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ABSTRACT
Direct contact condensation of steam injected into water is a special mode
of condensation where condensation occurs on the interface between
steam and water. Crucial in the modelling of direct contact condensation is
the behaviour of the injected steam, commonly termed as a regime.
Depending on the environmental conditions, steam injected into water
appears in different regimes. These are observed in different geometrical
appearances of the injected steam and are ranging from steam being
condensed in the injector to bubbles and jets of steam formed in water.
The two dimensional regime maps and models presently available are able
to predict different condensation behaviour for limited range of flow conditions.
In this paper a new three-dimensional condensation regme diagram is
presented. The diagram is capable of predicting regimes for a wide range of
flow conditions as well as different sizes of steam injector. Furthermore,
expected penetration distance of steam injected into water, which is also
crucial in modelling of the process, is presented for different flow conditions in
the form of a new two-dimensional steam plume length diagram.

Keywords: steam; direct contact condensation; regimes; regime map;
plume length

NOMENCLATURE
B condensation potential
c, specific heat at constant pressure
D diameter of steam injector
G steam flow rate
h, latent heat
%
L plume length
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R injector radius

Re  steam Reynolds number

T temperature

AT  temperature of water subcooling
n viscosity

Subscript

m mean value

s steam

w water

0 at the injector

1. INTRODUCTION

A condensation of steam injected into water is an example of multiphase flows. Multiphase
flows are the most common flows of fluids in nature and they appear in many industrial
devices. Some examples of multiphase flows are boiling and condensing liquids, the drifting of
clouds in the atmosphere and liquid sprays. The frequent appearance and industrial significance
of multiphase flows has resulted in intensive investigation of the subject, both experimentally
and theoretically. Studies by Guha [1], Whalley [2], Hetsroni [3] and Drew and Passman [4]
have contributed significantly to our present understanding of multi-phase flows and their work
has formed the basis for most of the multi-phase computer models. Despite these substantial
developments in the field of multi-phase flows, accurate modelling remains out-of-reach when
the phase transition is the dominant flow feature, as seen in condensation.

Direct Contact Condensation (DCC) of steam in water occurs when steam is introduced
into water. It is a phenomenon of high importance used in devices for nuclear, chemical,
and marine industry. However, at present there is still limited knowledge on the subject
of DCC. When DCC takes place there is a transfer of water vapour from gas into liquid
form, causing heat, momentum and energy transfer. During DCC the transfer of mass,
energy and momentum is subject to the local characteristics of the condensation process;
hence, the performance of such engineering devices depends strongly on the local
condensation characteristics and therefore detailed knowledge of the process is required
to optimize the performance. The behaviour of DCC is investigated in various
experimental studies [5]-[11] and while this has resulted in a substantial increase in
experimental data, a generic understanding of condensation of steam in water is still very
limited [12]-[15]. Existing models for predicting the performance of devices which
involve DCC [16]-[18] simplify the condensation process and use empirical correlations
in their model. Consequently, these empirical correlations and model assumptions limit
the capability of these models.

The most descriptive information about the steam plume behaviour is found in summary
form in a regime map. This map is a graph describing the appearance of different regimes at
specific conditions in terms of their geometric appearances and dynamic features. Various
regime maps have been published in literature [6], [7], [9], [19]-[21] which show the
occurrence of different regimes, depending on the steam inflow rate and the temperature of
water subcooling. These two-dimensional maps were obtained during experiments
performed at various environmental conditions. These are inflow conditions, injector
geometry and the water flow conditions. The two-dimensional maps published by different
researchers show similar features of the process. However, due to differences in injector
geometry these features were observed under different inflow conditions. This leads to the
conclusion, that the condensation behaviour is case specific and the environmental
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conditions during the experiment affect the occurrence of the regime. Therefore, a single
two-dimensional regime map should not serve as a basis of identifying the DCC regimes.

Another important feature of the DCC process is the penetration distance of steam into
water also known as steam plume length. In the literature a number of empirical correlations
for a dimensionless steam plume length is proposed [5], [11], [14], [22]. These correlations
present a ratio between the steam plume length and the diameter of the injector as a function
of the water subcooling and the steam inflow rate. The error between these correlations and
the corresponding experimental data is reported to be in the range of 20% to 35%. However,
the error only relates to the experimental data, which has formed the basis for the proposed
correlations. If the correlations are applied to a set of flow conditions well beyond the
original experimental data the plume length is predicted poorly and no longer valid.

Due to the importance of the steam plume length in modelling of the DCC process, separate
correlations reported in literature were used to predict the length during calculations. This
resulted in a poor prediction of the flow behaviour. Consequently, there is a need for more
generalised prediction of the steam plume length valid across a range of inflow conditions.

In this paper a three-dimensional condensation regime diagram and a two-dimensional
steam plume length diagram are presented. For a wide range of flow conditions, these are
capable of predicting the behaviour of condensing steam, the regime, and the length of a
plume, the penetration distance of steam into water. They were constructed from
experimental data available in literature.

2. DIRECT CONTACT CONDENSATION OF STEAM INJECTED
INTO WATER

The DCC of steam injected into water is a complicated process, because it appears in
different regimes, depending on the environmental conditions, and it involves different
regions of the process.

Independent of the condensation regime, the process of DCC of steam injected into water
consists of four different regions: a steam plume, the interface between steam and water, the
hot water layer and the surrounding water. Figure 1 shows a photograph of the DCC process
with added schematic picture of DCC regions.

Figure 1 Photograph of the DCC taken during the experiments for a ballast water
treatment system with added schematic picture of the process, showing the
different regions of DCC of steam injected into water: steam plume (1), interface
(2), hot water layer (3) and surrounding water (4).
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The first region consists of pure steam and is called the steam plume. The plume’s outer
surface is the interface where condensation takes place. Surrounding the interface is a hot
water layer which contains of steam bubbles and is characterized by an increase in water
temperature The hot water layer is surrounded by surrounding water. A two-phase jet is
formed in the surrounding water down-stream of the plume. The exact behaviour and the
precise appearance of each region will differ depending on the regime. Nevertheless, each
region is always present when there is a condensation of steam into water. A more detailed
description of the DCC regions can be found in the work published by Petrovic-de With
et al. [23].

2.1. REGIMES OF DCC

The shape of the steam plume is predominantly dependent on the inflow conditions. These
include steam inflow rate and water subcooling temperature. Steam inflow rate (G,) is
defined as a ratio between mass flux of steam and the steam injector exit area. The water
subcooling is the temperature difference between steam and water (AT =T, — T, ). A range of
steam plume shapes can be observed during experimental observations. The dynamic
behaviour and the geometrical appearance of the steam plume can be subdivided in three
main regimes:

* Chugging regime

* Jetting regime

* Bubbling regime

Chugging Regime

The chugging regime is characterised by a flat or curved shape of steam plume located in the
injector or its vicinity, and the steam plume size is close to the injector’s cross-sectional area.
Figure 2 shows a possible cycle of a chugging regime.

The chugging regime occurs at steam inflow rates up to 80kg/(m?s), depending on the
surrounding water temperature and steam injector diameter (D). The location of the steam
plume in the injector may vary continuously, moving from the outer edge of the injector into
the injector and backwards [6]. Chugging occurs because the steam inflow rate is smaller
than the condensation rate which causes suction of surrounding water into the steam injector.

Stage 1 Stage 2 Stage 3

Figure 2 Chugging regime cycle from Chan & Lee [6]. The regime was observed
with water subcooling of 66°C. The shaded area represents water. Steam is
injected vertically downwards.
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If chugging occurs inside the injector in a pulsating manner, the process is called interfacial
condensation oscillation. For this type of condensation the steam inflow rate is normally
smaller than 5kg/(m?s).

Jetting Regime

For steam inflow rates higher than about 100kg/(m%s), steam forms a plume which holds
approximately constant size and shape. This type of condensation is called the jetting regime.
Jetting consists of three main plume shapes which include: conical, ellipsoidal and divergent
shape (Figure 3).
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Figure 3 Jetting regme plume shapes observed by Chun et al. [14]. (a) Conical
plume, AT = 76.7°C, G, = 286kg/(m?2s), D = 10.85mm, L = 20mm, (b) Ellipsoidal
plume, AT = 58.5°C, G, = 312kg/(nPs), D = 7.65mm, L = 26mm, (c) Divergent
plume, AT =27.1°C, G, = 530kg/(m?2s), D = 7.65mm, L = 34mm. Steam injection is
to the right.

~1.35R}-

For some inflow conditions close to the bubbling regime, the plume can also take a
hemispherical shape. The length of the steam plume (L) in the jetting regime can vary from
one millimetre to more than fifteen centimetres. If the condensation occurs in a conical
or ellipsoidal jetting regime, the plume will take a regular shape with a smooth surface
(Figure 3 (a), (b)). For water temperatures higher than 70°C to 80°C, the plume will take an
irregular divergent shape (Figure 3 (c)). This regime is named divergent jetting. The length
of a divergent plume is usually bigger than two centimetres.

Bubbling Regime

For steam inflow rates between chugging and jetting, bubbling occurs. Here, injected
steam generates a regular or an irregular bubble at the edge of the injector. The generated
bubble grows and when a maximum size of the bubble is reached, the whole or a part of
the bubble is detached from the injector. The remaining part of the original bubble starts
to grow until a maximum bubble size is reached [24]. In certain cases there is a collapse
of the original bubble after detachment. Detached parts of the bubble are dragged away
from the steam injector and continue to condense, generating a trace of smaller steam
bubbles in the downstream flow [19]. Figure 4 shows a possible cycle of a bubbling regime
of DCC.
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Figure 4 Bubbling regime cycle observed by Simpson & Chan [24]. AT = 37°C, G, =
305.5kg/(m?s), D = 0.635cm. Steam is injected vertically downwards.

3. THREE-DIMENSIONAL CONDENSATION REGIME DIAGRAM
FOR DCC

The regime maps from literature show only limited accuracy. A comparison of the two-
dimensional regime maps showed that all maps contain similar features. However, distinct
variations are seen when comparing the regime maps based on different injector diameters
For this reason a three-dimensional regime diagram is needed and has therefore been
developed from a large number of independent studies published during the last three
decades [5]-[8], [10], [11], [14], [19]-[21], [24]. The traditional dependencies of steam mass
inflow rate (G,) and water subcooling (AT = T, — T,) are used in the three-dimensional
diagram. Based on the above analysis the injector diameter (D) is selected as a third
dependency. Other selections of dependency have been studied but provided very poor
correlation.

All gathered data was analysed in order to identify different reported regimes. Fifteen
different regimes were identified, all reported at slightly different flow conditions. For low
temperature subcooling (AT approximately 10°C or less) no condensation was detected.
Under these conditions, the temperature difference between steam and surrounding water is
too small for the steam to condense before it escapes from the water. At high steam inflow
rates (G,> 300kg/(m?s)) and small temperature differences (AT < 35°C) divergent jetting was
reported. At similar steam inflow rates, but with medium to high water subcooling (AT >
35°C) ellipsoidal jetting was reported. Conical jetting was reported at medium steam inflow
rates (120kg/(m?s) < G, < 300kg/(m?s)) across a range of temperature differences. At small
steam inflow rates (2kg/(m>s) < G, < 60kg/(m?s)) and temperature differences above 20°C a
series of different chugging regimes was reported. These are internal chugging, small
chugging, external chugging with detached bubbles and external chugging with
encapsulating bubbles. They were reported at slightly different conditions. Furthermore,
some researchers reported only some of the chugging regimes. At very small steam inflow
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rates (G, < 2kg/(m?s)) interfacial condensation oscillation was reported. Various forms of
bubbling regimes were reported for conditions between the chugging regime and the conical
jetting regime (60kg/(m’s) < G, < 120kg/(m?s)), and for conditions between the chugging
regime and no condensation area (5°C < AT < 20°C at 1kg/(m?s) < G, < 60kg/(m?s)). A range
of different bubbling regimes were reported and included: oscillatory bubbling, ellipsoidal
oscillatory bubbling, low frequency bubbling, high frequency bubbling, bubbling
condensation oscillation and condensation oscillation.

For a clearer description of condensation, the data was rationalised. All different chugging
regimes were grouped together in one regime and similarly also all bubbling regimes were
grouped into one regime. The jetting regimes cover a large range of flow conditions and give
important information about the steam plume shape; hence, the jetting regime was
subdivided into three jetting regimes. As a result the regime data contains in a total of seven
different regimes. A summary of the various regimes is presented in the Table 1.

]
Regime m-s AT [°C]
no condensation <10
interfacial condensation oscillation <2
chugging € (2,60) >20
bubbling € (60,120) € (10,90)
€ (1,60) € (5,20)
conical jetting € (120,300) € (20,90)
ellipsoidal jetting >300 >35
divergent jetting >30 <35

The three-dimensional condensation regime diagram was created from the three-
dimensional surfaces representing the outer borders of the condensation regime. All surfaces
were placed in a single graph to form a new Three-Dimensional Condensation Regime
(3DCR) diagram for DCC of steam injected into stagnant water (Figure 5).

The 3DCR diagram (Figure 5) presents areas of different regimes for different steam inflow
rates in the range from 0kg/(m’s) to 1500kg/(m?s), for steam injector diameter sizes between
0.00135m to 0.5m and for water subcooling. Seven main different regimes reported in the
literature. Depending on the diameter of the steam injector, conditions at which regimes are
reported vary and are in the ranges presented in this table. ranging from 0°C to 90°C. For
water subcooling between 90 and 100°C data was not available. To ensure sufficient
accuracy, the diagram is constructed such that areas with insufficient data remain white.

The diagram clearly shows areas of different jetting regimes: conical jetting, ellipsoidal
jetting and divergent jetting. Jetting regimes cover most of the 3DCR diagram and they
appear at steam inflow rates around 200kg/(m?s) and extend to high steam inflow rates. In
the jetting area it can be seen that the divergent jetting appears above the no-condensation
area and covers a section of the jetting area that ranges from approximately 10°C to 25°C
water subcooling, depending on a steam injector diameter. Above the divergent jetting area,
an ellipsoidal jetting area can be observed. It expands to high water subcooling at steam
inflow rates higher than 1000kg/(m?s).
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At lower steam inflow rates, this area is diagonally cut with an area of conical jetting, which
occurs at a water subcooling around 25°C at 200kg/(m>s) and expands to 90°C at 200kg/
(m?s). For steam inflow rates smaller than 200kg/(m>s) bubbling, chugging and interfacial
condensation oscillation occur. The diagram shows that for very small steam inflow rates up
to 2kg/(m?s) interfacial condensation oscillation ranges from 15°C to 60°C of water
subcooling. The chugging regime starts when the water subcooling is 20°C and extends to
90°C and covers an area of the 3DCR diagram up to a steam inflow rate of 50kg/(m?s). With
lower water subcooling a bubbling regime is observed. For steam inflow rates between
50kg/(m?s) and 120kg/(m?s) a bubbling regime occurs with water subcooling up to 90°C.

The 3DCR diagram was validated using data about regimes which was not used during its
creation. Validation showed that the new 3DCR diagram is valid for steam inflow rates in the
jetting regime and it can also be extended into a 'white' area of flow conditions. More
experiments are needed to validate the diagram in the chugging and bubbling regimes.
However, validation showed, that there is a general agreement between the new 3DCR
diagram and the data. A detailed validation of the diagram can be found in [23].

4. TWO-DIMENSIONAL STEAM PLUME LENGTH DIAGRAM
FOR DCC

In addition to the precise nature of the condensation regime, another important feature of
DCC of steam into water is the length of a steam plume. In order to model DCC of steam in
water the length of the steam plume is needed for a series of flow conditions of the process.
However, the length of a steam plume depends on the flow conditions of the process and is
therefore difficult to predict.

Until now, researchers have performed experiments where the steam plume length was
measured [5], [8], [10], [11], [14]. The data was used to derive empirical correlations, predicting
the dimensionless steam plume length as a function of condensation potential
(B= (cp/h ” ) AT') and dimensionless steam mass inflow rate (G/G, ). The constant G, was chosen
by Kerney et al. [5] to normalize the data to 275kg/(m?s). Unfortunately, these correlations are
only valid for a narrow range of flow conditions. Therefore, there is a need for a more general
correlation, capable of predicting plume lengths for a wide range of flow conditions.

In this study all the data for steam plume length available in literature was collected and used
to construct the prediction for a steam plume length. All collected data was plotted on single
graphs in an attempt to understand the underlying trends. First, the dimensionless steam plume
length data was plotted in a graph using condensation potential B and dimensionless steam
mass inflow rate G/G, as axes. This method of plotting has been used by other researchers
to obtain their semi-empirical correlations. Therefore, if their correlations are generally valid,
the generated graph should deliver a smooth, organised distribution of data. However, the
results show only limited structure and no clear defined trends.

A much more coherent plot of the experimental data was found when the graph presenting
the steam plume length (L) as a function of steam Reynolds number (Re) and condensation
potential (B) was generated. In addition to physical parameters, known to affect the process
of DCC, the Reynolds number (Re = DG /1) was chosen as one of the dependencies. The
Reynolds number is directly related to the inertia of injected steam and hence it should be
related to the penetration length of the steam. The generated plot showed that the largest
steam plume length occurs at high Reynolds numbers and low condensation potentials. The
smallest lengths occur at low Reynolds numbers for all condensation potentials.

The steam plume length data as a function of Reynolds number and condensation potential was
used to develop a two-dimensional steam plume length diagram. The diagram was produced
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2D Steam plume length diagram for DCC L[m]
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Figure 6 New 2DSPL diagram for DCC. Colours indicate predicted length of the
steam plume in metres. The longest plumes are to be expected at high Reynolds
numbers and low condensation potentials; short plumes at low Reynolds numbers.

through interpolation using existing data. The developed Two-Dimensional Steam Plume
Length (2DSPL) diagram is given in Figure 6. The diagram shows the length of the steam plume
in metres (L[m]) in relation to the steam Reynolds number (Re) in the range between 0.24 x 10°
and 13.74 x 10°, and the condensation potential (B) in the range between 0.029 and 0.155.
Different colours on the diagram represent the length of the steam plume in metres.

The new 2DSPL diagram (Figure 6) shows that steam develops long plumes when injected
at high Reynolds numbers and short plumes at low Reynolds numbers. Furthermore, the
longest plumes are to be expected at high Reynolds numbers and low condensation
potentials. This is in accordance with the physics of the process which suggests that the
steam plume length is related to the condensation rate of steam and to the inertia of injected
steam. In more detail, the steam plume extends with a higher inertia of the steam, but
shortens at a higher rate of condensation.

The validation of the 2DSPL diagram showed the error of the diagram to be 13.7%. The data
used for validation has been spread over a whole range of conditions, at which the diagram is
specified. The validation also showed that the 2DSPL diagram accurately predicts lengths at
both high and low Reynolds numbers. The empirical correlations from the literature were
derived from experiments performed at low Reynolds numbers and are not capable of predicting
accurately lengths at high Reynolds numbers. To summarize, the developed two-dimensional
steam plume length diagram outperforms the semiempirical correlations from the literature for
a wide range of flow conditions. A detailed validation can be found in [25].
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5. CONCLUSIONS

Different regimes of direct contact condensation were presented in this paper. These are
chugging, bubbling and jetting regimes. The paper describes, how different regimes are
developed and at which conditions they are expected.

Furthermore, the new three-dimensional condensation regime diagram for DCC of steam
injected into water was presented. The 3DCR diagram was created from experimental data
taken from the literature. This data was independent and published over a period of more than
three decades. The diagram can predict the existence of DCC regimes satisfactory across a wide
range of flow conditions and injector sizes. This is an advantage over maps in the literature,
which are able to predict regimes for one injector size only. Furthermore, the developed
diagram shows, that the dimension of steam injector is an important physical parameter for
characterisation of the process of DCC. Until now, researchers have only identified the steam
inflow rate and the water subcooling as important parameters for the characterisation.

Also presented in the paper is the new two-dimensional steam plume length diagram for
DCC of steam injected into a stagnant water. The diagram can predict lengths of the steam
plume satisfactory for a wide range of flow conditions. The 2DSPL diagram has been derived
from experimental data given in the literature and obtained through a number of independent
experiments. Study has shown, that the length of the steam plume, in relation to steam
Reynolds number and condensation potential, gives better correlation than the dimensionless
steam plume length as a function of steam flow rate and condensation potential, which has
been used by earlier researchers.

Information about the occurrence of different regimes and the length of a steam plume at
different conditions, can be obtained from the presented diagrams and used to model the
process of DCC. The developed diagrams include effects of various parameters which affect
the flow characteristics of the process. Hence, the diagrams give a more generalised
prediction of the DCC characteristics.
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