Frontiers in Heat and Mass Transfer (FHMT), 14, 5 (2020) Global Digital Central
DOI: 10.5098/hmt.14.5 ISSN: 2151-8629

Frontiers
in Heat and
Mass Transfer

Frontiers in Heat and Mass Transfer

Available at www.ThermalFluidsCentral.org

EFFECT OF RESIDUAL NON-CONDENSABLE GASES ON THE
PERFORMANCE OF A CARBON DIOXIDE EVAPORATOR AND THE
SYSTEM PERFORMANCE

Jing HU**, Mingxing DuP

& School of Energy and Safety Engineering, Tianjin Chengjian University, Tianjin 300384, China
b Tianjin Key Laboratory of Control Theory & Applications in Complicated System, Tianjin University of Technology, Tianjin 300384, China

ABSTRACT

Inert gases are conveniently used for leak detection. Relative to CO2, majority of the inert gases are non-condensable. It is of great significance to
understand the effects of residual non-condensable gases on the performance of a refrigeration system. This paper investigates, both theoretically and
experimentally, on the impact of residual non-condensable gases on the performance of a carbon dioxide (COz) evaporator and the system performance.
A theoretical analysis indicates that residual non-condensable gases can convert homogeneous nucleation into a heterogeneous nucleation process and
accelerate phase change, thus, reducing superheat or incipient boiling temperature. To investigate the influence of residual non-condensable gases on
the performance of an evaporator and the CO2 trans-critical refrigeration cycle system, experiments adding a small amount of N2 and Ar into the system
are carried out. Residual non-condensable gases have different effects on the parameters of refrigerant properties and nucleate boiling under different
operating conditions. Experimental results indicate that at a lower inlet temperature within 1%, 2%, 3% of residual gases concentration, the heat transfer
coefficient of evaporator and refrigeration coefficient of the system increase with the addition of N2 or Ar, but decrease at higher temperature with
addition of the residual gas, or at a concentration of 4%.
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2018; Yu et al., 2018; Nawaz et al., 2018; Wang et al., 2019). Thus, an

1. INTRODUCTION essential option to lower the environmental impact is to improve the
energy efficiency of the system and reduce energy consume during

In air conditioners and refrigerators, the restricted use of conventional system operation.
refrigerants, such as hydrofluorocarbons (HFCs), chlorofluorocarbons Generally, for service or daily maintenance of the CO2 trans-critical
(CFCs), and hydrochlorofluorocarbons (HCFCs), allows for the  refrigeration cycle, an inert gas is used for leak detection. Relative to CO»,
protection of the environment against the potentially elevating global common inert gases, such as N2 and Ar, are non-condensable gases. A
warming and the depleting ozone layer characteristics (Mastrowski etal.,  highly effective vacuum for complete removal of a residual gas may lead
2019; Andersen et al., 2018; Abasa et al., 2018). Using natural  toa greatly increased cost. However non-thorough vacuuming may allow
refrigerants, such as carbon dioxide (CO2), which is non-toxic, non-  a small amount of non-condensable gases to remain and get mixed with

flammable, low-cost, and environment-friendly, may be practically  the CO. working medium. Non-condensable gases may remain in the
preferable as these do not contain unknown environmental hazards. CO2 system, which influences the performance of the system. It is of great
has been considered as a promising alternative refrigerant because aside significance to understand the effects of residual non-condensable gases
from the advantages already cited, it is also ozone friendly, has negligible on the performance of a refrigeration system.
global warming potential, and has excellent thermophysical properties 100 /
(Lorentzen et al., 1993; Karampour et al., 2018; Hazarika et al., 2018; Ju F 2
etal., 2018). Nevertheless, the critical temperature is 31.1°C, which leads 75 -
to that the heat dissipation process is usually above the critical point, but L
the evaporation process occurs in the subcritical region. Hence, it is 50
conventionally called transcritical cycle for basic CO2 refrigeration
system. In addition, the operation pressure is commonly ranging from 8-
12 MPa, and the pressure difference between the high and low pressure
sides is extremely high, resulting in a large throttling loss (Dai et al.,
2018; Cao et al., 2019). Considerable throttle losses in its trans-critical
cycles lead to lower system efficiency compared to conventional ‘
subcritical refrigerant cycles. Considering that climate change is not only 200 -175 -1.50 125 -L00 075
influenced by refrigerant leakages but also by energy consumed during ST (kg K))

the lifetime of refrigerating equipment, an increase in energy N
consumption can likely offset its environmental advantage (Wang et al.,

#eC
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Fig. 1 T-s diagram of carbon dioxide trans-critical cycle
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Fig.1 shows the T-s diagram of carbon dioxide trans-critical cycle.
The vapor is compressed to be high pressure and high temperature gas in
compressor which is the process from point 1 to point 2. The heat
rejection process occurs in the supercritical region in gas cooler which is
the process from point 2 to point 3. In order to decrease the throttle loss,
sometimes an expander is employed to replaces the throttle valve. The
isentropic expansion process in expander is the process from point 3 to
point 4s. While the real expansion process in throttle valve is the process
from point 3 to point 4. After expansion process, the fluid flows into the
evaporator to absorb heat. The evaporation process is in the subcritical
region which is the process from point 4 (or 4s) to point 1.

There are a few researches on the effect of a non-condensable gas
on the performance of expander in COz trans-critical cycle. Tian et al.
(2011) confirmed that non-condensable gas could accelerate the phase
change and improve the expander performance by experimental research
on the COz trans-critical heat pump. Li (2013) assessed the performance
of the expander in a COz2 trans-critical cycle when the N2 concentration
increased from 1% to 4%. The experimental results showed that the
recovery work of the expander with the presence of an additive is higher
than that without additive.

The evaporator is one of utmost importance among the components
influencing the cycle efficiency. But, very limited number of studies have
been conducted on the effect of non-condensable gas on evaporation
process in a COz trans-critical cycle. The presence of a small number of
non-condensable gas can also accelerate the phase change in the
evaporator, which is similar to improve the performance of the expander.
At this point, the heat rejection process of supercritical fluid in the cooler
in the trans-critical cycle of CO: is significantly different from the
condensation in the condenser in a conventional vapor-compression
cycle. In a conventional vapor-compression refrigeration system, a small
amount of non-condensable gases can significantly reduce the vapor
condensation heat transfer in the condenser because the non-condensable
gases accumulates at the liquid and vapor interface, forming a non-
condensable gas layer, which significantly slows the mass transfer
between the vapor and the liquid film (Wu et al., 2018). The non-
condensable gases can significantly degrade the performance of the
condenser, and decrease the system performance. However, during the
heat rejection process in the trans-critical cycle of COz2, because this is
not a condensation process, non-condensable gases do not have much
effect on the heat transfer performance of the cooler. It is possible to
improve the performance of the refrigerating system. This article
primarily reports the effect of a non-condensable gas on the performance
of the evaporator in the transcritical carbon dioxide cycle and the impact
to the systemic performance.

From the perspective of evaporator, the heat transfer performance
and boiling hysteresis are influenced by surface topography, surface
wettability, fluid properties, wall superheat, and heat flux (Yuan et al.,
2018; Pradhan et al., 2019; Hong et al., 2019; Lu et al., 2007). A
theoretical research and analysis show that the presence of a non-
condensable gas, as well as contact angle, can result in heterogeneous
nucleation and exert large influence on the incipient point of vapor
bubbles and the phase change process. Corty and Foust (1955) and
Bankoff et al. (1958) suggested that the widely accepted trapped-vapor
theory, stating that cavities on heating surfaces can trap vapors and, then,
act as nuclei, is the most likely theory for explaining the origin of a
boiling bubble. Experimental results show that heat transfer
enhancements by such cavities are obtained with an improvement of heat
transfer coefficient by eightfold times (Kandlikar et al., 2013; Wang et
al., 2019). Yuan developed a model of heterogeneous bubble nucleation
on a heated surface from an insoluble gas bubble. It is found that the
energy barrier and the critical radius of bubble formation are small at
large initial insoluble gas bubble (Yuan et al., 2016). Bubble dynamics
and thermodynamic theories were also applied in predicting the onset of
nucleate boiling and the embryo’s critical radius, agreeing with that of
the experimental results (Thiagarajan et al., 2015; Mu et al., 2017).
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Besides, nanobubbles could attain a stable shape with a contact
angle larger than 90 degrees in supersaturated liquid, whose heated
surfaces can serve as nucleation sites. In addition, local surface
hydrophobicity induces heterogeneous nucleation at a reduced superheat,
as the nanobubbles on the hydrophobic sites become activated and form
a nucleus seed (Tyrrell et al., 2001; Yang et al., 2007). Qi and Klausner
(2006) hypothesized the occurrence of nanobubbles for heterogeneous
nucleation, whereas Nam and Ju (2008) analyzed the incipience of
nanobubbles at low superheat. This study initially provides evidence for
heterogeneous nucleation caused by residual non-condensable gases, and,
then, determines the effect of the presence of such gases on the
performance of the CO: evaporator and the CO: trans-critical
refrigeration cycle system.

2. THEORETICAL ANALYSIS

In this paper, N2 and Ar were selected as the residual non-condensable
gases. Table 1 describes the properties of CO2, N2 and Ar. In terms of the
refrigerant distribution among the system equipment, the residual gas
mixed with the refrigerant was found in overall system.

Table 1 Properties of pure working medium.

Working medium CO2 N2 Ar
Molecular Weight 44.01 28.01 39.95
Critical Temperature (K) 304.13 | 126.19 | 150.69
Critical Pressure (MPa) 7.377 3.396 4.863
Saturation Temperature (K), 2 MPa | 253.65 | 115.60 | 129.74
Saturation Temperature (K), 2.5 MPa | 267.60 | 123.62 | 138.71

In the phase change process in the evaporator, the superheat
phenomenon exists, which leads to a phase change delay. It is noted that
homogeneous nucleation within the liquid bulk requires very high levels
of superheat. Here it is necessary for the newly formed gas phase to tear
apart the liquid, and hence overcome its enormous cohesiver strength. At
low levels of the residual non-condensable gases, however, gas bubbles
will nucleate within the liquid at pre-existing metastable gas cavities, in
the vessel surface in contact with the liquid, on suspended particles, or
from metastable micro-bubbles in the liquid bulk. Accelerating phase
change of refrigerant by increasing gas nucleus can improve the
evaporator performance. For impure liquids, nucleation could be
promoted due to factors such as bubbles, steam bubbles, impurities, and
rough surfaces, belonging to heterogeneous nucleation, that is, they
reduce nucleation barrier and increase nucleation rate. The presence of a
small amount of residual non-condensable gases hardly affects the
physical properties of the refrigerant, but the liquid-to-gas phase change
was more intense.

Based on the observation that superheat is much lower than that of
homogeneous nucleation, a heterogeneous nucleation is alternately
believed to originate from vapor/gas trapping cavities (Mu et al., 2017).
Cavitation is characterized mainly by the appearance of cavitation
bubbles, which can be steam bubbles or gas bubbles containing
undissolved gas. However, during formation, they usually exist in an
unstable form. If the bubbles are too large, they will float to the surface
due to buoyancy. Nevertheless, if they are too small, the gas will be
completely dissolved, and the steam will be completely condensed due
an increase in surface tension. Certain parasitic substrates are required
for the stable appearance of undissolved gas or uncondensed steam in a
liquid. Solid surface are typically characterized by microscopic cavities
and crevices. They can be used as a parasitic matrix where micro-bubbles
or bubbles are attached to the solid. Furthermore, a non-condensing gas
easily produces gas core at the hole, in which heat gain gradually grows
up to produce bubbles.

Based on reviews and analyses, a primary cavitation number will
increase with an increase in gas content due to the presence of non-
condensable gases (Knapp et al., 1970). Before nucleation, a spherical-
cap shaped embryo, which consists of insoluble gas and vapor, sits on a
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crevice solid surface in the superheated fluid. The schematic diagram is
shown in Fig.2. Liquid evaporates into the embryo during the process of
nucleation, followed by the formation of a vapor-gas bubble.

Insoluble gas,

Fig. 2 Bubble nucleation point

As shown in Fig.2, a spherical-cap shaped embryo which consists
of insoluble gas and vapor sits on a solid surface in the superheated fluid.
Liquid evaporates into the embryo during the process of nucleation and
then vapor—gas bubble is formed. A linear temperature distribution exists
in the thermal boundary layer of the liquid adjacent to the wall. We will
discuss the bubble nucleation temperature and its initial size based on the
classical kinetics of nucleation. Hsu et al. (1962) proposed that the onset
of nucleation occurs when the temperature at tip of the bubble is great
than or equal to the saturation temperature corresponding to the pressure
inside the bubble, i.e,
T(y,)>T, ()
where yp and Ty can be determined from the Yong-Laplace and Clausius-
Claperon equations.
ar T @)
dp hfgpv
For heterogeneous nucleation in superheat liquids, the following formula
of bubble nucleation density can be used (Li et al., 2004).

KT, 1670°w
Joe = N2y | —L lexp| -————— ®)
" [hJ 3T, (R-R)
W= %(1+ cos ) Q)
o= %(1+ cosO) (2 -cos) ®)
T\ 1:

Dissolved non-
condensable gases
mole fraction at T

Supersaturated state
after heating to T2

XN
The desorption of
the non-condensable
gases
X2 e

Dissolved non-
condensable gases
mole fraction at T2

Dissolved non-condensable gases mole fraction

Fig. 3 Dissolved non-condensable gases mole fraction at T1 and T2

A minute pocket of non-condensable gases usually trapped in the
crevices with evaporator surface submerged in subcritical CO2 results in
a preexisting gas-liquid interfacial area that can act as an embryo for
bubble growth. Supersaturation may be achieved by raising the
temperature of the wall surface, as shown in Fig. 3. The saturation mole
fraction is equal to x1 at temperature T1. When the temperature goes from
T1to T2, the saturation mole fraction reduces to x2. The desorption of non-
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condensable gases from solution causes bubble nucleus. Consequently,
unlike homogenous boiling where very large liquid superheats are
necessary for initiation of the phase change process, heterogeneous
boiling bubble nucleation needs only a relatively small wall superheat.
Furthermore, in heterogeneous nucleation, the incipient temperature can
be computed from the classical nucleation kinetics.

Dissolved non-condensable gases are present in liquid levels
depending on their temperature, solubility, and exposure history. Due to
the very low concentration, the amount or solubility of a gas in a fluid
can be determined using thermodynamic and ideal gas laws. Whereas
temperature in the evaporator is above any of the mixture components’
critical temperature, an expression using Henry’s law is valid. In
principle, Henry’s law expresses the equilibrium amount of a dissolved
gas in a liquid at a given temperature as
P, =HxC, ©)

where Cq varies as a function of temperature.
At temperature T1 and T2, the difference in the non-condensable
gases equilibrium pressure for the two states is

AP:PI—PZ:H(xl—xZ):PZ(Xl—lj ™
X2

In a gas cavity, the bubble nucleus for heterogeneous nucleation on
a surface due to the pressure difference. The radius of curvature of the
critical bubble nucleus rc can be determined from Eq.(8).

[=_2C ®
° P-P
b |
The pressure in the vapor bubble is consists of two parts:
B =Py +Py )

If the isothermal compressibility of liquid is neglected, Li et al.
(2004) gave the formulas for Py,
va = Ps (Tnl )exp(— Cg) (10)

Equilibrium theory provides the superheat equation for the bubble
nucleus, where Ts is saturated temperature. Due to the evaporator absorbs
heat, bubbles generate from trapped microcavities with the temperature
increases. According to the Hsu’s theory, nucleation temperature with
the effect of the dissolved gas taken into consideration can be expressed
as

Tn| _Ts _ Ts exp(Cg )[20_ _ Hcgj (11)

hfgpv r

Fig. 4 displays the calculated values of Tn. Note that with an
increase in N2 concentration, the nucleation temperature and superheat
or energy required for the existence of bubble decreased. Therefore,
according to the analysis above, the non-condensable gas can convert
homogeneous nucleation into a heterogenic nucleation process to reduce
the evaporator superheat.
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Fig. 4 Influence of N2 concentration on nucleation temperature
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3. EXPERIMENTAL APPARATUS AND PROCEDURES

3.1 Experimental apparatus

Experiments performed herein were aimed at evaluating the influence of
N2 and Ar on the nucleate boiling heat transfer and system refrigeration
performance. Fig. 5 illustrates a schematic diagram of the experimental
setup. The experimental system consists of the CO: trans-critical cycle,
and chilling and cooling water systems. The CO2 trans-critical cycle
includes several components as follows. A reciprocating compressor has
a displacement of 3.5m%h and a rated input power of 4kW. A gas cooler
that allow carbon dioxide to flow inside the tube is self-designed. The
expander is installed in parallel to the throttle valve.

A double-tube type evaporator is test section, which also is self-
designed. The inner tubes of the evaporator (shown in the magnified
sections of evaporator in Fig. 5) are composed of three copper pipes with
the inner and outer diameter of 1 mm and 3 mm, respectively, which are
twisted into a spiral. The outer tube of the evaporator is copper pipe with
the external diameter of 28mm. To reduce heat losses, the pipes are
covered by thermal insulators. The entire design minimized heat loss and
resulted in a uniformly distributed heat flux along the copper tube
circumference.

T-type thermocouples to measure the temperature of the inter wall
of one of inner tubes are attached at 8 locations along the test section. At
each point, the temperature at four circumferential locations was
measured and the average values are used in calculating the heat transfer
coefficient. The water temperature change in the test tube is measured by
thermocouples inserted into the ends of the evaporator. The inlet and
outlet pressure in the test section were measured with a precision pressure
transmitter.

The CO2 sample had 99.9% purity. The non-condensable gases
concentration were controlled by measuring the charging weights of COz,
N2, and Ar, which were measured with a precision balance at +0.01g
accuracy.

T T3 P3
?® PP
Valvi
Flow meter  Mass flow meter alve A

8 @19
|

T1 P1 Tap water Flow control valve
o i

1 T4
| Pu mp%} Valve
T —
tor L Water 15=§ Refrigerator
e fank |
Drainage
Gas-liquid

Compressor separator
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Valve @ '_I
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Fig. 5 Schematic of a carbon dioxide trans-critical cycle system
3.2 Experimental procedure

Experimental data were collected based on the following protocol. First,
CO:2 charge was recorded and the system was ensured to operate stably
without residual gas. The inlet temperature of the evaporator was allowed
to reach different evaporating temperatures with adjustment of the
throttle valve at various openings. Second, N2 or Ar was assigned with
certain mass and added into the system respectively. In this way, the
concentration of non-condensable gases was controlled by measurement
of the charging weight of both CO2 and the non-condensable gases. Third,
the experiment was conducted under the condition that the non-
condensable gas had mass ratios of 1%, 2%, 3%, and 4%, respectively.
The data were collected during the stable operation of the system.
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3.3 Data Reduction

The heat flow rate is obtained from the energy balance on the water side:
Q =My Ce (Twat‘in _Twat‘out) (12)

The average heat transfer coefficient is obtained from the following
equation:

- Q (13)
AAt,
At = (Twat‘in _Twat‘out) (14)
" In Twal,in _Ts
wat,out _Ts

The system’s coefficient of performance (COP) is defined as the ratio of
the evaporator’s cooling capacity Q and the power input to the
compressor W.

cop-2 (15)
W

4. RESULTS AND DISCUSSION

The durability and stability of the system with the blends can be
examined indirectly by some operational parameters, such as the
compressor discharge pressure, the compressor discharge temperature,
pressure ratio and compressor power consumption. One of the important
operational parameters of the compressor is discharge temperature,
which has an obvious effect on the stability of the blends and lubricant
as well as the lifetime of the compressor. The experimental result shows
that the compressor discharge temperature decreases with the increase of
concentration of N2 and Ar. The system is stable and reliable. The
compressor discharge pressure and power consumption increases with
the increase of concentration of N2 and Ar. At -4°C of evaporating
temperature, discharge pressure increases to up to 11.61% when the
concentration of N2 is 4%. The compressor pressure ratio decreases
slightly with the increase of concentration of N2 and Ar.

The experimental results show that the operating pressure increases
when there is N2 or Ar in the system. Fig. 6 and 7 display the variation
of pressure drop of the evaporator with the evaporator’s inlet temperature.
The pressure drop increased with the inlet temperature increases. At the
same inlet temperature, the pressure drop of the pure CO2 is minimal, and
the addition of non-condensable gas increases the pressure drop, which
tends to increase with the increase of concentration. In addition, the
experimental results show the power of compressor and the pressure drop
in the gas cooler increase with the presence of non-condensable gas.
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N
]
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Fig. 6 Effect of N2 on the pressure drop of a CO2 evaporator
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Fig. 7 Effect of Ar on the pressure drop of CO2 evaporator

Fig.8 describe the influence of the evaporator’s inlet temperature on
the heat transfer coefficient at various N2 concentrations, which were
both maximized at the optimum inlet temperature. Fig.8 indicates when
the inlet temperature is lower than about 2°C, the heat transfer coefficient
is higher with the concentration of N2 ranging from 1% to 3%. At -1°C,
k increases by 5.32%, 7.90% and 10.09% when the concentration of N2
is 1%, 2% and 3%, respectively. Owing to the lower the temperature, the
higher surface tension, which in turn increased the cavitation threshold.
At this point, N2 easily produces gas core at the hole, which can reduce
nucleation barrier and enhance the heat transfer, and the higher
concentration of Nz, the higher the heat transfer coefficient. On the other
hand, the experimental results show that the heat transfer coefficient
could be reduced at higher temperature (>2°C) by adding N2. The reason
is that as the temperature increases, the surface tension decreases and the
nuclear boiling process is very easy to occur. Meanwhile, N2 speed ups
the stirring of the swirling boundary layer to improve dryout of COs..
When increasing N2 concentration to 4%, lower heat transfer coefficients
are measured. This is due to the greater change of thermophysical
properties at higher Nz concentration, in which saturation pressure
increase sharply, and the liquid film may be entrained more easily into
the vapour core and the dryout inception can be encountered at lower
quality.

Fig.9 shows the variation of the COP regarding N2 concentration.
The COP increased at inlet temperature lower than 1°C within 1%, 2%,
and 3% of Nz concentration. This is not just about the cooling capacity
but also about compressor work. The compressor power increased after
N2 was added, but the rise rates were less than that of the cooling capacity
under the current operating conditions. The COP fells at a concentration
of 4%.
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Fig. 8 Effect of N2 on the heat transfer coefficient
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Fig. 9 Effect of N2 on refrigeration system performance

Fig.10 shows the influence of Ar on the heat transfer coefficient,
based on the experimental data. When the inlet temperature is lower, the
heat transfer coefficient is higher with the concentration of Ar ranging
from 1% to 3%. At -1°C, k increases by 1.35%,1.39% and 3.78% when
the concentration of Ar is 1%, 2% and 3%, respectively. The results show
that the change extent is lower than the change of evaporator heat transfer
performance with No.

The graph in Fig.11 reports the COP versus the inlet temperature
with different addition quantities of Ar. In comparison, N2 and Ar exhibit
a similar influence tendency, except that Ar caused smaller rate changes.
Ar and N2 have very similar properties, which have action on accelerating
the phase change process and improve the evaporator performance as the
non-condensable gas at a certain concentration in certain range of inlet
temperature. But since the physical parameters of Ar is closed to CO2
than Nz, the impact of addition Ar is less.
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Fig. 10 Effect of Ar on the heat transfer coefficient
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5. CONCLUSIONS

This highlighted the influence of residual non-condensable gases on the
heat transfer performance and efficiency of the trans-critical CO2
refrigerating system. The theoretical analysis indicated that the existence
of a dissolved gas, randomly residual trapped-vapor (gas) could
effectively lower nucleation temperature.

Parameters of the refrigerant properties and the CO2 trans-critical
cycle are less affected with a small additive quantity. Nevertheless, phase
change from liquid to gas gives more intense influence. The experimental
results show that when Nz or Ar was less than 3%, the evaporator heat
transfer performance is improved when the inlet temperature is lower.
And the COP increased at lower inlet temperature within 1%, 2%, and 3%
of N2 and Ar concentration. On the other hand, the experimental results
show that the heat transfer coefficient could be reduced at higher
temperature by adding N2 or Ar. The reason is that as the temperature
increases, the surface tension decreases and the nuclear boiling process
is very easy to occur. Meanwhile, non-condensable gases speed ups the
stirring of the swirling boundary layer to improve dryout of CO2. When
increasing Nz or Ar concentration to 4%, lower heat transfer coefficients
are measured. This is due to the change in thermophysical properties at
higher N2 or Ar concentration, in which saturation pressure increase
sharply, and the liquid film may be entrained more easily into the vapour
core and the dryout inception can be encountered at lower quality.
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NOMENCLATURE

Yb the height of the vapor bubble formed on the heated wall (m)
Tb the vapor temperature in the bubble (K)

hig the latent heat of vaporization (J/kg)

Jhet the heterogeneous nucleation density (1/s-md)

No molecule number per unit volume (-)

Thi nucleation temperature in liquid (K)

re critical bubble size (m)

Pb the pressures in the vapor bubble (pa)

Pi the pressures of liquid phase (pa)

Cy the solubility of the dissolved gas in the liquid (-)
H the Henry’s law constant for each gas (pa)

P1 the equilibrium pressure for the states T1 (pa)
P> the equilibrium pressure for the states T- (pa)
Pvb the partial pressure of vapor phases (pa)

Pgb the partial pressure of gas phases (pa)

Ts saturated temperature (K)

Q the heat flow rate exchanged in the tube (K)
Twat,in the chilled water temperatures at inlet (K)

Twat,out the chilled water temperatures at outlet (K)
A the heat transfer surface area (m?)

Greek Symbols

Py the density of vapor phase (kg/m®)

W the surface available for heterogeneous nucleation per unit
bulk volume of the liquid phase (-)

w the geometric correction factor for the minimum work
required to form a critical nucleus (-)

o the surface tension of liquid (N/m)

Subscripts

het heterogeneous nucleation

b bubble

v vapor

| liquid
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gas
mean value
saturation
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