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Convective condensation heat transfer in a horizontal condenser tube
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Abstract

The purpose of this article is to solve analytically the problem of convective condensation of vapors inside a horizontal condenser tube.
Homogeneous model approach is employed in the estimation of shear velocity, which is subsequently, made use of in predicting local
convective condensation heat transfer coefficients. The resulting analysis of the present study is compared with some of the available
equations in the literature. It is observed that the agreement is reasonably satisfactory validating the assumptions and the theory presentec
0 2002 Editions scientifiques et médicales Elsevier SAS. All rights reserved.

Keywords: Convective in; Tube condensation; Heat transfer coefficient; Homogenous model; Friction multiplier

1. Introduction of various system parameters as follows for different ranges
of Re.
Investigators considered the two-phase convective con-Nux = F[Re, Pr, x, Xy] 1)

densation process of vapors in tubes in view of its industrial  Correlation of Shah [9] is regarded as the one satisfying

importance Variedly as either stratified or annular flow. The wide range of system pressures, flow conditions and me-
possible hydrodynamic flow regimes for given system para- dia of varying Prandtl numbers. Carey [10] gave a theo-

meters can be demarcated with the aid of plots proposed byretical analysis in predicting local convective condensation

Baker [1] and Taitel and Dukler [2]. At low velocities of va-  heat transfer coefficients. However, the predictions are on
por, the condensate tends to roll down the wall towards the the high side in relation to the values computed from the

bottom leading to stratification of heavier component. Ku- correlations of other investigators. The review has revealed
tateladze [3] developed analysis both for stratified and an- that many of the analyses are either accomplished through
nular flow of the condensate in a horizontal tube. Jester andthe non-dimensional approach or semi-theoretical consider-
Kosky [4] considered the problem of convective condensa- ations with constants being evaluated with the help of the

tion from the concepts of a homogeneous model. Soliman etéxperimental data. The purpose of the investigation is to pro-
al. [5] considered that condensation heat transfer is depen{0se an analytical approach in the estimation of local con-

dent on the cumulative effect of shear terms associated withvective heat transfer coefficients based on certain assump-
momentum, friction and gravity. In their analysis Lockhart tions and hypothesis.

and Martinelli [6] correlations were employed. Ananiev et

al. [7] proposed a correlation for convective condensation ] .

to predict local heat transfer coefficients. Traviss et al. [g] 2~ Formulation and analysis

presented a correlation treating local Nusselt as a function ) , o
The convective condensation heat transfer inside tubes

is generally treated making use of dimensionless analysis

— _ resulting in a correlation or as separated flow with the
Comespondence and repnnts. rinciples of turbulent boundary layer applied to the annular
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Nomenclature
ai, az, as, aa, as coefficients in Eq. (31) yt dimensionless distance measured normal
A cross sectional area of the tube ........... 2m to the wall= yu*/v
C constantin Eq. (27) Z distance measured from the entry of the tube |m
C, specificheat .................... kg Tkt Nu Nusselt numbes 2D/ k
D diameter ofthetube ...................... m Pr Prandtl numbes= nCp/k
F see Eq. (33) Re Reynolds number of the condensate
f friction coefficient at the exit=4m /7 Du
k thermal conductivity ............ wh—t.K-1 Greek symbols
g acceleration due to gravity ............. 9T
h heat transfer coefficient.......... M2.K-1 oL friction multiplier = /4Lr2
- 2,1 L.P
hy local heat transfer cpefﬁment ..... W ~K71 " function of X (see Eq. (33))
htg latent heat of vaporization............:kd T shearstress........coovvviiiinnninn.s N2
L' Iength of the condensertube ............... m , AENSItY . ..o kg3
] discharge rate of the condensate ....... -skY 7 dimensionless distanee Z /L
p exponentin Eq. (16) w dynamic viscosity ............... ko151
P PIESSUIE. ..\ttt e e, N2 _
Pcr  critical pressure...................... N2 Subscripts
ot dimensionless heat flux g gravity or elevation
T temperature . ... K L liquid
T+ dimensionless temperature m momentum
=Ts—T)/(Ts — Tw) V vapour
u VeloCIty . ..o gl W wall
ut dimensionless velocity u /u* S saturation condition
u* shear velocity TP two-phase
X dryness fraction by weight L.P.F liquid phase friction
Xt dimensionless constant in Eq. (27) T.P.F  two-phase friction
y distance measured normal to the tubewall .. m G.P.F  gas phase friction
as a homogeneous model under diabatic conditions with where
heat removal. In single-phase convective problems related N Du% o L yukp
to either heating or cooling of the medium without phase D1p= T Yy = U—L

change it is established that modified Reynolds analogy with
correction for Prandtl number variation responds favorably
and the heat transfer coefficients can be predicted from

. . Xpr follows.
the momentum transfer analysis. In two-phase convective be expressed as follows

Similarly, if liquid is flowing with a mass flow rate ofi(1 —
x), the single-phase convective heat transfer coefficient can

(4)

(5)

condensation studies Colburn and Carpenter [11] applied 2D Lfort +  Duf
; —=D"| — , WwhereD" =

some of these concepts assuming that the wall of the tube g, vt |y+—olL VL
is invariably in contact with the liquid medium. Hence,
it is suggested that the thermal resistance to heat transferHence’ from Egs. (3) and (4)
in the sup layer would pllay.si.gnificant role fgc?litating htp D, [fg_I|y+:0]T_P
condensation at the vapor-liquid interface. By definition, the T C3D—Jr, whereCs = T
wall heat flux can be written as follows: L L oy lyr=olt

T The following definitions are further employed in the
gw = h1p(Ts — Tw) = kL [— ] (2) formulation

9y ly—olrp

2 2
tTpr=pLuTp and tpr=pLuf

Alternatively, in non-dimensional form it can be written as

+\2
TT.PF D
follows: pf=—"= (%)
TL.PF D

} (3) APrpr AfrprprPuép
yt=odTp L 2D

htpD i oT+
PR rvery
L y

and
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AP LpF Afi proLu?

6
L 2D 6)
whereut p = # andu, = %
APrpr
¢f = 7
APLpF

whereg is the friction multiplier as defined by Lockhart—
Martinelli parameter [6]. Eq. (5) with the help of the
definitions shown above can be written as follows

Nur p
—=C 8
™ 3pL (8)
whereNu, = 0.023Re’8Pr0%4(1 — x)%8, Thus, the convec-
tive condensation heat transfer is given by the following
equation.
Nur p = 0.023C3¢ Re®8Pro4(1 — x)08
whereRe = %.
Eqg. (9) consists of two unknown constarits and ¢y .

(9)

These constants will be evaluated for a homogeneous mode

with certain assumptions. The consta@htis dependent on

the hydrodynamics of two-phase flow in the core region of

the tube. The interfacial shear resistance on the condensa’u?mploylng the ai

layer depends on the conditions of flow of vapor in the core

and consequently it reflects on the gradients of temperaturep = 0.4 — 0.14In(P/ Per)

and velocity conditions prevailing at the wall. Besides, in

closed systems working on Freon-11, 12, 113, etc., the ther-
mal resistance at the wall of the condenser tube can be in-

fluenced by contaminants like traces of lubricants generally
employed for efficient functioning of the compressor. The
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where the void fraction = A, /A.
Zivi [12] proposed the following relationship applying
the principle of minimum entropy production.

1
T I (A0 /)R

Baroczy [13] proposed another form of correlation as
ollows:

(12)

1
O T (A= )04 (pv)/ p0) O ((r) /1) 013

Substitution of Eq. (12) in Eq. (11) will yield an expression
for two-phase density as follows:

(13)

n 1/n

efel[2] -]
PT.P oV

wheren = 2/3.

Alternatively, ot p can be expressed in the form
oL oL

|—=(1—x)p+xp— 15
OT.P oV (15)

where the exponenp® is unknown and in the present study
r—water data of Lockhart Martinelli [6] a
correlation is obtained.

(16)

These relationships, i.e., Egs. (14), (15), and (16) will be
subsequently used.

homogeneous model analysis of the present study is tested™ Evaluation of ¢, for a condenser tube

with an assumed value @3 = 1. However, in reality the

type of flow regime is dependent on the local dryness frac- !N @ once-through condenser tube the flow of the medium
tion, flow rates of the two phases and system pressure. TheS single phase both at entry and exit of the tube with several
regimes can be prefixed with help of the plots of Baker [1] or "€gimes occurring in between. This situation allows us to
Taitel and Dukler [2]. In the present analysis these regimes 8SSume a suitable form of two-phase local friction coefficient
are ignored treating the flow as a homogenous model. Fur- /T.pF satisfying the conditions both at the exit=0) and
ther, to make use of the present theory the valueg cind ~ €ntry (x = 1) of the tube. For example, two models are
[pL/pr.p] implicitly appearing in Eq. (9) must be known. developed as follows.

Some relationships applicable to condenser tubes of hori-

zontal orientation are derived. M Odel 1 (Linear Variation W|th reSpeCt tﬁ)

frre=0—=x)fipF+xfepPF (17)

3. Evaluation of two-phase density, pr.p Model 2 (Exponential variation with respect 19.

McAdams [14] defined the two-phase density as follows: frprF= fLprexp(—ix) and i =In(fLpr/fcrF) (18)

1 1-x x (10) where for turbulent—turbulent regime of vapor-liquid phases,
OT.P oL oy, respectively.

However, in the present study a different approach is 0.046 0.046

undertaken. At any section of the condenser tube the sum/LPF= @’ GPF= @

of the kinetic energies of the two phases must be equal to ] )

the total kinetic energy of the two-phase homogeneous two- g, _ 4m(1—x) _ Amx g (19)
phase medium possessing a dengity, i.e., wDuL 7 Dy

1—

X

_ (1—x)3 x3

 (1-a)?

P
pT.P

L
PV

feprF
fLPF

mv
M“L

GI-EEEE e e

( (
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Following Lockhart—Martinelli definition of two-phase
multiplier, ¢, i.e., as given in Eq. (6)
> _APrpr_ firr e 1

= = 20
LT APLPE fiprpre(1—x)2 (20)

¢

Model 3 (Linear variation offr pg as per Eq. (17)).
Thus, making use of Egs. (14), (17) in Eq. (20) the

friction multiplier ¢, can be obtained.
1 o \ 23 3/2
2 = 1 =) -1
= () (%)
0.2 08
() (55 e
ML 1-—x

Model 4 (Exponential variation offt pr as per Eq. (18)).

,  expg—ix] o 2/3 B 3/2
LT T—ar [“x{(pv) ! (22)
Model 5 (Two-phase densityyt p as per Eq. (16)).
2 _ _ ap-1 X pp_l—
i e
0.8 0.2
() () &
1-—x ML

where the exponent can be obtained from Eq. (17).

Model 6. (Employs void fraction relationship as proposed
by Barcozy [13], i.e., Eq. (13) in the exponential variation
relationship, i.e., Eq. (18))

wherea = In( fL'P'F>
GPF
) exp—ia] . 3.o<p_|_>2.o
L‘1<1—x>°-5[1+<<1—x>> pv
20405
x (1 ; “) ] (24)

fepF (,u_v>0'2<1—x>0'2 (25)
firre x

Whereq is given by Eqg. (13).

Correlation of Lockhart and Martinelli [6]:

Lockhart and Martinelli [6] proposed the following cor-
relations for¢. based on data from a series of studies of
air—water data under isothermal conditions for turbulent—
turbulent regime of the media

h=[1h ot ]1/2
L= —+ =
X X3

where
0.9 0.5 0.1
) (p—v> <&> and C=20 (27)
oL oy

Xtt=<

(26)

1—x
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The validity of these equations is to be tested by compar-
ing the convective heat transfer predictions with the results
of other investigators for low, medium and high system pres-
sures. The present approach is compared with some of the
equations often referred in the literature. Thus, Ananiev et
al. [7] gave the following equation

05
NI\‘IJJL'P - [%} 28)
where
pL _ 1—x X (29)
PTP AL PV
Nu_ = 0.021Re*8pr043

Soliman et al. [5] gave the following correlation
Nur p = 0.036Pr%65Re* (30)
where
Re" = uipD/vL
and
¥ p=(rrp/p)%°
Tp=(Tm + 75 +1¢) (31)

where

" 17 n
w=(%) 2l 2] ()
a1 =(2x —1- Bx)

ar=2(1—x)
az=2(1—x— B+ Bx)

a4=|:1—3—2xi|

X

a5=/3|:2—l—xi|
X

andg = 1.25 and 2.0 (respectively—turbulent and laminar
annular liquid film)

D

4

D .
Ty = Z(l_ a)gsiné

1- 2/37-10
=[5 (R) ]
x \pL
A —-0.2
fV=0.046< m ) and
7 Duy
D ,2fy
Tp= Z(pf—Dpvxz, ¢ =1+ 2.85x2

Shah [9] gave the following correlation

0.76 Pcr 0.38
) () e

Nut.p
Nup

whereNu, = 0.023Re”8prd4

=(1- x)0'8{1+ 3.8(
1—x
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Traviss et al. [8] presented the following equation

Nur p = 0.15Pr, Re°-9%(1 —x)09 (33)
1 285
- Xtt X8'476

F =5Pr_ +5In[1+ Pr_ (0.096Re*8>— 1)]
Re. > 1125

Kutateladze [3] proposed the following equation for evalu-
ating mean condensation heat transfer coefficient.

0.5 0.1
[ aespron

5. Resultsand discussion

oL

oV

v

Nutp= 0.0387|:
ML

(34)

Thus, the present analysis is compared with the equations

mentioned and plots for low, medium and high pressures are
drawn.in the Figs. 1, 2, 3. It is evident that the hypothesis
and assumptions of the present theory favorably predict the
local condensation heat transfer coefficients. Obviously, the

present results show reasonable agreement with correlations

developed by Shah [9] and Traviss et al. [8]. For the
sake of clarity in figures the results of models 1, 3 and 5
are only presented since the predications of the other two
models are of the same trends and orders. However, it is
to be pointed that the correlation equations proposed by
the earlier authors agree with the experimental data with
an accuracy oft20-30%. In the context of such variations
in the predictions, the present theory can be considered
as a satisfactory proposition purporting and validating the
assumptions employed in the evaluationgef The results

T —— —— B H B e S
RN Re = 20,000
= P =10 bar
102 - 2 4 |
:,X = ~
Z -
[ 1-PRESENT ANALYSIS (¢, FROM MODEL1) 7
2 - CORRELATION OF SHAH [9]
3 - ANALYSIS OF SOLIMAN et al. [5]
| 4 - CORRELATION OF TRAVISS [8] |
5 - ANALYSIS OF ANANIEV et al. [7]
6 - PRESENT ANALYSIS ,¢, CALCULATED FROM
LOCKHART-MARTINELtI CORRELATION [6]
7 - PRESENT ANALYSISI (¢, FROM MODEL 3)
102 FER R RN N T T R S S SR IS S S T N S ST T
0.0 0.2 0.4 0.6 0.8 1.0
(1-x)

Fig. 1. Variation of local heat transfer coefficient.
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are obtained for model 2, i.e., for the case of exponential
variation of the two-phase friction coefficient over a wide
range of pressure® = 1-150 bar for steam—-water data.
These results are subjected to regression analysis and the
following correlation is obtained for 140 points considered

in the computations with an average deviation of 8.8% and
standard deviation of 11%.

© \085/ p \0S7

=1+4+2164 — 35

o (=) (%) (35)
104 [
| 1- ANALYSIS OF SOLIMAN et al. [5] Re = 50,000

2. CORRELATION OF ANANIEV etal. [7]  B° = aooo0]

- 3- PRESENT ANALYSIS (¢, FROM MODEL 1)
- 4 - PRESENT ANALYSIS (§, FROM MODEL 3)
| 5- PRESENT ANALYSIS ¢, CALCULATED FROM
CORRELATION OF LOCKHART-MARTNELLI [6]
- 6 - CORRELATION OF SHAH [9]

7 - EQUTION OF TRAVISIS et al. [8]

=
=z

108

I
0.2

I
0.6

\
0.8

e Lo

0.4
(1-x)

Lo I S S S S N

102
0.0

1.0

Fig. 2. Variation of local heat transfer coefficients.

LI S S S B B B SN S B R N S R B T

150 bar

T

T

L 1-ANALYSIS OF SOLIMAN et al. [5]

2 - CORRELATION OF ANANIEV et al. [7]

| 3- PRESENT ANALYSIS (¢ FROM MODEL 1)

4 - PRESENT ANALYSIS (¢, FROM MODEL 3

5- PRESENT ANALYSIS, ¢, CALCULATED F
LOCKHART-MARTINELLI CORRELATION

T
=]

oM

6 - CORRELATION OF SHAH [9]

103

Nuy

!
0.2

SIS T S T I S T

102
0.0

(1-%)

Ei

g. 3. Variation of local Nusselt number with dryness fraction.
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- . . , [ A — , — ——
Substituting Eg. (35) in Eq. (9) witli’s = 1, the following 1 - ANALYSIS OF ANANIEV et al. [7] A 1
expression similar to the correlation of Shah, i.e., Eq. (32) _2-PRE2ENT ANALYSIS (¢ FROM MODEL1) ]

: 3 - PRESENT ANALYSIS (9, FROM MODEL 3)
can be obtained. 4- CORRELATION OF SHAH [9] 1
- 5- CORRELATION OF TRAVISS [8] ]
Nurp = 0.023Re*8(1 — x)%8pr04 5 - CORRELATION OF SOLIMAN et al. [5]
L \085/p 056 7 - _ CALCULATED FROM LOCKHART 1
x [1 + 2.164(1—> (%) 5] (36) MARTINELLI CORRELATIONS [6

£
whereRe= 3

Thus, thérgl!#erence between the present analysis and the
correlation of Shah [9] is only marginal to the extent that
the magnitudes of the exponents vary. It can be construed
that the present theory offers physical justification to the — 10° -
correlation of Shah. -

A

6. Length of the condenser tube

The average heat transfer coefficients are needed for de- “164 ’ — ‘165

sign. Hence, in Figs. 4 and 5 the results of the present analy- Re

sis together with those of other investigators are shown. It

is evident that the present theory yields the same order ofFig. 4. Variation of maen heat transfer coefficient with exit Reynolds

magnitude as the values computed from other analyses. Thewumber.

results of Fig. 4 reveal that as the flow rate increases the S , R —

average Nusselt number increases indicating that the con- P = 150 bar 7

vective conditions of the two phase media would decrease g0

the thermal resistance at the wall facilitating conditions for

phase transformation. Nevertheless from the theory it can be

seen that for a given flow rate of the condensate at the exit

of the condenser tube the wall must be maintained at a pre-

scribed temperature. For a given system pressure increase

in flow rate of the vapor requires substantial decrease in theg

wall temperature to achieve total condensation, as can be ob-%

served from Fig. 5. ©
In order to estimate the total length of the condenser tube

for complete condensation of the vapors, an energy balance

L

D=25mm,L=5m
1 - PRESENT ANALYSIS [model1]

for differential element of the tube can be written as follows. 2 - ANALYSIS OF SHAH [9] |
. | 3- ANALYSIS OF TRAVISS [8]
hx(Ts — Tw)m D dZ = —rithig dx (37) 4 - ANALYSIS OF SOLIMAN et al. [5]
o : 5 - PRESENT ANALYSIS [model3]
Or in dimensionless form 6 - PRESENT ANALYSIS [model2]
dx B 4<hx D) (CP(TS _ TW)) ( KL ) 7 - PRESENT ANALYSIS [model5]
d(z/L) ki hig L Cp 109 L i . L

10 108
1 L Re
() () e L
Re/\ D ) i .
) ) Fig. 5. Variation of AT with Rey .
Thus, for the case of constant wall temperature integration

of the equation between proper and the variation of the dryness fraction is linear along the

L 1 h

L_ ( : ) ( fg )Re_ Pr (39)  length of the tube.

D 4 [ Nux dn Cp(Ts — Tw)

L R D VA .

.= whereot = W2 andp =2 (40) 7. Conclusions

D ot whig L

Similarly, for constant heat flux conditions, i.egyw = (1) The friction multipliersg,, i.e., Egs. (21)—(24) can
constant. be made use of in the estimation of the frictional pressure-

It can be seen that for constant heat flux conditions the drop in condenser tubes. Further, the convective conden-
wall temperature will be under non-isothermal conditions sation heat transfer coefficients can be evaluated from the
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