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Rezumat: 
Lucrarea de faţă tratează modalităţi de îmbunătăţire a sistemelor 
de transport a căldurii. Datorita nevoilor actuale de protecţie a 
echipamentelor electrice şi electronice, au fost concepute diverse 
modalităţi de înlăturare a energiei degajate sub forma de căldură, 
în urma studiului literaturii de specialitate s-a constatat că deşi 
actualele sisteme de transport a căldurii au fost studiate şi 
îmbunătăţite de-a lungul ultimelor decenii, înca este o nevoie 
acută de dezvoltare a unor sisteme cât mai eficiente. Analizând 
informaţiile existente în literatură referitoare la avantajele şi 
dezavantajele actualelor sisteme, precum şi a nivelului actual de 
cunoaştere în domeniu, s-a conturat ideea construirii noului 
sistem de transmitere a căldurii descris in lucrarea de faţă. 
Rezultatele prezentate sunt bazate pe experimente efectuate în 
laborator utilizând instalaţii pilot de scara redusa, fiind special 
concepute pentru elucidarea problemelor si atingerea scopurilor 
de cercetare impuse de tematica tezei. Datele obţinute au fost 
comparate cu cele ale echipamentelor de răcire convenţionale 
existente şi s-a constat că, instalaţiile pilot concepute s-au 
dovedit mult mai performante. De asemenea, eficienţa acestora 
este explicată şi argumentată de unicitatea fenomenelor 
observate. 
Teza originală a fost redactată in limba engleză iar un rezumat in 
limba româna al lucrării este anexat la sfârşit. 
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ABSTRACT 

High-performance cooling techniques for high density energy dissipation are 

nowadays required. Heat transfer with phase change is a very attractive cooling 

process. The need for a more compact and efficient heat transport device (HTD) led 

to the development of the new devices presented in this thesis. The characteristics 

of the novei devices consist in their different structure as compared with the 

convenţional HTDs. The devices consist of parallel tubes connected to an evaporator 

(hot header) and a condenser (cold header). The new HTDs have the advantage of 

the tubes being open to both headers and therefore, the resistance in the flow 

existing in case of a meandering closed loop (MCL) is avoided. The tubes are simple, 

without any internai structure (wick) and compared with convenţional heat pipes 

(HP), the performance of the new devices is not limited by the capillary limit. 

( I . ) The first device introduced in this thesis consists of two different 

diameter tubes arranged in parallel which connect an electrically heated evaporator 

and a water cooled condenser. There are various parameters that affect the fluid 

flow and heat transport characteristics of the device. They are (a) geometrical 

properties (diameter and length of the tubes), (b) orientation of the device (c) type 

of working fluid (d) amount of charged working fluid and (e) evaporator and 

condenser temperatures. Experiments were conducted systematically using water as 

the working fluid. Time-dependent temperatures and pressures at the evaporator 

and the condenser were continuousiy measured and recorded. The heat transport 

rate was obtained from the temperature rise and mass flow rate of cooling water 

flowing through the condenser. Flow visualization was also performed and the inner 

flow behaviour was analysed using the video recordings by high-speed-camera. 

From the present study it was found that the new HTD had much higher 

performance as compared to convenţional HPs of similar sizes, and this was 

attributed to the unique mechanism of fluid flow. One-way recirculation was 

maintained to occur, with vapour up-flow from evaporator to condenser through the 

larger diameter tube, and condensate return flow from condenser back to 

evaporator through the smaller diameter tube. Through the separation of the two 

phases of the fluid into the two different tubes, the entrainment limit existing in 
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8 Abstract 

convenţional HP (due to the two streanns flowing in opposite directions in one tube) 

was avolded. In the range of experinnents performed for this device, it was found 

that, (1) the present device can transport three to four tinnes more heat (800W) 

than a convenţional HP of similar sizes; (2) the optimum orientation was vertical 

with the evaporator at the bottom, (3) the optimum filling ratio was found to be 

40% of the total inner volume of the test core, and (4) the optimum length of the 

tubes was 530mm. 

( I I . ) For further improvements of HTDs, a new test section was designed, 

manufactured and tested under different conditions. The second test section 

introduced in this study consists of five parallel tubes of same diameter. The 

geometry of the headers differs from the previous test section. Based on the results 

obtained in the first investigated test section, the new experimental conditions were 

established, in order to increase the heat transport performance. A series of test 

were run under certain conditions, to determine the relation between the 

mechanism of fluid flow and the heat transport performance. 

In the range of experiments performed and presented in this study, it was 

found that, the inner flow behaviour changes with temperature and that gravity 

plays an important role for the fluid recirculation (i.e. reflected in the efficiency of ' 

heat transport). The performance of the present device compared with that of 

convenţional HP was found to be much higher. The effective thermal conductivity 

was 200 times higher than that of copper. Also, through flow visualizations, the 

method of estimating the fluid phase inside the copper tubes by measuring the tube 

wall temperature was proved to be reliable. 
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Nomenclature 

Nomenclature 

At total cross secţionai area of the tubes (based on inner diameter) [m^] 

Cp specific heat at constant pressure [J/(kg K)] 

keff effective thermal conductivity [W/(m K)] 

/ distance from evaporator to condenser [m] 

Pco pressure inside condenser [kPa] 

Pev pressure inside evaporator [kPa] 

Q heat transport rate [W] 

r̂ v, in iniet tennperature of cooling water [°C] 

T̂ v, out outiet temperature of cooling water [°C] 

Tev tennperature inside evaporator [®C] 

Tco temperature inside condenser [°C] 

Tfco fluid tennperature inside condenser [°C] 

Tfev fluid temperature inside evaporator [°C] 

T̂ ev evaporator wall temperature [°C] 

T̂ co condenser wall temperature [°C] 

Te tube wall temperature close to evaporator [°C] 

Trr, tube wall temperature at the middie of the tube [°C] 

Tc tube wall temperature close to condenser [°C] 

AT temperature difference between evaporator and condenser [°C] 

V volumetric water flow rate [mVs] 

Y working fluid volume fraction [-] 

e inclination angle, [®] 

p density [kg/m^] 
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1. INTRODUCTION 

1.1 Background of research 

The rapid development of electronic equipments lead to an increase of heat 

dissipation and therefore, high-performance cooling techniques are nowadays 

required. Heat sinks and fans attached to the heat generating components are 

commonly employed for relatively low power dissipation systems such as personal 

computers. However, for components with higher heat dissipation, the convenţional 

air-cooled heat sinks may encounter problems because of its bulky size, noise and 

insufficient cooling performance. One of the proposed solutions for dissipating high 

heat fluxes is the use of cooling techniques with phase change. Two-phase heat 

transfer is a very attractive cooling process, as high heat fluxes can be achieved 

through vaporization of the fluid in an evaporator attached to or enclosing the heat 

source. An inconvenience which appears in this case is that the process of the 

vapour condensation and the returning of the condensate to the evaporator, adds 

complexity in the system. In order to achieve high heat transport performance, 

many kinds of heat transport devices (HTD) with phase change have been 

developed in the recent decades. Above all, thermosyphons [3, 8, 12, 30, 33, 37], 

heat pipes (HP) [2, 7, 10, 15, 29, 31, 34, 36], and meandering closed loops (MCL) 

[1, 4, 5, 6, 9, 11, 17, 18, 19, 20, 22, 23, 24, 32, 35] are well known. An example of 

common CPU cooling using heat pipes can be seen in Fig. 1.1 
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12 Introduction - 1 

E x a m p l e o f C P U c o o l i n g A l u m i n u m 

L b l o c k 

H e a t p i p e ^ ^ f 

W i c k s 

H e a t 

P^P^ ^ H ^ H ^ ^ H e x c h a n g e r 

Fig. 1.1 Example of CPU cooling using heat pipes 

1.1.1 Thermosiphon 

Thermosiphon heat exchangers are sealed systems that consist of an 

evaporator, a condenser, interconnecting piping, and an intermediate working fluid 

that Is present in both liquid and vapor phases. Two types of thermosiphon are 

used—coi! type and sealed tube type. In the sealed tube thermosiphon, the 

evaporator and the condenser are usually at opposite ends of a bundie of straight, 

individual thermosiphon tubes, and the exhaust and suppiy ducts are adjacent to 

each other (this arrangement is similar to that in a heat pipe system). In coil-type 

thermosiphons, evaporator and condenser coils are installed independently in the 

ducts and are interconnected by short lengths of working fluid piping (this 

confîguration is somewhat similar to that of a coii loop system). In thermosiphon 

systems, a temperature difference and gravity cause the refrigerant to circulate 

between the evaporator and condenser. 

Advantages 

• passive heat exchange with no moving parts, 

• relatively space efficient, 

• the cooling or heating equipment size can be reduced in some cases, 

• the moisture removal capacity of existing cooling equipment can be 
improved, 

• no cross-contamination between air streams with coiI type. 
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1.1 - Background of research 13 

Disadvantages 

• adds to the first cost and to the fan power to overcome its resistance, 

• requires that the two parts be placed so that the liquid condensate can 

return to the evaporator part by gravity, 

• may require a significant temperature difference to initiate boiling, 

Although similar in form and operation to heat pipes, thermosiphon tubes 

are different in two ways: (1) they have no wicks and hence rely oniy on gravity to 

return the condensate to the evaporator, whereas heat pipes use capillary forces; 

and (2) thermosiphon tubes depend, at least initially, on nucleate boiling, whereas 

heat pipes vaporize the fluid from a large, ever-present liquid vapor interface. As a 

result, thermosiphon heat exchangers may require a significant temperature 

difference to initiate boiling. Thermosiphon tubes require no pump to circulate the 

working fluid. However, the geometric configuration must be such that liquid 

working fluid is always present in the evaporator section of the heat exchanger. 

Few typical examples of thermosiphon appiications are: collection and 

utilization of solar energy; domestic heating and cooling; thawing of snow on major 

rods; thermal control of food storage units and commercial fisheries; thermal 

treatment of exterior coating in auto Industries [8]. 

1.1.2 Heat Pipes 
The rapid evolution of technology from the past decades led to further 

development of HTDs and improvement of their performance. For example, most 

commonly used for CPU cooling and for space crafts are the so called heat pipes 

(HP). A heat pipe is a heat transfer mechanism that can transport large quantities 

of heat with a very small difference in temperature between the hotter and colder 

interfaces. They are capillary driven heat transport devices and have the advantage 

of not being depended on gravity. Though, the wick providing the capillary action for 

the condensate return to evaporator adds complexity of construction and introduces 

a limitation for the heat transport. The reducing in size of electronic components 

results in a need to reduce the size of cooling devices as well which means, reducing 

the heat transfer area. One of the problems encountered in the HP design is that 

reducing the inner diameter, the capillary limit in heat transport rate decreases 

rapidiy below a value needed for the heat spreader [7]. Therefore, a lot of research 

in this fieid has been done and many type of wick structure where investigated. 
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14 Introduction - 1 

Beside the type of wick, other parameters (diameter and length, temperature range, 

working fluid, container material, etc.) where considered as well. At present, there 

exists a large variety of HP. A simple schematic of a HP structure can be seen in Fig. 

1.2. A typical heat pipe consists of a sealed hollow tube. A thermo-conductive metal 

such as copper or aluminum is used to make the tube. The pipe contains a relatively 

small quantity of a "working fluid" or coolant (such as water, ethanol or mercury) 

with the remainder of the pipe being filled with vapor phase of the working fluid, all 

other gases being excluded. On the internai side of the tube's side-walls a wick 

structure exerts a capillary force on the liquid phase of the working fluid. The wick 

structure is typically a sintered metal powder or a series of grooves parallel to the 

tube axis, but it may in principie be any material capable of soaking up the coolant. 

Inside a heat pipe, at the hot interface a fluid turns to vapor and the gas naturally 

flows and condenses on the cold interface. The liquid falls or is moved by capillary 

action back to the hot interface to evaporate again and repeat the cycle [29] . 

Soiirce 

t T f T M Liqiiid 

Vapor 

TTTTTT 
Evaporaîor 

Section 

Adiabatic 

Section 

Siiik 

i i i i i A 

T I f T f T 
Condenser 

Section 

Container 

Wick 

Fig. 1.2 Structure of a typical heat pipe 

1.1.3 Meandering Closed Loops (MCL) 
Another type of heat transport device introduced by Akachi [1] in the recent 

years consists in a closed meandering loop in which heat is transported from the hot 

end to the cold end by oscillating motion of liquid column and vapor plugs. 

Schematic of a meandering closed loop is shown in Fig. 1.3. The liquid and vapor 

slug/bubble transport is caused by the thermal induced pressure pulsations inside 

the device and no externai mechanical power is required [18, 19, 20] . 
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Heat sink 

VaDour 

Liquid 

Closed Loop of 
Meandering 

Tube 

Heat source 
Fig. 1.3 Meandering Closed Loop 

Connpared with the traditional heat pipes, the pulsating heat pipes present a 

number of features: 

(1) higher driving force; thermally driven pulsating flow combining with a 

capillary force; 

(2) lower pressure drops: parallel flows and no wick structure in most of 

the fluid paths; 

(3) higher heat transfer coefficients: evaporating/condensing heat transfer 

combining with forced convection [22] 

One of the MCL limitations consists in the maximum inner diameter above 

which the vapor plug can not be formed [25]. Many research works were conducted 

to investigate the characteristics of pulsating heat pipe [1, 4, 5, 6, 9, 11, 17, 18, 
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16 Introduction - 1 

19, 20, 22, 23, 24, 32, 35] and still, the mechanism governing the pulsating 

phenomena have not been fully understood yet [22]. 

1.1.4 Concept of Parallel Tubes HTD (PT-HTD) 

A newly developed HTD in our laboratory is the Parallel Tube HTD which 

connpared to the MCL was the advantage of the tubes open to the headers and 

proved to have two times higher performance than same dianneter and same 

number of turns MCL. [27]. A typical representation of a PT-HTD can be seen in Fig. 

1.4, where the cold and hot headers are connected by parallel tubes of same 

diameters. Many test cores where investigated, based on different parameters (like, 

headers geometry, numbers of tubes and diameter of tubes) [28]. The reciprocating 

motion of the vapor and liquid plugs in the capillary tubes was considered to be 

responsible for the high heat transport performance of the PT-HTD. 

Header 
Cold section 

Working 
Liquid Tube 

Heade 
Hot section 

Fig. 1.4 Parallel Tubes Heat Transport Device 
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1.2 - Objectives of the present study 17 

1.2 Objectives of the present study 

From the above brief introduction, and the researcher work available in the 

literature [1-37], it can be concluded that, the existing HTDs, although used in 

many appilcation, do have some limitations. Also, there are still many unclear issues 

regarding the correlation between some of the observed phenomena and the 

performance of the corresponding HTD. Further investigations on this issue are 

required. 

Nowadays rapid development of electronic equipments implies a need for 

more compact and efficient heat transport device, able to coop with the high density 

of heat dissipation. This led to the design and investigation of the novei device 

which makes the subject of the present study. Heat transport with phase change is 

a very attractive way to carry heat from one place to the other. There are various 

parameters that affect the flow and heat transport performance. The understanding 

of the mechanism of fluid flow and its relation to the heat transport performance is 

crucial for a further improvement of HTD. 

Many characteristics of the convenţional HTDs were considered before 

designing the novei device. As compared to previous HTDs introduced in 1.1, the 

new developed HTD has the advantage of higher heat transport performance 

achieved through a simple structure with seif pump mechanism. The device consists 

of an evaporator and a condenser chamber connected by two parallel tubes of 

different diameter. The tubes are simple without a wick structure and therefore, no 

capillary limit is present in the novei device as compared to HPs. The advantage 

over the MCL consists in providing the headers, the hot and cold header 

respectively, to which both tubes are opened. In this regard, the new HTD is more 

close to a thermosiphon-loop. The key point of the novei device structure consists in 

the combination of two different diameter tubes. The target beyond this design was 

to establish a recirculation of the fluid with high efficiency in heat removing and 

avoiding of evaporator dry-out. This was though to be achieved by separating the 

vapor flow through the larger diameter tube and the condensate return through the 

smaller diameter tube, avoiding in this way the entrainment limit (due to the two 

fluids flowing in opposite directions). 

NIV. " P O L I T E H N I C ^ 
timişoara 

. LiOTECA CETMTRWA 
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18 Introduction - 1 

1.3 Organization of the thesis 

The present dissertation is revealing a new concept of HTD for which two 

different test sections where investigated. The background of research and the 

literature review are introduced in the first chapter. Chapter 2 is related to a novei 

HTD with two parallel tubes of different diameters for which various parameters 

were investigated. The effect of each paranneter is treated in a separate subchapter. 

The common experimental set up and details of the test section are introduced oniy 

once at the beginning of respective chapter. Chapter 3 is introducing the second 

test section for which the conditions of experiments where decided based on the 

results presented in Chapter 2, ainning a further improvement in the HTD 

perfornnance. Chapter 4 summarizes the nnain findings of present research, 

contributions in the related fieid and link for the continuity (approach to 

appiications). The Nomenclature for both test cores, is introduced onIy once at the 

beginning of the thesis. Appendixes for auxiliary details are provided for each 

chapter. AII references are listed in a section at the end of the thesis. 
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2. Parallel tube heat transport device (PT-
HTD) with two tubes of different diameter. 

2.1 Experimental setup and procedure 

A schematic of the experimental setup is shown in Fig. 2.1. The test section 

consists of two cylindrical chambers (40 mm in diameter and 20 mm in axial length) 

and two 215-mm-long (iniţial length) copper tubes. The two tubes are arranged in 

parallel and have a different inner diameter of 3.5 mm and 6.5 mm. An electrical 

ceramic heater (50x50) is attached on the backside of the evaporator and it is 

connected to a regulated electric power source. 

Water cooling coils are installed inside and backside of the condenser. The 

coils are connected to a constant head water reservoir to insure a steady cooling 

water flow rate. The cooling water flow rate was measured using a graduate cylinder 

and a stop watch. Providing a constant head for the reservoir of the cooling water, 

there was no significant fluctuation of the volume flow rate. The flow rate was 

checked for each point of measurements and the corresponding value was input into 

the LabView program. 

After the test core was evacuated to around 2 kPa through a vacuum pump, 

it was charged with a given amount of working fluid using a graduated syringe. 

Thermocouples were used for measuring the temperatures of (1) iniet and 

outiet cooling water of condenser (2) working fluid inside the evaporator and 

condenser and (3) the ceramic heater attached to the evaporator. For measuring 

the temperature of cooling water inIet and outiet {T̂ n̂ and T̂ ôut), thermocouples 

were placed in the stream of the cooling water inIet to condenser (just before the 

branching to condenser back-wall and the copper coii), as well as in the stream of 

cooling water outiet, just after the mixing chamber (MC, see Fig. l and Fig.2A-6).The 

two outiets of cooling water (one from the coii inside condenser chamber, and one 

from the backside wall) were connected to a small chamber to provide the mixture 

of the two streams. Two types of mixing chambers were used and the two results 

were in good agreement. The thermocouples outputs were fed to a DAQ card and 

the measured temperatures were recorded continuousiy during the experiments. 
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For each point of measurements, the corresponding temperature in time was 

measured, recorded and used in the further computation of the heat transport 

performance. The temperatures inside condenser chamber, Tco, and inside 

evaporator chamber, T̂ y were nneasured by the sheath-type thermocouples placed 

in the middie of each chamber and they were in contact with the working fluid in 

liquid and vapor phase. To reduce heat losses, thermal insulation is placed around 

the externai surface of the evaporator and the copper tubes. 

Cooling Water 

Inlet Outlet 

Cooling j 
water * i 
passages 1 

Heater 

E \ A P O R A T O R 

Fig. 2.1 Schematic of experimental setup 
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Two high precision pressure sensors (-lOO'^lOO kPa, 1 ms response time) 

were attached to both, the evaporator and condenser chambers. 

Expehments were conducted systematically using pure water as working 

fluid. The effect of various parameters such as: (1) ohentation angle of the device, 

(2) tube length, (3) amount of charged working fluid, and (4) heat input to the 

evaporator, on the fluid flow and heat transport characteristics were examined. The 

orientation angle 0 \s defined as indicated in Fig. 1. 

Time-dependent temperatures and pressures at the evaporator and the 

condenser were continuousiy measured and recorded. The temperature and the 

pressure data were fed to a data acquisition (DAQ) system and were analyzed using 

LabView software. The LabView interface ailows one to see the variation in time of 

all measured parameters, and to determine the steady state. Row data from 

beginning to the end of experiments were recorded (including transient stage) as 

well as average values at the steady state of each point of measurements. Each 

value of Q shown in the present manuscript was obtained from the average of 6000 

readings (or more), during the steady state, for an interval of minimum 10 minutes. 

Inner flow behaviour was observed through the sight glasses attached to the 

front side of both the evaporator and condenser and it was recorded by digital high-

speed video camera (DHSVC). For the flow visualization inside the tubes, the copper 

tubes where replaced by Teflon tubes. 

2.2 Data reduction and Measurements uncertainty 

The heat transport rate was obtained from the temperature rise and mass 

flow rate of cooling water flowing through the condenser. It was calculated by: 

Q = (1) 

where T^^n , T^,out and V are the condenser iniet, outiet temperatures and the 

volume flow rate of the cooling water, respectively. 

In the present study, an effective thermal conductivity, kem was introduced as 

a measure of the heat transport performance of the device. It was defined by the 

foilowing equation: 
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t = Ş L - (2 , 

where / is the tube length (distance between the evaporator and condenser) and At 

is the total of the inner cross secţionai areas of the two tubes; Tev and Tco are the 

working fluid temperature inside evaporator and condenser chamber 

The overall thermal resistance, Rtotai. between the heater and the cooling 

water was calculated using the foilowing relationship: 

^total " 

Measurements Uncertainty 

For the temperature measurennents the accuracy of the thernnocouples 

readings was of ± 0.2®C. Two methods were used to measure accurately the 

tennperature of the cooling water outiet and the comparison resulted in a good 

agreement. The uncertainty of Q was estimated using the method of Kline and 

McCIintock [21]. The error range was between 15% and 3%, for low and high heat 

input respectively. The majority of the experimental errors were less than 10%. 

Oniy at the lowest heat input the uncertainty was high as the error range relative to 

the low temperature difference of the cooling water resulted in a higher percentage 

error. For the pressure measurements, the accuracy was ±2kPa. 
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2.3 Results and Discussions 

2.3.1 Performance of present device 
For a better estimation of the PT-HTD performance, the heat transport rate 

was compared with the one of a heat pipe of similar size (diameter and length), 

same working fluid (water) and same orientation (vertical with evaporator at the 

bottom). Figure 2.2 shows the heat transport rate ^versus evaporator temperature 

Tev, and the performance of a convenţional heat pipe [15] which has comparable 

dimensions (/=150mm, and 0=6.35mm) with the preset two-tube system is also 

shown as a reference. From Fig.2.2 it can be seen that: 

(1) ^increases with an increase in Ţev-

i i ) Although for relatively low Tĝ , convenţional HP shows higher Q than the 

present HTD, for larger Tev the present HTD shows superior performance, which is 

three to four times higher in Q than the convenţional HP. 

(3) The present device can transport more than 800W for Tev below 100°C. 
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Fjg. 2.2 Heat transport rate vs. evaporator temperature, 

compared with the performance of a convenţional HP [15] 
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2.3.2 Mechanism of fluid flow 

2.3.2.1 Pressure measurements 

Figures 2.3 and 2.4 show the time-averaged evaporator and condenser 

pressure, Pev,m/ and Pco,m versus evaporator and condenser temperature, Tev and Tco, 

respectively, with / as a parameter. The inclination angle is 90°. The saturation 

pressure curves are also indicated in the figures for comparison. From these two 

figures it is confirmed that the general trend of both Pev.m and Pco,m agree fairly well 

with the corresponding saturation curve irrespective of the values of • . However, 

by comparing the two figures closely, one can observe that the measured 

evaporator pressure, Pev,m, is lower than the saturation curve while the measured 

condenser pressure, Pco.m, is slightiy higher than the saturation curve. This will be 

discussed later. 

• 0.26 
X 0.37 

Y A 0.40 
• 0.42 
O 0.70 

20 30 40 50 60 

Tev r c ] 

70 80 

Fig. 2.3 Time averaged evaporator pressure, Pev.m, vs. evaporator temperature, Tê , 
in comparison with the saturation curve for different charging ratio, y-
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Fig. 2.4. Time averaged condenser pressure, Pco.m vs. condenser temperature, Tco, in 
comparison with the saturation curve for different charging ratio, y-

Figure 2.5 shows typical examples of the variation of evaporator and 

condenser pressure, Pev and Pco, with time. One can see from the figure that: (1) 

Both Pev and Pco oscillate periodically. (2) Oscillation amplitude of Pco is iarger than 

that of Pev (3) Time averaged pressure is higher for Pev than that for Pco- (4) When 

Pco reaches its peaks during the oscillation period, the value of Pco is almost the 

same or sometimes even higher than Pev 

Above observations clearly indicate the existence of dynamic effect which is 

considered to be the main cause of the recirculation of the working fluid in the 

present devise. If the phenomenon were steady, no recirculation wouid occur 

because the temperature at the evaporator is always higher than that of condenser, 

and therefore the condenser pressure wouId be always lower than that of the 

evaporator resulting in no motive force to drive the condensate back to the 

evaporator. But in reality, boiling and bubble growth occurs intermittently by its 

very nature and it gives high momentum instantaneousiy to the vapour flow inside 

the larger-diameter tube. When the fluid is jetted out into the condenser this 
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momentum induces directiy the pressure rise In condenser, with the pressure drop 

in evaporator at the same time. This situation causes the higher time averaged 

pressure than the saturation pressure in condenser and slightiy lower pressure in 

evaporator as was indicated in Figs. 2.3 and 2.4. 
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Fig. 2.5. Time-dependent change of evaporator and condenser pressure Pev, Pco, for 
Y=0.4 and <9=90®. 

2.3.2.2 Flow visualization 

The flow through the larger-diameter tube from evaporator to condenser 

and the return of condensate from condenser to evaporator through the smaller 

diameter tube were confirmed when transparent Teflon tubes were used instead of 

copper tubes. By observlng the fluid behaviour inside the tubes (especially of the 

larger diameter tube) and that inside the evaporator and condenser through the 

sight glass, one can clearly see that (1) periodic generation, growth and coalescence 

of vapour bubbles In the evaporator push the fluid inside the larger-diameter tube 

into the condenser, and (2) intermittent churn flow [13] is a typical two-phase flow 

pattern inside the larger-diameter tube. 
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Condensate 

2.6 Fluid flow in condenser chamber, captured by DHSVC. 

2.7 Flow visualization in the Teflon tubes 

2.8 Capture of the return flow inside evaporator chamber 

BUPT



28 PT-HTD with 2 tubes of different diameters - 2 

Fig. 2.6 shows a representative movie frame of the flow inside the 

condenser obtained by a high speed digital video camera. The photo indicates the 

instant when the vapour jet coming out from the iarger-diameter tube is penetrating 

the accumulated condensate inside the condenser forming a splash. Fig. 2.7 shows a 

typical frame of high speed movie records of the flows inside the tubes. Through 

slow motion re-play of the movie, one can observe the intermittent upward flow of 

vapour through the larger diameter tube from evaporator to condenser and the 

return flow of the condensate through the smaller diameter tube from condenser to 

evaporator. A clearer view of the liquid return is shown in Fig. 2.8 where a 

continuous jet of condensate entering the evaporator chamber can be seen. 

As it was described above, the recirculation flow phenomenon was 

intermittent and its frequency increased with the evaporator temperature. The one-

way recirculation was observed for all the orientation angles of the device and also 

for different charging ratio of the working fluid. 

Mechanism of flow recirculation 

The frequency of the intermittent jet flowing into the condenser (jetting) 

was examined by analyzing the recorded high-speed video-movie frames. The 

results were compared with the pressure oscillation records. It was found that the 

frequency of vapour jets entering the condenser chamber agreed very well with the 

frequency of pressure variations. For example, the frequency was about 4.5 Hz for 

both the jetting and the pressure oscillation for Tev = 85®C, Tco = 82°C, y = 0.4 and 

e = 90®. The result leads to the conclusion that the pressure rise in condenser is 

directiy induced by the incoming momentum of the vapour flow brought about by 

the intermittent jet from Iarger-diameter tube. The periodical abrupt increase of 

condenser pressure plus gravity (except the case of 0 = 0°) drive the condensate 

back to evaporator through the smaller diameter tube, establishing the one-way 

recirculation of the flow. 
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2.3.3 Effect of device orientation 
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Fig. 2.9 Effect of device inclination on heat transport performance 

There are many parameters which are affecting the performance of the 

present device. The gravity seems to play an important role in the fluid 

recirculation, which results in the efficiency of heat transport. Fig. 2.9 shows the 

variation of Q with evaporator temperature with 6>=the inclination angle as a 

parameter. It can be seen from the figure that: 

(1) 2'ricreases with an increase in Tev irrespective of the inclination angles. 

(2) Inclination angle has significant effect on the heat transport performance. For 

a given evaporator temperature, vertical orientation ((9=90°) gives the highest 

performance and the horizontal orientation (^=0°) gives the lowest. The heat 

transport characteristics do not coincide for the two cases, e=60° and 120°. This is 

because the contact area between the liquid working fluid and the heating surface in 

the evaporator, and that between the vapour and the cooling surface in the 
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condenser, are not the same for the two cases. From the side view of the test 

section, in Flg.2.1, one can see that the two cases are not symmethcal. 

The main reason for the high heat transport performance of the present 

device may be attributed to the unique mechanism of fluid flow. Through the 

separation of vapor flow and condensate liquid flow in the two individual tubes, one-

way recirculation of the fluid was established and the shear force at the vapor-liquid 

interface which exists in the convenţional heat pipes was avoided eliminating the 

entrainment limit. In the range of the present study, the one-way recirculation was 

observed for all inclinations of the device. As one can observe in Fig. 2,9, the 

highest performance was achieved for the vertical orientation {O = 90®) with Q 

reaching a value of more than 800 W for an evaporator temperature below 100°C. 
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Fig. 2. 10 Q vs. inclination angle with Tev as a parameter 
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Fig. 2.10 shows 0 v s . • for three different evaporator temperatures, Tev 

One can observe that, in all three cases, the highest value of Q is achieved for the 

vertical orientation (90°). The horizontal orientation (0°) gives the minimum heat 

transport rate. For the same evaporator temperature, a small increase in the 

inclination from 0° to 10° brings an abrupt rise in the heat transport rate, 0being 

up to three times higher. After^ reaches the maximum at the vertical orientation 

{0= 90°), the performance decreases with a further increase in the inclination angle. 

The difference between the 60° and 120° cases occurs because the structure of the 

test section is not symmetrical with respect to the centre plane as shown in Fig. 2.1 

The contact area between the liquid working fluid and the hot surface of the 

evaporator, and the one between the vapor and the cold surface of condenser, 

changes with the inclination angle. This plays a certain role on the characteristic of 

heat transport phenomenon and influences the performance of the present device. 

Both, the boiling and the condensation are important in the entire process of 

transporting the heat efficiently. The higher performance of the 120° case compared 

to the 60° case indicates that the condenser is more dominant than the evaporator 

in the present system. 
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Fig. 2.11 Effective thermal conductivity, /Cĝ  vs. evaporator temperature Tev 
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Figure 2.11 shows the effective thermal conductivity /Ce/f versus evaporator 

temperature Tev with the inclination angle ^as a parameter. It can be seen from the 

figure that, kerr is increasing with a rise of heat input. The highest value of kefr 

obtained in the present experiment is about 2x10® W/(nn K) which is more than 

5000 times higher than the thermal conductivity of copper, kcopper̂ ^OO W/(m K). 
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Fig. 2.12 Change of evaporator and condenser temperature, Te„, Ta, and their 
differences, Ar̂ EV-C»;, with heat transport r a t e , 0 , for Y=0.4 and ^=90°. 

Figure 2.12 shows representative resuits of the temperature change in 

evaporator and condenser, T̂ ^ and Tco, and their differences, ATe^-o,, with heat 

transport rate, Q , for the vertical orientation. One can see from the figure that both 

Tê  and Tco increase while the difference between them decreases with an increase 

i n ^ . This means that the heat transport efnciency (the heat transport rate, Q , 

divided by the temperature difference, ăT^^^) or the effective thermal conductivity, 
ksff, increases rapidiy as the heat transport rate increases as was observed in Fig. 
2.11. 
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One can observe in Fig. 2.13 the results for the overall thermal resistance, 

f̂ totai plotted against Tev with the inclination angles as parameter. In this figure it is 

shown that t̂otai decreases with an increase in TQ̂  and that for an evaporator 

temperature larger than 50 in case of 9 =90°, the values of the thermal 

resistances become as low as 0.2 °C/W. For the horizontal orientation, the thermal 

resistance is much higher, irrespective of Tev . 
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Fig. 2.13 Total thermal resistance vs. evaporator temperature, with O as a 
parameter. 

It can be concluded from this subchapter that, gravity plays an important 

role in the performance of the present device and therefore, the vertical orientation 

of device, 9 =90°, gives the highest performance. 
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2.3.4 Effect of tube length 

In the present subchapter, a stress is put on the effect of tubes length on 

the heat transport performance. Experiments were performed for 6 different lengths 

of the tubes ranging from 215 to 750 mm. 

Fig. 2.14 shows the variation of 0 as a function of tube lengths, /, for three 

different evaporator temperatures, Tev It is seen from the figure that Q rises 

initially with an increase in I, reaches the maximum at /=530mm and then decreases 

with further increase in /. Increasing the tube length brings an increase in gravity 

head that will enhance condensate return. Increase in gravity head, on the other 

hand may gradually cause reduction in pumping ability which is created by 

intermittent boiling. This is considered to be the reason for the existence of an 

optimum tube length. 

•O) 

550 

450 

350 

250 

150 

50 

A 
A A 

• 

• • • 

A 
A 

• 

O 

• • 

• 

200 300 400 500 600 700 800 

/ [mm] 7Vv • 5 0 ' ' C • 6 5 ' C A 8 5 X 

Fig. 2.14 0 versus tube length, for 3 different evaporator temperatures 
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Fig. 2.15 Pressures variations with / 

A better understanding of above explanation can be obtained by observing 

the pressure change with / as shown in Fig.2.15. 

In Fig.2.16, Q and ISTev-co are plotted against T̂ eater for /=530 mm and 

/=0.4, where /Ŝ Tevco is temperatura difference between evaporator and condenser. 

It is shown in the figure that with an increase in Theaten Q increases while M'ev-co 

decreases, causing a rapid increase in effective thermal conductivity {kefr = Q I / A 

^Tev-co)' In the present case it reached a value more than 5000 times higher than 

that of copper. 
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Fig.2.16 ATev-co and plotted against Theater 

2.3.5 Effect of working fluid fiiling ratio 

The amount of charged working fluid was considered to be another 

important parameter which may affect the perfornnance of the present device. To 

determine its influence, experiments were performed for five different fiiling ratios 

(0.26, 0.37, 0.40, 0.42, 0.70) in the case of 215mm long tubes and three fiiling 

ratio (0.2, 0.4, 0.6) for the optimum length of 530 mm. 

(a) For the case of 215mm length of the tubes 

Fig. 2.17 shows the heat transport rate Q versus evaporator temperature, 

Tev, with the charging ratio of working fluid, y, as a parameter for the vertical 

orientation of the device. Here, y is defmed as the ratio of the volume of the 

charged working fluid (pure water) in liquid state and the entire volume of the 

test section. One can observe from the figure that Q increases with an increase 

in irrespective of the charging ratio. No significant difference can be 

observed in the trend of Q for the five different fiiling ratios. 
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Fig. 2.17 Effective thermal conductivity keff vs. evaporator temperature Tev 

with charging ratio, y as a parameter. 

Fig. 2.18 shows the variation of condenser temperatures Tco, and A7 

Tco) versus evaporator temperature Tev for different charging ratio, y- One can 

observe from the figure that with an increase in Tev, Tco increases but ATdecreases 

except for the case of Y=0.70. This fact, that an increase in Q causes a decrease in 

A7 is one of the most characteristic features of the present heat transport device. 

This is illustrated further in Fig. 2.19 where the effective thermal conductivity, keff, 

is plotted against Tev It is seen from the figure that keff reaches the highest value 

for Y=0.26, being 5000 times higher than the thermal conductivity of copper (kcopper 

-400W/mK) while keff was at the lowest for Y=0.70. In the cases of Y=0.37, 0.40 

and 0.42, the values of keff reduce to almost half as compared to the values for 

Y=0.26 but they are still much higher than those for Y=0.70. 
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One can observe in Fig. 2.20 the results for overall thermal resistance, Rtotai, 

plotted against Tev with the charging ratio, y as parameter. Rtotai is the thermal 

resistance over the heater surface in the evaporator and the cooling water in the 

condenser. Fig. 5. shows that : 

(1) Fltotai decreases rapidiy with an increase in Tev ; 

(2) for Tev larger than 50°C, the values of the thermal resistances become 

as low as 0.2 [°C/W]. 

(3) The first observation above means that the more heat load is imposed, 

the less becomes the thermal resistance of the system. This is a very unique feature 

of this kind of heat transport system. In contrast with the convenţional heat pipes 

where the thermal resistance is increasing with an increase of working temperature, 

the present device has a lower thermal resistance especially for higher evaporator 

temperatures and this can be one of the explanations for its higher performance 

[15]. 

The lowest values of the thermal resistance were obtained for a charging 

ratio of y=0.26. This is also reflected in the highest value of effective thermal 

conductivity which was obtained for y=0.26. 
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Fig. 2.20 Overall thermal resistance, Rtotaî s. evaporator temperature Tev 

with charging ratio, y as a parameter. 
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(b) For the case of 530mm length of the tubes 

The contact area between the liquid working fluid and the heating surface in 

the evaporator, and that between the vapour and the cooling surface in the 

condenser, changes with the charging ratio. This may play a significant role on the 

charactehstic of the heat transport phenomenon and influence the performance of 

the device. 

Fig, 2.21 shows the relationship between heater temperature, T^eaten and Q, 

with Y as a parameter. From the figure one can observe that: 

(1) Irrespective of y, T̂ eater increases with an increase in Q. 

(2) In the case of y=0.2, T^eater goes up abruptiy when Q increases. 

(3) There exists an optinnum y that gives highest Q for a given Theater- In the 

present case it is ^ = 0.4. 

The phenomena (2) and (3) described above may be attributed to: (a) when 

y is small, the boiling heat transfer surface may be partially dried up in evaporator 

for higher Theater, resulting in lower heat transport performance; and (b) on the 

other hand, when y is high, the condensing heat transfer surface may be submerged 
« 

with liquid causing again a poor performance. The above explanation is reflected as 

well in the variation of thermal resistance with Q for the three filling ratios. 

The variation of the thermal resistance with Q for three different filing ratios 

can be observed in Fig. 2.22. As one can see from the fîgure, the lowest thermal 

resistance is given for y = 0.4. The thermal resistance is decreasing with an 

increase in Q, reaching a value of 0.16 [°C/W]. A similar trend foilows in case y = 

0.6, while in case of 0.2 filling ratio, above 200W, a sharp increase of thermal 

resistance can be observed. 
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Fig. 2.22 Thermal resistance versus Q with k as a parameter 
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2.4 Flow visualisation analysis 

With the purpose of developing suitable descriptors of the inner flow 

behaviour in a two-phase heat transport device that couid be related to its heat 

transport perfornnance, a program was made using LabView NI Vision software. The 

Information used to estimate the flow velocity, were extracted from flow 

visualization records. 

2.4.1 Flow velocity estimation method 

The flow velocity estimation was based on the evaluation of phase shift of two 

consecutive frames in the frequency domain. The algorithm, often used in PIV, is 

outlined in Figure 2.23. 

Prior to the fast Fourier transformations (FFT) of the frames, the background, 

obtained as the averaged fieid of at least 100 frames, was removed by evaluating the 

absolute difference between the analyzed frames and the background. After FFT, the 

complex conjugate of the second frame was obtained. By multiplication of the FFT of 

the first frame and the complex conjugate of the FFT of the second frame, the relative 

phase shift of the Fourier components was obtained. After inverse FFT of the result, a 

peak indicated the dominant phase shift between the two frames in the space domain. 

The exact position of the peak was identified from quadratic interpolation near the 

maximum, in order to obtain sub-pixei accuracy. Alternatively, various morphological 

transforms were appiied prior to the FFT in order to test the sensitivity of the method 

on the remaining noise after background removal. 
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Frame 

Fr#: 54; V=-201.00E-3m/s; T=0.1080s; FR=500fps; 
Sh.ft=-l,977pxs; 24x171; n.90mm = 63.00pxs; Scâie = lOpxs 

Fig. 2.24 Presentation of velocity measurement resuits. 

The resuits were verified by Visual comparison of the measured shift and the 

shift observed between frames. For this purpose, the resuits couid be saved in the 

form shown in Figure 2.24, which connbined the video of the analyzed area, velocity 

chart, and other data for each frame. For simple comparison, lines to the left from the 

video were distnbuted by 10 pixels and ailowed direct comparison of the observed and 

computed shift between the frames. Although rigorous prove of accuracy of the 

method is difficult to obtaln, the resuits were found very reasonable, with littie 

dependence on the selected region of interest and noise. However, problems couId 

appear during periods of very high velocity of the flow for which the capture speed 

was not sufficient, during entrance of large bubbles into the region of interest, and, 

naturaiîy, during periods in which no distinguishable features were present in the 

analyzed region. These problems are the subject of future improvements. 
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Fig. 2.25 Velocity measurement results in the thin tube of test core with different tube 

diameters with comparison of different morphology transforms. 

Top graph: Velocity trend. Bottom graph: Velocity histogram. 

An example of the resulting velocity profile and the corresponding velocity 

histogram is shown in Figure 2.25. This Figure corresponds to the record obtained 

from smaller tube of the test section shown in Figure 2A-4 (c). For comparison, the 

velocity profiles are shown for processing without any morphological transform as well 

as with erode transform and gradient transform appiied prior to FFT. The very close 

agreement between the three methods shows small effect of the remaining 

background and noise. 
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2.4 .2 Flow visual izat ion ana lys i s 

From the video recordings of fluid flow inside the tubes, it was cleariy 

observed that one-way recirculation with vapour up-ward flow through the iarger 

diameter tube and condensate return through the snnaller dianneter tube was maintain 

to occur. In Fig.2.26, a capture of fluid flow for Q ~25W and an average temperature 

of the system of 34®C can be seen. Rg. 2.26 (a) ~ (d) represents four consecutive 

frames from the video recordings. One can observe fronn the figures the up-ward flow 

in the Iarger diameter tube (left-side tube) and the down shift of the column liquid in 

the smaller diameter tube (hght-side tube). 

Fig. 2.26 Capture of fluid flow at Q'-25W 

Fig.2.27 and Fig.2.28 are showing consecutive frames from the fluid flow 

video recordings at Q -150W and Q -450W, respectively. At higher temperature 

range, the flow is more intermittent, Iarger amount of vapour is flowing through the 

thicker tube and consequently, the volume of condensate return is also increased. 

Less bubbles (and of smalle^ size) are obsen/ed in the thinner tube while a column of 

liquid is covering most of the volume of the thin tube. The up-flow at low temperature 

can be considered to be churn flow while at higher temperature, as annular flow. The 
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down flow instead, initially, at low temperature, had the characteristics of slug flow, 

and later, at higher temperature, it became bubble flow [13]. 

(b) mamm^m {omatm^am (d)i 
Fig. 2.28 Capture of fluid flow at Q-150W 

( c ) S S H K ^ (d)i 

Fig. 2.29 Capture of fluid flow at Q'-450W 
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(c) Estimated velocity of condensate return for Q ^̂  450W 

Fig. 2.27 VelDcity estimation 
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From the video recordings of flow inside the tubes, the velocity of the down-flow 

(condensate return) was estimated using the method described above (2.4.1). In case 

of up-flow the velocity couldn't be estimated using the phase-shift method, due to the 

irregular pattern of vapour and liquid mixture. 

It was observed that the flow patterns change with temperature and the velocity 

of condensate return is increasing with a rise of temperature. Appiying the phase-shift 

method the estimated velocity for Q 150W and 450W can be seen in Fig. 2.29 

(a), (b), and (c) respectively. Although the method of estimating the flow velocity, in 

general it proved to be reliable (through direct comparison with the scale phase-shift), 

problems couid appear during periods of very high velocity of the flow for which the 

capture speed was not sufficient, during entrance of large bubbles into the region of 

interest, and, naturally, during periods in which no distinguishable features were 

present in the analyzed region. The O velocity in Fig. 2.29 corresponds to the 

situations mentioned before or to the stagnation of flow between the cycles. The 

minus sign in the graphs of velocity indicates the down-flow. 

Fluid flow is intermittent and the frequency of vapour up-flow and condensate 

return is increasing with an increase ofQ. As it can be seen from Fig. 2.29, the 

velocity of condensate return is increasing with an increase of heat input. At an 

average temperature (between evaporator and condenser) of 34°C, the average 

down flow velocity was around O.lm/s (Fig. 2.27 (a)) . At 48°C, the velocity was 

around 0.2m/s and for 82°C, it reached around 0.5m/s or even more. 
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2.5 Conclusions 

In this chapter, a new heat transport device (HTD) was introduced and the 

experimental investigations results of the effect of various paranneters on its 

performance were presented. The foilowings can be concluded from the above 

study: 

(1) the present HTD can transport more than 800W for a tennperature of 

evaporator below 100°C; 

(2) In the higher temperature range, the present HTD shows three to four 

times higher performance than a convenţional heat pipe of similar size 

and same working fluid (water); 

(3) the high performance is attributed to the unique mechanism of fluid 

flow. One way recirculation was maintained to occur with vapor flowing 

through the larger diameter tube to condenser and the condensate 

return to evaporator through the smaller diameter tube. Due to the 

separation of the two streams in opposite directions, the entrainment 

limit is avoided as this represents an advantage over the convenţional 

heat pipes; 

(4) the gravitation plays an important role in the recirculation of the fluid 

and this results In the performance of the device; the highest 

performance was achieved for the vertical orientation with the 

evaporator placed below condenser; 

(5) although the device can transport heat efficiently over a large range of 

tube length, there exists an optimum length at 530mm; 

(6) the filling ratio has also appreclable effect on the performance of device 

and the optimum was found to be 40% from the total inner volume. 
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front view side view 

Fig. 2A-1 Schematic of experimental set up with 2 tubes of different diameters 
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Fig. 2A-2. View of test section during first assembling 
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Fig. 2A-3. Test core with copper tubes (a) and Teflon tubes (b) 
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Fig. 2A-4 Test core (a) with copper tubes without insulation, (b) insulated, 
(c) with Teflon tubes. 

BUPT



Appendix -2 55 

( a ) i ^ ^ K ^ H H ^ ^ ^ H ^ H i (b) 

Fig. 2A-5 (a) View of iniţial Test Core; (b) cooling water branching 
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3. PT-HTD with five parallel tubes 
3.1 Experimental set up and procedure 

For further improvements of HTDs a new test section was design, 

manufactured and tested under certain experimental conditions. The schematic of 

the new test core is shown in Fig. 3.1. It consists of five parallel copper tubes (200 

mm in length and 2.8mm and 4 mm inner and outer diameter, respectively), which 

connect an electrically heated evaporator and water cooled condenser. A ceramic 

heater (50x50) was placed on the backside of evaporator and connected to a 

regulated power suppiy. The backside wall of condenser was water cooled. To 

provide a constant flow rate with certain head level a reservoir for water was placed 

above the test section. The flow rate of cooling water was measured using a stop 

watch and a mass cylinder. 

Both evaporator and condenser chambers have a quartz-glass window to 

enable the visualization of inner flow. A high-speed video camera was used to 

record the flow behaviour inside the evaporator and condenser. Before charging the 

working fluid (water), the test section was evacuated to around 4 kPa. Pressure 

sensors were attached to both evaporator and condenser chambers. The amount of 

charged fluid was around 45% of the test section total inner volume. Thermocouples 

were placed for measuring temperatures of (1) iniet and outlet cooling water at 

condenser T̂ m̂, Tw,out, (2) working fluid inside evaporator and condenser, Tf̂ ev, Tf̂ co 

(3) heater and condenser wall, T̂ ^̂ ev, T̂ ĉo and (4) tube wall at three positions along 

the axis of each tube, (Tg, close to evaporator, Tm, middle and Tc, close to 

condenser, see Fig. 3.1). In case of copper tubes (not transparent), for estimating 

the fluid phase inside the tubes, the temperature of tubes wall were measured. The 

method predicts that, high wall temperature indicates that vapor is flowing through 

the tube, while lower temperatures will correspond to the condensate return. The 

method proved to be reliable by comparing the results of tube wall temperature 

measurements with the flow behavior recorded inside condenser chamber. The 

estimation done by temperature measurements agreed very well with the flow 

visualization results. 
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58 PT-HTD with five tubes of same diameter - 3 

The pressure and temperature measurements were fed to a data acquisition 

cârd (DAQ) and were analyzed using LabView software. The heat transport rate was 

obtained fronn the temperature rise (averaged values during the steady state) and 

the mass flow rate of cooling water flowing through the condenser. 
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Rg. 3.1 Schematic of test section with 5 parallel tubes 

Note: TC stands for thermocouple 

BUPT



3.1 - Experimental setup and procedure 59 

The experiments were conducted under foilowing experimental setups: 

( I ) vertical orientation of device, wlth the evaporator placed at the bottom, 

as it can be seen in the below illustration (Fig. 3.2) 

( I I ) horizontal orientation of device; 

( I I I ) bent tubes, with the evaporator placed on horizontal position (Fig. 3.3) 

C o n d e n s e r 

Fig. 3.2 Illustration of the 5-PT-HTD in vertical orientation 

' ( 'f 1 
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C o n d e n s e r 

Fig. 3.3 Representation of the 5-PT-HTD with the evaporator placed on horizontal 

As one can observe from Fig.3.3, the evaporator in this case was placed on 

horizontal position with the purpose of maximizing the contact between the hot 

surface and the wo'-klng fluid inside the chamber. The angle of tubes bending was 

avoided to be sharp for not creating a resistance of inner flow. The condenser 

orientation is debatable. For the fîrst run of experiments, based on results of 

previous work, the almost vertical orientation was considered. In previous chapter, 

it was shown that, for certain inclinations of test core, the submersion of condenser 

into the liquid, causes a reduced heat transport performance due to the lower heat 

transfer coefficient (of film condensation as compared to that of drop wise 

condensation). The other dinnensions were kept sanne as for the vertical orientation 

case (tube length, 200mm, inner and outer diameter 2.8mm and 4mm respectively, 

amount of working fluid, 45%) . 
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3.2 Data Reduction 

The heat transport rate was obtained from the temperature rise and mass 

flow rate of cooling water flowing through the condenser. It was calculated by: 

Q = (1) 

where T^^m , T^,out and V are the condenser iniet, outiet temperatures and the 

volume flow rate of the cooling water, respectively. 

In the present study, an effective thermal conductivity, ketr, was introduced as 

a measure of the heat transport performance of the device. It was defined by the 

foilowing equation: 

^V w^ev w,co ' 

where / is the tube length (distance between the evaporator and condenser) and At 

is the total of the inner cross secţionai areas of the two tubes; T̂ ^̂ ev and T̂ ĉo are the 

wall temperature of evaporator and condenser chamber. 

The overall thermal resistance, Rtotai, between the heater and the cooling 

water was calculated using the foilowing relationship: 

^total ~ '^heater ('̂ w.in (3) 
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3.3 Results and Discussions 

3.3.1 Vertical Orientation 
3.3.1.1 Performance of the new test section 

Fig. 3.4 shows the performance of the present device for the vertical 

orientation with the evaporator places at the bottom. It can be seen from the figure 

that Q increases with a rise of heater temperature and that the present device can 

transport up to 600W. 

O) 

700 
Vertical orientation 

20 40 60 80 100 120 

T heuter [°C] 

Fig. 3.4 Heat transport performance of 5-PT-HTD 

140 

Above this point, sharp pick of heater temperature was observed, indicating 

the beginning of evaporator dry out. Fig 3.5 shows the abrupt rise of heater 

temperature in time. At this particular moment, vapor was flowing through all 5 

tubes and for a short period of time there was no condensate return back to 

evaporator. Although the picks appear periodical, the high value of heater 

temperature (180®C) may damage some components of the test core and therefore 

the experiments were stopped at this point. 
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Fig. 3.5 Variation of heater temperature in time for Q~600W 

One can see in Fig. 3.6 the effective thermal conductivity of present HTD 

compared to those of three typical convenţional heat pipes (HP) with similar sizes 

(see Fig.3.7 and Table 1) and same working fluid (water). As it can be observed 

from Fig. 3.6, at lower heat transport rate, Q<100W, the convenţional HPl [36] and 

HP2 [29] show higher performance. For Q=300W, a large size heat pipe (15.9mm in 

diameter and 370mm long), HP3 [34], shows lower performance than the present 

HTD. It is clearly seen that the present HTD can carry much larger Q which 

convenţional HPs cannot achieve. The highest Q of the present setup of HTD was up 

to 600W with keff being 200 times more than the thermal conductivity of copper. 

Table 1. Dimensions of HPs compared with the present HTD 

HTD HP 1 HP 2 HP 3 

0 X No. [mm] 2 . 8 x 5 4 x 1 6.35 X 1 15.9 X 1 

At [mm] 30.8 12.6 31.7 198 

Lad [mm] 200 55 200 98 

Lt [mm] 300 160 276 370 
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Fig 3.7 Geometry of HPs compared with the present HTD 
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3.3.1.2 Relationship between tube wall temperature measurements 

and the fluid phase inside the tube 

By measuring the wall temperature of tubes, the flow inside the tube can be 

deduced through the assumption that, high temperature corresponds to vapour flow 

inside the tube, while low temperature indicates the presence of condensate in the 

tube. Fig. 3.8 represents wall temperatures at three axial positions {Te, T̂ r̂  and Tc) 

for each of the five tubes ( t l to t5, see Fig. 3.1) for the case of low Q, 20W. It can 

be seen from the figure that all 5 tubes have almost the same axial temperature 

distribution. This indicates that all tubes were functioning in the same way carrying 

vapour and condensate. In this low Q case, the presence of an oscillatory flow in 

every tube was confirmed through high-speed video records of the flow in the 

condenser chamber. 
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Fig. 3.8 Wall temperatures of tubes at low Q(=20W) 

t5 

For high Q case, (500W, for example), a stable re-circulating flow was 

observed, with four tubes working to carry vapour from evaporator to condenser 

and one tube for condensate return, as can be seen in Fig. 3.9 where the lower 

temperature of tube number one ( t l ) indicates that this tube is working for 
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condensate return (Case A). This is due to the depth of water accumulated in the 

colder region in the condenser (close to the iniet of cooling water), which adds to 

the gravity head and drives the condensate back to evaporator. By changing the 

position of cooling water inIet and outiet, a switching of the condensate return tube 

was observed (Case B). One can see from Fig. 3.10 that, in contrast with Case A, t5 

is working as the condensate return tube while the other four tubes are for vapour 

flow. 

Flow visualization (movie) records were in good agreement with the 

conclusions obtained from the tube wall temperature measurements. Fig. 3.11 is a 

capture of an instantaneous existence of a liquid of vast bulk formed on the colder 

region (above t5) inside the condenser in Case B. 
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Fig. 3.9 Wall temperatures of tubes at high Q (=500W) for Case A 
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Fig.3.11 Flow visualization in condenser chamber (case B) 
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3.3.2 Horizontal orientation of device 

In case of horizontal orientation, the present device was able to transport 

heat up to 40W for a heater tennperature around 60®C. The variation of Q with Theater. 

for the horizontal case, is shown in Fig. 3.12. Although initially there is an abrupt 

increase of Q with a rise of T̂ eater, after 40®C, the heat transport rates have the 

tendency to saturate. The working fluid is accumulating in condenser chamber and 

gradually the evaporator tends to dry out. By looking at the effective thermal 

conductivity variation with Theater, one can see in Fig. 3.13 that a sudden drop is 

occurring after 40®C. The perfornnance is decreasing with further increase of heater 

temperature. Due to the absence of pressure head between evaporator and 

condenser, the liquid accumulated in condensed can not easy flow back to 

evaporator. The amount of transported heat is much less as compared to the 

vertical orientation, yet, the horizontal case can be used in a range of low Q. 
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Fig. 3.12 Heat transport rate vs. heater temperature for the horizontal orientation 
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Fig. 3.13 Effective thermal conductivity in case of horizontal orientation 

3.3.3 Bent tubes - horizontal position of evaporator 

3.3.3.1 Performance of the 5-PT-HTD for the bent tubes case 
As it can be seen from the above Fig. 3.14, for the experimental setup with 

the evaporator placed on horizontal position, the performance of the present device 

is up to 700W. Compare with the vertical orientation, in the present case, the 

experiments were stopped at this point due to the limitation of auxiliary devices 

used for experiments. The slide regulator (connected to the 200V panel) used to 

control the heat input, was 240V, which is close to the maximum point, and the 

current was 2.5A. The Keytley multimeter used to measure the electrical current, 

can not exceed 3A. To avoid any possible damage of devices, the experimental 

conditions were kept within the safety range. The above description indicates that, 

the maximum heat transport o present device was not determinate and that actually 

it can exceed 700W. 
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Fig. 3.14 Heat transport rate variation with heater temperature 

3.3.3.2 Inner flow behavior analysis 

Through flow visualization (movies) , at low heat input, a periodical 

condensate return was obsen/ed. First, the liquid is accumulating in condenser up to 

a certain level, (almost 2/3 of condenser chamber was filled with liquid) as seen in 

Fig. 3.15. When the column of liquid reaches the indicated level, the condensate 

starts to return to evaporator through 4 of the tubes, while in the same time, vapor 

is fiowing through one of the tubes. At same heat input, this behavior of inner flow 

was not observed for the experiments performed under the vertical orientation. 
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Vapor 

LiquidI 
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Condens 

Fig. 3.15 Snap shot of fluid in condenser chamber at Q'^25W 

Looking at the heater temperature variations in tinrie (Fig.3.16), a pehodical 

rise and drop can be observed. The averaged value is though kept constant at 

around 54°C for Q~25W. The pick of the Theater corresponds to the level of liquid 

accunnulated in condenser. When the condensate returns, the heater tennperature 

decreases and the cycles of fluid movement correspond to the variations of heater 

temperature. For an interval of 10 minutes, 12 cycles can be observed which 

indicates a low frequency. 
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Fig. 3.16 Heater temperatura variation in time for Q'-ZSW 

Increasing the heat input, different flow behaviour was observed. At lOOW 

for example, a stable recirculation of the flow can be seen in Fig. 3.17, with two 

tubes carrying vapour and three for condensate return. 

A method to estimate the fluid phase inside the copper tubes was developed 

by measuring the tube wall temperatures at three locations close to evaporator, 

middie of the tubes, and close to condenser. It was consider that high temperature 

indicates that vapour is flowing through the tubes while low temperature value 

wouid correspond to the presence of condensate in the tubes. 

Fig. 3.18 shows the tube wall measurement at lOOW. One can see from the 

figure that, two of the tubes have higher temperature compare with the other three. 

This means that vapour is flowing through tube number 1 and 2, while condensate 

is returning through tube 3, 4 and 5. 

By comparing the flow visualization results (Fig.3.17) and the tube wall 

temperature measurements (Fig. 3.18) a good agreement can clearly be seen. 
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TI T2 T3 T4T5 
Fig. 3.17 Flow visualization in condenser for Q~100W 
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Fig. 3.18 Averaged tube wall temperature for Q~100W 
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Furthermore, for Q~200W, four tubes where observed to carry vapor and one tube 

number 5 was set for condensate return (Fig. 3.19). The tube wall temperature 

measurements are in good agreement with the flow visualization. As it can be seen 

in Fig. 3.20, tube 1, 2, 3 and 4 are showing high temperature, which means vapor is 

flowing through them; while tube's 5 low temperature corresponds to the 

condensate return. 

TI T2 T3 T4 T5 
Fig . 3.19 Flow visualization in condenser for Q~200W 
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Fig. 3. 20 Averaged tube wall temperature for Q lOOW 
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3.4 Conclusions: 

The main conclusions of the present study are as foilows: 

(1) For the vertical orientation, the present device can transport heat efficiently 

up to 600W; 

(2) Compared with sinnilar size HPs, the present HTD can cover a wider range of 

Q, with an effective thermal conductivity up to 200 times more than that of 

Copper; 

(3) Two flow patterns were observed: an oscillatory flow in each tube at lower Q 

range, and a stable re-circulating flow in the higher Q range; 

(4) Gravity seems to play an important role for the fluid recirculation, which 

results in heat transport performance of present HTD; 

(5) For horizontal orientation of evaporator and vertical of condenser (bent 

tubes case), dry out of evaporator was not observed and the performance 

was up to 700W. 

(6) Through flow visualization, the method of estimating the fluid phase inside 

the copper tubes by measuring the tube wall temperature was proved to be 

reliable. 
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Fig. 3A-1 Assembling view of the 5-PT-HTD 

Fig. 3A-2 Cooling water iniet/outiet connections on the backside plate of condenser 
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Fig. 3A-13 Backside of condenser, case A for cooling water iniet/outiet 

Condenser 

Fig. 3A-13 Backside of condenser, case B for cooling water inIet/outIet 
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Fig. 3A-29 Bent tubes case - evaporator on horizontal position 
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4. Summary and General Conclusion 

After an intense literature review related to the present subject it was found 

that, there is still a lack of knowledge regarding the complex phenomena which are 

occurring during the process of heat transport. Different devices have been 

developed in the past decades aiming an efficient heat transport and the 

improvement of their performance is still a task of nowadays engineers. 

The need for a more compact and efficient heat transport device (HTD) led 

to the development of the two new devices presented in this thesis. The 

characteristics of the novei devices consist in their different structure as compared 

with the convenţional HTDs. The devices consist of parallel tubes connected to an 

evaporator (hot header) and a condenser (cold header). The new HTDs have the 

advantage of the tubes being open to both headers and therefore, the resistance in 

the flow existing in case of a meandering closed loop (MCL) is avoided. The tubes 

are simple, without any internai structure (wick) and compared with convenţional 

heat pipes (HP), the performance of the new devices is not limited by the capillary 

limit. 

Taking into account the basic theory of thermodynamics and the information 

found in the literature related to the convenţional HTD, two new test sections were 

design, constructed and experimentally investigated under different conditions. At 

first, the working mechanism was analyzed and later on optimized. Two methods 

were used to prove the results, measuring all values and in the same time recording 

the behavior of the inner flow. A good agreement was found between the flow 

visualization results and the measurements resuits. Reproducibility of results was 

obtained through a large series of performed experiments. Observing the fluid flow, 

ailows one to get a better understanding of the mechanism, and this is the first step 

to improvement. The flow visualization analysis gives us an insight view of the 

phenomena occurring during the process of heat transport. Each new finding lead to 

a further step into the research and there is still more to go. 

Besides the main target of the present research, there were other problems 

which occurred during the experiments and needed to be solved. One can learn a lot 

from dealing with some practicai issues. There is no perfect design from the first 
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beginning and in time, nnany aspects were improved (for example, avoiding the 

leakage). To confirm the high value obtained for the heat transport, two systems 

were used to check the tennperature readings. The values were proved to be 

accurate. 

From the present study, the foilowing main conclusions can be drawn: 

1). Two new types of HTD were developed and experimentally investigated for a 

series of parameters (temperatures range, effect of orientation, length of tubes, and 

amount of charged working fluid). For both newly developed devices the optimum 

working conditions were found. 

2) The optimum conditions for the first device was the vertical orientation with 

the evaporator at the bottom, the optimum filling ratio was found to be 40% of the 

total inner volume of the test core, and the optimum length of the tubes was 

530mm. 

3) The performance of both devices proved to be very high as compared to that' 

of convenţional HPs of similar dimensions: 

I. The two different diameter tubes PT-HTD can transport three to 

four times more heat (800W) than a convenţional heat pipe of 

similar size, for a temperature of evaporator below 100°C. 

II. Compared with similar size HPs, the PT-HTD with five tubes can 

cover a wider range of Q (up to 700W), with an effective thermal 

conductivity up to 200 times more than that of Copper. 

4) New finding consists in: 

III. The unique mechanism of fluid flow with the separation of vapour 

through the larger diameter tube and condensate return through 

the smaller diameter tube, in case of PT-HTD with 2 different 

diameter tubes. This is considered to be the main cause for the 

high efficiency of heat transport. 
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4 - General conclusions 101 

IV. The two different flow patterns observed in the 5-PT-HTD; an 

oscillatory flow in all tubes present at low Q, and the stable re-

drculating flow in case of high Q. 

5) Through flow visualization, the method of estimating the fluid phase inside the 

tubes by measuring the tube wall temperatures was proved to be reliable. 

The results of this study have been presented In many International conferences 

and were as well published in internaţional journals [38, 39, 40, 41, 42, 43, 44, 

45, 46]. This fact reflects that the results shown here are valuable and the 

research in this fieid is of high interest. 

The new concept of HTD proved to be reliable and is promising for appiications. 

Further study is needed to find an approach between the complex phenomena of 

heat transport (including boiling, condensation and two-phase flow) and the 

optimum design of devices. 

Recommendations for future work 

Based on the results presented here, further research in this fieId can be 

done. It wouid be interesting to investigate different combinations of tube diameters 

(for both test section, with two and five tubes respectively), to deternnine its effect 

on the heat transport performance, and to find the optimum. Also, designing and 

testing a new test core more appiication oriented, with a much simple structure 

(e.g. removing the glass windows), wouId be very useful. Although the phenomena 

(including boiling, condensation and two-phase flow) existing in the newly 

developed HTDs are very complex, a trial in developing a numerical model can lead 

to further understanding of the mechanism of present devices, which will be useful 

for further development of HTDs. 
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Rezumat în limba română a tezei de doctorat 
""Contribuţii la studiul fenomenului de trecere a căldurii 

cu schimbare de faza, utilizând sisteme cu tuburi paralele" 
{Experimental Investigation of Pa ral lei Tube 

Heat Transport Devices using Phase Change of Water), 

elaborată de domnişoara ing. Adina Petronela CÎRTOG 

1. Importanţa temei abordate în teza, scopul şi obiectivele urmărite 

Prezenta lucrare a fost elaborată în urma cercetărilor efectuate pe parcursul 

activităţii mele ca şi doctorand în cotutelă în cadrul Departamentului de Mecanică a 

Universităţii de Agricultura şi Tehnologie din Tokyo şi la Universitatea Politehnica din 

Timişoara, Facultatea de Mecanică, Catedra Termotehnica, Maşini termice şi 

Autovehicule rutiere. Lucrarea abordează o tematica de actualitate şi interes ridicat 

din domeniul termodinamic, având ca scop dezvoltarea unor sisteme de răcire 

eficiente. 

Datorita nevoilor actuale de protecţie a echipamentelor electrice şi electronice, 

au fost concepute diverse modalităţi de înlăturare a energiei degajate sub forma de 

căldură. Aşa numitele « heat pipe » sau tuburi termice sunt cele mai cunoscute 

dispozitive utilizate pentru răcirea echipamentelor electronice, de exemplu pentru 

procesoare. Acestea sunt folosite şi în navele cosmice datorită faptului că 

recircularea fluidului de lucru nu depinde de gravitaţie. Acest avantaj le este conferit 

de structura lor capilara, dar în acelaşi timp le şi limitează performanţa. Un alt 

sistem, mentionat în literatura de specialitate şi folosit în practică, este sistemul cu 

ţevi sinuoase, a cărui structură şi principiu de funcţionare sunt diferite de cele ale 

tubului termic. Spre deosebire de aceste sisteme convenţionale, instalaţia concepută 

pentru experimentele descrise în această lucrare prezintă o particularitate prin 

construcţia geometrică. Aceasta se reflectă în modul de recirculare a fluidului de 

lucru şi implicit a transportului de căldură de la sursa caldă la condensator. 

Instalaţia iniţială a fost prevăzută cu doua tuburi paralele simple de diametre 

diferite, conectate la un vaporizator încălzit electric şi un condensator răcit cu apă. 
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Lucrarea in limba engleza are 110 pagini, 1 tabel, 98 figuri, 51 poziţii 

bibligrafice, dintre care 9 proprii. Numerotarea figurilor in acest rezumat 

corespunde, pentru o mai uşoara înţelegere, cu cea originala, din teza redactata in 

limba engleza. Ea are următorul CUPRINS: 

Mulţumiri 3 

Cuprins (în limba engleză) 5 

Rezumat (în limba engleză) 7 

Notaţii 9 

Capitolul 1: INTRODUCERE 11 

1.1 Fundamentarea cercetarii.Variante constructive 11 

1.1.1 Termosifon 12 

1.1.2 Tuburi termice 13 

1.1.3 Sistem cu tevi sinuose 14 

1.1.4 Conceptul sistemelor cu tuburi paralele 16 

1.2 Obiectivele cercetării 17 

1.3 Organizarea tezei 18 

Capitolul 2: SISTEM CU DOUĂ TUBURI PARALELE DE DIAMETRE DIFERITE 19 

2.1 Instalatia experimentala si procedeul de lucru 19 

2.2 Prelucrarea datelor si estimarea erorilor 21 

2.3 Rezultate obtinute si interpretarea lor 23 

2.3.1 Performanta sistemului propus 23 

2 .3 .2 Mecanismul de recirculare a fluidului de lucru 24 

2 .3 .2 .1 Presiunile masurate 24 

2 .3 .3 .2 Vizualizarea curgerii fluidului 26 

2 .3 .3 Efectul orientării instalatiei 29 

2 .3 .4 Efectul lungimii tuburilor 34 

2 .3 .5 Efectul cantitatii de fluid 36 

2.4 Analiza rezultatelor de vizualizare a curgerii 42 

2.4.1 Metoda de estimare a vitezei fluidului 42 

2 .4 .2 Analizarea rezultatelor 46 

2.5 Concluzii 50 
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Anexa cap.2 51 

Capitolul 3: SISTEM CU CINCI TUBURI PARALELE 57 

3.1 Instalatia experimentala si procedeul de lucru 57 

3.2 Prelucrarea datelor 61 

3.3 Rezultate obtinute si interpretarea lor 62 

3.3.1 Orientarea verticala a sistemiui 62 

3.3.1.1 Performanta sistemului 62 

3.3.1.2 Relaţia intre temperatura peretelui tubului si starea 

de agregare a fluidui de lucru din interior 65 

3.3.2 Orientarea orizontala a sistemului 68 

3.3.3 Tuburi cotite 69 

3.3.2.1 Performanta sistemului 69 

3.3.2.2 Comportarea fluidului sistemului 70 

3.4 Concluzii 75 

Anexa cap.3 76 

Capitolul 4: CONCLUZII GENERALE S I CONTRIBUTII ORIGINALE 99 

Concluzii ale cercetării. Contribuţii originale 99 

Bibliografie 102 

Publicaţiile autoarei 107 

Rezumat in limba Japoneza 109 

Rezumat in limba Romana 111 

2. Concepţia unui sistem performant pentru transportul căldurii, 

a) Generalităţi 

în urma studiului din diferite reviste a literaturii de specialitate s-a constatat că este 

o nevoie acută de dezvoltare a unor sisteme de transport al căldurii cât mai 

eficiente, deşi actualele sisteme au fost studiate şi îmbunătăţite de-a lungul 

ultimelor decenii. Analizând informaţiile existente în literatură referitoare la 

avantajele şi dezavantajele actualelor sisteme, precum şi a nivelului actual de 

cunoaştere în domeniu, s-a conturat ideea necesităţii construirii unui nou sistem de 

transmitere a căldurii. Astfel a fost stabilită tema doctorală a cărei scop a fost de a 

contribui prin cercetare proprie la dezvoltarea principiul de funcţionare al noii 
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instalaţii ce are la baza diferenţa de presiune dintre un recipient cald şi unul rece 

(vaporiyator si condensator), conectate prin intermediul unor tuburi paralele. 

Transferul căldurii este realizat prin schimbarea de faza a fluidului de lucru. Fluxul 

termic este transferat de la sursa caldă la cea rece are loc prin conducţie şi 

convecţie (trecere de căldură). Aceste idei si scopul cercetării, in context actual al 

cunoaşterii, au fost tratate in capitolul 1. 

b) Identif icarea principalelor caracteristici necesare asigurării unei 

răciri eficiente 

în concepţia instalaţiei au fost considerate următoarele aspecte: 

Asigurarea unui transport rapid de căldură. 

Costuri reduse ale instalaţiei. 

Utilizarea unor agenţi netoxici, 

Asamblarea cu uşurinţa a componentelor în cadrul laboratorului. 

Permiterea repetării cu uşurinţa a experimentelor pentru validarea 

rezultatelor. 

c) Variante constructive 

Două instalaţii diferite au fost concepute, construite, şi investigate experimental. 

1. în prima faza a fost conceput un sistem cu două tuburi de diametre diferite. 

Pentru a asigura un transfer termic eficient recipientele (sursa calda si sursa 

rece) au fost construite din alamă, iar tuburile au fost din cupru. Aceasta 

instalaţie a fost iniţial prevăzuta cu ţevi de cupru, iar ulterior acestea au fost 

înlocuite cu tuburi de teflon pentru a permite vizualizarea curgerii fluidului de 

lucru cu scopul de a înţelege mecanismul de funcţionare. 

2. Ulterior a fost construit şi investigat în diverse condiţii experimentale un al 

doilea sistem, avand cinci tuburi paralele de acelaşi diametru . 

Prima instalaţie utilizată pentru cercetările experimentale este descrisă în capitolul 2 

(fig. 2 .1) al tezei şi constă în principal din două tuburi de diferite diametre (3 .5mm 

şi 6 .5mm), conectate la un vaporizator, încălzit electric, şi un condensator, răcit cu 

apă. Iniţial au fost folosite ţevi de cupru, iar ulterior, pentru vizualizare, acestea au 

fost înlocuite cu tuburi de teflon. înainte de a alimenta instalaţia cu fluidul de lucru 

(apa), întregul sistem a fost vidat până la o presiune absolută de aproximativ 2 kPa. 
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Lungimea tuburilor a variat între 215 mm şi 750 mm, iar cantitatea de fluid între 

0.26 % şi 0.7 % din totalul capacităţii libere interne a instalaţiei. Experimentele s-au 

planificat in asa fel incat sa permită concluzii comparative, lucrându-se cu diverse 

înclinaţii ale echipamentului, de la O la 120° faţă de orizontală. 

Temperaturile şi presiunile în evaporator au fost măsurate şi analizate, iar 

transportul de căldură a fost calculat utilizând următoarea relaţie : 

Q = (1) 

Unde: p este densitatea, Cp este calduara specifica, V debitul apei de răcire, 

iar T .̂in, Tŷ ,out reprezintă temperatura apei de răcire la intrare, respectiv la ieşire 

din sistem. 

Pompa de 
V g o l i r e / 

Tub din cupru spiralat 
c/o=3.2, Jt 2.2 

Răcitof cu api | 
Admisie Evacuare » 

Amplificaior 'i 
o—de piesiune J 

Senzor dc 
presiune 

a O D ^ 

Fereastră 
din sticlă 

EVAPORATOR 

Fig. 2.1 Schiţa instalaţiei cu două tuburi de diametre diferite 

Obs: DAQ = achiziţii date 
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Pe baza rezultatelor obţinute, a fost concepută a doua instalaţie pilot. Investigaţiile 

experimentale efectuate pe aceasta sunt prezentate în capitolul 3. Noua instalaţie a 

fost iniţial prevăzută cu cinci tuburi paralele de acelaşi diametru 2.8 mm (f ig.3.1) . 

Experimentele s-au realizate pentru trei orientări ale instalaţiei: verticala, orizontala 

si cazul tuburilor cotite, pentru care vaporizatorul este pe orizontala iar 

condensatorul pe verticala . 

traductor 
de presiune 

o O' 

TC 
î 

fereastră de 
sticlă din cuarţ ^ ^ 

camera de 
condensare 
(50x50x9) 

TC pe peretele tubului 
T c , ( K 5 ) 

TC pe peretele tubului 
Tm,(l--5) 

Tubun djn cupru 
2 8 D i n / 4 . 0 D e x 

TC pe peretele tubului 
Te, (1-5) 

fereastră de ^ 
sticlă din cuarţ 

camera 
de evaporare 

(50x50x9) 

TC la intrarea 
apei de răcire 

TC pt. fluid 

TC pt perete 

rC la ieşirea 
apei de răcire 

traductor 
de presiune 

Fig. 3.1 Schiţa instalaţiei cu cinci tuburi paralele 

Observaţie: TC simbolizează poziţionarea termocuplelor 

TC pt fluid 

TC pt. perete 

Preîncălzitor ceramic 
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3. Experimente vizând influenţa diferiţilor parametrii asupra proceselor 

termo-dinamice 

Datorită multitudinii de parametri care afectează sistemul, experimentele au fost 

efectuate sistematic, in diverse condiţii. Au fost investigate efectele variaţiilor unor 

parametri cum ar fi : 

orientarea spaţială a instalaţiei aleasa variabila, cu înclinare la diferite 

unghiuri de la O® la 120° faţă de orizontală; 

masa lichidă a fluidului de lucru, care a variat de la 20 % la 70 % din 

volumul total intern al sistemului; 

lungimea tuburilor, care a fost aleasa intre 215mm si 750mm; 

nivelul temperaturilor de intrare (respectiv a fluxul termic introdus) intre 

20°C si 120°C ( IW- lkW) 

debitul apei de răcire (reflectat în temperatura atinsa in condensator, 

respectiv fluxul termic evacuat), considerat in limitele domeniului 2x10"^-

10-̂  mVs. 

Pentru o mai bună înţelegere a fenomenelor generate prin acest sir de experimente 

logic programate s-au analizat si imaginile video înregistrate, cu viteze diferite. Ele au 

devenit apoi subiect de comparaţie cu datele prelucrate din măsurători. Faptul ca s-

a obţinut o bună corelaţie între cele două metode de analiza a fost un argument 

puternic si temeinic care a permis interpretarea datelor, si extrapolarea concluziilor. 

4. Rezultate obţinute şi interpretarea lor 

în urma experimentelor efectuate şi a rezultatelor obţinute s-au conturat 

urmatoarele concluzii: 

( I ) Pentru instalaţia cu două tuburi de diametre diferite 

a) - sistemul realizat si investigat poate transporta mai mult de 800 W, iar 

temperatura sursei de căldură (sursa calda) este menţinută sub 100 Valoarea 

maximă a fluxului de căldură ce poate fi transportat de actualul sistem, nu a fost 

determinată datorită limitării puterii termice a echipamentelor utilizate (sursa de 

tensiune); 

b) - pilotul conceput s-a dovedit a fi mult mai eficient (un flux termic de 3, 4 

ori mai mare) comparativ cu sistemele convenţionale de dimensiuni asemănătoare 
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in condiţiile in care temperaturile sursei de căldură depăşesc limita de 45 °C (Fig. 

2.2). 

• C M 

new HTD 
0=90° 

900 

800 
700 

600 
500 

400 
1 

300 I ^ HP 

2 0 0 ! . ^ X X X X ^ 
! ^ X X 

100 f 
o - - —-

20 30 40 50 60 70 80 90 100 110 

Te.- [°C] 
Fig. 2.2 Variaţia fluxului de căldură cu temperatura sursei calde (7eJ 

comparată cu performanţa unui tub termic convenţional (HP) [15] 

c) - performanta deosebită a instalaţiei este atribuită mecanismului unic de 

funcţionare. Recircularea fluidului datorata injectării intermitente a vaporilor în 

condensator prin tubul de diametru mai mare şi întoarcerea condensatului în 

vaporizator prin intermediul tubului mai subţire (fig. 26, 27, 28), determina 

eliminarea frecării între cele doua fluide ce curg în sens opus şi coexistă în acelaşi 

mediu in cazul unui tub termic. Astfel, aceasta limitare prezentă în cazul tuburilor 

termice este evitată în acest sistem. Funcţionarea pilotului este dependenta de 

gravitaţie, aceasta având un rol important în recircularea fluidului şi implicit a 

transportului de căldură. S-a demonstrat astfel că performanţa cea mai bună se 

poate obţine in condiţiile în care se amplaseaza sistemul pe verticală, cu sursa caldă 

plasată la un nivel sub cel al condensatorului. 
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Patrunderea 
vaporilor in 
condensator 

Suprafaţa 
lichidului 

Condensate 

Fig. 2.6 Imagine ce evidentiaza curgerea fluidului în condensator 

Curgerea 
fluidului de la ^ 
vaporizator spre 
condensator 
prin 
tubul de 
diametru mai 
mare (6.5mm) 

Reintoarcerea 
fluidului din 
condensator spre 
vaporizator prin 
tubul de diametru 
mai mic (3.5mm) 

Fig. 2.7 Vizualizarea curgerii fluidului prin tuburile de teflon 

^ Coloana 
de lichid 

Incinta 
vaporizatorului 

Fig. 2.8 Surpinderea pe pelicula a momentului in care se produce reîntoarcerea 
condensatului în vaporizator 
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Fig. 2.21 Variaţia temperaturii TheaterCU Q pentru parametrul y 

(procentul volumic al fluidului de lucru) 

d) - deşi sistemul poate transporta eficient căldura pentru o gama largă a 

lungimii tuburilor, optimul a fost găsit pentru o lungime de 530 mm. Iniţial, prin 

creşterea diferenţei de presiune între cele două recipiente (vaporizator şi 

condensator), recircularea fluidului s-a dovedit a fi mai intensă şi automat 

transportul termic îmbunătăţit. Ulterior insa s-a dovedit ca în acelaşi timp, peste o 

anumita înălţime (în acest caz 530 mm), forţa cu care vaporii sunt injectati în 

condensator scade şi in acest caz performanta descreşte. 

e) - cantitatea de fluid utilizată are şi ea un efect asupra performanţei 

sistemului, şi s-a demonstrat că valoarea optima este un procent de circa 40 % din 

volumul total al instalaţie. în cazul unui procent mai mic, de exemplu 20 % , la 

temperaturi mai ridicate fierberea fiind foarte intensă, determina o rata de 

vaporizare foarte ridicată. Astfel, volumul de fluid este insuficient pentru a absorbi 

căldura produsă pe suprafaţa vaporizatorului, aceasta devenind astfel parţial uscată, 

adica neacoperită de lichid. Acest fapt conduce la o creştere bruscă a temperaturii 

sursei de căldură şi se reflectă într-o performantă scăzută a sistemului. Pe de alta 

BUPT



Rezumat in romana 121 

parte însă, daca se injectează o cantitate de fluid de peste 60 % din volumul total 

intern al instalaţiei, o parte din lichid se acumulează în condensator acoperind 

parţial suprafaţa acestuia, având ca şi consecinţă reducerea performanţa sistemului 

(fig. 2.21). 

Contactul dintre fluidul de lucru şi suprafaţa caldă (unde este generată 

fierberea) şi de asemenea contactul cu suprafaţa rece (unde se produce condensul) 

are un rol important în performanţa sistemului. Fenomenele prezente în sistem sunt 

complexe (fierbere, schimbare de fază şi condensare), iar rolul determinant al 

acestora este greu de stabilit, fiecare având propria contribuţie la întreaga 

performanţă a sistemului. 

( I I ) Sistemul cu cinci tuburi paralele de acelaşi diametru 

în cazul orientării pe verticală, un fenomen interesant a fost observat şi 

anume, modul oscilator de curgere a fluidului la temperaturi joase şi stabilirea unui 

traseu în cazul temperaturilor ridicate. S-a constatat că neuniformitatea termică a 

peretelui condensatorului are o influenţă substanţială în modul de circulare a 

fluidului. 

Performanţa maximă obţinută a fost de 600 W, sau exprimat în alţi termeni, 

conductivitatea termica a fost de 200 de ori mai mare decât cea a cuprului. în acest 

sistem orientat pe verticală, maximul a fost atins când patru din cele cinci tuburi 

transportau vapor, iar doar unul din ele era pentru reîntoarcerea condensatului. 

Peste această valoare a puterii introduse în sistem, toate cele cinci tuburi au avut 

tendinţa să transporte vapor la un moment instantaneu, pentru un Interval de 

câteva secunde. Acest lucru a condus la o creştere abruptă a temperaturii în 

evaporator şi pentru a evita distrugerea componentelor instalaţiei, măsurătorile au 

fost oprite în acest punct. 
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Fig.3.6 Variaţia conductivităţii termice efective în funcţie de Q 
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Fig 3.7 Geometria unor tuburi termice (HP) din literatura [29, 34, 36] comparativ cu 

noua instalaţie originala propusa si experimentata (HTD) 
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Orientarea pe orizontală a instalaţiei a condus la o performanţă scăzută 

comparativ cu cea obţinută în cazul orientării pe verticală şi nu a fost abordată in 

continuare in amănunt. 

Fig. 3.3 Reprezentarea instalaţiei cu cinci tuburi paralele şi poziţionarea pe 
orizontală a vaporizatorului 

Deoarece s-a constatat din experimentele precedente cat de important este 

contactul dintre fluidul de lucru şi suprafaţa caldă, respectiv cea rece, s-a realizat si 

experimentat o noua poziţionare a instalaţiei (fig.3.3). Scopul în faza iniţială a fost 

de maximizare a contactului dintre fluidul de lucru şi suprafaţa de unde se preia 

căldura în sistem. Acest caz s-a dovedit a fi mal eficient decât simpla orientare pe 

verticală. Spre deosebire de cazul precedent, a fost evitată situaţia de « dry out » 

(apărută într-o fază incipientă în cazul anterior), iar performanţa termica obţinută a 

fost de 700 W. 

A fost concepută o nouă metodă de estimare a stării fluidului în tuburile de 

cupru, care apoi s-a dovedit extrem de ingenioasa şi a fost confirmată de a fi 

BUPT



124 Romanian sumnnat7 

credibilă, in baza unor repetate si numeroase măsurători. Astfel s-a aratat ca prin 

măsurarea temperaturii peretelui tubului se poate estima cu buna relevanta care 

este faza de agregare a fluidului de lucru, adica dacă prin interiorul tuburilor curg 

vapori sau curge condensatul. 

tl t2 t3 t4 t5 
Fig. 3.15 Vizualizarea curgerii în condensator pentru Q ~100W 
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Fig. 3.16 Temperaturile medii a peretelui tubului pentru Q lOOW 
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Fig . 3.17 Vizualizarea curgerii în condensator pentru Q ~200W 

Twev=85 Twco=64 (Q~200W) 

o 
o 

Q-
E 
<D 
h-
15 

<D 

• Te 

Fig. 3. 18 Temperaturile medii a peretelui tubului (in cele 3 locaţii indicate in 

fig.3.1), pentru Q -200W 
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Utilizând o camera digitala a fost înregistrată si curgerea fluidului în 

condensator. Astfel prin internnediul ferestrei de sticlă prevăzută cu acest scop s-au 

luat imagini relevante si impresionante ale unor fenomene reale, care au contribuit 

ulterior si au permis, prin încetinirea frecventei de proiectare, secventializarea si 

etapizarea fenomenului complex. Intre înregistrările video şi măsurătorile efectuate 

s-a obţinut o bună corelare (fig. 3 .15, fig. 3 .16, fig 3 .17, fig 3.18) . 

5. Concluzii generale şi contribuţii personale 

Aspectele tratate si prezentate prin redactarea lucrării de doctorat sunt 

novatoare si cuprind un număr mare de experimentări, efectuate cu forte proprii, pe 

instalatii de concepţie originala. Se demonstrează ca studiul fenomenelor de 

transport al căldurii prin schimbarea de fază a fluidului de lucru într-un sistem 

special conceput cu tuburi paralele contribuie la îmbunătăţirea sistemelor de răcire 

convenţionale. Rezultatele prezentate sunt bazate pe experimente efectuate în 

laborator, utilizând instalaţii pilot de scara redusa, special concepute pentru 

elucidarea problemelor si atingerea scopurilor de cercetare 'mripuse de tematica 

tezei. Datele obţinute au fost comparate cu cele ale echipamentelor de răcire 

convenţionale existente şi s-a constat că instalaţiiile pilot concepute s-au dovedit 

mult mai performante. De asemenea, eficienţa acestora este explicată şi 

argumentată de unicitatea fenomenelor observate. Ideea novatoare a sistemelor de 

transport a căldurii, utilizând tuburi paralele interconectate la ambele capete prin 

doua rezervoare, a fost pusă în aplicaţie pentru prima oara în cadrul Laboratorului 

Mochizuki din Universitatea de Agricultura şi Tehnologie din Tokyo. Spre deosebire 

de multitudinea cercetărilor efectuate pentru înţelegerea mecanismului de 

funcţionare şi îmbunătăţire a performantei tuburilor termice (heat pipe) şi a 

buclelor spiralate închise (meandering closed loop), în literatura de specialitate 

analizata pentru documentare nu s-a identificat nici o referinţa legata de un sistem 

asemănător cu noul concept dezvoltat în cadrul cercetărilor doctorale prezente. 

Singurele publicaţii disponibile in domeniu au fost cele ale lui Onishi [27, 28] şi cele 

ale autoarei acestei teze, Cîrtog [38, 39, 40, 41, 42, 43, 44, 45, 46] . Pentru a 

ajunge la aceasta concluzie insa s-au parcurs numeroase titluri bibliografice [1-26, 

29-37, 47-51] din toate extragandu-se avantaje, idei care au indus apoi altele si 

dezavantaje care trebuiau evitate. 
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Instalaţiile prezentate în aceasta lucrare au fost concepute, realizate, asamblate 

şi utilizate doar de autoarea acestei teze. De asemenea, construirea echipamentelor 

auxiliare, stabilirea parametrilor de lucru, experimentele, măsurătorile şi analizarea 

datelor au fost efectuate si integral planificate de către autoare. Diversele soluţii 

constructive precum şi metode de verificare a rezultatelor au fost elaborate şi 

testate. De exemplu, o îmbunătăţire adusă celui de-al doilea sistem prezentat în 

această lucrare, a constat din sudarea ţevilor de cupru şl eliminarea conectorilor 

folosiţi în cazul primei instalaţii, pentru a atinge si asigura o mai bună etanşeitate in 

timp. Nu au existat colaboratori in tot lanţul de cercetări întreprins. Ideile sunt 

originale, iar etapele de lucru au fost stabilite sistematic. Iniţial s-a plecat de la 

ideea creşterii performanţei sistemelor de răcire prin separarea celor doua faze ale 

fluidului de lucru în cele doua tuburi ale instalaţiei pentru obţinerea unei recirculări 

continue şi astfel evitarea situaţiei de uscare a vaporizatorului « dry out ». 

Lucrarea de faţă tratează modalităţi de îmbunătăţire a sistemelor de transport a 

căldurii. Doua instalaţii nou concepute au fost investigate experimental şi ambele s-

au dovedit a fi eficiente în transportul căldurii de la sursa caldă la cea rece. Toate 

etapele, de la construirea instalaţiei până la punerea într-o formă finală a 

rezultatelor este contribuţia proprie a autoarei acestei teze. Fenomenele observate 

sunt unice şi au fost pentru prima dată descoperite de către autoare. Faptul ca 

rezultatele prezentate in aceasta lucrare au fost anonim recenzate si public 

dezbătute sau prezentate la conferinţe internaţionale şi publicate în jurnale de 

prestigiu [38, 39, 40, 41, 42, 43, 44, 45, 46] este inca o dovada a recunoaşterii 

stiintifice si corectitudinii teoriei dezvoltate si a concluziilor trase din experimentări si 

analizele teoretice. 

Comparativ cu sistemele convenţionale existente, ambele instalaţii pilot de 

laborator au dovedit o performanţă termica mai ridicată, fiind capabile să transporte 

eficient fluxuri de până la 800 W şi respectiv 700 W. Instalaţiile nu au fost de la bun 

început concepute cu un scop aplicativ concret, ci pentru a studia scolastic si in 

amanunt fenomenele ce apar în cadrul transportului de căldura, pentru a le înţelege 

mecanismul de funcţionare. Doar după o analiză amănunţita a tuturor factorilor ce 

influenţează performanţa sistemului, acesta a putut fi îmbunătăţit, ceea ce de fapt 

s-a si dovedit prin cele doua instalatii concepute, cu particularitatile lor distincte. 

După îndelungi teste şi combinând serii de parametri ce induc infleunte, au fost 

identificate, explicate si apoi descrise condiţiile optime de funcţionare. Daca in faza 
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iniţiala cercetările au fost derulate mai mult pe intuitie sau pe ipoteze si presupuneri 

teoretice, ulterior s-au concretizat rezultate practice si s-a putut descrie destul de 

simplu un fenomen complex. Remarc si faptul ca, unele aspecte fenomenologice 

observate au fost cu totul neaşteptate, fără putinta unei anticipari. Lucrarea de faţă, 

prin rezultatele prezentate, aduce o nouă si certa contribuţie atât teoretică, cât şi 

practică în domeniul transportului de căldură. Tematica abordată este de interes şi 

are deschidere spre continuare. Se considera ca primii paşi au fost făcuţi într-o noua 

direcţie iar orizontul este deschis pentru continuarea lor. 
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