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Abstract

Measurements of direct contact condensation heat transfer have been made for the case where the
process takes place at the horizontal interface between saturated steam and a pool of water in a vertical
cylindrical test section. A submerged vertical jet of subcooled water was injected upwards on the axis to
promote the condensation and water was withdrawn at the same rate from the bottom of the pool. In
conjunction with the above study, measurements of the turbulent velocity fluctuations just below a free
surface produced by the injection of a vertical submerged jet have been measured using hot film
anemometry on an isothermal air-water test facility of similar geometry for similar flow conditions at
ambient temperature. A correlation is proposed in terms of a Stanton number based on turbulent velocity
fluctuation near the interface on the liquid-side. Our results are in good agreement with those of others for
similar configurations when compared in terms of condensation Stanton number.

1. INTRODUCTION

Condensation of vapour in direct contact with a liquid plays a key role in various branches of
engineering and can be of particular importance in water cooled nuclear reactor design and safely
assessment ([1] and [2]). The condensation rate is limited by the effectiveness of the process of diffusion
of heat from the interface to the bulk liquid. This is critically dependent on the intensity of turbulence in
the liquid. Although various correlations have been proposed for the interfacial transport rate ([3] and
[4]), based usually on a combination of experimental data and simplistic models, detailed information
concerning the liquid-side heat transport mechanisms is still limited. Sonin and co-workers ([5] and [6])
have conducted experimental studies of direct contact condensation in which turbulence was generated
below a steam-water interface in a vertical cylindrical test section by the injection of a vertical submerged
jet of subcooled water. However, those workers only carried out tests for one fixed ratio of test section
diameter to jet diameter (D/dj=24). A further study of condensation due to the injection of a submerged jet
towards a steam-water interface in a cylindrical test section was reported recently by Byrne and Falaki
([7]). In their experiments the main emphasis was on measurements of heat transfer under conditions
where the free surface was in a highly agitated state with sharp pressure bursts occurring regularly
following the entrainment of steam in the water.

The purpose of the investigation reported here was to make measurements of direct contact
condensation heat transfer at a relatively undisturbed interface between saturated steam and water and to
study its dependence on the turbulence in the water. In the present study, condensation heat transfer
measurements have been made using a similar configuration to that of Sonin et al, but covering a much
wider range of diameter ratios (D/dj = 3.19-12.77). Condensation heat transfer coefficients have been
determined using a calorimetric method. Using that approach it was possible to obtain results for
quiescent (burst-free) conditions. In conjunction with the heat transfer study described here, turbulent
velocity fluctuations have been measured by means of hot film anemometry using an isothermal air-water
facility having a test section of similar geometry to that of the condensation heat transfer test facility. The
results obtained from the combined study show that for similar conditions the condensation heat transfer
coefficient at a steam-water interface is proportional to the r.m.s. turbulent velocity just below the air-
water interface. Our results are in good agreement in terms of condensation Stanton number with those of
others who have studied direct contact condensation heat transfer using similar configurations.
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2. EXPERIMENTAL STUDIES

As already mentioned, two separate investigations have been undertaken, one involving heat transfer
measurements and the other involving turbulence measurements.

The heat transfer study was carried out using the apparatus shown in Figure 1. The test facility was
constructed from pyrex glass fittings and was surrounded by perspex protection walls. Steam was
generated in a boiler by heat supplied from four electrical immersion heaters. The water in the test section
was turbulent due to the injection of a vertical submerged jet of subcooled water some distance below the
free surface. The degassing column was operated under vacuum during the experiments to continuously
extract non-condensable gas from the circulating water. Figure 2 shows a schematic of the test section.
The water issuing from the submerged nozzle in the test section was directed vertically upwards towards
the steam-water interface which was maintained at a chosen level above the nozzle exit. Water was
removed steadily from the bottom of the test section at the same rate. Measurements were made for a
range of water levels above the nozzle exit, a range of values of injection jet velocity, several nozzle sizes
and using two test sections of different diameter. For a particular jet velocity, the experiment proceeded in
steps changing the water level. Initially the water level was set well above the nozzle exit and the steam-
water interface was undisturbed and flat. With decrease of the water level, the surface gradually became
wavy. Beyond a certain point, condensation 'bursts' occurred intermittently as steam became entrained in
the water and condensed very rapidly. When this happened, a pressure spike was generated, the free
surface broke up explosively and water splashed upwards for a short period. With further reduction of
water level and/or increase of jet velocity, the condensation bursts occurred more frequently until a
condition was achieved during which violent bursts occurred continuously. On the basis of the frequency
Fb of occurrence of condensation bursts, the experimental results have been classified into three distinct
modes: a quiet condensation mode (no condensation bursts, Fb=0); an intermittent burst condensation
mode (0<Fb<2 Hz); and a continuous burst condensation mode (Fb>2 Hz). In the present paper, we focus
on results obtained in the quiet condensation mode. The system pressure was maintained at 1.2 bar. Non-
condensable gas which collected near the interface was bled off by raising the interface up to a steam
bleed pipe (see Fig. 2) just prior to a condensation heat transfer measurement being made.
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Figure 1. Schematic Diagram of Condensation Rig
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Figure 2. The Arrangement for Vertical Injection in the Test Section

A calorimetric method, based on the measurement of the water flow rate and temperature rise
between the outlet and inlet of the test section, was used to determine the rate of heat transfer. The
temperature rise was measured using a thermopile made from ten thermocouples connected in series. This
enabled reliable values of condensation heat transfer coefficient to be obtained even for the quiet mode of
condensation. For steady-state operation without bursts, the temperature rise across the test section was in
the range 0.5K to 4K. The resolution of the thermopile was about ±0.025K. Under quiet mode conditions
the measured condensation heat transfer coefficient proved to be proportional to the jet velocity to decay
exponentially with increase of water level above the injection nozzle.

In conjunction with the above study, measurements of turbulent velocity fluctuations were made
using hot film anemometry on an isothermal air-water test facility having a test section of similar
geometry. The flow conditions covered were similar to those in the condensation experiments. A closed
circuit flow system containing deionised water was used (see Figure 3). The header tank was positioned
approximately 18 metres above the bottom tank to provide the head to drive the flow. The flow of water
into the main test section was controlled by inlet valve VI and outlet valve V2. The water flow to the
calibration test section was controlled by inlet valves V3, V4, and outlet valve V2. The water flowrates
were measured by two rotameters. Satisfactory accuracy of the hot film anemometer measurements was
achieved by regular probe calibration using the arrangement shown in Figure 4 and careful control of
water purity and temperature. Turbulent velocity fluctuation measurements made with the probe just
below free surface showed that the r.m.s. turbulent velocity was also proportional to jet velocity and that
it decayed exponentially with increase of the level of water above the nozzle exit. The following
relationship between the r.m.s. turbulent velocity (Ums) and the system parameters was found to fit the
results satisfactorily:

D

Exp — -0.07-1.15-^—0.47-4
D

for3.19<D/dj<24 (1)
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In the above relationship Uj is the jet velocity, H is the water level above the nozzle exit, D is the
test section diameter, d is the injection pipe outside diameter and dj is the jet diameter.

3. DISCUSSION OF RESULTS

Figure 5 shows that the condensation heat transfer coefficients are well correlated when plotted
against r.m.s. turbulent velocity calculated using equation (1). It can be seen that

h = 50 Ums (2)

Expressing our results in terms of a Stanton number (based on the r.m.s. turbulent water velocity
near the interface) we obtain:

St = = 0.01195
CbU

for 7.5 < Prb < 8.5 (3)

CPb and pb are the specific heat and density, respectively, on the liquid side at the bulk temperature
of the water. Prb is the Prandtl number based on bulk liquid properties.

A comparison of our results with those of others on the basis of condensation Stanton number is
shown in Table 1. From the table, it can be seen that for vertical injection, similar values of Stanton
numbers are obtained where the configurations are similar. Sonin and co-workers obtained the following
Stanton number correlation using their data from an experiment with a test section on which the ratio D/dj
was 24:

St = 0.019 Prb"033 (4)

for 1 < Prb <6

If we substitute a typical value of Prandtl number from our experiments (Prb=8.0) into Eq.(4), we
obtain St=0.0100. This is not very different from the value of 0.01195 found in the case of our rather
more constrained configurations (D/dj=3.19 - 12.77).

However, for configurations which differ significantly from ours (such as those of Thomas and
Jensen and Yuen), the Stanton number values are different. This is presumably because the levels of
turbulent fluctuation near the interface were very different in those studies. Thomas made measurements
of steam condensation at a steam-water interface, using a vertical submerged jet system similar to ours,
but with much reduced nozzle submergence and jet velocity. The Stanton number which he obtained from
his data was somewhat smaller than those obtained in the studies of Sonin et al and the present study.
Jensen and Yuen conducted experiments on steam condensation at a steam-water interface in a horizontal
co-current water-steam channel flow where the liquid-side turbulence was induced mainly by shear stress
exerted by the flowing steam. The Stanton number obtained from their experiments was significantly
higher than that found in the present study.

Conclusions

The heat transfer coefficients at the water-steam interface on the direct contact condensation test
•facility are proportional to the values of r.m.s. turbulent velocity just below the interface on the air/water
test facility for similar conditions and geometry. Heat transfer can be correlated in terms of a Stanton
number based on the turbulent velocity fluctuation on the liquid-side near the interface. When compared
on this basis, our results are in good agreement with those of others who have carried out experiments for
similar configurations.
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Figure 5 The Correlation of Condensation Heat Transfer Coefficient
Using the r.m.s. Turbulent Velocity

Table 1 Summary of Condensation Stanton Number for Different Flow Configurations

Flow
Configuration

Submerged
vertical jet

directed to water-
vapour interface

As above

As above
wilh low jet
submergence

Horizontal
cocurrent
channel flow
of steam and

subcooled water

Reference

Present
Study

Soninetal
(1986)

Brown etal
(1990)

Thomas

(1979)

Jensen
and
Yeun
(1982)

Jet
Submergence

H/D

3.91-4.96

3.67 - 5.25

3.1-4.2

0 3 - 1 3

Test Section
Diameter to
Jet Diameter

D/dj

3.193 -12.77
(D=38.32mm)

6.35 - 12.7
<D=76.2oun)

24
(D=153mm)

23.62 - 94.34
(D= 300mm)

BulkPrandtl
Number

Prb

IS - 8.5

1.0-6.0

1.9

62

Turbulence
Measurement

Technique

Hot Film
Anemometry

Flow Visualisation
and

Laser Doppler
Velocimetry

Hot Film
Anemometry

Laser Doppler
Velocimetry

Condensation
Stantoa Number

St

0.01195

0.0113
(Prb=5.4)

0.00782

0.019
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Nomenclature

d
D
H
Uj

Unns
Fb

H
St
Pr

jet diameter, [mm]
injection pipe outside diameter, [mm]
test section diameter, [mm]
water level above jet exit, [mm]
jet velocity, [m/s]
r.m.s. turbulent velocity, [m/s]
frequency of pressure bursts. [Hz]
condensation heat transfer coefficient. [kW/m2K]
Stanton number.
Prandtl number.
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