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Abstract. Evaporators designed using reduced diameter chHanme one of the main focus in the development of
compact refrigeration equipment. The objectivehif tork is to experimentally investigate the siaghase pressure
drop of natural refrigerant, isobutane (R600a),twno mini-tubes, with 1.0 and 2.6 mm of internalndger (ID) and
adiabatic conditions. Pressure drop during boilifigw is also analyzed in a mini tube with 2.6 mm [The
experimental tests included mass velocities of 288,and 370 kg/mzs, heat fluxes in the range Baim 134 kW/mz.

In boiling tests a saturation temperature of 22&f@ vapor quality up to 0.8 were considered. Sigaift influence of
the mass velocity and diameter on the total pressiop and the frictional pressure drop is obseriretioth types of
flow.

Keywords: pressure drop, natural refrigerant, boiling, michannel

1. NOMENCLATURE

D diameter [m] Greek Symbols
e absolute internal roughnegs] a void fraction [-]
f friction factor [-] p density [kg/m]
G mass velocity [kg/m2s] 4p pressure drop [kPa]
ID internal diameter [m] u viscosity [kg/ms]
L length [m] ] specific volume [m3/kg]
m mass flow rate [kg/s] Subscripts
p pressure [kPa] ac acceleration
P electrical power supplied [W] exp experimental
PH pre-heater f frictional
q" heat flux [kW/m?2] G gas
Re Reynolds number 4m/(7D; 1) [-] [ internal
T temperature [°C] in inlet
TS test section L liquid
VS visualization section out outlet
X vapor quality [-] sat saturation
tot total

2. INTRODUCTION

Compact heat exchangers should be able to disdijgtieheat fluxes and, at the same time, achietterbdermal
performance and reliability, with little pressureop. These devices are employed in small sizegefation systems,
which find use in air conditioning applicationsah@umps, cooling of electronic devices and in aded applications
with microprocessors. In comparison with singlegghflow, boiling is a good option to be appliednimi-channels
because of its high heat transfer efficiency, \sitiall wall temperature rises.

However, a penalty of flow boiling is the increasfepressure drop and pressure fluctuations, whaohlonit the
applicable range of this process in such devicasréfore, a comprehensive understanding of presborin mini-
channel is important for accurate design, perfocaagvaluation and optimization of these heat exghian

Experimental results have been presented in rgeans. Qiet al (2007) described the characteristics of pressure
drop in single phase in turbulent flow of liquidnoigen in tubes of internal diameter ranging frofs30to 1.93 mm.
They concluded that the experimental friction fadtw liquid nitrogen is higher than that obtairiegcorrelations used
for such diameters and suggest modifications taQhiebrook correlation. Flow boiling results offéifent refrigerants
have been reported by Greco and Vanoli (2006), iwrizontal tube of 6 mm ID, using six differenfrigerants and
comparing their results with pressure drop predictnethods. In their experiments, all refrigeraetsted presented
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similar results in terms of comparison among thedtive methods and the experimental results. Woek of
Pamitranet al (2010) showed results for mini tubes with 0.5 4nd 3.0 mm ID and refrigerants like R-744, R-134a
R-22, R-410 and R-290. According to the authors, tlsults indicate the strong influence of phygicaperties such
as density, viscosity and surface tension on tlessure drop and suggest a new pressure drop t¢omel@ranet al
(2000) analyzed the pressure drop during boilindRef13, R-12 and R-134a in tubes of 2.92 and 2.461D. In
general the results have showed that pressurediqognds on mass velocity, vapor quality and, &isat flux.

The objective of the present experimental studyijsdevelop an accurate data base for pressure droptoral
fluid, R600a, during single-phase and flow boilingsmall tubes, in order to gather new data fort Beahanger design;
(i) verify the effects of mass velocity and diameterthe pressure drop in mini-tubeii;)(compare the measured data
with available correlations to predict the frictadpressure drop in single-phase flow.

3. EXPERIMENTAL SET UP AND TESTS

An experimental apparatus was used to investifp@t@ressure drop of refrigerants in single phaskebmiling flow
in a horizontal mini channel electrically heatedheTexperimental apparatus, according to Fig. 1,pcis@s a circuit
which provides mass velocity controlled to a widage of flow conditions. The main part of the citdwas a preheater
section PH), the test sectionT® and a visualization section view$. The secondary part consists of a refrigerant
reservoir, condenser, and sub-cooler, with sepaieateits using a solution of ethylene glycol andter as a secondary
coolant. The sub-cooler is used to compensateramgase of temperature experienced by the refrig@vaen passing
the pump. The preheater establishes the inlet tondi(vapor quality) in the test section. Both sishof horizontal
stainless steel tubes thermally insulated with ##h and 185 mm length, respectively, and 2.6 mmhé&xting by
Joule effect controlled by power supply. Downstretfum test section there is a visualization sectionstituted by a
glass tube with 158 mm length and the same inteliaaheter of the test section.

The measurements of pressures and temperatuttes iatdt and outlet of the preheater are held sty by two
absolute pressure transducers and thermocouples Bypf 0.076 mm, in contact with the refrigeramd ahree
thermocouples in external wall. In the test sectlom pressure drop are measured by a differentggspre transducer
and the refrigerant temperature by thermocoupléisdnnlet and exit of the section, besides thd teahperatures along
the tube.

A frequency inverter is used to control the pungwfrate and a bypass line downstream the pumpparallel to
the preheater and the test section is used for pre@se adjustments of flow and is controlled meadle-valve.

The pressure transducers, thermocouples and tlss fltav meter are connected to a data acquisiti@es
controlled by a computer.
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Figure 1. Schematic diagram of experimental apparat

All experiments were carried out with isobutaneG®3a) to measure and analyze the behavior of peessap in
single-phase and flow boiling. The single-phaséstere carried out in adiabatic conditions forsstge drop. Table 1
shows the single phase and boiling tests conditibnsing boiling tests different heating powersttie preheater were
used to establish the vapor quality at the entrafitest sectionTS in each experiment.
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Table 1. Summary of test conditions using expertadeapparatus with 2.6 mm ID.

Mass velocity G [kg/m2s] 188 to 590

Average temperaturd, (°C), and pressurg [kPa] in single phase tests 8/290
Heat flux,q” [kW/m?] 0, 28, 56, 100 e 134

Saturation temperaturés, [°C], and pressures,[kPa] 22/323.50

Another test section with 1.0 mm ID and 148 mmeingth was developed with the purpose of analyZiegetfects of
diameter on the pressure drop in adiabatic singiese flow, keeping the same parameters used iilos&dth 2.6 mm
ID. The absolute internal roughnesp ¢f both tubes is of 2.0&m.

3.1 Adiabatic single-phase tests

The total pressure drop in the preheater and éxttos during single phase tests were evaluatedladare the

sum of frictional pressure drog) and the inlet and exit losse${..in), as in Eq. (1). The inlet and exit losses are due
to the contraction or enlargement of the flow area.

Aot = 4Pt + APoyt-in 1)

From the frictional pressure drop in adiabatic ¢oous, it is possible to calculate the experiméfriation factor,
fexp USING EQ. (2).

20P; pD.
= @

The results obtained with respectftg, are compared with the correlations for fully deyedd turbulent flow
proposed by Blasius (1913), Petkhov (1970), ancel@olok (1939), given by Egs. (3), (4) and (5), esspely. This
comparison procedure has the purpose of ensuraligation of the experimental apparatus.

f = 0316Re 2° (Re< 2x10%) (3)

f = [079In(Re)- 164) 2] (3000< Re< 5x10°) (4)

6.9 e M B e
f ={-18log R_.e+(3.7Dj (B >1><10'6j (5)

3.3 Flow boiling tests

In the flow boiling the total pressure drop alsolires the momentum pressure drdp,., according to Eq. (7).
Aot = APt + Aoyt-in t DPac (7

The momentum pressure drop, caused by accelemaitiboth phases, is a result of the refrigerant ifipeglume
enhancement in evaporation. This component is tztdiby Eq. (8):

2. = G{[ ] i H ®

where the void fractiorg, is calculated according homogenous model, giveRdpy(9).

VeX+v (1-X)
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4. RESULTS
4.1 Adiabatic single-phase tests
4.1.1 Effect of the flow regime (Re)
It was studied the influence of flow regime ongz@re drop and on friction factor in the test sectit is observed

that with the increasing of mass velocity, the poes drop increases and experimental friction fadézreases. Table 2

shows the results of pressure drop in the testose€fS and experimental friction factors obtained from. E2) for
different mass velocitie§;.

Table 2. Results on pressure drops and experimigiatadn factors obtained with 2.6 mm ID.

G [kg/m?s] Re[-] Apqs) [kPa] freq [ -]
196 2774 0.116 0.04898
272.4 3762 0.207 0.04567
367.2 5130 0.318 0.03836
587 6873 0.880 0.03409

Comparison of the experimental friction factorstlie test section with 2.6 mm ID with that predicteg the
correlations is shown in Fig. 2. It is possibledioserve that, in most caseg,y is slightly greater than the value
predicted by correlations. It is probably due tleirand exit effects. It can be seen that theifnicfactors better agree

with values predicted by Petkhov correlation, fala by Colebrook correlation which considers theohltte internal
roughness of the tube.

0.05
n Blasius
N Colebrook
\: ~ [ ]
0.045+ S = = = = Petukov
\.Q\s B Bperimental
—  0.04-
0.035+
0.03 ‘ ‘ ‘ ‘
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Re [-]
Figure 2.Comparison among experimental frictioriddescand friction factors predicted by the corrielas.

Moreover, the pressure drop of the refrigerarddiabatic condition was determined both in thelprater PH), as
in the test sectionT@. Figure 3 shows the variation of the pressurgdnothe two sections with respect to Reynolds
number, Re. It is observed that in both sectiomsgiasing the pressure drop is proportional tanbeease irRe For
Re< 3000, the influence of the mass flow is nottasrg in both sections, thus indicating very similalues. However,
with the increase in mass flow rate it becomes agpalifference in the increase of the pressure thetween the test
section and the pre-heater. However, due to thatgrdength of pre-heater with respect to testi@ectve observe a
greater pressure drop in this last for all mass flates tested.
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Figure 3. Single phase flow results for pressuopdsariation with flow regime.

4.1.2 Effect of diameter

The effect of internal diameter on the total puessdrop for adiabatic single phase flow was aralyfor four
different flow regimes. Figure 4 shows the resolftgotal pressure drop as a function of Reynoldsioer, Re. It is
possible to observe a greater influence of diamettlr increasing Re. For the tube with 1.0 mm 1@l am turbulent
flow the pressure drop was around 95,6 % more itfndéine tube with 2.6 mm ID. This effect is causedtie increase
of shear stress in the inner wall of the tube duth¢ decrease of the diameter. With the incresbear stress on the
inner wall, friction factor increases, making tlentribution of the pressure drop by friction greaféhese results are in
agreement with the works presented bye€al (2006), Yang and Lin (2007).
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Figure 4. Effect of diameter on total pressure drop
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4.2 Flow boiling tests

The variation of frictional pressure drofyy, in the test section with vapor quality,for different mass velocities,
G, is shown in Fig 5. It is observed that with irasi|gG, the pressure drop increases. It can be relatédetoapor
velocity increasing and the effects caused by acatbn losses. Similar trends were presented byitRan et al
(2010) using five different refrigerants in thexperiments.

Figure 6 presents the effect of heat flux on foiaél pressure drop per unit length for differentssaelocities.
Although it was expected that the effect of thethilkex would be negligible, it was found, for thested conditions, a
small influence, which tends to reduce with incie@<5. This trend is due to the dependence of pressume dith
respect to volumetric flow rate, whose increasisgiioportional to the increase in liquid and vap@ss velocities.
These results were also observed in the worksisb8eet al (2010) and Ould Didet al (2002).
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Figure 5. Effect of mass velocity and vapor qyatih frictional pressure drop fdg,=22 °C.
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Figure 6. Effect of heat flux on frictional pressuirop for different mass velocities,
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5. CONCLUSIONS

Experimental results for flow boiling of R-600aanhorizontal mini channels under the variation afsevelocity,
heat flux and vapor quality were presented. Theabieh of frictional pressure drop was investigat&éte frictional
pressure drop increased with the increase in vgpality and mass velocity, as expected, and onéd abetect some
influence of the heat flux for higher mass velastilt was observed the influence of the diametethe total pressure
drop in adiabatic single-phase testes.
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