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a b s t r a c t

An experimental investigation of the reflux steam condensation inside a vertical tube at the atmospheric
pressure is presented. The data were obtained for duralumin tube with the internal diameter of 200 mm,
length of 220 mm and roughness height less than 0.05 mm. The film and vapor Reynolds numbers were
varied within the range of 1–25 and 790–3680, respectively. The data were lower than Nusselt theory
prediction. In contrast to Nusselt theory according to which the modified Nusselt number decreases with
the film Reynolds number, the obtained data show inverse dependence when the film Reynolds number
is less than ten. For fixed vapor Reynolds numbers there are the maximum values of the Nusselt number
for definite film Reynolds numbers. The correlations are suggested for the Nusselt number in the case of a
constant and variable wall temperature along the tube. The general correlation based on the presented
and earlier published experimental data for the tubes with different height and diameter ratio is sug-
gested in addition.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The heat transfer during laminar film condensation inside verti-
cal tubes with upward vapor flow and inside closed ther-
mosyphons was theoretically and experimentally investigated in
[1–25]. The part of the experimental works was devoted to the
research of a mean heat transfer coefficient (Table 1).

The reviews of investigations of countercurrent condensation in
closed thermosyphons and tubes are presented in the papers of
Gross [14] and Lips and Meyer [15]. The paper [25] presents an
overview of [1–15] and shows that there are only few experimen-
tal investigations of laminar film condensation inside tubes with
upward steam flow. Majority investigations were performed for
the tubes with large aspect ratios (AR > 10). Small amount of the
experimental works is devoted to the studies of heat transfer in a
reflux film condensation inside the tubes with a large diameter.
Experimental values of the Nusselt number fell below Nusselt pre-
diction at a low film Reynolds number (Ref < 10) [9,14,20,24,25].

Pohner and Desai [17] have developed the mathematical model
of a steady steam condensation in a vertical circular tube for the
cases of laminar and turbulent vapor cores and laminar liquid film.
Computed values of the heat transfer coefficient well agreed with
the experimental results of other authors for downward vapor
flow. Recently Shabgard et al. [16] have presented the mathemat-
ical model of transient condensation in a closed thermosyphon.

The results obtained by the authors [16] were in a good agreement
with the experimental data obtained by Baojin et al. [23] and
Jouhara and Robinson [24].

Shiraishi et al. [21] have experimentally studied the heat trans-
fer mechanism of a two-phase closed thermosyphon and presented
a mathematical model. A good agreement between the thermal
resistance of the thermosyphon estimated from the experimental
data and the prediction from the mathematical model was
obtained [21]. Bezrodnyi and Moklyak [22] have conducted the
experimental investigation of the hydrodynamic characteristics
of a two-phase layer and heat transfer behavior under the charac-
teristic operating conditions of the condensing section of a vertical
closed thermosyphon. Abou-Ziyan et al. [19] have reported the
experimental results of thermosyphon working under stationary
and vibrated conditions for a case of water. Hashimoto and
Kaminaga [20] have experimentally showed that at a low heat flux
the condensation heat transfer in a thermosyphon is lower than
that one predicted by Nusselt theory. Baojin et al. [23] have carried
out the experimental investigations of heat transfer characteristics
of titanium and copper two-phase thermosyphons filling by water.
Authors [23] have found out that the Nusselt theoretical correla-
tion is not suitable for simulating of the heat transfer coefficient
in a condenser. Jouhara and Robinson [24] have obtained the
experimental data for a small diameter two-phase closed ther-
mosyphon charged with water and discovered that Nusselt equa-
tion notably over predicts the measurements at a low film
Reynolds number. The authors [24] have also showed that the
experimental measurements follow very closely the Nusselt
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number versus the film Reynolds number dependency of the
Hashimoto and Kaminaga [20] correlation.

Lips and Meyer [15] marked that additional experimental inves-
tigations are needed for better understanding of condensation in
vertical tubes at low mass fluxes, particularly for upward vapor
flow. Recently the experimental data for heat transfer in a film con-
densation inside a large diameter rough pipe with roughness
height D = 0.14 mm and relative roughness height D/D = 7 � 10�4

with upward steam flow were presented in [25]. It was found that
the modified Nusselt number values increased with the vapor
Reynolds number and depended on the film Reynolds number, vis-
cosity ratio and condensate and vapor rate ratio [25]. The pre-
sented above literature review shows that heat transfer in reflux
condensation has unsufficiently been studied, especially at a low
condensate flow rate in a large diameter tube with a low aspect
ratio.

It is known that heat transfer coefficients in a film condensation
at a rough surface are lower than at a smooth surface [26]. There is
an interest to investigate heat transfer in a reflux condensation
inside a smooth pipe at a low film Reynolds number. The
purpose of the present paper is to study the laminar condensation
inside a smooth vertical tube of a large diameter (0.2 m), small
aspect ratio (1.1) and relative roughness height of the inner tube
wall less than 2.5 � 10�4 with upward steam flow of small flow
rate (1.5 � 10�3–7.1 � 10�3 kg/s) and develop the correlations for
the Nusselt number. The accompanying aim of current research
is to investigate the influence of roughness on the heat transfer
coefficient during reflux condensation.

2. Experimental setup

The test facility is schematically drawn in Fig. 1. The measuring
module consists of three sections (S1, S2 and S3) with the cooling
jackets. To maintain the saturation conditions under the atmo-
spheric pressure at the inlet of the measuring section S2 the super-
heater (H) is installed after the cyclone separator (C). The
measuring section (S2) and condensation section (S3) are cooled
by water. The water flow rate is adjusted for maintenance of a con-
stant temperature of the section S2 inner wall in every experimen-
tal series. The condensate volumes running in the sections S2 and
S3 are measured by the vessels V1 and V2. The condensate gather-
ing rings are installed in i–i and o–o cross sections. The jacket of the

stabilizing section (S1) is filled by air. Sections S1 and S2 are ther-
mally insulated. Characteristics of the measuring module are given
in Table 2.

Uncertainties of measured variables are presented in Table 3.
Detailed description of the test facility is given in [25]. All

experiments were carried out under a partial steam condensation
in the measuring section and subsequent full condensation in the
condensation section. The internal surface of the measuring section
was treated by polishing paste and it had a roughness height
D less than 0.05 mm and relative roughness height less than
D/D = 2.5 � 10�4. The values of characteristic length are less than
a wall roughness height. The internal surface of the measuring sec-
tion was cleaned by a water solution of 95 percentages of alcohol.
Before the experiment the steam blowing of the measuring module
with steam exhausting through the tube section on the upper
flange was proceeded. Then during at least a quarter of an hour
the test facility worked in a full condensation regime only in a con-
densation section and the condensate was removed from the mea-
suring module. Water degassing was produced during the boiling
in a steam generator.

3. Data reduction

Accordingly the classical Nusselt model for laminar film con-
densation of a quiescent vapor along an isothermal vertical plate,
the mean modified Nusselt number is defined as [14,27,28]:

Nu�
l ¼ 0:925Re�

1
3

f ð1Þ

where the Ref is the film Reynolds number at the lower end of cool-
ing zone.

In the laminar-wavy range (Ref > 2) from Uehara et al. [14]:

Nu�
lw ¼ 0:884Re�

1
4

f : ð2Þ
The vapor Reynolds number at the inlet of the measuring sec-

tion (S2) is evaluated as:

Rev;i ¼ 4Gv;i
pDlv ;i

: ð3Þ

The film Reynolds number at the cross section i–i is evaluated as
(Fig. 1):

Nomenclature

AR aspect ratio of the tube, AR = H/D
D inner diameter of measuring section
g gravitation acceleration
r latent heat
G mass flow rate
H height of the measuring section
�L characteristic length, �L ¼ ð�m2f =gÞ

1=3

max maximum value
DT steam and inner wall temperatures difference in the

measuring section

Subscripts
f film
i inlet of the measuring section
l laminar
lw laminar-wavy
v vapor

Superscript
— mean value

Greek letters
a heat transfer coefficient
D roughness height
e condensate and vapor rate ratio, i.e. ratio of condensate

mass flow rate to vapor mass flow rate at the inlet of the
measuring section

k thermal conductivity
l dynamic viscosity
l� viscosity ratio, l� ¼ lv ;i=lf ;i
m kinematic viscosity

Dimensionless numbers
Nu� modified Nusselt number, Nu� ¼ �a�L=�kf
Re Reynolds number
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