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Abstract: Two-phase closed thermosyphons are efficient passive devices with potential for using in many heat transfer applications. One
of the boiling regimes that may occur is the geyser boiling. It is a repetitive irregular process of pushing liquid without its previous
evaporation in the direction of condenser. Although it does not affect time-averaged thermal performance of the device, it causes additional
mechanical load and shortens the life-time of the device. Unfortunately, geysering is not well investigated, thus no precise definition exists.
This paper focuses on the process of data reduction that leads to geyser boiling detection. It may be applied for various working fluids and
operating conditions. Two parameters are crucial for recognizing geyser events from the background noise (pressure variations followed by
the geyser): the minimum amplitude of pressure increase and waiting period between ensuing events. We compared two working fluids:
water and graphene oxide nanofluid. In general, with increase of heat flux the frequency of geysers increases and their amplitude decreases.
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1. Introduction

Two-phase closed thermosyphons show great potential for
efficiency improvement in many applications covering energy
transport. Operation principle is based on the evaporation-
condensation closed cycle of working fluid. The energy from
external source of heat is applied into the lowest part of the pipe -
evaporator. Working fluid evaporates and the vapor goes up through
the adiabatic section. It condenses in the upper part (condenser) as a
result of contact with colder walls. Heat is released to the
surrounding environment (cooling medium, e.g. water) and
condensate returns to the evaporator relying on gravity. It imposes
location of the evaporator below the condenser.

For some working conditions, the nucleate pool boiling in the
evaporator may be turned into pseudo-stable boiling regime, called
geyser boiling. It occurs mostly under low pressure conditions, for
high filling ratios, and during start-ups. Figure 1 schematically
showcases such a process.
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Fig.1:  Scheme of geyser boiling phenomena. Phases a) to d) as follows:
(a) the superheat between the evaporator wall and working fluid in the
evaporator increases, (b) nucleation of the bubble and its quick growth to
the size of pipe diameter, (c) bubble expansion and propulsion of the fluid
trapped above the bubble, (d) and downfall return of the displaced liquid.
Reprinted from [1] under the terms of the CC BY 4.0
(http://creativecommons.org/licenses/by/4.0/).

During geyser event vapor bubble that grew to the size of pipe
diameter pushes upwards the liquid accumulated above. The large
difference between the vapor pressures inside the bubble and in the
condenser section forces the high speed of the liquid. The propelled
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liquid returns to the evaporator due to gravity forces, and in most
cases is separated from condensate film on the thermosyphon wall.
Afterwards, the quiet period occurs again until the fluid pool
temperature reaches the superheat enough to nucleate another
bubble. The phenomenon is repetitious and rapid, but periods
between successive events vary. Geysering detection requires
continues and precise pressure measurements, still the amassed data
needs to be meticulously analyzed in order to locate geyser boiling
occurrences. Thus, the phenomenon often remains unrecognized
and only few research on that topic are available in the literature.
Although the time-averaged thermal resistance seems to be not
affected by geysering, it may introduce disturbances to the
continuity of heat transfer through the device. It causes additional
mechanical load, and engender shock damage of the components.
Thermosyphons are used in systems expected to operate for long
periods of time, thus more and more effort is put to improve
understanding of the phenomena.

As reported in our previous work [1], there is a lack of research
concerning dependence of nanofluids (understood as suspension of
particles with at least one size below 100 nm in a base fluid) on
geysering, except one paper on gold nanofluid [2]. In this paper we
check if proposed methodology for data reduction can be
implemented regardless of the working fluid or operation
conditions. The behavior of graphene oxide nanofluid and water is
then analyzed and compared.

2. Test rig and materials

Experiments were conducted using copper thermosyphon with
the dimensions shown in Fig. 2. Tested device is divided into three
parts: evaporator heated by circulating water, adiabatic section and
condenser cooled by another coil filled with water. The whole
device was insulated with Armaflex shell. Inlet temperatures of
heating medium controlled by thermostat varied between 40°C and
85°C in 5°C steps. The inlet temperature of cooling water was
25 +0.14°C for each test case presented here. Volume flow rates of
both cycles were set on 12 1/h and measured with magneto-
inductive flow meters. The inlet and outlet temperatures of heating
and cooling water were determined by Pt100 — elements with the
maximum uncertainty of +0.32°C. The pressure inside the device
was characterized by three pressure transmitters with an accuracy of
+ 0.25% located along the thermosyphon and two parallel gauges
with different measurement range at the top of the device. For each
combination of operation conditions, all parameters were recorded
for an hour after reaching a steady-state condition. Detailed
characterization of the device is described in [1].
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Fig 2. Scheme of thermosyphon with dimensions and used nomenclature.

Deionized water and graphene oxide nanofluid were used as
working fluids. Graphene oxide flakes (GO) were prepared at
Institute of Electronics Materials Technology in Warsaw, in Poland
through modified Hummers method [1]. The concentration of flakes
was 0.1 g/L and no additional stabilizer was added [1].

3. Results

Time-averaged data

One of the fundamental parameters showing the efficiency of
heat transfer in the thermosyphon is its thermal resistance. It is
defined as the ratio of average temperature difference between
evaporator and condenser section and the amount of heat released in
the condenser [1]. Figure 3 showcases the difference between the
thermal resistance when device is filled with water and graphene
oxide nanofluid. Arrows indicates the result obtained for the same
operating condition (inlet temperature of cooling and heating
water). For low temperatures of the evaporator and small
differences between evaporator and condenser, nanofluid allows not
only for lowering the thermal resistance but also transfers higher
amount of energy in form of heat. It makes it interesting for
application with specific requirements, such as heat recovery,
geothermal or HVAC systems. Although for high heat fluxes (and
high temperatures of the evaporator) the time-averaged data
suggests that working fluid does not affect the thermal performance
of the device, in this region different processes of boiling occurs,
including geysering.
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Fig 3. Thermal resistance of the thermosyphon working with water and
graphene oxide nanofluid. Arrows indicates the same operating conditions.

Time-dependent data

Precisely characterized definition of geyser boiling does not
exist in the literature. The phenomenon is rather understood as
explosive and irregular boiling process. It leads to difficulties with
data analysis to determine whether the pressure increase may be
counted as geyser event. One of typical pressure patterns describing
such a phenomenon is shown in Fig. 4. All the figures presented in
this section are based on the pressure signal p3, pressure transmitter
closest to the boiling pool. It was located in the adiabatic section,
500 mm from the bottom of the device and 100 mm above the
evaporator section.

Geyser event is characterized by abrupt and prominent increase
in pressure. The increment in pressure signal is detected by
subsequent transmitters, starting from the lowest one (p3, see insert
of Fig. 4). Depending on working fluid and operation conditions,
the speed of pushed working fluid calculated from the time
difference of peak detected by subsequent transmitters is about
3-10 m/s. After the return of expelled liquid to the evaporator, the
period of nucleate boiling starts and long-lasting pressure drop
occeurs.

To automatize detection of geyser events, two parameters must
be defined: the minimum amplitude of pressure increase and the
minimum waiting period between following geysers. The first one —
the lowest pressure difference between the current and time-
averaged values - protects from counting the noise following from
liquid eruption or intensive nucleate boiling. As various working
fluids behave differently depending on operating conditions, it is
impossible to set one threshold value for all cases. Thus, we
propose to use the probability density. We assumed that all pressure
values that describe geysering are likely to be outside the range of
-20 to 20 (standard deviation) from the pressure averaged over the
experiment time at given conditions. Then, every peak exceeding
the threshold line given by 20 value (see mph value in Fig. 6) with
rising trend is further examined as potential geyser event.

The second crucial parameter is waiting period (mpd)
determining the minimum time step between consecutive geyser
events. It protects against calculating the noise following from
violent abruption of liquid and its return due to gravity forces. The
determination of minimum time step starts with an analysis of the
waiting period effect on the final results. The example for water at
high temperatures of evaporator is presented in Fig. 5. We choose
the value on the constant line after bending the curve. The last step
is to check if events marked by described script [3] overlaps the
ones seen with the naked eye.
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Fig 4. Example of geyser pattern for water (inlet temperature of heating water: 75°C). The insert presents the same event but in different time-scale.
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Fig 5. Analysis of waiting period (minimum time step between two
successive geyser events) depending on working conditions. ¢25 indicates
the temperature of condenser (25°C), e65-85 indicates the inlet temperature
of heating medium in the evaporator (65-85°C).

The importance of properly chosen waiting period is presented
in Fig 6 and 7. Two time steps are compared: 0.1s and 2s (mpd of 5
and 100, respectively). Figures covers the same operating
conditions (inlet temperature of heating medium: 75°C, of cooling
medium: 25°C). For both working fluids, noises following from
geyser event are marked in the case of mpd 5. At waiting period of
2s some peaks are missed for water case, e.g. the small event before
the highest peak in the upper plot of Fig. 6. According to analysis
shown in Fig. 5, time step for water at given conditions should be
between 1-1.5 sec. For GO nanofluid, this waiting period seems to
be properly selected — all big peaks are included in calculations and
increases coming from unsteady state following the real geysers are
eliminated.
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Fig 6. Geyser events (peaks) for water at evaporator temperature of 75°C
included in calculations for different waiting periods (mpd)
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The amplitude and waiting period differ significantly between
individual events for water pattern (see Fig. 6). Weaker peaks
following the main event may occur. In case of GO nanofluid (see
Fig. 7), pressure peaks show almost constant value of 1.3-1.4. They
occur less often and pretend to be more ordered. The nucleate
boiling period following the liquid throw seems to be rather short
and not intensive. Sporadically, additional weak event appears but
opposed to water it is not preceded by a pressure drop.
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Fig 7. Geyser events (peaks) for GO nanofluid at evaporator temperature of
75°C included in calculations for different waiting periods (mpd)

The frequency and amplitude of detected geysers events differs
depending on working fluid and operation conditions. In general,
increase in the evaporator temperature leads to increase in the time-
averaged frequency (see: Fig. 8). This trend follows previous
conducted experimental research [4]-[7].
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Fig 8. Time-averaged frequency of geyser events

At the same time, the mean amplitude of detected events
(Fig. 9) decreases with evaporator temperature increment. It may be
deduced that boiling becomes more violent but less impetuous with
evaporator temperature increase. The effect of heat flux on the
geysers amplitude was analyzed only in two papers, from which
Khazaee et al. [6] showed the same trend as in this paper and
Casarosa et al. [4] did not notice any difference.
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Fig 9. Mean amplitude of detected geyser events

4. Conclusions

The paper presents the analysis of time-averaged and time-
dependent behavior of two working fluids: water and water-based
graphene oxide nanofluid. To the best authors knowledge, no strict
definition of geyser boiling exist in the literature. That is why the
methodology of data reduction is proposed. As a result, the time-
averaged frequency of geyser events occurrence and their amplitude
are calculated and compared. In general, with the evaporator
temperature increase, frequency of geysers increases but their
amplitude decreases. It suggests that for higher heat fluxes the
boiling process becomes more violent but less impetuous.
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