

http://urlib.net/8JMKD2USNRW34T/4D8NR6S






http://urlib.net/8JMKD2USNRW34T/4D8NR6S



http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/deed.pt_BR
http://creativecommons.org/licenses/by-nc/3.0/deed.pt_BR
http://creativecommons.org/licenses/by-nc/3.0/







“Faz o que o teu coragdo manda.”

Arcanjo Lenzi



Vi



ACKNOWLEDGMENTS

To Professor Valeri Vlassov, for his guidance and willingness to share his knowledge
and advice, | am eternally grateful. | am especially thankful for his encouragement and
motivation during the challenging moments of this journey.

To the professors of National Institute for Space Research who with their knowledge,
helped to develop this work.

To Dr. Rafael Lopes Costa who was friendly and helpful since my first day in INPE.

To Glaucia Adriane Teixeira, your understanding, patience, and kindness have been a
guiding light throughout this journey.

To the INPE colleagues, Ana Clara, Antonio Pivato, Eduardo Rubial, Renan Rosa and
Wesley Franceschi, who helped in many ways to accomplish some parts of this work.

To my colleagues Wellington, André, Ricardo, Jodo Flores, and Philipe, from the
Lightweight Structures Laboratory at Technology Research Institute.

To my friends Guilherme Mendes, Mauricio Kubaski, André Caetano, and Cristiano
Engel who helped in some way for this work to be done.

To CAPES and CNPq for the financial support.

Vii



viii



ABSTRACT

The effect of noncondensable gas (NCG) in heat pipes was investigated, and
improvements in gas detection capability, when compared with traditional methods,
were achieved through optimization techniques and a novel transient method based
on temperature rate analysis. This thesis presents the development and validation of
numerical and experimental methods for detecting NCG in heat pipes. A one-
dimensional steady-state numerical model was developed to simulate the temperature
distribution in the condenser section of heat pipes, both in the presence and absence
of NCG. The model was validated against experimental data and showed a good
agreement. Additionally, a procedure using a genetic algorithm was implemented to
identify the minimum detectable amount of NCG by the optimization of the external
heat transfer coefficient and the vapor temperature, which are main parameters for any
steady-state test setup. A novel transient method for NCG detection was also explored,
demonstrating a significant increase in sensitivity over traditional steady-state
approaches. This novel method utilizes the delay times in temperature change rates
caused by the presence of NCG, instead of the temperature drop at the end of the
condenser. A two-dimensional transient axisymmetric model was developed and
validated. The model allowed for checking the effect of different cooling methods and
varying NCG amounts in the heat pipe. Experimental setups were designed and
employed to validate the transient method, revealing its potential for detecting smaller
quantities of NCG that would be undetectable using steady-state techniques. The
findings indicate that the transient method can be applied not only in laboratory
environments but also in operational heat pipe systems. The methods and insights
developed in this work contribute to improving the reliability of heat pipes, particularly
for long-term applications in aerospace systems, where the presence of NCG can
significantly compromise performance. Furthermore, this work contributes for potential
reduction in cost and time of heat pipe life tests, facilitating rapid exploration of

alternative working fluids and new materials.

Keywords: Heat Pipes. Optimization. Noncondensable Gas.






MELHORIA DA DETECGAO DE GAS NAO-CONDENSAVEL EM TUBOS DE
CALOR ATRAVES DE MODELAGEM E OTIMIZAGAO

RESUMO

O efeito do gas n&o condensavel (GNC) em tubos de calor foi investigado, e melhorias
na capacidade de detecgcédo desse gas, quando comparado a métodos tradicionais,
foram alcangadas por meio de técnicas de otimizagao e de um novo método transiente
baseado na analise das taxas de mudanca de temperatura. Esta tese apresenta o
desenvolvimento e a validagcdo de métodos numéricos e experimentais para a
detecgcdo de GNC em tubos de calor. Um modelo numérico unidimensional em regime
permanente foi desenvolvido para simular a distribuicao de temperaturas na se¢ao do
condensador de heat pipes, tanto na presenca quanto na auséncia de GNC. O modelo
foi validado com dados experimentais e apresentou boa concordancia. Além disso,
um procedimento utilizando um algoritmo genético foi implementado para identificar a
quantidade minima detectavel de GNC através da otimizacdo do coeficiente de
transferéncia de calor externo e da temperatura do vapor, que sdo os principais
parametros em qualquer teste em regime permanente. Um novo método transiente
para a deteccdo de GNC também foi explorado, demonstrando um aumento
significativo na sensibilidade em comparagao com abordagens tradicionais de regime
permanente. Esse método utiliza os atrasos nas taxas de variacido da temperatura
causados pela presenca de GNC, em vez da queda de temperatura no final do
condensador. Um modelo transiente bidimensional axissimétrico foi desenvolvido e
validado. O modelo permitiu verificar o efeito de diferentes métodos de resfriamento e
de quantidades variadas de GNC no tubo de calor. Experimentos foram projetados e
utilizados para validar o método transiente, revelando seu potencial para detectar
pequenas quantidades de GNC que seriam indetectaveis com técnicas de regime
permanente. Os resultados indicam que o método transiente pode ser aplicado nao
apenas em ambientes laboratoriais, mas também em sistemas de tubos de calor
operacionais. Os métodos e ideias desenvolvidos neste trabalho contribuem para
melhorar a confiabilidade de tubos de calor, especialmente em aplicagdes de longo
prazo em sistemas aeroespaciais, onde a presenca de GNC pode comprometer
significativamente o desempenho. Além disso, este trabalho oferece um caminho para
a reducao de custo e tempo em testes de vida util de tubos de calor, facilitando a
rapida exploracao de fluidos de trabalho alternativos e materiais novos.

Palavras-chave: Tubos de Calor. Otimizacdao. Gas Nao-condensavel.
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1 INTRODUCTION

Heat pipes (HP) have been used in space missions since the 60’s due to its very high

effective thermal conductance and passive thermal control feature (DEVERALL,;
KEMME, 1965; ANAND, 1968). The main technical problem to use such devices in

space is to guarantee the long-term operation of equipment, because the HP

performance may degrade with time by the generation of NCG (BRENNAN;
KROLICZEK, 1979).

The possibility of degradation of performance of heat pipes, both during the storage

period and during the mission in space environment, is the main factor that can limit

the use of heat pipes in the thermal control of satellites. The reasons for possible HP

degradation due to the presence of NCG are as follows:

a)

Chemical incompatibility between working fluid, container materials and porous
structure. Tables containing the pairs of fluid-material which are compatible and
incompatible can be found in literature (BRENNAN; KROLICZEK, 1979; REAY;
KEW; MCGLEN, 2014). However, there are pairs indicated with partial or
conditional compatibility, which can present problems in specific conditions, such

as, in specific temperature ranges, or in the long time of the mission;

Very slow chemical reactions between impurities in the working fluid and the
material used to produce the heat pipe structure, including the material used to
weld the end caps. Different alloys can have different reactions with different
intensity with the same working fluid (ENINGER; FLEISHMAN; LUEDKE, 1976);

Space conditions can affect the chemical stability of fluids. Under the flux of high
energy cosmic radiation, chemical bonds can break and molecules can
dissociate in a process called radiolysis. High energy protons and electrons that
bombarded the satellite can penetrate inside the heat pipes and once they collide
with fluid molecules, new components can appear as a result of this
decomposition (SINGH; AKBARZADEH; MOCHIZUKI, 2010);

Thermal degradation of the working fluid under elevated temperatures can also
affect the chemical stability of fluids (REAY; KEW; MCGLEN, 2014);



e) Finally, the presence of NCG can also occur due to problems during the
manufacturing process of the HP. Such as poor degassing of the working fluid
or low vacuum levels prior to working fluid filling (REAY; KEW; MCGLEN, 2014).

All these factors can cause the presence of noncondensable gas inside the HP, which
accumulates at the cold end of vapor channel. With storage and space mission time,
the volume of the GNC present inside the HP increases.

The HP performance degradation occurs because this gas blocks part of the vapor
channel by forming an inactive zone with a diffuse barrier between the vapor and NCG.
This blockage results in the reduction of the area available for heat exchange in the
condensing zone, and, a noticeable temperature gradient at the condenser. When the
blocked zone increases, the heat pipe loses its efficiency even more and the HP

conductive function degrades.

The acceptance of the product for flight is done through the completion of the
qualification program of the established technology, in accordance with international
standards, such as, ECSS-E-ST-31-02C Rev.1 — Space Engineering: Two-phase heat
transport equipment (ESA-ESTEC). The qualification test that confirms the HPs

specified lifespan is the Life Test.

During heat pipe life tests, the noncondensable gas is usually detected by the
identification of a distortion in the temperature profile along heat pipe condenser. This
effect is known since the beginning of the studies of heat pipes (MARCUS, 1972; CHI,
1976). The distortion of temperatures is measured after the heat pipe reaches steady-

state operation, therefore it will be called steady-state method in this work.

The detection of small quantities of NCG is very helpful to reduce cost and overall test
time. The demand for human resources during long test periods, physical structures
like rooms, benches, data acquisition systems and thermocouples, makes life tests
usually very expensive. It is therefore necessary to accelerate the life tests as much
as possible because if first signs of NCG are detected quickly, the test can be
shortened by extrapolation, or even stopped with the conclusion of not acceptance. By
this way, many combinations of working fluid with material of HP container and capillary

structure can be evaluated in a fastest way.



Also, there is an increasing demand to improve as much as possible the sensitivity of
verification tests for long-stored heat pipes, as well as long-stored satellite structures

with embedded heat pipes, where the probability of NCG generation is remarkable.

Improving the sensitivity of NCG detection is crucial in many research that seek
compatible combinations of new materials and fluids for HPs. Maximum sensitivity to
NCG detection is also critical in radiation tests, where the effects of radiolysis of the
working fluid must be evaluated and quantified in qualification tests for HP applications

in nuclear power and space.

In an effort to accelerate HP verification tests, Smirnov, Kochetkov and Tretjakov
(2009) developed a procedure which they called the “Express Control Method”, in
which the temperature transients are monitored to verify the presence of NCG, and the
authors suggested that such a method could potentially be used to detect very small
amounts of NCG. This was the first work to propose the use of transient methods for
NCG detection in heat pipes.

Up to the moment, there are no published research that answer the question whether
the sensitivity of NCG detection tests could be or not be improved by changing different

test parameters or through different test methods.

The present work reveals the existence of optimal combination of HP test parameters
which could give a maximum sensitivity in NCG detection. This work also shows that

different test methods can improve the sensitivity of NCG detection.

1.1 Problem definition

In general, the NCG detection capability of a given heat pipe may depend of two test
parameters, the intensity of the heat load applied to the HP during test and the intensity
of condenser cooling. At higher HP temperatures above the ambient temperature, the
distortion of temperature profile along HP length is more visible, and intuitively it can
be detected more easily. On the other hand, the vapor saturation pressure is increased
with elevated HP temperature, and therefore the length of NCG blockage zone gets
decreasing, which in turn may make it difficult to perform the NCG detection. Under
lower HP temperature the NCG blockage zone length can be higher for the same NCG
mass, but when the temperature difference is small, the detection ability is also
reduced. The detection ability is affected by a high conductivity of container material
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and end cap, and the presence of a filling tube. Intuitively, it should exist an optimal
combination of vapor temperature and heat transfer coefficient with sink that could
yield a maximum NCG detection sensitivity, and the optimal point may also depend of

thermal conductivity of HP material and fluid properties.

The typical temperature profile along the HP condenser, without NCG and the same
HP with a small amount of NCG is shown in Figure 1.1. In real applications, even
without the presence of NCG, the final section of HP can have a decrease in
temperature due to the presence of end cap and filling tube (which is commonly

present in heat pipes).

Figure 1.1 — Typical Temperature Profiles of a HP Condenser with and without the Presence
of NCG.
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In a life test setup, a few temperature sensors are usually installed along the heat pipe.
In any configuration, at least one sensor is located at the condenser end and other are
positioned at some distance where the temperature profile is still not distorted by NCG.
The NCG is typically detected by a temperature difference measured between the
sensor at the end of condenser and other sensor at the unaffected zone. The higher is
this temperature difference, the detection ability is better. This temperature difference

must be higher than the sensors measurement error.



Even though this is an important issue, no studies or efforts have been made to
improve NCG detection capability in heat pipe systems. To date, no attempts have
been made to optimize the test parameters, and only a few studies have explored
alternative methods for detecting small amounts of NCG within the precision of current

temperature sensors.

1.2 Objectives

The main objective of this work is to improve the detection ability of NCG inside heat
pipes through modeling and optimization by evaluating the effectiveness of two
alternative detection methods — the traditional steady-state method and the newly
presented transient method. This can be accomplished by carrying out the following

particular objectives:

a) Develop a 1D steady-state simplified model of a heat pipe condenser, and

validate it with experimental data;

b) Formulate an optimization problem to maximize the sensitivity of NCG detection
and select a suitable optimization algorithm. The optimization procedure should

be coupled with the 1D model for fithess evaluation;

c) Develop a 2D transient model of heat pipes with NCG and to perform a validation

with experimental data;

d) Build an experimental setup and conduct studies on a heat pipe with NCG under
different heat loads and cooling conditions and compare with the results with the

same heat pipe under the same conditions but without NCG;

e) Conduct an in-depth study on the optimal parameters for maximum sensitivity
detection for various heat pipes with same geometrical parameters but with

different materials and working fluids;

f) Characterize and evaluate a new NCG detection method based on transient

analysis of the temperature rates;

g) Compare the sensitivity of the two NCG detection methods (steady-state and
transient) to determine the most effective approach.



2 LITERATURE REVIEW

This chapter presents a literature review about the principles of operation of
conventional heat pipes, the NCG generation mechanisms and its effects, life tests of

heat pipes and some previous works in the heat pipe modeling and optimization.

2.1 Heat pipes operation principles

When a heat load is applied at any zone of the heat pipe by an external heat source,
it vaporizes the working fluid at that region, which will operate as an evaporator. This
additional vapor generates a difference in pressure at the core of the pipe driving vapor
from evaporator to the colder zone where the vapor condenses and releases the latent
heat of vaporization to a heat sink. When liquid is depleted by evaporation in the
evaporator zone, a liquid meniscus appear in the wick structure and a capillary
pressure is developed there. This capillary pressure pumps the condensed liquid back
from the condenser to the evaporator. This dynamics can be seen in Figure 2.1, and it
continues while the heating and cooling conditions are kept or as long as the flow
passage of the fluid is not blocked and a sufficient capillary pressure is developed (CHI,
1976).

Figure 2.1 — Components and Principle of Operation of a Conventional Heat Pipe.
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2.2 Noncondensable gas formation and effect on heat pipes

Chemical reactions between the fluid and HP container or decomposition of the
working fluid may result in noncondensable gas production (MARCUS, 1972). It has
already been observed for stainless steel heat pipes working with methanol
(ANDERSON et al., 1974), with nickel pipes working with water (ANDERSON, 1973),
aluminum heat pipes with acetone at elevated temperatures (LOBANOV et al., 1991;
REAY; JOHNSON, 1976), and even stainless steel HPs filled with ammonia
(ENINGER; FLEISHMAN; LUEDKE, 1976). Noncondensable gas can also be
generated in orbital conditions because of radiolysis of working fluid.

For aqueous systems, recent methods to evaluate compatibility between container
material and working fluid make use of E-pH, or Pourbaix diagrams to determine
beforehand the expected reaction products of some particular system (STUBBLEBINE
et al., 2016).

The noncondensable gas formed is carried with the vapor flow and accumulates at the
end of the condenser, as presented in Figure 2.2. At sufficient quantities, this gas
partially blocks the heat rejection area of the condenser, forcing the pipe to operate at
higher temperatures, which can be harmful to the coupled system being thermally
controlled (TOWER; KAUFMAN, 1977).

The length of the zone occupied with noncondensable gas is proportional to the mass
of gas and inversely proportional to the pressure of vapor in the heat pipe (COTTER,
1965).

Figure 2.2 — Heat Pipe with Partial Blockage of the Condenser by NCG.
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In steady-state operation, the temperature profile along the heat pipe gets a distortion
at the end of condenser. Noncondensable gas, accumulated at the colder end of heat

pipe, reduces the effective length of the condenser section.

The amount of noncondensable gas, for the first stages of corrosion, can be expressed
by the Arrhenius equation (TOWER; KAUFMAN, 1977; ANDERSON et al., 1974):

E

n, = BiAt,,, e, (2.1)
where ng is the number of moles of gas, thours is the heat pipe lifetime in hours, Ac is
the total internal area of the HP material in contact with working fluid, B7 is a constant
characteristic of the corrosion process, E is the activation energy of the process, kg is

the Boltzmann’s constant and T is the temperature.

At later stages, after the previously produced substances act as catalysts for new
reactions, these catalytic reactions are considered to predominant are expected to
follow a linear-time dependency (TOWER; KAUFMAN, 1977; ANDERSON et al.,
1974):

E,

n, =B,At,,..e ", (2.2)

c” hours

where B; is a constant that represent a barrier between molecules on the surface.

The presence of noncondensable gas was investigated in high temperature
naphthalene thermosyphons by Mantelli et al. (2010). Authors concluded that the effect
of NCG become more evident at low temperatures because at high temperatures the

naphthalene vapor is capable to compress the noncondensable gas in small regions.

The effect of noncondensable gas in loop thermosyphons was studied by He et al.
(2013), where the startup behavior of the device was studied. They came to conclusion
that the presence of noncondensable gas in the system leads to an increase in startup
time, liquid superheat and temperature overshoot. In addition, the temperature
overshoot is a function of the quantity of NCG. The more gas, the higher the overshoot
and delay. Same common effects occurred on startup with noncondensable gas
presence in the loop thermosyphon occurred again at startup of a loop heat pipe
studied by He et al. (2017).



Another study, conducted by Prado-Montes et al. (2014) studied the effects of
noncondensable gas in an ammonia loop heat pipe through a wide range of
temperatures (15 to 125°C) and power (50 to 500 W) and NCG mass. Nitrogen gas
was injected to the heat pipe to assess its sensitivity to NCG. Through the analysis of
experiments, the authors concluded that the effect of NCG is only noticeable for low
power inputs. About 134 times the estimated NCG quantity for the EOL of the heat

pipe was needed to create a noticeable effect when operating at 125°C.

To understand the effects of NCG inside HPs, Marcus (1972) performed a series of
calculations to examine the influence of HP variables on the vapor-gas diffusion front.
The studies conducted by Marcus aimed to understand the behavior of NCG inside the
tube in order to increase and improve the control sensitivity of variable conductance
heat pipes that use gas as a means of achieving variable conductance. Among other
results, his studies showed that the power input (or the temperature input) can produce
large displacement of the vapor-gas front, as it is seen in Figure 2.3. Under higher heat
loads, the vapor temperature and pressure increase and compress the NCG, opening

more area for heat exchange with the environment.

Figure 2.3 — Steady State Temperature Distributions under Different Heat Loads.
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In the case of a large amount of gas and high thermal coupling between condenser

and heat sink, the front could barely move, as shown in Figure 2.4. In this Figure, the
9



HP evaporator is positioned on the right side of HP and the curves are plotted for three

different evaporator temperatures. It also can be inferred from Figure 2.5 that the

presence of NCG could be masked due to the high conductivity of some HP shell

materials.

Figure 2.4 — Effect of Operating Temperature on the Condenser Temperatures.
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Figure 2.5 — Effect of Axial Wall Conduction on the Condenser Temperatures.
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It is important to note that these results were obtained for significant quantities of NCG,

as Marcus's (1972) study did not provide data for small amounts of NCG.
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2.3 Noncondensable gas detection methods

For heat pipe applications it is very important to have a precise and practical method

for noncondensable gas detection without destroying the heat pipe.

Considering only non-destructive methods, the most common way to detect the
presence of NCG inside the pipe is through the measurement of temperature at
multiple locations of the condenser when the heat pipe is operating under steady-state

condition.

The aforementioned NCG detection method is broadly used in life tests, in which the
temperature profile along the pipe is measured after heat pipe operating for long
periods (MISHKINIS et al., 2015). Distortions in temperature measurement at the end
of the condenser can lead to the conclusion of the presence of NCG at that region, and
even the location of the diffuse frontier between the gas and vapor (MARCUS, 1972)

if multiple temperature sensors are installed along the condenser.
The main difficulties of the NCG detection are the following:

— in cases with heat pipe shell with high conductivity, a very small temperature
difference along the length of the condenser can occur, leading to an imprecise

determination of the location of diffuse front;

— a temperature drop can appear at the end of condenser even without NCG due to
the extra cooling from the end cap with environment. If the condenser is on the same
side of the filling tube, which is typical for usual life test setups, this effect is increased
(ANDERSON; DUSSINGER; SARRAF, 2006). This is known as “end effect” of heat

pipes;
— at zero gravity or in a horizontal orientation, a liquid meniscus may form at the end
of the pipe in the vapor core, leading to a partial blockage of the condenser due to

excess of liquid, even in the absence of NCG. The meniscus forms due to an excess

of liquid during charge, which is a common practice in HP filling procedures.

Other new methods use temperature transients or temperature change rates to detect
NCG inside the HPs. In these methods, one or more points along the heat pipe are
monitored along the time and data is compared with a reference sample. The reference
sample can be a different heat pipe known to be without NCG or it can be the same
pipe on its beginning of life (BOL).

11



Smirnov, Kochetkov and Tretjakov (2009) were the first to propose using temperature
transients to detect the presence of NCG in heat pipes, introducing the "Express
Control Method." This method employs an additional heat source, positioned between
the heat load and the heat sink, to disturb the system, enabling NCG detection through
differences in transient temperature profiles. The study also includes a system of
lumped-parameter equations that can be solved to determine the mean temperature

of the entire heat pipe over time.

Subsequent research by Bertoldo Junior (2017), and Enke, Bertoldo Junior and
Vlassov (2021) demonstrated experimentally and numerically that temperature change
rates can further enhance the detection of NCG in conventional heat pipes. Even small
temperature deviations between heat pipes with and without NCG result in significant
differences in the temperature change rate. These studies revealed that the presence
of NCG, even in small quantities impacts the response profile and the shape of the
transient temperature change rate curves. Additionally, consistent with the findings of
He et al. (2013), they reported a longer startup time caused by NCG. This suggests
that the timing of specific events could also serve as an indicator of NCG presence.

Figure 2.6 shows the simulation results of temperature change rates for an aluminum-
ammonia HP with varying amounts of NCG. These rates are shown during the initial
10 minutes following the HP startup, but is possible to see that the NCG immediately

affects the response after the heat load was applied to the evaporator.

Figure 2.6 — Temperature Change Rate at the End of the Condenser of an Aluminum HP
Charged with Ammonia.
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2.4 Heat pipes life tests

Many problems associated with heat pipe operation are a consequence of material
incompatibility. There is also the possibility of thermal degradation of the working fluid.
For some organic fluids, it is necessary to keep the temperature below a specific value
to prevent the fluid breaking down into different compounds and for other fluids, there
is the possibility to the fluid react with wall or wick material and generate other fluids
which can provoke some secondary reactions leading to noncondensable gas

generation, preventing the heat pipe to operate at nominal mode.

Life test is a long term test which is commonly regarded as being primarily concerned
with the identification of any incompatibilities that may occur between the working fluid
and wick and wall materials. However, the ultimate life test would be in the form of a
long-term performance test under likely operating conditions (REAY; KEW; MCGLEN,
2014).

Kiseev and Sazhin (2017) presented results of a heat pipe life test of a LHP with 5000
hours of operation and more than 152000 hours of storage (more than 17 years). The
tested heat pipe has a composite wick with nickel and carbonyl, a copper filling tube

and ammonia as working fluid.

Anderson et al. (2013) presented results of heat pipe tests with many combinations of
wall material and working fluids. Among them, there are results of a Monel K 500 heat
pipe with water as working fluid operating for 72193 (more than 8 years) hours at a

temperature range up to 500 K.

Due to the long periods of time and the demand for physical structures like rooms,
benches, data acquisition systems and thermocouples, life tests are usually very

expensive. It is therefore desirable to accelerate the life tests.

Tests can be shortened by accelerating any degradation processes, it can be done
raising the operating temperature of the heat pipe as long as the operating limits are
not exceeded. One drawback of this method is the effect that increased temperature
does not represent real operation conditions and may have an effect on the stability of

the working fluid itself.
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There are cases in which is desired to stop the test immediately after a minimum
quantity of NCG is detected. In such situations it is important to detect the NCG

appearance as soon as possible.

2.5 Previous mathematical models of heat pipes

Bowman (1987) presented a 2D model of steady compressible vapor dynamics of a
heat pipe, though almost all data was presented in terms of pressure and not
temperature. Due to the nature of the research, the heat pipe utilized in his experiments
worked with pressure source and sink, and not with heat source and sink as usual
(Figure 2.7).

Figure 2.7 — Bowman’s Representation of a Porous Pipe.
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Figure 2.1 Porous Pipe Concept
Source: Bowman (1987).

Issacci et al. (1989) presented a 2D transient model of vapor dynamics inside a heat
pipe. This model simulates a rectangular cross section heat pipe, but no equation for
wall and wick is used, and heat input and output is directly applied to the vapor
equations as source terms (Figure 2.8). No comparison with experimental data was

presented.
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Figure 2.8 — Vapor Flow Patterns of Issacci’'s Model.
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Vapor flow patterns: (a) low input heat flux, (b) high input heat flux.
Source: Issacci et al. (1989).

Faghri (1991) and his colleagues, in a series of reports (JANG, CHANG, FAGHRI,
1989, JANG et al, 1989) presented a transient model for simulation of high
temperature heat pipes, in which a 1D approach is used to take into account the vapor
dynamics and those equations were coupled with a 2D mesh for wall and wick
structure. The numerical mesh layout is presented in Figure 2.9. The distinct feature of

this model is the possibility to model the startup with frozen working fluids.

Figure 2.9 — Mesh Representation of Faghri's Model.
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Hall and Doster (1990) presented the model and code THROHPUT (Thermal Hydraulic
Response of Heat Pipes Under Transients). This code is capable of simulate a
transient 2D model of high temperature heat pipes from frozen state. It also takes into
account the momentum of liquid in wick structure and the presence of noncondensable
gas within vapor using a dusty gas model. The model can predict meniscus formation

at the evaporator zone and pools at the condenser zone, as shown in Figure 2.10.
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Figure 2.10 — Meniscus and Pool Formation on THROHPUT Code.

Source: Hall and Doster (1990).

Tournier and EI-Genk (1995) presented the heat pipe numerical model and code
HPTAM (Heat Pipe Transient Analysis Model). This code also simulates a transient 2D
model of heat pipes from frozen state. The model is capable to take into account
sublimation and resolidification of working fluid, melting and freezing of the working
fluid inside the wick structure, and the liquid flow inside the wick. All those features
allow the model to predict capillary limit, dry-out of the wick, and the formation of liquid

pool in gravity assisted operational mode (Figure 2.11).

Figure 2.11 — Liquid Pool Formation on HPTAM Code.
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This model, developed by Tournier and EI-Genk (1995) is considered as one of the
most advanced models developed so far.

2.6 Previous mathematical models of heat pipes with noncondensable gas

One of the first numerical models of a heat pipe with NCG was presented by Edwards
and Marcus (1972). The authors presented an analysis based on a numeric steady-
state one dimensional model of the heat and mass transfer characteristics of a gas-
loaded heat pipe. The model took into account for radiation and convection from an

external finned condenser, axial heat conduction in the walls and wicks, and mass
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diffusion between vapor and noncondensable gas. Figure 2.12 shows a schematic

diagram and temperature distribution of the gas-loaded heat pipe.

Figure 2.12 — Gas Loaded Heat Pipe and Temperature Distribution.
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In 1973, Rohani and Tien (1973) presented a two dimensional steady-state model of a
gas-loaded cylindrical heat pipe, which included heat and mass transfer in evaporator,
condenser and noncondensable gas sections with negligible axial conduction through

the wall and the wick.

Figure 2.13 — Axial Mass Distribution along the Axis of Rohani and Tien’s Model.
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Harley and Faghri (1994) presented a two dimensional transient model of a high

temperature gas-loaded heat pipe. This model accounts for diffusion and treats the
17



noncondensable gas separately from the vapor. The model also couples the heat
transfer equation of wall with energy equation of vapor-gas using a conjugate solution
technique. The authors concluded from the model that the quantity of noncondensable
gas heavily affects the steady-state operation of the heat pipe. Another conclusion
obtained was the demonstration that the time period to heat pipe reach steady-state
operation is increased with gas amount increasing. Figure 2.14 shows vapor-gas

dynamics for the gas-loaded heat pipe, with transient centerline gas density profiles
and centerline axial velocity profiles.

Figure 2.14 — Vapor-Gas Dynamics for a High Temperature Heat Pipe.
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These results were compared with data from literature. Figure 2.15 shows the
temperature distribution along the heat pipe. It is possible to see a temperature
difference higher than 400 K between evaporator and condenser, and the end of
condenser differs from experimental data more than 100 K in the region blocked by

NCG. No results were presented for different amounts of NCG.

Figure 2.15 — Temperature Distribution along Heat Pipe with NCG.
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Chi (1976) presented a simplified model of condenser in which the approach of a flat
front model is used to solve a one dimensional equation of heat conduction analytically.
The model considers the axial heat conduction through the wall and wick combined

and the total heat being rejected by the condenser to ambient.

Figure 2.16 — Effect of NCG Diffusion on Temperature Distribution.
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The results show that the flat-front model gives very acceptable results with respect to
the temperature profile along HP length when the HP shell is made of high thermal

conductivity materials.

2.7 Optimization of heat pipes

In recent years, some efforts have been made to optimize the heat pipe design. Here

an overview on various optimization tasks performed over heat pipes is presented.

Zhang et al. (2009) used a niched Pareto genetic algorithm to optimize 5 geometric
parameters of omega-shaped grooves, trying to maximize the heat transfer capability
and to minimize radial thermal resistance. The Pareto-optimal solutions set was

obtained, as shown in Figure 2.17.
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Figure 2.17 — Pareto Frontier on Zhang'’s Work.
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The optimized parameters are illustrated in Figure 2.18.

Figure 2.18 — Optimized Parameters of Omega Grooved Heat Pipe.

Source: Zhang et al. (2009).

Other studies have optimized an entire assembly that incorporates a heat pipe.
Vlassov, Sousa and Takahashi. (2006) optimized a heat pipe charged with ammonia
or acetone in a radiator assembly, shown in Figure 2.19, using a generalized extremal
optimization (GEO) algorithm (SOUSA, 2003).
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Figure 2.19 — Optimized Parameters in GEO Algorithm Procedure.
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The vector of design variables to be optimized was composed of 11 geometric
parameters of the HP assembly, and criterion of optimization was the minimal mass of

the assembly under fixed heat load and cooling conditions.

Sam and Deng (2011) optimized the size of a thermal radiator with an integrated heat
pipe using the features available in the commercial software SINDA/FLUINT.

Nithyanandam and Pitchumani (2011) analyzed and optimized an energy storage
system that uses a network of heat pipes, aiming to maximize energy transfer, energy
transfer rate, and system effectiveness. The optimization problem was solved using
the nonlinear programming technique of sequential quadratic programming. Six

geometric parameters of the assembly were used in the optimization task.

Recently, He et al. (2021) optimized an integrated heat pipe cooling system in a data

center based on genetic algorithm.

As a conclusive finding of this bibliographic study, it was determined that the issue of
maximizing NCG detection capability in heat pipes during performance tests has not

been previously addressed or presented.

Therefore, to date, no published research addresses whether the sensitivity of NCG
detection tests can be improved by optimizing the performance test parameters. This
work reveals for the first time the existence of an optimal combination of HP test

parameters that maximizes sensitivity in NCG detection.
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2.8 Standards for space qualification of heat pipes

The basic specific norm for heat pipes testing, verification and qualification is the PSS-
49 standard, issued by ESA in 1983 (ESA, 1983). It included specific recommendations
that have proven highly useful and are still applied in the space industry today as best
practices. With the appearance of loop heat pipes (LHPs), the standard was
generalized to incorporate these new two-phase devices. The draft text was reviewed
by heat pipe experts, and numerous individual recommendations were included. The
revised standard was issued in two editions: ECSS-E-ST-31-02C (2012) of and ECSS-
E-ST-31-02C Rev.1 (2017).

Due to this generalization, some specific recommendations for heat pipes were
removed from the updated standard. Consequently, many engineers working with
traditional heat pipes still refer to PSS-49 for valuable information. While NASA has
not issued specific standards for heat pipes, many U.S. heat pipe engineers
contributed to the development of ESA’s standards

The PSS-49 standard outlines several types of thermal qualification tests, including
performance tests, thermal cycling, and aging (life) tests. The following key

requirements are established in both standards:

a) The heat pipe shall be equipped with a sufficient number of temperature sensors.
At least two sensors shall be located in the evaporation section, at least one in
the adiabatic section and at least 5 in the condenser section; the last sensor shall
be positioned within 5 mm of the condenser end. Heating shall be provided by

electrical resistance heaters;

b) During the performance test, the heat pipe shall be leveled horizontally with the
tolerance of 0.5 mm tilt or 2% of the maximum calculated tilt of the capillary limit,

whichever is smaller;

c) Performance tests shall be conducted under different temperatures within the
defined operational range, which depends on the working fluid. Measurements
shall be performed to fully to define the curve Qmax = f(T), where T is the
temperature of vapor, which is measured at the outer wall in the adiabatic

section;
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d) The capillary limit Qmax is considered reached when one of the following
conditions has occurred (both criteria correspond to the detection of the dry-out

phenomenon):
- atemperature difference exceeding 5°C occurs within the evaporator,

- the plot of the mean evaporator temperature minus adiabatic section
temperature versus increasing evaporator heat load first deviates

significantly from a straight line,

e) The temperature distribution along the pipe shall be measured when operating

at 50% of the maximum heat transport capability (50% of Qmax);

f) Arepresentative number of heat pipes shall be subjected to a total of 800 thermal
cycles between extreme operational temperatures. Each cycle shall include a
soak time of 30 minutes at each extreme, and a temperature change rate of not
less than 5°C per minute between the temperature extremes. This test shall be
executed while the heat pipe is operating at the required temperatures;

g) Atleast three heat pipes from the qualification batch shall be submitted to aging
(life) test for a period of at least of 8000 hours (approximately 1 year). The pipes
shall be tested in a horizontal position and subjected to a heat loaded of 80% of
Qmax. However, as noted in the standard, this test alone does not provide
sufficient evidence that the heat pipes are suitable for operation for up to 10
years in space. Supporting life-test data must be provided as an essential part

of the qualification procedure;

h) Additional tests like tilting, startup, priming and thermal shock shall be also
performed.

In ECSS-E-ST-31-02C, the numerical values of some specific test parameters were

avoided and generalized. However, several new requirements were established:

a) In the performance test, the side of heat input-output combinations were
specified:

- Heat input on the top and heat output at the bottom of the HP (relative to

gravity);

- Heat input at the bottom and heat output at top of the HP;
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- Side heat input with opposite-side heat output.

It was included a performance test in reflux mode (favorable inclination with the

evaporator below the condenser with respect to gravity);

The requirement for the thermal cycle test was significantly simplified. It is
required 8 full cycles (instead of 800 in PSS-49) with a hold-time of 1 hour;

The life test duration was kept by >8000 hours, but a preliminary separate aging
test of 300 hours is now required. The amount of produced NCG shall be
determined. Additionally, during these tests, the HP may operate in reflux mode

(even vertical);

Gas plug test has been defined as a periodical verification of the HP in vertical
reflux mode during aging and life tests. The NCG content must be determined
based on the measured temperature profile, and shall be demonstrated that
NCG generation over the lifetime remains within acceptable limits for operational

performance.
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3 ONE DIMENSIONAL STEADY STATE MODEL OF HEAT PIPE WITH NCG

This chapter presents the mathematical model used to represent heat transfer
phenomena that occurs in a heat pipe condenser and adiabatic zone, in steady-state

conditions with and without the presence of noncondensable gas.

3.1 Model introduction

Even with literature fulfiled with detailed and complex models of heat pipes, to
accomplish the task of optimization by most of methods, the model needs to be solved
for a very large number of times, which drives the necessity to develop a simplified
model to simulate the heat pipe but still representative of the NCG effects occurring in
the HP.

To accomplish such a task, a simple and representative model based on the set of
basic equations presented by Chi (1976) was developed. The model does not consider
the presence of the evaporator section; instead, it uses the vapor temperature at the
evaporator exit as input parameter. This value can be used afterward to calculate the
heat load to evaporator if necessary. The model accepts the existence of an adiabatic
zone, if needed. Unlike the basic model presented by Chi (1976), the one-dimensional
model in this work also includes differential equation for heat conduction in the wall
and wick along the HP axis. Additionally, it includes the treatment of the end cup and

filling tube.

The model considers a detailed treatment of condenser-end zone, where the
temperature distortion occurs due to superposition of two effects: additional cooling
from end cap and filling tube, and vapor core blockage with NCG. Both effects can
cause the temperature profile distortion by a very similar manner when small amount

of NCG is present.

The mathematical model (MM) domain is the adiabatic and condenser zone of the HP
which includes the active and the inactive portions of condenser length, as well as the
end cap and filling tube. The main definitions of the MM are shown in Figure 3.1.The
filling tube is positioned at the condenser end of the HP, a configuration commonly

used in many HP life tests, making it very representative.
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Figure 3.1 — Characteristics of Heat Pipe 1D Numerical Domain.
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3.2 Mathematical model

Equation (3.1) shows the one-dimensional steady-state energy conservation equation
for the wall in its differential form for the wall along the length of the HP. The energy
conservation equation takes into account the heat input-output configuration of the
heat pipe, which considers a radial heat transfer between the wick and wall, and

between the container and the surrounding environment:

0’T, h.P., kP
o (T =T, )+ (T —T,) =0, (3.1)
w 822 + ACS’W ( sink w)+ 5WAW’Wick ( w,wick w)

where ky is the thermal conductivity of wall, Ty is the wall temperature, z is the
coordinate along the axis, hex is the heat transfer coefficient to ambient or heat sink,
Pex: is the external perimeter of the pipe, Acs,w is the cross-sectional area of the wall,
Puwick is the contact perimeter between wall and wick, dy is the thickness of the wall,
Twwick is the interface temperature between wall and wick, Awuwick is the cylindrical

contact area between wall and wick. The value of hex is set to zero in the adiabatic

Zone.

The energy conservation for the wick takes a form similar to the equation employed in
the wall, and is presented in Equation (3.2). This equation takes into account the heat

exchange between wick and vapor and wick and wall:
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wick int ~ int

eff 822 A

2
Ty, huP (-7 )+ Koy Py vick (T, ~To)=0, (3.2)

v
cs ,wick wick ““w,wick

where kerris the thermal conductivity of wall set, Twic is the wick temperature, hin is the
heat transfer coefficient between vapor and wick, Pixt is the perimeter of the vapor core,

Acswick IS the cross-sectional area of the wick.

The wick is considered fully saturated with liquid. In the gas blocked region, hint is set
to zero, which is the same assumption used by Chi (1976) in his model.

The effective radial thermal conductivity for a grooved wick, in the condenser section
is given by (CHI, 1976):

k,+wk
ky _ Wb T WA, (3.3)
w, +WS
and for a porous wick:
ko= k (2K, +k, )= 2(1- )k, _kw)), (3.4)
T2k 4k )+ (1)K k)

where k; is the thermal conductivity of liquid, kv is the thermal conductivity of wall, w; is

the width of groove, ws is the width of groove fin and ¢ is the porosity of the wick.

The Clausius-Clapeyron equation is used to relate the temperature and pressure of a
saturated fluid, and here it is assumed that the saturated temperature of vapor is the

same temperature as the wick region:

h{&j:i[i_ ! J (3.5)
pO Rv TO Twick

which, when solved for vapor pressure, becomes:

A1 1

2.=p, e&[To Twﬁ.k], (3.6)
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where py is the current pressure of working fluid, po and Ty are values of a reference

point on the real saturation curve, T, is the current temperature of vapor, A is the latent

heat of evaporation of fluid and Ry is the gas constant of fluid.

Table 3.1 presents the thermophysical properties of some selected working fluids used

in this study, under saturated conditions and fixed temperature of 30 °C.

Table 3.1 — Thermophysical Properties of Working Fluids.

Working Fluid Ry [J/kgK] A [kJ/kg] ki [W/mK]
Acetone 143.1 540 0.180
Ammonia 488.2 1371 0.417
Water 461.8 2260 0.640
Methanol 259.4 1134.1 0.203
Propylene 197.5 280.1 0.087

Source: The author.

Table 3.2 presents the thermal conductivity of container metallic shells.

Table 3.2 — Thermophysical Properties of Metallic Shell.

Material kw [W/mK]
Copper 380.0
Aluminum 167.0
Stainless Steel 17.0
Titanium 13.0

Source: The author.

3.2.1 Length of blocked zone

Considering a flat-front model (CHI, 1976) to describe the behavior of the interface
formed between vapor and NCG, the pressure of NCG is given by the difference in
pressure of vapor from the exit of evaporator and the pressure of vapor on each

position of the adiabatic section or condenser, inside the blocked zone:

Pncg = Py = Py (3.7)
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where, pnce is the pressure of noncondensable gas, pvo is the pressure of vapor at the
exit of evaporator, which is calculated through Clausius-Clapeyron equation given T,

as input parameter in Equation (3.6); and py is the vapor pressure at the blocked zone.

The equation of state relates the temperature, pressure, and density of the non-

condensable gas:

pNCG Vg = ngRuTg ’ (38)

where, Vy is the volume occupied by the noncondensable gas, ng is the number of

moles of noncondensable gas, Ry is the universal gas constant.

Here it is also assumed that the gas temperature is the same as the wick temperature.
When the amount of NCG is known, the length of blocked zone, L4, can be found from
NCG balance conservation, considering that Twick and pnce can vary along the HP

length:

L

i J‘ Prce(2)dz " (3.9)

g’
R, L~L,(n) T, (2)

where, Tui« is the temperature of wick and it is assumed that the gas is at the same

temperature; A, is the cross-sectional area of vapor core of the heat pipe.

The Equation (3.9) is a transcendental integral equation which must be solved with
respect to the lower limit of integration (i.e. Lc-Lg(ng)). It can only be solved numerically

along with the numerical solution of the heat transfer equations along the HP length.

Using a control volume approach, the length of the HP is divided by N numerical cells
in the axial direction. From a numerical perspective, the length of blocked zone, Lg is
found integrating the known number of moles of NCG, ng, starting at the end of
condenser on each numerical volume towards to the evaporator end along negative z

direction.

Therefore, at each numerical volume /, the quantity of NCG is calculated with:

_ Pwce (z,)4,Az (3.10)
. Ru Twick (Zi) ’
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The Equation (3.10) is solved until the sum of NCG at each numerical volume becomes

equal to the total amount of gas inside the pipe, ng, set as input data:

N
0 =3 An (3.11)
i=1

The point where Equation (3.11) is satisfied is the position of the flat barrier between
the blocked and vapor zones, counted from the end of condenser. The only way to
solve Equation (3.9) is through a numerical procedure. The numerical error of such a

solution for ngy is defined by Az; therefore the number of numerical volumes, the number

of numerical volumes must be chosen to be high enough to achieve desirable precision

of the NCG flat-front location determination.

Unlike the Chi’'s model, this model is based on distributed temperature along the HP

length, providing much more accurate results.

3.2.2 Boundary conditions

At the left side, at the evaporator exit, a Dirichlet boundary condition, with constant
temperature is applied:
T.(z)=T

w wick

(z)=T,at z=0. (3.12)

At the right side, in the end of the filling tube, a Neumann boundary condition was

applied to the temperatures:

aT(;’(Z):o at z=1 +1L,. (3.13)
. |

The wick region has a slightly different boundary condition since it does not extend to
the region with the filling tube, in this case:

aT'wiuk(z):() at Z:L,. (3.14)
oz ‘

To calculate the temperature at the interface between wall and wick, Twwick it is

assumed that the energy is conserved in the radial direction:

T, (z) or,..(2)
k w — k - wick .
w 8}’ eff 8}” (3.15)
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The total pressure of the mixture is assumed to be equal p,o and is considered constant
over the entire length of the condenser. For the optimization cases Tsink was set to
20°C and hint to 30000 W/m?K. The value of hint was chosen based on calculated values
from experimental data and a procedure to obtain this value is presented in the
Appendix B.

3.3 Numerical procedure

A uniform axial grid with 3150 nodes was used for the heat pipe, end cap and filling
tube. The fully implicit discretized energy equations results in a tridiagonal system,
which is solved using a Tridiagonal Matrix Algorithm (ANDERSON, 1995).

The numerical procedure to calculate the temperature profile along the heat pipe, and
the length of the blocked zone, Ly, was performed in FORTRAN in accordance to the

following algorithm:

1. Input the model parameters and properties.
2. Input the parameters of numerical grid.

3. Initialize temperatures and pressures.

4. If there is NCG present (the value of ng is given) calculate the length of blocked
zone, Ly, through Equation (3.10), check for the validity of Equation (3.11), and set the

heat transfer coefficient as zero in the positions where NCG is present.

5. Solve the heat equation for the wall (Equation (3.1)), for wick (Equation (3.2)) and
calculate the interface temperature between wall and wick (Equation (3.15)).

6. Update pressures and temperatures.

7. Repeat steps 4 to 6 until convergence.
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A diagram of the algorithm is shown in Figure 3.2:

Figure 3.2 — Flow Chart of the 1D Condenser Simulation Algorithm.
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Source: The author.
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3.4 Validation of the 1D model with literature data

The validation of the developed model was made with the experimental results
presented by Saad, Ching and Ewing (2012); the study was performed for the same
heat pipe with and without the presence of noncondensable gas. Authors revealed
results for wall and vapor temperature. The heat pipe used was made of copper, and
filled with water, with a small amount of 1.45x10-6 kg of air (equivalent to 5.0x10-° mol)

introduced into the vapor core to act as the NCG.

The original heat pipe has a length of 350 mm, and the shell is 1.65 mm thick. The
wick is composed of 4 layers of copper wire screen mesh with wire diameter of 0.109
mm, and the vapor core has 14.88 mm diameter. The heat pipe was heated thorough
an aluminum annular block, with a length of 101.6 mm and outer diameter of 88.9 mm
clamped at the evaporator section. A scheme of the experimental apparatus is shown
in Figure 3.3. A peculiarity of this setup is a temperature probe inserted into the HP

core to measure the vapor temperature.

Figure 3.3 — Scheme of the Experimental Setup of a Heat Pipe Loaded with NCG.
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This HP setup was simulated with the present model. The heat pipe model has 5000
control volumes along the length. The evaporator is not considered in the model and a
constant temperature of vapor is used as temperature input in the first node of the
adiabatic zone. Forced convection was applied on the nodes of condenser as it was
done in the experimental setup. The ambient temperature and fluid temperature
flowing outside the condenser was set to 20°C, in accordance to experimental

conditions.
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The comparison between the experimental results and the simulation performed with
the present model is shown in Figure 3.4. Only steady-state temperature profiles were
used for the comparison.

Figure 3.4 — Outer Wall Temperature Comparison with Numerical Model and Experimental
Results from Saad, Ching and Ewing (2012).
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The result demonstrates a good agreement of the temperatures in adiabatic and
condenser sections. The highest deviation of 1.15°C from model to experimental data
occurred for a heat load of 140 W.

3.5 Node number sensitivity analysis

A node number sensitivity analysis was performed to determine the optimal number of
nodes to be used in the simulations. To perform the sensitivity test, a model with an
aluminum heat pipe with the same geometrical parameters as the pipe used in the
experiments and optimization, charged with acetone and containing air as
noncondensable gas was simulated with different number of nodes. The pipe has
Omega-type grooves, the length of the condenser is 0.2 m, and the mass of NCG is
1.0x107 kg of air (equivalent to 3.45x10-¢ mol). In the model, vapor temperature was

set to 120°C and the cooling was provided by forced convection with a heat transfer
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coefficient of 3000 W/m?K (liquid circulation cooling case). The sink temperature was
set to 20°C. These magnitudes of vapor temperature and heat transfer coefficient were
chosen as the most extreme conditions tested during the optimization procedure.
Figure 3.5 shows the temperature distribution along the axis of the entire condenser

(left) and temperature distribution at the very end of condenser (right).

Figure 3.5 — Mathematical Model Temperature Profiles for Node Number Sensitivity.
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It is possible to see in Figure 3.5 that after 3000 nodes, there is almost no change in
temperature increasing the number of nodes. With this test, the number of 3000 nodes

was chosen for the model to perform the optimization.

3.6 Numerical simulation of omega-type grooved HP and validation with in-

house experimental data

In order to perform additional validation of the developed mathematical model of a HP,
an experimental setup was built as described in Chapter 6. An Omega-type grooves
aluminum HP was charged with acetone and tested two times, first without NCG and
then with air as NCG. Several tests have been performed for HP without NCG as well
as with NCG, under different heat loads. The obtained temperature profiles under
steady-state conditions were used for the validation.

Figure 3.6 shows the comparison between the steady state experimental results and
the one dimensional model of the condenser. Three comparisons are presented, for
power input of 50 W with the heat pipe without gas, 50 W with the heat pipe with NCG,
and for 34 W with heat pipe with gas. The heat input of 34 W causes the same
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temperature at the adiabatic zone with and without NCG. With constant adiabatic
temperature, at the end of condenser a temperature drop of 7.23°C occurs due to the
presence of NCG. With constant power input of 50 W, at the end of condenser a

temperature drop of 5.58°C occurs.

Figure 3.6 — Temperature Profiles of HP with and without NCG in Steady State without
Evaporator Temperatures.
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In the condenser region, the highest deviation between experimental and numerical
data observed is of 1.99°C at TC14 for the pipe with NCG and power input of 34 W. It
is a very acceptable result, since the model does not take into account the diffusion
effect of NCG and acetone vapor.

Therefore, the developed 1D model was successfully validated with experimental data

from two different sources of experimental results and under different heat loads.
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4 GENETIC ALGORITHM AND OPTIMIZATION MODEL

This chapter presents the main concepts of a genetic algorithm, the optimization model
used, the objective function and restrictions. The error analysis in temperature
measurement which is used as an input parameter to the optimization algorithm is

presented in the Appendix A section.

4.1 Genetic algorithm

To perform an optimization with the developed HP model, basically any available and
robust method can be used. Since there are only two variables to optimize, the
algorithm efficiency is not expected to pose a significant issue. As nothing is known a
priori about the shape of the domain, a stochastic algorithm that relies on multiple
evaluations of the objective function at random points is recommended, as it can
effectively identify and avoid possible local extremes. Analytical expressions for the
specific problem are unavailable; instead, numerical solutions with inherent
uncertainties are used at each step of the optimization. Consequently, methods based
on differentiation, such as gradient descent, should be avoided.

The genetic algorithm (GA), including its variants, is probably the most widely known
evolutionary algorithm. It was originally developed by Holland (1975) as a means of

studying adaptive behavior in natural and artificial systems.

The ‘canonical’ or ‘simple GA’ (SGA) has a binary representation, selection
proportional to the fitness, a small probability of mutation, and generates new
candidate solution through the recombination of individuals with a mechanism inspired

in genetics. GAs have usually a fixed workflow: given a population of (& individuals,
parent selection fills an intermediary population of ., where duplicates are allowed.

From this intermediary population random pairs are selected and crossover is applied
to each pair with probability p.. Then, for each / bit of each individual, a mutation is
applied with probability pm» and the children replace the parents in the population to
form the next generation (EIBEN; SMITH, 2015).

In the early years, some research was made trying to establish suitable values for GA
parameters such as the population size, crossover and mutation probabilities.

Recommendations were, for mutation rates between 1/ and 1/u, crossover

37



probabilities around 0.6-0.8, and population sizes in the fifties or low hundreds. Over
time it has been recognized that there are some flaws in the SGA, and new features

like elitism, and non-generational models were added to offer faster convergence.

The selection of individuals according to its fitness can be done with different methods,
among them, the most widely spread are the roulette wheel and the tournament

selection.

Despite its simplicity, the SGA is still widely used, not just for teaching purposes and
for benchmarking new algorithms, but also for relatively straightforward problems in
which binary representation is suitable (EIBEN; SMITH, 2015).

4.1.1 Representation

On the SGA, the individuals are represented by a string with / bits. For an individual
with two variables hexr = 500 W/m?K, AT, = 10°C and each variable with a 10 bits

precision, the resulting binary representation is a string with / = 20 bits as shown in
Table 4.1.

Table 4.1 — Representation of an Individual.

Parameter Decimal Binary
ext 500 0111110100
ATy 10 0000001010
hext, AT, 500,10 0111110100,0000001010

Source: The author.

In the example above the variables are being directly converted from decimal to binary.
In both variables, the minimum possible value is zero and the maximum value for hext

and for 4T, is the same, (270-1) = 1023. When the variables have a different range of

values, the Gray code technique can be used to improve the encoding process.

The Gray code is an ordering system that ensures that two successive values in the

search space differ only by one bit, reducing errors in evolutionary algorithms.

For example, if the hex variable can range from 1 to 1000 W/m?K and it is encoded
using 8 bits of precision. The resultant resolution is of 3.92 W/m?K, because an
increment of 1 in the binary representation is equivalent of 3.92 W/m?K in the decimal

representation.
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Table 4.2 — Representation of a Variable Using Gray code.

Parameter Decimal Binary
hext 1 00000000
hext 3.92 00000001
hext 1000 11111111

Source: The author.

Any decimal value x, with constraints, can be calculated through the equation
(LACERDA; CARVALHO, 1999):

Cx) by (4.1)

x=x_. +(x ,
( 2! 1

max

where, xmin and xmax are the lateral constraints of the variable x, b is the
representation of the variable x in the base 10, and / is the number of bits used to

represent the variable.
It is possible to calculate the number of bits that is needed to encode a variable with a

given resolution:

(xmax _xmin
xl _xmin = 21 1 ’ (42)

where x7 is the value of the variable for b1o equal to one. The difference (x1-xmin) is the
desired, or given, resolution. Solving Equation (4.2) for / will result in the number of bits

needed.

4.1.2 Selection by roulette wheel

The selection of each individual is made according to a probability of selection p; where
the fitness of the individual f; is divided by the sum of fitness of the current population
(LACERDA; CARVALHO, 1999):

fi (4.3)
>
i=1

so the higher the fitness, the higher is the probability to be selected to crossover.

P =

39



For maximization problems, when the fitness value is always bigger than zero, there is
no need to modify the fitness value f;, but, if the fithess can return negative values or

in case of a minimization problem, there is the necessity of reordering the population.

In these cases, the vector containing the population fitness needs to be sorted, and a
maximum and minimum fithess boundary fmax and fmin Nneeds to be arbitrarily chosen.
The first chromosome of the population will receive a fithess of fmax and the last will

receive fmin. For a linear interpolation of the remaining fitness values (BAKER, 1987):
f; :fmin +(fmax _fmi )(/u_l)/(:u_l); (44)

where w is the population size and i is the /" individual iterated.

The selection is made by the roulette wheel algorithm, shown in Figure 4.1. The
algorithm receive this name because in each selection, a random number is generated,
and the selected individual is the first individual in which the accumulated fitness is
higher than the random number generated.

Figure 4.1 — Pseudocode of the Roulette Wheel Algorithm.

total « Z“; f; //sum of fitness of population
rand < random(0, total)
partial_total < 0
1< 0
repeat
i—i+1
partial_total < partial_total + f;
until (partial_total = rand)
return the cromossome S;

Source: Adapted from Lacerda and Carvalho (1999).

4.1.3 Crossover and mutation

The crossover and mutation operators are the major search mechanisms of the GAs
to explore the search space. The crossover operator is applied to a pair of
chromosomes from individuals of population. Each of the chromosomes of the pair is
cut in a randomly position, each generating two pairs that are exchanged, resulting in

two new individuals. The Figure 4.2 shows an example of crossover of a pair of
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individuals with a cut in the position 8 of the string of bits and Table 4.3 shows the

binary and decimal representations of the individuals of the example.

Figure 4.2 — Crossover Operator with String Cut at Position 6.

parent 1: (01111101
parent 2:(10001001

of fspring 1: (10001001
of fsprinng2: (01111101

000000001010)
100000001011)

000000001010)
100000001011)

Source: Adapted from Lacerda and Carvalho (1999).

Table 4.3 — Binary and Decimal Representation of a Crossover.

Individual Binary (hext, 4T.) Decimal (hex, ATy)
parent 1 01111101000000001010 (500,10)
parent 2 10001001100000001011 (550,11)

offspring 1 10001001000000001010 (548,10)

offspring 2 01111101110000001011 (503,11)

Source: The author.

The mutation operator is applied to each bit of each individual in population. The

operator switches, or flips the existing bit at current location. An example of two

individuals having the mutation operator applied is shown in Figure 4.3. The mutation

flips the bit at position 7 of the first individual, and flips the bit of position 18 of the

second individual. The binary and respective decimal representation before and after

mutation is show also in Table 4.4.

Figure 4.3 — Mutation Operator Being Applied to Two Individuals.

of fspring 1:(10001001000000001010)
before offspring2:(01111101100000001011)

of fspring 1:(10001011000000001010)
after o ffspring2:(01111101100000001111)

Source: Adapted from Lacerda and Carvalho (1999).
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Table 4.4 — Binary and Decimal Representation of a Mutation.

Individual Mutation Binary (hex, 4T.) Decimal (hext, ATy)
of fspring 1 Before 10001001000000001010 (500,10)
of fspring 2 Before 01111101110000001011 (550,11)
of fspring 1 After 10001011000000001010 (556,10)
of fspring 2 After 01111101110000001111 (550,15)

Source: The author.

4.2 Optimization model

The objective of the optimization problem is to find the minimum quantity of
noncondensable gas ng which is still possible to be detected by monitoring the value
of temperature downfall under steady-state conditions at the end of condenser. This is
a well-known method in HP life tests, and its sensitivity is limited by uncertainty interval
of the temperature sensor. The NCG presence could be proven if the temperature
distribution along the condenser without NCG is known and the temperature drop

caused by the presence of NCG is higher than this uncertainty value.

In the life tests the temperature at the condenser end is monitored along the entire
duration of the life test. This temperature drop is periodically verified and defined as a
difference in the measured temperature by the sensor at the condenser end for the HP
in the start of the life test and after some long period of time of the test running.

In the present optimization model two different cases of the MM are executed in parallel
— a HP without NCG and an identical HP with NCG. The difference of temperatures at
the condenser end between these two pipes is evaluated as a function of NCG amount
ng, which is used as a criterion of optimization. At each model run, the gas amount is
minimized to a value as low as possible in order to still be detected by this temperature

drop, limited by the sensor uncertainty interval.

The variables for the optimization problem are the main design parameters of any HP
performance test setup: the convection heat transfer coefficient hext to environment and
the temperature of vapor above ambient or sink temperature AT,. The first parameter
can be controlled by establishment of the condenser cooling conditions, including air

natural or forced convection, liquid systems, radiative heat transfer and conduction to
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a cold heat sink. The last is controlled by the heat load magnitude applied to the HP
evaporator.
4.2.1 Objective functions and restrictions

The objective function minimizes the number of moles of noncondensable gas present

inside the condenser:

min (n,), (4.5)
(RoxpNT3)
given the following constraints:
AT ye ponc =147 [°Cl, (4.6)
0.01<h,, <3000 [W/m3K], (4.7)
0.01<AT, <100 [°C]. (4.8)

In Equation 4.6 a small error of 0.001 °C is allowed to ensure convergence. To

generalize the numerical data and make them comparable with experimental data, the

results are presented related with ambient temperature. The 4T, is given by the

temperature difference between vapor and heat sink:

AT, =T, — Ty, (4.9)

W|th Tsink Of 20°C.

The temperature difference between the pipes with and without NCG, ATncg,nonce, is

given by the temperature difference at the end of condenser on each pipe:

ATNCG,I’[ONCG = TW(L(,’)_T’W(LC’NCG) " (4.10)

A representation where the temperatures Ty(Lc) and Tw(L,NCG) are obtained, is

presented in Figure 4.4.
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The temperature difference is calculated between heat pipes with and without NCG
because it is known that even a HP without NCG can have temperature distortions at

the end of condenser.

Figure 4.4 — Two Identical Heat Pipe Condensers, with and without NCG.
Ty (L)
[ =

| Tl:'

T,, (L, NCG)
Source: The author.

For the cryogenic test setup, the limit for the variable 4T, was changed to the following:

0.01< AT, <50 [°C], (4.11)

and with Tsink of -50°C.

To ensure that all individuals have comparable data, it is necessary to ensure that there
is no NCG present at the evaporator section, and an additional boundary is verified at

each interaction:

n,(z)=0atz=0. (4.12)

The vapor temperature is considered constant over the entire length of the pipe.

The output result of the optimization is a given value of ng which causes a minimum
temperature difference between the pipe with and without the NCG. This minimum
temperature difference was determined based on the smallest measurable difference
using a T-type thermocouple, considering its actual precision and sensitivity. A
minimum value of 4Tnce nonce equal to 1.47°C, as shown in Equation 4.6, was obtained
from the measurement error of real T-type thermocouples. Details of the error

estimation are provided in Appendix A.

The main variables of this optimization problem, i.e. ng and ATnce nonce, are obtained

from the results of the 1D mathematical model run for each evaluation of the

optimization algorithm for a given pair of hext and AT..
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4.2.2 lterative process to obtain ng

Input parameters

v

To return the minimum value of ny detectable for each combination of hext and AT, the

simulation of the condenser is run first with no NCG present in the pipe; then it runs
again with a condenser completely fulfilled by NCG, so the maximum amount of NCG
possible to fill the condenser is obtained. The flowchart of the procedure to obtain the

ng value having these two parameters is shown in Figure 4.5.

Figure 4.5 — Flowchart to Obtain ng for Each Pair of hex and AT, with the Bisection Method.

Setn, to a high value to
flood condenser; n =1

v

Solve numeric model for
temperature, with
condenser flooded (T,,NCG)

}

Recalculate maximum
amount of NCG needed
to flood condenser (n ;,qx)

'

Define three variables
to store ng; (ngg, ngy, ng2)

A4

|

Solve numeric model
for temperature
without NCG (T,,)

ngo=0

Ng1 = Ngmax

n92=0

Calculate B

AT nc6 nonce

AT neGnonce — 1.47 = err?

yes
Obtain ng
of each individual

Solve numeric model
for temperature
with new ng, (T, NCG)

f

if (ATnce nonce™ 1.47)
ng =n,

if (AT ncg nonce< 1.47)
ng() = ng

ng =0.5 (ngo + ngl)

Ng =MNgz

Source: The author.
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In this procedure, a bisection method is used until the temperature difference between

the pipe with and without NCG is within the desired precision.




4.2.3 Optimization procedure

The optimization procedure starts from a population o with 50 individuals generated

randomly. Each individual generated is a potential candidate to the best solution.

The genetic algorithm uses a binary encoding, in which the parameter values are
represented by a binary string with 18 bits to each of the two optimization variables,
so, one string with 36 bits represent each individual. This string size allow for a
resolution of 0.011 W/m?K on the heat transfer coefficients and less than 0.01°C for

the temperatures.

On each generation, all individuals are evaluated by a numerical simulation model that
receives as input the two variables (hext, AT,) calculates the temperature distribution
along the axis for one pipe with and the other without NCG, and return the number of
moles (ng) of an ideal gas that causes a fixed given temperature difference between

the pipes with and without NCG (4 Tnce nonce).

The individual selection is made from the pool of individuals of population on current
generation, always in pairs, according to the roulette wheel method. The selection uses
the values of number of moles (ng) of each individual to rank the population, less is the

value of number of moles, higher is the chance to be selected to produce offspring.

Each pair of individuals selected has a chance to recombine and produce offspring
according to a fixed Crossover Rate, P. of 80%. The bit of pair individuals which is

selected to be cut is generated randomly for each pair of individuals recombining.

Every generation, each bit of the string of each individual has a chance to be flipped
according to a fixed Mutation Rate, Pm of 1%.
The values of w, Ngen, Pc and Pm were chosen after testing the efficiency of the genetic

algorithm during its implementation, and are consistent with previous studies of
optimization procedures in thermal sciences using the Genetic Algorithm (ZHU et al.,
2020; HE; HE; CHEN, 2015; WEERASURIYA et al., 2020).
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The flow chart of the optimization procedure, coupled with a numerical simulation

model is shown in Figure 4.6.

Figure 4.6 — Flowchart of the Optimization Procedure.
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Obtain n,
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Source: The author.

4.3 Optimization results

A typical convergence curve of the genetic algorithm for minimizing the
noncondensable gas detectable quantity is shown in Figure 4.7. From this figure it is
possible to see that a very good individual appear at the beginning of the optimization
process, but is slightly improved during the generations, and after about 10 to 20

generations the population converged to a point very close to the global minimum.
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Figure 4.7 — Convergence of Objective Function Example.
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Source: The author.

From Figure 4.8 to Figure 4.20 are shown level maps of ng with variable convection
coefficient hext and variable vapor temperature difference from heat sink AT,. All level
maps were obtained performing a sweep of these variables directly in the numerical
models and collecting the values of hext, AT, and ng The data was then plotted using

the Surfer 10 (Golden Software). Each optimization case was run three times, and the
best individuals obtained through the process are indicated with a red circle in the

figures.

4.3.1 Omega-grooved heat pipes

Figure 4.8 shows the level map of ng for an axial omega-shape grooved aluminum HP
charged with acetone with a heat sink temperature Tsink of 20°C. The level map clearly
shows the isolines pointing to a minimum around hex of 1600 W/m2K and AT, of 10°C.
The optimization procedure for this case, returned a mean individual with hex of

1587.65+7.14 W/m?K, AT, of 9.33+0.07°C and ng of (1.456+£0.001)x10° mol.
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Figure 4.8 — NCG Levels for an Omega Grooved Aluminum HP Charged with Acetone.
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Source: The author.

Figure 4.9 shows the level map of ng for the same grooved aluminum heat pipe, but
this time charged with ammonia, with the same heat sink temperature, Tsin, of 20°C.
The level map shows a small displacement of the best individuals in comparison with
the previous case presented in Figure 4.8. The optimization procedure for this case,
returned a mean best individual with hex of 1870.06+23.84 W/m?K, AT, of

11.66+£0.09°C and ng of (3.158+0.002)x10-° mol, drastically reducing the capability to

detect the NCG due to the high partial pressure of ammonia vapor.
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Figure 4.9 — NCG Levels for an Omega Grooved Aluminum HP Charged with Ammonia.
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Figure 4.10 shows the level map of ng for a grooved aluminum heat pipe charged with
ammonia and this time with T of -50°C for cryogenic test in an environmental
chamber instead of laboratory conditions. The level map shows the lines pointing to a

minimum above hext of 2000 W/m2K and AT, around of 10°C. The optimization

procedure for this case, returned a mean individual with hext of 2169.98+£33.27 W/m2K,
AT, of 8.36+0.56°C and ng of (4.169£0.003)x10® mol. The best individuals of three

consecutive optimization runs are indicated by circles in the level map.

The obtained results show that the cryogenic test significantly increased the sensitivity
of NCG detection for the HP charged with ammonia. In the case presented, the
sensitivity increased 7.51 times compared to testing in laboratory normal ambient
conditions. On the other hand, there is no considerable displacement of the optimal
point for such a cold conditions for testing. The optimal hext was shifted to the right by
16% and AT, was shifted down by 3.3°C.
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It is also important to note, that the optimal heat transfer coefficient hex, of such a high
magnitude cannot be achieved by radiative heat transfer in a vacuum chamber nor in
a cryogenic environment chamber. A cold plate installed in the vacuum chamber with
dedicated nitrogen cryogenic circuit shall be used. The optimal value of hext can be
achieved by proper choosing of the interfiller material to provide suitable thermal

contact between HP condenser and the cold plate.

Figure 4.10 — NCG Levels for an Omega Grooved Aluminum HP Charged with Ammonia, for

Cryogenic Test.
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Source: The author.

Figure 4.11 shows the level map for an omega-shaped grooved heat pipe made of
copper and filled with water as working fluid. This was the only case in which the upper
limit was achieved for one of the variables (hex). Another distinctive characteristic for

this case is that the optimal temperature difference, 4T, is relatively low, around 8°C.

All HPs charged with water presented the optimum on this temperature range. In this

case, the values of the optimum obtained were hex of 2998.07+0.98 W/m2K, AT, of

7.82+0.03°C and ng of (2.689£0.005)x10" mol.
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Figure 4.11 — NCG Levels for a Grooved Copper HP Charged with Water.
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Figure 4.12 shows the level map of for the same Omega-shaped grooved aluminum
heat pipe, but this time charged with propylene, for the testing with a heat sink under
the temperature Tsink of 20°C. The level map suffers a distortion on the optimal domain
surface in comparison with the other cases previously showed. Although propylene,
like ammonia, is a high pressure fluid, the 3D surface of solutions exhibits a more

extended profile along the AT, axis in the case of propylene, contrasting with the

behavior observed for ammonia. It is interesting to note that shifting temperatures
upward by 5 to 10°C from the optimal point does not result in a decrease in the
sensitivity of NCG detection, whereas shifting downwards does cause a decrease in

the sensitivity. The optimal solution for this case presented the values: hext of
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Source: The author.
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644.31£5.54 W/m?K, AT, of 28.13+0.56°C and ng of (2.516+0.008)x10-° mol.
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Figure 4.12 — NCG Levels for an Omega Grooved Aluminum HP Charged with Propylene.
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4.3.2 Porous wick heat pipes

Figure 4.13 shows the level map of a copper HP with porous wick and charged with
acetone, for the testing with heat sink under ambient temperature, Tsink of 20°C. The

level map for this case presented a specific configuration, where the minimum is more

graduated along the AJl-axis and is more intense along hex-axis. Displacement of

temperature around 5°C from optimal points does not yield visible change in the
detection sensitivity. The optimal value of achieved in this case was hext of 320.7712.48

WIm3K, AT, of 11.72+0.64°C and ng of (5.791+0.004)x10¢ mol.



Figure 4.13 — NCG Levels for a Porous Wick Copper HP Charged with Acetone.
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Figure 4.14 shows the level map of ng for a similar HP as in the previous case (copper
HP and porous wick), however this time the HP is charged with methanol. The map

presented similar characteristics as for the previous case, except that the AT,

presented values relatively lower. The optimal solution for this case has the following
values: hext of 349.92+0.40 W/m2K, AT, of 10.07£0.03°C and ng of (3.822+0.001)x10®

mol.
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Figure 4.14 — NCG Levels for a Porous Wick Copper HP Charged with Methanol.
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Figure 4.15 present the results of a HP with copper shell and porous wick, charged
with water as working fluid. This result closes the group of cases of HPs with copper
shell, which has the highest thermal conductivity of the materials in this study. The

optimal solution for this case has the values hex of 734.29+0.32 W/m2K, AT, of
8.05+0.17°C and ng of (5.239+0.002)x107 mol.
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Figure 4.15 — NCG Levels for a Porous Wick Copper HP Charged with Water.
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Figure 4.16 shows the level map of ng for a stainless steel HP with porous wick and
charged with ammonia, for the testing with heat sink under ambient temperature, Tsink
of 20°C. The optimization procedure for this case returned a mean individual with hext

of 211.99+0.80 W/m2K, AT, of 12.24+0.18°C and ng of (2.556+0.004)x10° mol. The
level map configuration demonstrates a moderate minimum along the AT,~axis, which

means a high tolerance to the magnitude of heating power.
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Figure 4.16 — NCG Levels for a Porous Wick Stainless Steel HP Charged with Ammonia.
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Figure 4.17 shows the results for the Stainless Steel HP with porous wick and charged
with propylene. The optimal solution for this case has the following values: hext of
44.75+1.54 W/m2K, ATv of 28.13+0.56°C and ng of (2.505+0.002)x10-°> mol. This is the
case with the lowest value of hext. To achieve the optimal conditions with this value of
heat transfer coefficient, it is possible to cool the condenser with forced air convection

with fans instead of a cold plate with water cooling circuit.

57



Figure 4.17 — NCG Levels for a Porous Wick Stainless Steel HP Charged with Propylene.
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Figure 4.18 shows the level map of ng for a stainless steel HP with porous wick and
charged with water. The optimization procedure returned a mean individual with hex: of
301.66+2.63 W/m2K, AT, of 7.994£0.01°C and ng of (1.625+0.004)x10" mol. This is the
case with the highest sensitivity of NCG detection, and the isolines show a large region
around the optimal point with similar values of ng, mainly in the direction of the hex:-
axis, indicating a certain tolerance of this case with increasing thermal contact with the

heat sink.
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Figure 4.18 — NCG Levels for a Porous Wick Stainless Steel HP Charged with Water.

3.85E-007
3.65E-007
3.45E-007
3.25E-007
3.05E-007

2.85E-007

AT, [°C]

2.65E-007

2.45E-007

2.25E-007

2.05E-007

1.85E-007

T T T 1.65E-007
200 400 600 800 1000

Pt [W/m?2K] ne [mol]

Source: The author.

Next, Figure 4.19 shows the results for the titanium HP with porous wick and charged
with ammonia. The optimal solution for this case has the following values: hex of
237.53+4.68 W/mK, AT, of 12.09+0.29°C and ngy of (2.719+0.005)x10° mol. A
distinctive feature for this case is a high tolerance to the heating power applied to the
HP, especially for increased magnitudes.
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Figure 4.19 — NCG Levels for a Porous Wick Titanium HP Charged with Ammonia.
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Figure 4.20 shows the level map of ng for the case of a titanium HP with porous wick
and charged with water, for the testing with sink under ambient temperature Tsin of
20°C. The optimization procedure returned a best mean individual with hex oOf
362.8319.62 W/m?K, AT, of 7.7910.02°C and ng of (1.714£0.004)x10" mol. All heat
pipes charged with water presented close values of ATy, but this is the case showed

the lowest value.
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Figure 4.20 — NCG Levels for a Porous Wick Titanium HP Charged with Water.
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4.3.3 Summary of optimization results

Table 4.5 shows a summary of all results obtained with the optimization for each case
test, with different combinations of wick type, material of shell and working fluid. From
the generated data, it is possible to check that the noncondensable gas is more easily
detected in heat pipes charged with water, followed by methanol, acetone, propylene
and at last, ammonia. This relation is caused by the effect of partial pressure of each
fluid, acting on the compression on the NCG against the end of condenser zone. As
high is the partial pressure of the working fluid, more compressed is the NCG and
smaller the blocked zone becomes. With high pressure of working fluid, more difficult
is to detect the NCG but the proper heat pipe itself is less affected by the NCG when

gas is present.
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