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Investigation of bubble behaviours in wet central heating systems
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Abstract. A series of experimental measurements has been conducted in order to investigate the bubble
behaviours through the horizontal pipe line of the domestic wet central heating systems. Obtained results
exposed the effect of 90 degree bend, buoyancy forces on bubbly two phase flow patterns and effect of velocity
on void fractions and bubble diameters. Distance chosen for the first sight glass (HSG0) was sufficient enough
to note the effect of 90 degree bend on void fraction patterns. Due to the effect of 90 degree bend, position of
the peak void fractions across the pipe section lowers, with an increase in bulk fluid velocity. Bubbles tend to
flow for longer distance at the bottom of the pipe section. Buoyancy force effect is demonstrated with figures
for highest bulk fluid velocity at three different positions. Analysis of four different flow rates at two different
saturation ratios show reduction for average bubble diameters and void fractions when bulk fluid velocity
increases. An attempt to predict bubble dissolution rates across the horizontal pipeline of the system is made,
however results show some uncertainties.

1 Introduction
Bubble formation in wet central heating systems is due to
the supersaturated conditions which occur on the primary
heat exchanger wall of the boiler. Dissolved gases in the
flowing liquid are released as bubbles when they
encounter high temperatures. Subsequently, these bubbles
tend to escape to the higher parts of the system (low
pressure) and cause cold spots, and maintenance or noise
problems. It is an increasing trend in building services to
install devices through the pipeline of the systems for
removing dissolved gases from the working fluid to
prevent unwanted events, and therefore save time and
energy. Little data exists in the literature for two-phase
flow characteristics, particularly for central heating
systems, to assist companies to improve such devices. In
this regard, investigation of bubble behaviours in central
heating systems becomes important to help enhance the
design of deaerators.
For this purpose, the test rig shown in figure 4 was
established at Brunel University to represent an ordinary
wet domestic central heating system and series of
experiments are conducted in order to obtain a better
understanding of two-phase flow phenomenon in such
systems. Current project is taken over from an earlier
researcher who gathered useful data on typical bubble
sizes, volumetric void fractions, bubble distributions and
nucleation and dissolution rates [1, 2, 3]. Our aim in the
presently on-going project is to extend the information on
bubble distribution across the pipe section and bubble
size differences through both horizontal and vertical
a

pipes of the system and adapt the general bubble
dissolving models proposed by Lezhnin et al. [4] and
Shedd [5] to predict the bubble size alterations
throughout the pipeline. In the following phase of the
project, computational fluid dynamics (CFD) software
Fluent will be used to simulate mass transfer effect from
fluid to bubbles or vice versa.

2 Approach
2.1 Theory
2.1.1 Solubility of gases in liquids
Henry’s law (Equation 1) states that the amount of
dissolved gas concentration in a liquid is directly
proportional with the partial pressure of the gases in the
liquid [6]. Temperature dependent Henry’s constant (XT)
can be read from the solubility tables.
Cgas = pg XT

(1)

Actual dissolved gas concentration (Cact) in liquid can
be calculated through the use of Equation 1 if the partial
gas pressure and temperature of the liquid is known
(Equation 2). In our case, these parameters were obtained
by the total gas measurement device (TGM).
Cact = ( pTGM - pvap ) XTTGM

(2)
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Maximum amount of gas which can be dissolved into
liquid (Csat) at specified liquid temperature and pressure
(TL and PL) can be calculated using Equation 3.
Csat = ( PL - pvap ) XTL

Sh = A (db / L) ReB ScC

(3)

Saturation ratio (Į) is defined as the ratio of actual
dissolved gas concentration in the system to maximum
dissolved gas concentration at specified temperature and
pressure [7]. In the following parts of this article,
maximum dissolved gas concentration is calculated
according to the readings obtained from the temperature
and pressure sensors placed before the HSG0 (T1 and P1).
Į = Cact / Csat

identify the most successful one. A, B and C are
constants for empirical correlation [8].

(4)

(6)

Different empirical formulas result with different
mass transfer coefficient (k) calculations. Figure 3 was
plotted using the particular parameters for the case
studied in this article (20 mm inlet pipe diameter and 80
°C). It can be noticed that the main factor affecting the
coefficient calculation is Reynolds constant B. This is
mainly due to the fact that empirical equations found in
literature for calculating the Sherwood number are very
sensitive to Reynolds number.

Figure 1 visualizes the change of dissolved air
concentration in water with respect to temperature at 2.7
bar. If we start from saturated state (Position A) and start
to heat the liquid at constant pressure, the solution will
eventually come the point B which is supersaturated
(oversaturated) solution. At this point, solution has a
tendency to produce bubbles and reduce the amount of
dissolved air in the liquid to reach equilibrium state
(saturated state). If one continues to force solution for
degassing (reducing temperature or increasing pressure)
the solution will become undersaturated.
Figure 3. Comparison of the empirical Sherwood formulas

Moreover, binary diffusion constant for gas species A
in liquid B (m2 s-1), which is used in the definition of
Sherwood Number, is estimated with empirical formula
purposed by C.R. Wilke and P. [9].
2.2 Experimental set-up and system conditions
2.2.1 Experimental set-up
Figure 1. Solubility of air in water at 2.7 bar

2.1.2 Bubble dissolution model
Mass flux on bubble boundary is driven by the
concentration difference between bubble boundary and
ambient fluid where k indicates the mass transfer
coefficient [8].

Figure 2. Mass transfer from bubble to its ambient fluid

q = k ( Csat - Cact )

(5)

Sherwood number (Sh = k db / DAB) is used to find the
mass transfer coefficient (k) for convective mass transfer.
Different empirical Sherwood number calculations [4, 5]
found in literature will be compared in this study to

The test rig in figure 4 shows all the equipment that was
used in project experiments. Vaillaint ecoTec pro 24
condensing boiler provides necessary energy to heat up
the flowing liquid. Conditions of the system were
monitored by five K-type thermocouples, four pressure
transducers and an electromagnetic flow meter. All of the
sensors were calibrated before the experiments, with
appropriate devices to make sure that acquired date is
reliable. The signals from the measurement equipment
were collected with data acquisition device (National
Instruments cDAQ-9172) and were monitored with the
LapView software on PC monitor.
The rig consists of two closed loops which are
connected at the buffer vessel. The primary loop is the
main part of the test rig, where filming of the fluid flow
takes place through sight glasses by high speed camera.
Figure 6 shows a more detailed setup of the camera and
lighting positions. The secondary loop of the system is
used to measure the partial pressure of dissolved gases in
working fluid and helps us to calculate actual dissolved
gas concentration (Cact) in the flow by Henry`s law
(Equation 2). Gas partial pressure measurements are done
via a device called TGM (Total gas measurements) which
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Figure 4. Schematic diagram of the test rig.
uses semi-permeable silicone membrane. Semipermeable membrane allows gas particles to pass through
and reach the pressure transducer while it blocks liquid
state to reach pressure sensor. TGM requires fluid
temperatures to be between 20 °C and 45 °C. Therefore,
system fluid is cooled down with tap water cooling tube
heat exchanger before it reaches the TGM. The secondary
loop also enables us to control the boiler exit temperature
(T1) with the solenoid valve which turns on and off the
cooling water.

Figure 5. Three (HSG0, HSG1 and HSG2) different
measurement positions at horizontal pipe (20mm diameter)

The sight glasses were installed on the first horizontal
pipeline of the system after the boiler exit. Distances
between the sight glasses and the bend (Figure 5) will
produce information on bubble distribution across the
pipe after the bend; and distances of the sight glasses
relative to each other are expected to produce bubble size
alterations between the sight glasses, according to the
saturation level (Į) of the flow. If the fluid flow is under
saturated (<1) the bubble sizes are expected to get
smaller, whereas if the flow is oversaturated (>1), an
increase should be observed through the pipeline because
of mass transfer occurring on the boundary of bubbles.
Firstly, the images at HSG0 were captured for each
saturation ratio and flow rate. After the measurements
were done at HSG0, the position of the sight glass and
lighting setup were changed to the next position (HGS1)
and filming of the flow was continued. Lastly, same

procedure was repeated for HSG2 to complete the
experiments.
2.2.2 System conditions
The fluid flow filmed for 2 different saturation ratios at 4
different flow rates. Flow rate was changed with the help
of ball valves and an extra pump. Saturation level was
controlled by injecting/removing nitrogen and changing
system pressure by adding/removing water to/from the
system. Other system conditions during the
measurements like heat load (Q), boiler exit temperature
(T1), pressure (P1) etc. were kept constant to enable
procurement of comparable data.
Maximum boiler heat load and target boiler exit
temperature were set as 10kW and 85 °C respectively
from controls on the boiler. Controlling of the fluid
temperature before HSG0 (T1) is performed by the
solenoid valve (SV in figure 4) which turns cooling water
on and off to two of the tube heat exchangers according
to the temperature reading from the first thermocouple of
the system (T1). Threshold level for solenoid valve to turn
on/off was set as 80 °C from the interface of LabVIEW
software which visualizes the measured signals from the
thermocouples, pressure sensors and flow meter. We did
not allow boiler to turn off itself after reaching target
boiler exit temperature (85 °C) by setting the threshold
level 80 °C at point T1, hence enabling us to have control
over system temperature. Having control on cooling
water allows us to maintain fluid temperature before
HSG0 at 80 °C and work at constant heating load.
The day before the experiments, an injection of
nitrogen gas through buffer vessel and radiator was
applied to increase gas concentration in the system. It
takes a long time for gases to dissolve into water, so the
cold cycle through whole night helps us to reach
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sufficient dissolved nitrogen amounts next morning.
When the boiler is turned on next morning, high
saturation ratios are observed and they reduce by the time
because bubbles which form on the boiler primary heat
exchanger wall tend to escape to low pressure parts of the
system. They either accumulate on the upper part of the
radiator or escape outside through the AVV (Automatic
air vent) which is on the top of buffer vessel (Figure 4).
The measurements were done when the system
conditions matched with desired conditions compiled in
Table 1. Measurements were done for one flow rate each
day, in order to follow the same procedure for all the
measurements, since changing the flow rate while system
is running has significant effects on system conditions.
Heating load (Q) was calculated with Equation 5 to check
if it shows consistency with the heating load that was set
on boiler display (10 kW).
Q =  ۦcp ǻT

consideration while choosing the camera and lens
settings.
Table 2. Camera and zoom settings

(7)

Table 1. System conditions during the measurements
U
(ms-1)

Re
(-)

T1
(ஈC)

T2
(ஈC)

P1
(bar)

Q
(kW)

0.531

21619

80

63

2.7

11.59

0.663

28497

80

67

2.7

11.07

0.884

37996

80

70

2.7

11.35

1.105

47495

80

72

2.7

11.35

SR
(±0.1)
0.9
0.75
0.9
0.75
0.9
0.75
0.9
0.75

Camera used

Phantom V5.1 High Speed Camera

Zoom

Leica Monozoom 7

Objective used

1x

Zoom level

3x

Resolution

512x512

Sample rate

40FPS

Exposure time

2µs

EDR exposure

1µs

Post trigger

1p

2.3.2 Depth of field determination
Depth of field (DOF) is the thickness of the volume,
where acceptable sharp objects can be captured by the
camera with its specified zoom level and settings. The
objects within volume appear clear and sharp in the
image whereas objects that are out of this volume appear
blurry.

2.3 Camera measurements and image analyses
2.3.1 Camera setup and settings
Camera and lighting positions given in figure 6 were used
as a reference to adjust camera and lights in order to have
identical standings during each measurement. The
detailed camera setup in figure 6 also includes sample
fluid volumes which are filmed for 10 focal planes. First
focal plane started just underneath the sight glass and
moved down with 2 mm intervals each time by the help
of the camera slider. These planes are used to obtain
bubble distributions across the pipe section.

Figure 7. Depth of field representation

Figure 7 shows a representation of how DOF can be
calculated and determined. The rectangle represents the
depth of the volume which camera can capture images
bright and clear. It moves up or down with respect to
camera position and if we assume that the diameter of the
object is too small, DOF will be equal to the distance
moved.
Distance moved = DOF + Object diameter

Figure 6. Camera setup and sample volume with 1mm DOF

The camera and zoom settings are given in table 2
were used during the experiments and were chosen
according to the results of several experiments. The
frame size and image quality were taken into

(8)

Determining the DOF for the measurements in this
paper was done with tests under stagnant bubbles where
they were just underneath the glass. The camera and the
sight glass position were set as shown in Figure 6 and the
boiler was turned off suddenly during the oversaturated
conditions to obtain stagnant bubbles just underneath the
glass. Frames were taken with different working
distances (WD) from high to low and the images were
analysed according to brightness and sharpness of the
stagnant bubbles. The DOF was determined
approximately as 1mm for specific camera and zoom
settings with the data and assumptions applied in
Equation 8.
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2.3.3 Image analyses
In the image analysing process, 1000 frames (100 per
focal plane) for each sight glass at each condition were
analysed. Set of images (100 frames) for every focal
plane were saved as a .cine file and converted to 100 .tiff
files with the software called Cine Viewer. Then the
frames obtained from the experiments were analysed by
image processing software Image-Pro. Calibration of the
image processing software is needed to gather
meaningful data. Small metal balls (1 mm diameter) were
chosen to identify the reference length for image
processing software.
An automated route was recorded in order to reduce
analysis period and gather the diameters of the bubbles
that are in frames. During the automated route, several
enhancement methods such as background corrections,
flatten, sharpen and sobel filter, were used to improve the
processing stage.
Background correction method was used to remove
the spots on the glass since exposing the bubbles which
are the main interest of our research. Figure 8 illustrates
an example of background correction used in the
analyses.

Figure 10. Typical image after the image analyses

3 Results
Bubble distributions across pipe section are shown in the
following log of void fraction versus focal plane figure
11-13. Void fraction is described as the ratio of bubble
volume to analysed sample volume (9).
Void Fraction = VTbub / VTsam

(9)

Focal plane depth is defined as a distance from the top
of the pipe; where 0 mm focal plane depth refers to the
first plane, just underneath the glass, and 18 mm is the
last plane, 2 mm above from the glass at the bottom of
the pipe.
Arithmetic average is used to calculate average
bubble diameter values presented at the y-axes in figure
14 and 15.
3.1 Bubble distribution after 90 degree bend

Figure 8. Effect of background correction

3.1.1 Bend effect at HSG0 (SR0.75 and SR0.9)
Flatten and sharpen filters were used to even out the
background intensity variations to improve the effect of
sobel filer, which extracts and enhances the edges of
every pixel with respect to its neighbouring pixel. Sobel
filter was used to identify the difference between the
bubbles that are in focus and out of focus. Bubbles which
are in focus have high intensity gradients with respect to
its background, whereas bubbles that are out of focus do
not. Figure 9 demonstrates the effect of flatten, sharpen
and sobel filters [10].

Figure 11 and 12 visualize the change of the void fraction
with respect to the bulk velocity change at HSG0.
Identical findings can be reached from both results for
saturation ratio 0.75 and 0.9. The peak void fraction trend
from the top of the pipe to bottom of the pipe is very
similar. Peak void fraction positions at HSG0 gets closer
at the bottom of the pipe with an increase in bulk fluid
velocity. This shows that with the effect of high fluid
velocities and 90 degree bend, bubbles go longer
distances at the lower part of the pipe and then rises back.
It can be also noted that the average void fractions at
saturation ratio 0.9 is higher than the average void
fractions at saturation ratio 0.75.
3.1.2 Buoyancy effect from HSG0 to HSG2

Figure 9. Effect of flatten, sharpen and sobel filter

Finally, figure 10 illustrates a typical image after
automated route has been used on random set of
experiment data.

Figure 13 includes void fraction values for three different
positions after the 90 degree bend (HSG0, HSG1 and
HSG2) at 1.105 m s-1. Bubble volumes show different
patterns according to their distance to the bend. At HSG0,
peak void fractions are observed at the lower part of pipe
section with the effect of 90 degree bend whereas at
HSG1 and HSG2, void fractions peaked at the upper parts
of the cross section. Moreover, an increase in total void
fractions are observed from HSG1 to HSG2 because of
buoyancy effect on air bubbles.
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Figure 11. Bend effect at HSG0 at SR0.75

Figure 12. Bend effect at HSG0 at SR0.9

Figure 13. Buoyancy effect along the pipe at 1.105 m s-1
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Figure 14. Effect of velocity on average bubble diameter and cumulative void fraction

Figure 15. Comparison of dissolution models and experimental data

3.2 Effect of bulk fluid velocity to average bubble
diameter and volumetric void fractions
Effect of bulk fluid velocity on the average bubble
diameter and void fractions are clearly demonstrated in
figure 14. The reduction in average bubble diameter and
void fractions are observed with increase in bulk fluid
velocity.
3.3 Comparison of
experimental data

dissolution

model

and

Measured and calculated bubble diameter ratios are given
in the figure 15 as diameter ratios versus fluid velocity.
Bubble size reduction was expected due to concentration
differences between phases. However, particular decrease
in bubble sizes through horizontal pipe could not be
observed from the analysis results. At few flow rates and
saturation ratios, reduction in average bubble sizes were
observed; on the contrary, general trend shows that
average bubble diameter is increasing along the
horizontal pipe. Moreover, no consistency or a regular
pattern is noticed to verify any conclusion on bubble size
changes.

4 Conclusions
To conclude, significant data on the effect of flow rate
and 90 bend geometry on bubble distribution is obtained.
In the first sight glass (HSG0), peak void fraction is
getting lower with increase in fluid velocity and void
fractions are getting higher at the upper part of the pipe
when moved along the horizontal pipe. We can draw a
conclusion that there is enough distance to notice strong
buoyancy effect in HSG0 at low velocities (0.531 m s-1).
Moreover, the reduction in average bubble diameter and
void fractions are observed with increase in bulk fluid
velocity.
The expected bubble diameter reduction which was
led by concentration differences between phases could
not be detected from the experiment results. No particular
patterns on bubble size changes have been observed
through sight glasses. Measurements were done with one
camera and one sight glass and during the switch of the
sight glasses and camera, system fluid was changed. This
can cause uncertainty. Ideal experiments would be with
two cameras measuring at the same time. The reasons
behind this uncertainty should be investigated further.
Future experiments will focus on vertical pipeline as well
as improving the results of current study.
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