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ABSTRACT

In this work, an analytical study is made on the process of vertical downfow foreed-conveciion-
laminar-film condensation of a pure saturated vapour on an inclined civculur tube, The govening
partial differential equation for the local condensat film thickness has been solved analyticafly tny
applying the method of characteristics. An explicit analytic closed-Torm  selution: las been
obiained fur catculating. The lecal and average Nusselt numbers. The general solution yictds, the
special known analytic seluiions of condensation on the verticul und herizontal tubes. The results
show that there is an oplimum tube inclination, at which the maximum rate of condensation en the
whole tuhe surface is a function of the ratio L/D.

INTRODUCTION

Since the pioneering work of Nusselt (1916) , many studies have been mude on the laminar fiim
condensation of 3 quicscent vapeur on the surfaces of various shapes Among those studics 1y than
of Hassun and Jacob (1958) who adopted the Nussett model o rtreat  the problem of frec
vonvectiou laminur il condensation on an inclined circolar tube,

Huowever, recent engineering applications, such as nerospace planes, nuclear reactors, ete, have
promoted research on the condensation processes under forced vapour flow. Therefore, in recent
years, much work has been done concerned with forced eonvection filin condensation on serfuces
of various forms. Many studies have been made on flat plaites, e.g.. Cess (1960), Kob {1962). Other
studies meade on horizonial aud vertical tybes with circular aml nun-cirenlar cruss sections, ey,
Shekriladze and Gomelauri (1966). Sclinal (1972), Gaddis (19749, Rase (1984 and VYang angd
Chen (1993). Receutly, Rose (1988) inade a comprehensive review an the forced cunvection
laminar-film condensation.

Shekriladze and Gomelauri (1966) neglected the eifects uf convection, iuertia, subconling and
gravily forces in the condensate film for vapour Now along horizental and vertical plates, and for
vapour Jownward flow over a horizontal tube. In addition, they assumed that the shear stress at
the condensate surface is due Lo the change in the momwentun of vaponr muss condensing anto (he
condensate surface. They cstimated this interfacial shear by using an asymptotic infinire-
condensation-rate expression. Thus, simple anulylical solutivns could be obtwiued..
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To the suthor’s knowledge, there has been no study on the furced-convection - duminated
laminar film condensation on an inclined circular tube, as thel made by Hassan and Jacob on free
convection-dominated film condensation. Therefore, the 2im of the present work is tu carry put
this study, The assuniplions of Shekriladze and Gumelaori, will be made a3 in the analysis

ANALYSIS
Physical Mode! und Derivation

Congsider a circular tube of radius R and inclined with an angle ¢ to the horizontal, is situated in
a siream of pore dry saturated vapour having verfical down uniformn velocity Yoo, The wall
teperature Tw is assumed uniform and below tbe vapour saturatiun 1emperature Ts. Thus a,
condensation Gim will form and flow on the external surface of the tube in both the axial and
peripheral directions. Figure 1 shows a sketch of the physical model and coordinate system. In the
present anclysis, the vapour velocity is assumed (o be sufficiently high so that the Rlm motion is
mainly controiled by the vapour shear and the efTect of gravity lorce is negligible, In comparison
with (he moinenium translerred by tha condensing vapour niuss, the effect of pressure gradient in
the filn may be neglected. In addition, tha condensate Gilm Mlow is considered laminar, sieady and
with negligible viscous dissipation. The condensing vapour is considered 1o be of au ordinary
liquid, Thus, the efTecis of inertia and convection in the film may also be neglecied.

The above-mentiuned assumplions simplify the x- and r-momentumn equations; describing the
condensate film maotion, 23 lollows:
1-momentum conservation:

Fu
NF =0
(1
Z-momenium conservation:
w
= 0 ()

£
where u and w are the velacity components in the x- and t-directivos, respectively.
The abave equalions are subject to the boundery conditions:
u=w=(, y=0 {3
N Ty W Ty
& wody ou

where 152 and 102 are respectively the x- and z- components of the inierfacial vapour shear.

y=% (4)
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Fig. | Physical modet and coordinate system

By assuming potential low ontsidz the vapour boundary layer, together with using the infinite
condenaztion rate approsimation of Shekriladze and Gomelauri (1966}, the Interfacial shear
components 41 and tdz may be approximated by

Ty = m: (2V.coso sing) )

1, = m, V, sing (6)

where m''c is the local condensatlon mass flux.
Additlonally, a hent balance at the liquid-vapour interface, as in the analysis by Nusselt, gives

AT
o = k 7
m ——-5 (1)

g * e

n
where ®= { hfg +3CpAT/8), is the modified latent heat of condensation proposed by Rohsenow
{1965) to account for condensate subcooling.
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Equation (7) implies that the rate of heat transfer by conduction across the condenset Gim is
equai 1 the rate of heat liheration by due to the vupour condeosation at the liquid-vapour
interface.

In the above interfacial shear modeling, the shear force is a3sumed to be equal to the change in
the momentum of vapour mass condensiag at the condensale surface. The interfacial condensate
velocity s comsidered negligihie when compared to the vapour velocily, as posiulated in the
aaalysls of by Shekriladze and Gomelauri (1966).

Solving Eqs. (1} and (2} under the boundary conditicns (3} and (4)in view of Eqs. (5) and (6)
yielda,

ﬁ:gﬁh\’w ¥y cosg sing ___1}&:&1 N, ycosgsing (8)
§ b h"’s
m, . 1xat .
=t = —N_y3
w Vo y sing =5 b Lysind ©)
For constani condensate physical properties, a mass buiance for the element, shown i Fig. 1,
yields:
oo 1 omy +am,) _Xat
B AN " 1 W8
a[}d)+ B[‘de) 10
=p—~1 [u —_
p B Y| +p N\ Y (1M

Combining Eqs. (8) through (10) and substituting dx = Rdé, one gets lor the local Mm thickness
tbe differential eqnation:
g8l 2vD

- —_ {11}

Jr Vo

7
7%

cosqp(dd"cos¢ +2sing ]+Rsinw

Or in the dimensioniess form,

oA . o8
98 25ind % = UV Zacosh A 1
a7t N A (12)

for the dimensjonless local film thickness,

a =
A=-—Re, cos {3
ap Ve
a5 function of the dimensionless axinl length ,
2* =z/(Rtanep) (14
and the peripheral angle ¢.

The symhulReD- (VoD/vYin Eq. (13) denoles the two-phaie Reynolds numher.
Equation (12) is subjected to the boundary conditions:
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A=0 at =0, 0<ds = {158)
L =0 at ¢=0or¢=m, o0<Z%<~x (150)

The first bouadary condifion implies that the condensate {Iim starty with zero thickness around
the circular periphery of the tube at its upper end. The second condition expresses the symmetry
of the condensate film and ita smoothness at the top ($=0) and bottom {¢>n) along ihe tube.

SOLUTION
Special Solutions
An inclined tube iy the generul case of the following special cases:
Vertical tube, Selting ¢ = n/2 in Eq, (11) reduces it 1o one which leads finally to the relation:

Nu,/Re, =1/2 (16)
for the local Nusselt number Nuz (=hz/k) as fumction of the two-phase Reynolds number

Rey(" 22 /%) Hayhew and Aggarwal (1973) abtained the same result for the vertical plate and
recommended it for the vertical tube pravided that the condensate film thickness is moch less than
ibe tube diameter.

Inelined plate. Setting R = « in Eq. {I1) redaces it to one for condensatioo on an inclined (lat
plate, This reduced equation leads finally to the expression:

Nu‘/JE::—lZ-,{simp (17

Tor the local Nusselt Number as function of Re, and the inclination angle «.
Horizontal tube. Subsmutm! ©=0 in Eq. (11) reduces it to the ordinary differential equation

26 cos¢+sm¢-k—h—-vaV {(18)

whose solutien subject to the boundary condition: d6/dd =0 al ¢ >0, is

I- cosq) Dv
sing yV. (19

From tbe above results, one gets the expression:

Nu/fi;:= sing/ Jl -cosg, 75650

for the local Nusselt number Nud =(hD/k).

(20)

Taking the Umit of the fraction ot ¢= 0, the value of Nu / VRe, equal 2
Next, integrating Eq. (20) yields ,
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NuD/Jﬁ-:: =09 2D
for the mean Nusselt sumber Nup = (Eka).

The some 1olutions were obtalned previously by Shekriladze and Gomelauri (1966) for a
borizontal tube in & downward vapour flow in the absence of gravity.

Infinite-length inclined tube. For large distance from the starting edge of an inclined tube, the
film becomes fully developed and the [pcal Alm thickaess & only functien of the peripheral angle §.
For this case, Eq. (12) reduces 1o

. dA 2
smnb-dTb—ﬁ-Zcoscb& =1/4 (22)
This equation, except [or the definition of A, has the same forma as Eq. (18} for condensation on a
borizontal tube.
Solutlon of Eq. (22) subject to the boundary condilion (15 b) yields

A= Ji-cosg /(2sing) (23}

for (he dimennionless local film thickness A .
Combining Eqs. (13) and (23) and uslng the classical relatlon h = k/5, gives lor the local Nusselt
pumber

Nuh/ieﬂ o3P = ﬁi_ﬂ’; Osgs A, 24)

and at the upper point =, the values equels V2
By integration Eq. (24), one gets for the mean Nusselt number

Nu,/ Reycoso =09 @5

The above expressions (24) and (15), except the nerwnalization of NaD by the lerm VEOs® . Are
the same as for the horizontal lube given by Eqs. (20) & (21).

General Solution

An incliued tube of finite length represents the most genernl case. In this case, Eq. (12) has {0 be
solved subjected to the boundary eonditions given by Egqs. (15a, b}, An analyiical solution is
possible using the method of characteristics. The suhsidiary equations read:

e d_
" 2sing (1!2—4A’cos¢) (26)

Rearranging and lntegration yields
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.1
2" =~ nfan(p 12)]+ C, an
1 12
e [ Jsing d¢ +C ] (28)

Equation (27) deseribes the flow path of the condensate on the external tube surface.
Applying the boundary condition {150) on Eqs. (27) and (28) yields respectively,

7 =~ Inftan(4/2)  ran(g/ 2) (29

,/cosd:* ~cosh O<den (30)

2sing

Equation (12) with the boundary condiiioa (15b) give lhe dimensionless local film thiekness at
the top.(¢ = 0) and the bottom (¢ = 1) of the inclined tube as follows:

By = J{l-exp(—c;z*))xs Gy

By = J(exp(4z+) - 1) /8 32)

Combiniog Eq. (13) with Eqs. (30) to (32) and using the basic relztion h = k / §, leads finally to the
leeal Nusselt number expression:

Nu/JﬁeD cosp = si/tﬂ:ZCosd;* —cosp O<¢p<m

2ffi-exp(-42°]] =0 (33)

\f?./[cxp 42 —l] d=n

The angle ¢* is defined from Eq. (29) by

W

o =2mun[m(¢/z)/exp(2z*]] O<b<n (34)

Equations (33) and (34) represent the generai aolution of the problem, For VAN w, £q. {34)
yields ¢* = 0. Aceordingly, Eq. (33) reduces to Eq. (24} of the infinite-tube-length case, Comparing
Eqgs. (33) and (24) reveals that the term cosd* in Eq.(33) accounts for the finite leagth effect.
Next, the local peripherally averaged Nusselt number can be caiculated from ,
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Nu/JRe, cosg = %] EIE db (39)
0

Finally, the mean Nusselt number Nu, (=4 D/ k) for the entire surface of tube with dimensioniess
total length L+, can be estimated from

+

_ L x
Nu/,fﬁen cosQ =~—1-;—} [ -l—d¢ 4az* (36)
nl’ & o 24

The numerical evsiuation of Eqs. (35) and (36} iz not fully determined because at ¢ =x and Z+
-, {he value of A, calculated from Eg. (32), goes to infinity. This problem con be overcome by
substituting ¢ =r by values very close to n. Numerieal ealculations have shown that with ¢ =3.115
reasonahle accuracy could be achieved. Simpson's rule has been used [or carrying out this
aumerical task The simple analytic solution of the inflnitely long tube, given by Egs. (24) and (25),
hss been used s a reference to assess the accuracy of the numerical results, The relative absolute
errors in Nusselt numbers were less than 1%.

RESULTS AND DISCUSSION

Figure 2 shows the variation of the dimensionless local film thickness around the tube
periphary; at different axial Jocations, calculated using Egs. (29) to (32). 1t can be seen that
downstream from Lhe starting "upper” edge of the tuhe, the filas thickness increases in both the
axlal and perlpheral directions. Beyond a short length of Z+ «2.6, the perlpheral variation of the
dimensionless local Mm-thickness takes g flxed profile as thal at infnity.
Variation of the local, periphernlly averaged Nusselt number, estimated numerieally by Eq. (35),

Nlﬁ/ fﬁe cos

nlong tbe tube, s shown in Flg. 3; in terms of D versus Z+. 11 decreases with
increasing Z+ : from an Infinita value at the start point (Z+ = () 10 assume a conatant value
equaly 0.9 as Z+ 2 2.6, This valuels the constanl value of the infinite-length solution. Thus, the
candensation process beyond a short lengih (rom (be upper tube edge becoines ay that on an
infinitely long 1ube.
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The mean Nusseit number for the whole tube surface is plotted in Fig. 4; in theform of

Nu/ ycoso Re

0s@ R 0 wversus the dimensionless tube length Z+=Z/(R tanp}. The resulis indicate that
for L+ 2 40, the mean Nusselt number is the same ay that of an infuitely long tube, given by Eqg.
@n.
Dependence of the mean Nusselt rumber on the tube inclination angle is shown in Fig, 5. Clearly,

an optimum zngle, at which Nu 4 mazximum, decreases as the ratio L/D increases, as shown in
Fig. 5.

CONCLUSIONS

This is the first analytical approach for solving the problem of forced-couvection laminar filn
condensation on an inclined circular tube. The main points that can he drawn from this siudy zre:
1. An explicit general solutlon, in cloged-form given by Eg. {33), has been obrained analyticelly for
caleuiating the local Nusselt oumber,
2, Cloged-form explicit expressious (24) and (25) have heen obtained analylically for caleulating
local and mean Nusselt oumbers in the case of an infinite-tube-length. These expressions can be
applied with good accuracy for the iaclined tubes of L/D240, encountered in most practicai
purposes.

NOMENCLATURE Vo  (fee-siream vapour velocity

C1.C1 integration constants X

C,  specific heat of condensate ar conslani
pressure

hfg latent heat of condensation

hﬂ

iy

meodified latent heat of condensation

D tuber diameter

k thermal conductivity of condensate

L  dimensionless tube length

&  condensate mass {low rate per unile
peripheral  length

m“e. condensaticn mass flux

Nu =aD/k, local Nusselt number

Nu, =a D/, mean Nusselt number

R tube radius

Re, =VaD/v, lwo-phase Reynolds numbet
for horizontal tube

=Vuz/y, two-phase Reynolds number

for vertieal tube

T ternperature :

AT =T, Tw), temperature drop across th
eondensate Alm

u, w eondensate velocity components in X-
and z- directions, respectively

Re

z

peripheral coordinate

z axial coordinate

Zt  dimensioniess axial coordinate.
Greek symbeols

a =k/8, local heat transfer coefficient

5 local fiim thickness

A dimensionless local film thickness

p density of condensate

¢ peripheral angle from top point of
tube

0] angle of inclination of tube with

horizontal
v kinematic viscosity of condensate
15 interfacial vapour shear in x-direction

15z imterfacial vapour shear in z-direction.

Subscripts

—  mean value

Z tube length

w tube wall

s saturation

X x-direction

z z-direction

$ location corresponding to $-angle.
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