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Abstract

Local reflux condensation heat transfer coefficients have been measured inside a vertical tube with water
(2.6 < Prijg <4.5), ethanol (12.4 < Pr;q < 18.4) and isopropanol (23 < Prjjq < 55) as the test fluids. A counter current
flow situation is established with the liquid film (0.68 < Regjy, < 2000) and the vapour (1000 < Rey,, < 16,500) flowing
downward and upward, respectively. The heat transfer has found to be impeded by the shear stress only in cases of a
very thin film, i.e. in the smooth laminar range, and it can well be correlated by a simple analytical model. In the lam-
inar-wavy range including developing turbulence the heat transfer coefficients are found to increase with the shear
stress, an effect which proved to be enhanced with rising Prjj; numbers. This has been correlated with very good

agreement.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The following situation will be considered here: va-
pour is flowing upward inside a vertical tube which is
cooled from outside leading to condensation at the inner
tube walls. In cases of a small enough vapour velocity, a
liquid film will form flowing downward counter cur-
rently to the vapour—this is what we call reflux conden-
sation. For increasing vapour velocities, however,
interactions between the phases bring out critical situa-
tions like entrainment of droplets from the film surface,
flooding phenomena (starting at the vapour entrance),
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bridging (with stable liquid columns which are carried
over to the exit in long cycle intervals), unstable transi-
tion modes (with a climbing film and possible short time
oscillations of the liquid column) and finally cocurrent
film condensation with both of the phases flowing up-
ward (see, e.g. [1-3]). The tube geometry may vary with
respect to diameter, length, inclination angle and shape
of the cross-section. Furthermore the vapour may be
completely liquified like in a thermosyphon (heat pipe)
where the top is closed and the mass flow rates of vapour
and liquid are identical. On the other hand, partial con-
densation leads to a remaining vapour flow at the upper
end of the cooling zone.

Much work has been done in the past in the field of
condensation heat transfer inside thermosyphons (for an
overview see, e.g. [4-7]). Almost all of the publications
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Nomenclature

cp specific heat, kJ/(kg K)
d tube diameter, m

E correction factor, dimensionless
g gravitational acceleration, m/s
/ length of condensation zone, m
7 mass flow rate, kg/s

Ni

u Nusselt number, Eq. (1), dimensionless
Pr Prandtl number, (yc,/2), dimensionless
q heat flux, W/m?>
Re Reynolds number, Eq. (2), dimensionless
T temperature, K
w velocity, m/s
Greek symbols
o local heat transfer coefficient, W/(m? K)
4 difference
0 film thickness, m
n dynamic viscosity, Pa s
A thermal conductivity, W/(m K)

kinematic viscosity, m%/s

v
¢ friction factor, dimensionless
P density, kg/m?

T shear stress, N/m?

Q factor, dimensionless
Subscripts

corr correlation

cz cooling zone

i inner

lig liquid

0o outer

red reduced

ref reference

TC thermocouple

vap vapour

T with shear stress

t— 0 negligible shear stress

refer to Nusselt’s classical solution for the smooth lami-
nar film [8], without any waves at the phase interface
and without shear stress effects. Nusselt himself was
the first to extend his solution for shear stress effects as
the boundary condition in the momentum equation bal-
ancing viscous and gravity forces [9]. Later Suematsu
et al. [10], Seban and Hodgson [11], Takuma et al.
[12], Naidu and Susarla [13], Seban and Faghri [14],
Chen et al. [15], Faghri [16], Yang et al. [17] and more
recently Pan [18,19] extended the basic model (smooth
laminar film) to include vapour flow effects as drag coef-
ficients for laminar and turbulent flow inside tubes with
and without closed top, respectively. Some decrease of
the local heat transfer coefficients has been found, which
is intensified by increasing the vapour velocity , however,
this effect keeps negligibly small in most of the cases un-
der consideration. For rising thickness and velocity of
the liquid film, disturbances become visible at the up
to now smooth film surface where waves are formed
playing two roles: (a) the wave crests are sliding down
the phase interface with enhanced velocity which brings
a reduction of mass flow and film thickness of the
remaining parts of the film between the crests; (b) the
waves act as turbulence promotors inside the film. Both
effects improve condensation heat transfer, increasingly
with the Reg, number, and they start to play more
and more the key role. Takuma et al. [20] showed that
these favourable wave effects mostly dominate the nega-
tive tailing back due to vapour shear forces. Fukano and
Kadoguchi [21] found the local heat transfer coefficients
to be strongly increased in high vapour velocity situa-

tions, and they attributed this behaviour to enhance-
ment of turbulence inside the liquid film and also to
entrainment of droplets. Fiedler et al. [22] primarily
investigated inclination effects upon flooding phenom-
ena and, additionally, they found the heat transfer coef-
ficients to exceed Nusselt’s no shear solution by some
small amount. The thermosphon literature contains lots
of experimental investigations, most of which, however,
are strongly influenced by non-condensables. In addition
to these heat transfer considerations some film thickness
measurements can be found. Zhou and Collins [23] ap-
plied a rotating needle contact method for film thickness
measurements in the smooth laminar range.

Outside the thermosyphon area there are numerous
theoretical and experimental investigations in the field
of nuclear reactor accident analysis (see, e.g. [24-28])
which are mostly focused on flooding phenomena and
respective limits, and only very few of them are dealing
with condensation heat transfer. Girard and Chang [29]
presented a combined experimental and analytical study
of the various reflux condensation phenomena including
successful modeling. Chou and Chen [30] and also Park
et al. [31] performed some numerical calculations which
have been verified with more or less success using ther-
mosyphon experimental data from literature. Finally
there is a couple of visual investigations of the two phase
interaction in the considered counter current flow situa-
tion, e.g., by Karimi and Kawaji [32,33] who applied
high speed video photography and a laser-induced pho-
tochromic tracer technique in order to investigate liquid
motion and the initiation of flooding. An increasingly
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interesting new field for reflux condensation with, how-
ever, vapour mixtures is found in chemical separation
columns where less volatile components are liquified at
the wall returning as a liquid film. Respective experimen-
tal and analytical work has been done, e.g., by Bartle-
man et al. [34], and also by Souidi and Bontemps [35].

In all these situations film flow and condensation
heat transfer are affected, among others, by shear forces
acting between the counter current phases. In earlier
experimental investigations the present authors [36-39]
have already studied shear-stress effects with water,
and correlations from the literature could be confirmed
for the limiting case of a stagnant vapour. In the present
contribution this investigation is extended to higher
liquid Pr numbers.

2. The experiments
2.1. Test rig

For getting reliable experimental data a test rig was
planned, designed and constructed (Figs. 1 and 2, for
more details see [36,38]) to measure local filmwise con-
densation heat transfer coefficients in a vertical tube
with the total length and inner diameter of 4.2 m and
28.2 mm, respectively. In the limiting case of total con-
densation, the mass flow rates of vapour and liquid
are identical and they can be varied by the simultaneous
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Fig. 1. Schematic drawing of the test facility.
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Fig. 2. Measuring arrangement with the thermocouple
location.

variation of the heat flow rate supplied to the evaporator
and removed again from the condensation zone. Addi-
tionally the flow rates of vapour and liquid can be in-
creased independently from each other by two further
measures:

e Operation of an external heat exchanger which
allows for an extension of the vapour flow rate to
the case of non-total condensation. By this, the influ-
ence of inert gases is minimized as well.

e Supply of additional liquid at the top of the tube to
increase the film flow rate. The respective liquid is
fed from the condensate separation device at the
tube’s lower end, passed through a precooling section
(to avoid cavitation), propelled by a speed adjusted
gear pump, preheated to saturation state and finally
supplied to the upper end of the test tube which is
build up from sinter material allowing the liquid to
enter the inner tube surface and to form a symmetri-
cally distributed falling liquid film. The water-cooled
length of the condensation zone can be varied to
obtain a thermal entrance length of either 290, 740
or 1540 mm (denominated as /., = 1, 2 and 3, respec-
tively). The given up liquid returns to the separating
device together with the condensate. This completely
separate liquid-film cycle allows for an extension of
the investigation range for the Reg,, number and it
can be operated with high accuracy.

The remaining part of the test tube below the conden-
sation zone serves as an adiabatic vapour flow entrance
length (2.2 m).

2.2. Measurements and evaluation
Temperatures, temperature differences, pressures and

mass flow rates have been measured at various locations
of the vapour and liquid cycles (see [36]). All of these



U. Gross, Ch. Philipp | International Journal of Heat and Mass Transfer 49 (2006) 144—153 147

physical data have been taken with the help of a data
acquisition system once per second, and 1-min mean
values have been stored during the measuring period
of typically 20 min. These 1-min values proved to devi-
ate from each other by less than 1%.

The heat transfer measuring cross-section is located
at a level 90 mm above the lower end of the cooling zone
(Fig. 1) and it consists of a thickwalled brass tube
(Fig. 2). Thermocouples (TC, diameter 0.5 mm) are axi-
ally inserted in blind-end bore holes with depth and
diameter of 150 and 0.6 mm, respectively, with the
remaining gaps filled by tin solder. For recognition of
asymmetries a number of independent measuring posi-
tions are regularly distributed around the tube with six
and three TCs very close to the inner and outer tube sur-
face, respectively. The vapour temperature is measured
by one of four thermocouples (diameter 0.25 mm) posi-
tioned inside a capillary tube in the center line of the test
section. The remaining three ones are connected with
respective three inner wall TCs for determination of
the temperature difference AT, across the film includ-
ing corrections for the inverse heat conduction close to
the inner tube wall surface.

All of the TCs have been calibrated in situ and the
same holds for the heat flux which can easily be deter-
mined from the measured radial temperature difference
ATy inside the wall, the temperature dependent ther-
mal conductivity A and the radial positions of the ther-
mocouples allowing the determination of heat transfer
coefficient and Nu number (Eq. (1)):

q e 2(AAT)wall o= QWall,i
M d In(drco/drc;i) AT fiim

1/3
_ a(vy/8)"

Nu
)vliq

(1)

The liquid film and vapour Reynolds numbers are eval-
uated (Eq. (2)) from the respective mass flow rates and
viscosities:

Tiliq 4rityap
Reﬁlm - d €vap = d
Tl wall.iMiq T film itlvap
with dfimi & dyani (2)

The detailed analysis of the various influences brought
+3.5% and £0.3% for the overall uncertainties of the
evaluated Nu and Re numbers, respectively [36]. The
shear stress is derived from pressure loss measurements
in the lower part of the tube and generally it agrees
rather good with correlations from literature. The same
holds for pressure loss results derived from saturation-
temperature profiles measured in the vapour phase
along the tube. Despite this, the uncertainties of both
of these measurements, however, proved to be unaccept-
able large and so the shear stress at the vapour-liquid
interface

¢
1= E§ pvzlpwiap and

T

g(pliq - pvap)(vﬁq/g

*

T =

dimensionless) (3)

)1/3(

has finally been calculated from friction factors follow-
ing Egs. (4)—(7) [40,41] where E is a correction factor
for condensation

358 0.205
o tor

2/5 2/3
Q=c¢ Revap pliq I/Ivap (25‘[*@) 12 (4)
Reglm pvap nliq dwall,i

with the parameters

with

c=1.31
for Regim < 40
n=0.25
and
=4.76
¢ } for Regm = 40 (5)
n=20.6

and the film thickness for negligible shear stress

P — (.’aRemm)l/’z(\)lziq/g)l/3 for Reg, < 516 (6)
and
S0 = 0.303Rel (v} /)'” for Regm > 516 (7)

All the properties are taken at a mean temperature
inside the liquid film Tyer = Twani + frefAThim With frer =
0.25 for the viscosity and f,.r = 0.5 for all other.

2.3. Experimental procedure

The measurements have been taken in steady-state
conditions with the main parameters as given in
Table 1:

e The Prjj; number is varied by changing the test fluid
and to a smaller extent by temperature variations.

e The smallest Reg,, numbers are established by oper-
ating only the short lower cooling circuit (/,, = 1). In
a first step Reg, can be increased by a decrease of the
cooling water temperature (keeping the vapour tem-
perature constant). Changing to the intermediate
and the long cooling water cycle ([,=2 and 3,
respectively) yields a stepwise increase of Reg,, which
can further be raised by the supplement of liquid at
the top of the tube.

e The Re,,, number, and in the same step the dimen-
sionless shear stress t*, can again be varied by a com-
bination of measures. The smallest shear stress is
obtained with the shortest condensation length and
the smallest heat flux which, however, has been kept
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Table 1
Main parameters of the experiments
Prliq Reﬁlm Revap
Water 2.6-4.5 1.5-2100 1000-15,000
Ethanol 12.4-18.4 3.5-220 1600-16,500

Isopropanol 23-55 0.68-180 3500-15,000

regularly above 10* W/m? in the present experiments,
corresponding to approximately ATy,; =1K. The
shear stress has mainly been raised by increasing (a)
the length of the cooling zone and (b) the cooling
power of the external condenser until the flooding
limit is achieved.

3. Results and discussion

The complete set of measured data includes quite a
lot of data points which are characterized by identical
main parameters (Regm, Prig, 7°) but measured with dif-
ferent values of the cooling zone length (/). The agree-
ment of such data has been checked, and it was found
that there is some entrance-length effect on heat transfer
for turbulent film flow. In the next section only those
data with /., =2 and 3 (with some exceptions) have been
considered. The entrance-length effect will be subject of
further investigations.

Shear stress has been found to reduce the heat trans-
fer coefficients in cases of an extremely thin (smooth
laminar) film. This will be discussed in a first step. With
increasing the film thickness, i.e. the Reg,, number, an
intensification of heat transfer with a rising shear stress
has been observed. This holds for the laminar-wavy film
including the regime of developing turbulence.

3.1. Smooth laminar range (Regpy warer < 7 and
Reﬁlm, isopropanol < 3)

Results are presented for the smallest and highest
Prijg numbers in Figs. 3 and 4, respectively, where Nu
is plotted vs. the dimensionless shear stress for various
Rejiq numbers interconnected by respective thin trend
lines.

With water (2.6 < Prijq < 4.5, Fig. 3) and also with
isopropanol (28 < Priq < 52, Fig. 4), the shear stress
is found to bring different effects on heat transfer
primarily depending on Reg,. In the nearly wave
free laminar range (i.e. for Regm water <0,...,7 and
Regim isopropanol < 3, approximately corresponding to
Regim = 0.47Ka™"! as the accepted lower limit for wave
formation [42]) the Nu number is found to decrease with
rising the shear stress, an effect which becomes less pro-
nounced when Reg,, i.e. thickness and velocity of the
liquid film, increase. The characteristic starts to change
around Regp, = 10 (water) and Reg,, = 4 (isopropanol),
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Fig. 3. Shear stress effect on heat transfer for water in the low
Reg, range with the bold lines representing Eq. (11).

respectively, and transition is found to a more-or-less
slight increase of Nu with the shear stress. For a certain
Regy, number (e.g., Regm = 6), the onset of transition
clearly depends on Prjig. A strong increase of Nu
with 7* is found for Prjq =52 (©, Fig. 4) whereas the
transition is delayed for Prjj; = 28 (4, Fig. 4) and finally
for Priq=3.6 (*, Fig. 3) it is not discernible at all.
The film flow is obstructed by the counter current
vapour flow and the associated shear stress. The film
thickness is being increased by this and the heat trans-
fer shows a tendency to decrease. This effect is clearly
visible in the lowest Reg,, range where Nusselt’s theory
applies.

The assumption of pure conduction through the film
brings

;Lliq
= and
5ﬁlm
2 1/3
oV 1 P Ofilm
Nu = ( llq/g) = with bglm _ fil =
Hig Ofim (Vﬁq /8)

(®)

with dgim as the film thickness which is obtained from a
simple balance of viscose and gravity forces. The no-
shear boundary condition at the vapour side [8] has to
be replaced by a respective shear force [9] for non-zero
vapour velocity yielding



U. Gross, Ch. Philipp | International Journal of Heat and Mass Transfer 49 (2006) 144—153 149

+
%‘F Pr“q Remm
0.77 - + | 44 | 068
Y. X 44 1.4
L ¢} 50 2.4
| 51 4
0.72 & 52 6.5
* 28 6.5
+
+¢I
A
0.67 \
0.62 X /(
Nu /
0.57 7
7’2/ 4/
0.52
/ /z
0.47 ?"}g/
0.42
0.00 0.25 0.50 0.75
T*

Fig. 4. Shear stress effect on heat transfer for isopropanol in the
low Reg, range with the bold lines representing Eq. (11).

+3 5+2

With an approximation by Thumm [36] the following
Egs. (10) and (11) for the combined effects of Regyy
number and t* upon dimensionless film thickness and
Nu number are obtained as

+
6ﬁlm

=0.59t" + (33 = 0.00867" ) (Regm + 0.287°3)"/°
(10)

-1
Nu = [0.591* + (32 = 0.00867") (Regim + 0.287°%)"/°
(11)

The deviation between Eq. (10) and the numerical solu-
tion of Eq. (9) is very small and keeps below 1% in the
total range of the present investigations (0 <t <3 and
Reﬁlm > 05)

Eq. (11) has been evaluated for selected parameters
and the results are plotted in Figs. 3 and 4 as bold lines
together with the respective experimental findings. A
clear confirmation of the trends is yielded with good
agreement for cases with very low Reg,. The present
experiments show that this simple model which can be
found in many publications is only valid for selected
cases with an extremely thin film. The deviations from
the experimental results rapidly increase with rising film
thickness (Regm) and shear stress t*. In this case a sec-
ond effect obviously becomes active.

3.2. Intermediate Reg,, numbers (laminar-wavy
and turbulent film)

Fig. 5 brings series of data points for selected classes
of the Prijq number. The water data (Fig. 5a and b) show
an extension of the characteristic indicated in Fig. 3 for a
wide range of Reg, > 27 with a slight increase of Nu
with t*. With ethanol, the Prandtl number as the viscos-
ity to diffusivity ratio is raised by a factor of 4 or 5. This
means that damping of velocity fluctuations will be
much stronger when compared with temperature fluctu-
ations. Fig. 5¢c and d shows the results of the ethanol
experiments for two different Pryq values and the shear
stress effects are found to be stronger that in the water
cases. The same findings hold for further increased Prjiq
numbers with isopropanol (see Fig. 5e and f) where the
shear stress effect obviously is further enhanced.

Now the conjugated shear stress and Priiq effects on
condensation heat transfer will be correlated. As a first
step the variation of Nu with t* in Fig. 5a—f has been
analyzed, and the relative increase of the Nu number is
found to be

Nu — Nu._

N o 0.187" 4 722 (12)

independently of Regn,. There is, however, a strong Priq
influence upon the intensity of the shear stress effect
(Fig. 5):

Nu — Nu,_

Nutreg =
Hred Nu,_(0.187* 4 1+22)

=/ (Priq) (13)

This can clearly be seen in Fig. 6 where Nu,q is plotted
vs. Pryiq, and the effect can well be correlated by Eq. (14):
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Fig. 5. Shear stress effect on heat transfer in the laminar-wavy and turbulent range: (a,b) for water, (c,d) for ethanol, (e.f) for
isopropanol.

Nitgeg = =0.025 4 0.016Pr;” (14)  Nutcor = Nuc_o[l + (0.18¢" + £72)(~0.025 + 0.016Pr|*)]
(15)
Combining Egs. (13) and (14) brings the following cor- valid for the laminar-wavy range including transition to

relation for the conjugated effects: turbulence (see Fig. 5).
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Figs. 7 and 8 show the relative deviations E between
Eq. (15) and the measured data as a function of film
Reynolds number and dimensionless shear stress,
respectively. It is clearly shown that almost all of the
measured results (448 out of 486, i.e. 94%) can be corre-
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Fig. 7. Correlation error as a function of Reg,, number.
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Fig. 8. Correlation error as a function of 7*.

lated within +1.5% with the exception of some of the
water results at extremely high shear stress (mostly
7" > 1) where the begin of transition to flooding has to
be argued.

3.3. Heat transfer close to the flooding limit

Close to the flooding limit the liquid film flow
changes its characteristic into a pulsating one with inter-
mittently accumulation and upward ejection of liquid.
With water as the test fluid, flooding occurs suddenly
and without any warning sign. With ethanol and in par-
ticular with isopropanol transition to flooding is es-
corted by a gradual liquid discharge. Special features
of film flow and heat transfer have been observed. Due
to the geometrical situation (inside a that narrow tube)
the film flow could not be visually observed in detail.
However, the wall temperatures in the measuring section
were taken at three positions shifted by 120°, and
unequal heat transfer distributions at the scope can be
observed (normally these temperatures agree within nar-
row limits). When approaching the flooding limit, the
heat transfer coefficients increase disproportionally
strong, and big differences are found at the scope.

4. Evaluation for the limiting case of zero shear stress

Additionally the experimental results (Fig. 5a—f) have
been evaluated for the limiting case of zero shear stress
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by extrapolation following Eq. (15). Respective data are
plotted in Fig. 9 as Nu vs. Reg,, numbers where the typ-
ical ranges of smooth laminar film (following Nusselt’s
theory), the laminar-wavy range and the transition to
turbulence can clearly be seen. Evaluated local Nu num-
bers perfectly follow Nusselt’s theory for about Regy, <
3. Beyond this limit the well known enhancement due to
wave formation is obtained which can be described by a
wave factor as given, e.g., by Thumm et al. [38] as indi-
cated in Fig. 9. This behaviour is true for water whereas
ethanol and isopropanol with the much higher Prjq
shows some additional increase. Transition to turbu-
lence is found in the expected way with a smooth char-
acteristic for water and a more abrupt increase of Nu
numbers in case of the higher Pry;q numbers. The param-
eter ranges of film and vapour Re numbers were limited
in the present investigations due to the counter flow sit-
uation and the occurrence of the flooding limit.

5. Conclusions

Local condensation heat transfer coefficients have
been measured in a vertical tube for countercurrent flow

of vapour and liquid with water, ethanol and isopropa-
nol in wide ranges of Prandtl and Reynolds numbers.
The influence of shear stress on the Nusselt number de-
pends obviously on the kind of film flow. For small film
Reynolds numbers the shear stress restrains the film flow
and Nusselt numbers decrease, for larger Reynolds num-
bers wave formation, local turbulence and thus the mix-
ing of the film are enhanced which leads to an increase of
the Nusselt number. There is a transition range with
compensation of these two effects. With rising liquid
Prandtl numbers the effect of heat transfer enhancement
becomes stronger which has been correlated with Priq
and the dimensionless shear stress t*. There are addi-
tional effects due to the film entrance length which have
to be further investigated.
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