Yax © Yx

In Eq.¢8 £ is a factor 'less than unity, p is the periocd of Lbe
proposed wave, and y}c i=s (he mean thckﬁass of the condensate film

1.0 - £ sin (2rxpd (B

evaluated on the basls of Nusselt theory for laminar flow film
condensation and {s gliven hy :

174
4k ct - L >
y = lylggg w ¢ x )1/4 )
> plel—pgb g hrgsln¢

It is recommended to uUzse a modiflield lalenl heat of Lha form hrg =
hn, + 0.68 ¢ CL  — ¢ D fin lieu of h in Eq. (8 (B,

fg Pl g W £9

According Nusselt theory, the local heat transfer coefficlent

h>< is given by.:

4
ir4

plel—p y k?g hf sing L
9 9 150 ¢7>

4 plCLg- Lw)

Now, to calculate Lhe local actual heal tranzfer coefflcient ha

hx = kl/yx =

X
which considers the surface slruecture one =substilutes in Eq.C7)

for Y ax instead of yx. The average actual heat transfer
coeflficlent ha for the plate of lengih L &s then given by

L
M =
a C1/LDI Ckl/yax? dx
o
L
= dx
- Ckl/L)[ yxti.o-c sin (2ix/pd) 8>
. o
Since Y se lg functlion of xl/é, the above Integration can be

performed only numerically. In Lhis work, numerfcal integration is
performed usling Lhe 4ULrapezoldal ,rule. On the other hand, the
integration can be performed analytically for £ = 0 C smooth film
surfaced to get the average heat Lransfor coefficienit h . The
result {s given by

174

3
p. o, - J X 'gh sing
_ 171 g 1 fg -
h = 0.643 [ T PlCL -5 5 hL o)
g w

To Investigale Lhe effect of Lhe proposed actual surface structure
described by Eq.(B)., condensstion over a vertlcal plale of lengtlh
L is considered, whose surface is maintalned at 7Y ~C. VYapor phase
Ls steam at 0.5 bar and condenses {p a fllmwlse manner. The
following thermophysical propertles are used
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-3
L = g2 °c, v =71 °c. k, = 06700 W/m. deg.
g w __7
N, 2304 KJIXg py = 35L0:d0° " Kgsm.s
g =
3
o, = 070.5 KgormS og = 0-3085 Kgm
2 N

v 8.8B1 m/s

In thip analymie liquid properties are assumpd Lo be constant
through Lhe film Lhickness. L.s Lemperalure {ndependent.

RESULTS AND DISCUSSION

For comparison, the analytical =solution of Lho‘problem according
to Nusselt Lheory for normal condensalte surface ¢ £ = 0 D s
oblained and Lhe results arg plotbed Ln Flg.(3). The f{lgure
{llustrates the behavior of ULhe local heat transfer coefficlent

hX and the local condepsate f{lm thickness Yy along the plale.

According Lo Lhe figure. the heal ALransfer docreases Iin Lthe
diraction of the (low nleng the plate bacause the film Lhlicknoaw
iz increoasing. The hgat transfer coefficlent at the end of theo
plate (s G6GOS3 VW m".deg. while tho average heal transfer
coeffictont h for normal surfaco CEg.C(Od) (s 8072 W/m .degy.

On Lhe othor hand, Lho problem is solved numorically according to
Lhe proposed procedure which takes effect’ of the actual film
surface nature into considerdtion. In the procoss of numérical
integration, the distanco step Ax nust be tod small CAx >L-/1000D
to account for tLhe infinite heat Lransfaer coofflclent at Lhe
leadlng odge of the plate. The obtalned results are plolted on
figures 4-6 and some solected values are listad 1ln Lhe table
bel) ow.

Figure 4 lllustrates the local heal transfor g¢oefficlent and (ilm
thickness for speclflied surface parameters £ = 0.2 and p = L3 C
thal L5 the wave {s repeated three times along the lenglh L 3.
Ganerally, it (s clear that the local heal Ltransfer coeffizlient
hax docroa=os along the direction of flow bocause the local film

thickness tends to {ncrease in the same direction CEq.(5)). In the
samo time, the behavior of local heal Lransfer coeffficienL gains
the wavy characlterlistics as the film thickneszs. Moast noliceable is
the value of the actual average heat transfer coefficlent h_. The

predlcted valuo of ha for € A 0.2 and p =L/73 {s B287 W/m .daqg.,

which is BEQZ higher than that obtained for smooth film surface Ch
= Q072 W/m .deg.). For the mame o0 C0.2) and for p » L ¢ one wave

ovoer tho length L of the plate>. the predicted valuo of ha Is 8342
W/ma.dog.. which is 3.3% higher than thal obtainaed ,for normal

surface. Thls resull s physlically accoplable because azx p
increases ths f(llm surface suffers maoroe local thinning or
thlickening.

According to Flg.3, {t {5 ¢lebr (hat the combined eoffect of both
paramelers ¢ =0,.5 and p = L/3 is greal. The average heéL transfer
coofflcfant ha in Lhis case rices to the wvalue OG0B W m . deg.

Figure 8 llluslrates Lhe obtained results for ¢ = 0.8 and p = L,
whleh means deaper ULhinning 4ind Lhilckening of Lhe surface. The
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predicted value of hA for tLhis case (s 0OGB7 W/me.deg. which s

aboyt 20% highor Lhan the value of h for smooth surface (BO72
Wom~ _.degd). Comparlison between the above obtained values leads teo
the fact Lhat Lhe factor £ Lis more effective than the peorlod p. 1n
addition, a 21% lncrease in Lhe average heat Lransfer rale is
reported {n (7) where the wave motlon has been considered Lo be
sinusoidal funtfon {in time abt any distance x.

Examining the values in the Lable, it Is found that in the extreme
case- where £ = 0.9, Lho average heabt transfer rate approaches the
value of 10894 Wrm .deg.. This value {s [n Lha ocder of the heal
transfer coefficlents {n case of dropwlsd condensation. This
result is sati{isfactory because Iin Lhis case (& = 0.8 the heat
Lteangfer mode changes from Cilmwlse to dropwlse condensation,

Average heat transfer coeffleclents for different
actual surface parameters (e and pd

P
£ L3 L2 L

0.0 072 8072 8072

0.1 8110 8120 Bgl14z2

0.2 Q278 8220 2342

0.8 83506 09360 0667

C. 9 10250 18420 10684

]

CONCLUSI ON .
In filmwlse condensatlion. actual heat Ltransfer rates are

substantlally hligher than predleted onss. One reason for 1Lhis is
the structure of Lhe actual surface of Lhe condensale film. Actual
films flow In a rippled Cwavy) mannar. According to the proposed
physical surface nature of the condensale f£ilm the heal transfer
rate rises up Lo 20% higher than {iho corresponding valua for
normal smoobth film surface.
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NOMENCLATURE

Cp Specific heat (KJKg.deg.>

r Friction factor y.6 FlLlm thickness (m
fa] Gravilatlional acceleration Cm/s°) u Viscosity C(Kg/m. s)
[ Heal Lransfer coefficient (W/m .deg) <c.p Surface paramgters
hfg Lalent heat CKJIXgd o Density CKg/m D

K Thermal conductivity C(W.m. deg.> & Agle

L Plale length < Re Reynolds number

q Heat flux CW/m

L Temperatuce €°C)

X Dlstanco along the plate (md

Subscripls

2 actual f film

g gas
A liguid s film surfacessaturation w wall
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