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Introduction

Many types of augmentation techniques exist today,
having internal microfins being most common. A study conduct
by Liebenberd1], using helical microfin tubes with an inner di-

Pressure Drop During Refrigerant
Condensation Inside Horizontal
Smooth, Helical Microfin, and
Herringbone Microfin Tubes

This paper presents a study of pressure drops during condensation inside a smooth, an
18-deg helical microfin, and a herringbone microfin tube. Measurements were conducted
with refrigerant flowing through the tube of a concentric heat exchanger, with water
flowing in a counterflow direction in the annulus. Each tube was part of a condenser
consisting of eight subcondensers with instrumentation preceding each subcondenser.
Three refrigerants were used, namely, R-22, R-407C, and R-134a, all operating at a
saturation temperature of 40 °C with mass fluxes ranging from 400 tk800¢ s. Inlet
qualities ranged from 0.85 to 0.95 and outlet qualities ranged from 0.05 to 0.15. The test
results showed that on average for the three refrigerants the pressure gradients of the
herringbone microfin tube were about 79% higher than that of the smooth tube and about
27% higher than that of the helical microfin tube. Further, a correlation from the litera-
ture for predicting pressure drops inside a helical microfin tube was modified for the
herringbone microfin tube. The modified correlation predicted the data to within an error
of 1% and had an absolute mean deviation of 6.8%. This modified correlation compared
well with a correlation from the literature that predicted the data to within an error of 7%.
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mass fluxes ranged from 100 to 400 kgrand in some cases are
with tuplwer than required for heat-pump water-heater applications
dyhere the mass fluxes range up to 1000 KggmAlthough smaller
tubes are being investigated by other researchers, especially in
cpuntries such as the US and Asia where tube diameters as low as

ameter of 8.9 mm, showed that these tubes have a heat trangr m are being introduced, 3/8 in-©.5 mm) tubes are still the

coefficient increase of about 200% compared to that of a smo

st common tubes used in residential and commercial air con-

tube. With this increase in heat transfer coefficients, howevgjitioners, heat pumps, and refrigeration systems.
there was also an increase in pressure drop. It was found, orThe objective of this paper is to first introduce experimental

average, that this increase was about 100% higher than that indidelings of condensation pressure drops inside herringbone micro-
a smooth tube. These pressure drops were attributed to thefin- tubes at mass fluxes higher than were published before
creased vapor velocities in a helical microfin tube condens¢400—-800 kg/mis) and inside tubes with larger diametéBs5
brought about by the greater regions of annular flow, which in tumm inside and 9.53 mm outsidé&'he second objective is to com-
increases the turbulence inside the tube compared to a smop#ine the experimental data of the herringbone microfin tube to
tube[1]. The fins redistribute the liquid layer around the circumexperimental data on smooth and helical microfin tubes. Third, the
ference of the tube, forcing the flow to become annular rather tharessure-drop data were used to develop a modified pressure-drop
intermittent or stratified. correlation for a herringbone microfin tube.

In the mid-1990s a new generation of microfin tube was being
developed_, one of them being the herringbone r_nicrpfin tut_)e. Tr]j_fxperimental Facility
tube consists of a double V-groove, as shown in Fig)1{vith i » . )
grooves embossed on the inner surface. The orientation was cholhe experimental test facility consisted of two main sub-
sen such that the liquid would converge at the top and bottom 9fStems: the vapor-compression loop and the water loops. A sche-
the tube and diverge at the sidésg. 1(b)]. Due to the effect of matic of the experimental setup is given in Fig. 2. Each of th_e
gravity, especially at low velocities, the distribution of liquid atUP-Systems was of the closed-loop type. The vapor-compression
the bottom of the tube will be higher than at the top. The he op consisted of a hermetically sealed reciprocating compressor

transfer enhancement, as explained by Miyara €i?3is due to aving a nomi_nal cooling capacity of 9.6 kW, an oil sepa_lrator with
the thin film layer on the sides and the mixing of the convergin maximum discharge volume of 2.4, a manually adjustable
liquid at the top and bottom of the tube. Xpansion valve, a water-heated evaporator, and a water-cooled

Table 1 gives a short summary of the experimental conditioﬁ%St condenser. Thrge test con.densers were useq, namely, a Sm.OOth
used in previous work3—5| on herringbone microfin tubes. Thetube, an 18-deg helical microfin tube, and a herringbone microfin

tube. Geometric parameters of the tubes as well as their lengths

o gi " are given in Table 2. The lengths of the tubes were chosen to
orresponding autnor. N 0 . .

Contributed by the Heat Transfer Division for publication in tf@JBNAL OF obtain an energy balance better than 1%. The orientation of the
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Fig. 1 a) Basic geometry of the herringbone microfin tube (not to scale ) and b) an illustration of
how condensate is distributed inside the tube for the adopted orientation (exaggerated )

Visual inspection ensured that the orientation of each tube wascertainties of the instruments, given in Table 3, were calculated
maintained during the manufacture of the condenser. Sighy using the method of Kline and McClinto¢k].

glasses, cylindrical in shape, were used to visualize the flow pat-

terns inside the tubes. The inner diameter of these sight glasses

was the same as the inner diameter of the condenser tubes. This .

was done so that the flow inside the tubes would not be affectddata Reduction

The test condenser was of the tube-in-tube type with refrigerantp ey, ction of Vapor Quality. The properties of the refriger-
flowing in the inner tube and water flowing in a counterflow di

ant at the inlet and outlet of the condenser were determined by
f¥mperature and pressure measurements. From these measure-

nected to the condenser and evaporator, respectively. On the Gidnts the thermophysical properties of the condensing refrigerant

densing side the cold water was used as a heat sink, removing {6 qetermined by interpolating the superheatedhe inlet of
latent heat from the condensing refrigerant. The water temperatijre condenserand subcooledat the outlet of the condenger

was kept constant in the range of 20-25tdepending on the ables that were obtained from REFPR The refrigerant
experiments conductedh a 1000 | insulated reservoir connecte&l W : CR. '9

roperties for the rest of the condeng®vo-phase sectionsvere

to a %5 kv(\j/ ghltller. Th;eowatgr&%ugg p;essure mt ttr;]e ?nnulljt§ %ilermined by assuming that the calculated values of the heat
maintained between 7 an a 1o prevent the formation ol ,<ferred to the water was more accurate than the values calcu-

for f h fri h A fugal fied for the refrigerant. With this assumption the enthalpy values
transter from the refrigerant to the water. A centrifugal pUMB e refrigerant could be deduced. In the first test subsection the
pumped the chilled water to the double-tube condenser. A han Ater heat flux was equated to the refrigerant heat(fiwe to the

controlled valve controlled the water flow rate through the tegks igerant enthalpy changéo obtain the outlet enthaly, . This
sections. After passing through the condenser, the water returngfiet enthalpy was then used as the inlet enthalgipr tt01e next

to the reservoir of the chiller unit. .. subsection. This procedure was repeated for all eight subsections
A similar hot water flow loop was used on the evaporating sid

also with an insulated 1000 | reservoir, but connected to a 12 k

electric resistance heater. The reservoir water temperature wa

varied between 30°C and 40°C depending on the experiments hi—h, .

conducted. Increasing or decreasing the temperature of the water Xi=p—poWwith h. and hy measured aff;

through the evaporator altered the refrigerant density at the com- LV

pressor inlet and thus the refrigerant mass flow. ho—h,
For the smooth and helical microfin tube, two resistance tem- I —

perature detector$RTDS) were used prior to each subsection, L

placed at the top and bottom of the inner tube. This was done toThe average vapor quality of each test subsection was then

obtain an average temperature of the tube since the distributiondeftermined as

the liquid layer inside the tube would under- or overestimate the

temperature measurement if only one RTD were used. For the = XitXo @)

herringbone microfin tube, however, the RTDs were placed at the 2

top and on the side of the inner tube because the liquid film )

thickness on the top is much thicker than on the side. The absolutd’ressure Drop and Pressure Gradients. The total pressure

pressures of the condensing refrigerant were measured with pie$eP was defined as

electric pressure transducers, which were positioned at the inlet of _

each co%denser subsection. Two Coriolis F;nass flow metres were APi=APmHApi+Apg ©)

used for the vapor compression loop and the cold-water loop. Tivaere the momentum pressure didp,, is defined as

'Sl'he average sectional vapor quality was thus obtained by

with h;, and h,, measured afT, (1)

Table 1 Experimental conditions of previous work done on herringbone microfin tubes

Ebisu and Torikoshj3] Miyara et al.[4] Goto et al.[5]
Tube inside diametgmm] 7 7 8
Total condenser lengtfim] 0.54 4 2
Refrigerant R-22, R-407C R-22, R-410A R-22, R-410A
Saturation temperatufe C] 50 40 40
Mass flux rangg kg/n¥ s] 150-400 100-400 200-340
Pressure-drop measurements Local Average Average
Correlation No Yes No
688 / Vol. 126, OCTOBER 2004 Transactions of the ASME
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Fig. 2 Schematic of the experimental facility

The measured pressure between each subsection that was in a

] (4)  two-phase region was subtracted from each other to obtain the
n total experimental pressure drop per subsection. This in turn was

The void fractione used was that given by Rouhani anddivided by the subsection length to obtain the pressure drop per
Axelsson[8]. Since the tubes were horizontally positioned, thgmt condenser length, or the pressure gradient.
gravitational pressure droppy was neglected. The frictional
pressure drop\p; was calculated from known correlations ob- Penalty Factor. The parameter used to compare the pressure-
tained in the literature. drop characteristics of the herringbone microfin tubes to those of

(1-x)2  x®

pL(l—e)  pye

(1-x)%2  x?

pL(l—e)  pye

Apm—GZ{

out I

Table 2 Inner tube geometric parameters of the test condensers

Type Smooth Helical Herringbone
Hard-drawn Hard-drawn Soft-drawn

Material copper copper copper

Helix angle, 8 [°] - 18 16

Apex angle,y [°] - 40 25

Number of fins,n [-] - 60 70

Fin base thicknesg, [mm] - 1.672 0.0887

Qutside diameteD , [mm] 9.52 9.55 9.51

Inside diameterD; fmm] 8.11 8.94 8.52

Tube wall thicknesst,, [mm] 1.4 0.307 0.3

Equivalent diameteD . [mm] 8.11 8.79 8.82

Fin height,e [mm] - 0.209 0.2

Actual flow areaA;, [m?] 51.7x10°6 60.64x10°° 61.16x10°°

Condenser subsection lendiin] 15 1.13 0.563

Condenser total lengtfm] 12 9 4.5
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Table 3 Estimated 95% uncertainties for the experimental in- flow is different for each tube; the smooth tube having the highest

strumentation and Eq.  (9) data transition quality and the herringbone microfin tube having the
Measurements Uncertaint lowest.

Y Figure 4 shows a summary of the pressure gradients for the
Refrigerant temperature 0.14 K three refrigerants inside the smooth, helical microfin and herring-
Water temperature 0.11 K bone microfin tubes as a function of the average vapor quality at
Saturation temperature 0.12 K
Pressure 0.23% mass fluxes of 400, 600, and 800 kg/sa The overall trend for
Refrigerant mass flow rate 0.23% the three refrigerants is that the pressure gradients increase with
Water mass flow rate 0.2%‘3)% an increase in vapor quality. At high qualities where the pressure
O}’S%?gte quality 03-10020/f gradients are the highest, the flow was found to be annular, im-
Densityy 0.03% plying that the main reason for the drop in pressure was due to the
Re 1.02% increased turbulence formed by the high-velocity vapor-
X% 3-82% generating friction against the liquid annulus. Looking at &0,
Of 4-460/" the Froude rate has a high value for high qualities, and thus, the
ﬁgto gggof; flow is shear dominated. As the quality decreases a transition

starts to occur between annular and intermittent flow and the va-
por and liquid velocities become similar. For this reason the pres-
sure gradients are much lower and from Ef). the Froude rate

) o ) has a small value, implying that the flow is gravity dominated.
the smooth and helical microfin tube is the penalty faét6t The  For the smooth tube this transition region occurred at a quality
penalty factor is defined as the ratio of the measured total pressgfeasbout 5094 12]. For the helical microfin and herringbone mi-
gradient in the herringbone microfin tube to the measured togbfin tubes the transition occurred at a quality of 28% and 26%
pressure gradient in the smooth tul. (5)] and the ratio of the [12 13, respectively. This is characterized by a sharp increase in
measured total pressure gradient in the herringbone microfin m%)@ssure gradient at qualities higher than the transition qualities.
to the measured total pressure gradient in the helical miciBfin - Thus, for the helical and herringbone microfin tubes, due to the

(6)] as follows: increased turbulence generated by the fins, annular flow occurs
Apy, over a larger vapor-quality region than for the smooth tube. This is
PF= (—) (5) visually shown in Table 4 from the captured video images. Look-
Aps ing at a quality of about 0.46, for the smooth tube the flow is

(6) while the helical and herringbone microfin tubes are still in annu-
lar flow, noting that there is a liquid film layer around the circum-
ference of the tube. This implies that the fins redistribute the lig-
uid around the circumference of the tube, extending the annular
offow regime down to lower qualities. This further implies that the
average pressure gradients for these tubes will be higher due to
the increase in turbulence found in annular flow. Since the transi-
Gx® tion quality for the herringbone microfin tube is lower than that of
m (") the helical microfin tube, one can expect the overall pressure
drops(on averaggfor the herringbone microfin tube to be higher.
which is essentially the ratio relating the kinetic energy of the Figure 5 shows a summary of the average pressure gradients for
vapor to the amount of energy required to pump the liquid fromondensation as a function of the mass flux. The overall trend is
the bottom to the top of the tube. In regions where gravitationgiat the pressure gradients increase with an increase in mass flux.
drag becomes dominant, the Froude rate expresses how the engigher, it is noted that the local pressure gradiéfitg. 4) and the
dissipation due to liquid waves and liquid mass movement arouaderage pressure gradierif&g. 5 of R-134a are always higher
the tube’s diameter are related to the energy in the flow stféam than that of R-22 and R-407C, with R-407C being the lowest. This
concurs with expectations, as R-134a is a low-pressure refrigerant,
Experimental Results which implies higher vapor velocitieg,, resulting in high(_er relative
pressure drops than those for the higher-pressure refrigerant.
Prior to obtaining experimental data on the herringbone micro-
fin tube, experiments were conducted on the smooth and heli?ral . fp D = Ity Fact
microfin tubes. These data were compared to pressure-drop co £mparisons or Fressure-Drop Fenaity Factors
lations obtained from the literature. For the smooth tube the The penalty factors for the herringbone microfin tube were de-
pressure-drop data were predicted on average for the three reftagmined by analyzing the ratio of the pressure drops of the her-
erants to within 33% using the correlation of Lockhart and Maringbone microfin tube to the pressure drops of the smfth
tinelli [10]. The correlation of Cavallini et a[11] was used for (3)] and helical microfin tube$Eq. (4)], reduced to equivalent
the helical microfin tube and predicted the pressure-drop datalémgths. The plots of the penalty factors are given in Fig. 6. For
within 13%. the plots against the smooth tube, Figap,(the penalty factors
Figure 3 shows the use of the flow regime maps of Th¢@e are always greater than one throughout the mass flux range, im-
For the smooth tube, the transition quality was calculated in tipdying that the herringbone microfin tube overall has a higher
manner described by Thonj8] and is given in Fig. 3¢). This pressure drop than that of the smooth tube. On average, when
method was, however, only applicable for smooth tubes, anduaing R-22, the pressure drop is 84% higher than in the smooth
new method needed to be developed for the helical and herririgbe, while when using R-407C and R-134a the pressure drops are
bone microfin tubes. The method used by Liebenljgéigor de- 80% and 72% higher, respectively. On average for the three re-
termining the transition quality was implemented for the smoothigerants the herringbone microfin tube has a 79% higher pres-
tube, and the results differed by a quality of as little as 0.001. Thésire drop than that of the smooth tube. This increase is due to the
meant that this new method could be used for the helical aimtrease in turbulence generated by the fins. As was explained
herringbone microfin tubes. The flow regime maps for the helicpreviously, the fins extend the annular flow regime to lower quali-
and herringbone microfin tubes are given in Figh)3énd 3€). ties by redistributing the liquid around the circumference of the
In these maps the transition quality from annular to intermittemibe. This is also shown visually in Table 4.

PF=

Aph) intermittent, with slugs and plugs forming at the top of the tube,

Aphe

Flow Regimes. With the aid of mini digital video cameras
and the flow regime maps developed by Thd®k flow patterns
were identified within the tubes, thus allowing the determinati
of flow regime transitions. The Froude rate, defined as
1/2
Ft=
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Fig. 3 Determining the transition qualities by making use of a) the Thome [9] map for the smooth

tube, and the method used by Liebenberg et al. [13] for b) the helical microfin tube and c¢) the
herringbone microfin tube

The penalty factors for the herringbone microfin tube againiie work of other researchef2-5,8. For R-407C and R-134a,
that of the helical microfin tube are given in Fig.l§( For R-22 however, the penalty factors at lower mass fluxes
the pressure drops of the herringbone microfin tube are about 4(460—500 kg/rAs) are below one. An explanation is that the flow
higher than that of the helical microfin tube. This agrees well withver the fins, as explained by Wang et[d4], induces a viscous
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Fig. 4 Pressure gradients at mass fluxes of 400, 600, and 800 kg  /m? s for the three tubes and refrig-
erants tested

sublayer thickness, buffer layer, and an integral constant in the Ap.=Ap, .®2? 9)
. ) - ! P=APLPL
log-law that is greater than that for the helical microfin tube, im-
plying that the fins might have a drag reduction effect when comth the two-phase multiplier being that of Souza and Pimenta
pared to the helical microfin tube. At higher mass fluxes the preg-6],
sure drops for these two refrigerants are, respectively, about 17%

and 24% higher. On average for the three refrigerants the pressure 2_ 7.242
drops of the herringbone microfin tube are about 27% higher than PL=1376¢ XL (10)

those of the helical microfin tube.
The modified Darcy-Weisbach equation as obtained from Friedel

Comparisons With Other Pressure-Drop Correlations ~ [17] was calculated by

Figure 5 gives p!ots of the gorrglation of Miyaya et [@] with 2 ,GA(1-x)%L
regard to the herringbone microfin tube experimental data. The ApLoz—D (11)
deviations were calculated by pLYi
Apyy—Ap The liquid-only friction factor, as given by Carnavg$5] for a
Mean Deviation (%)= pATeX X 100 (8) finned tube
ex
. . D. A 0.5
The experiments of Miyara et al4] were conducted at low £ =0 O46R*°'2( _')(_) secB)0-7s 12
mass fluxes(100 to 400 kg/mis) with refrigerants R-22 and Lo ™ € De/\Ap (sech) (12)

R-410A (see Table ), also from where they derived their corre-

lation. From Fig. 4 it follows that the correlation slightly deviatedIth De being the equivalent inner tube diameter taking the fins

from the data at high mass fluxes, especially for R-407C aff® accountD; the fin-root diametera, the nominal flow area
ased on the fin-root diameter, aAdthe actual cross-sectional

R-134a. On average, however, this correlation only underp - o :
dicted the data by 7%, implying that it could be used at ma w area of the tube. The area ratio for the microfin tube as given
' y Azer and Said18] is

fluxes higher than 400 kgfs and maybe even for refrigerants
other than R-22 and R-410A. A dent
—=l-— (13)
g . . 2

Modification of a Pressure-Drop Correlation An 7Df cosp

The correlation developed by Carnavidsb] for finned tubes with e being the fin heightn the number of finst the fin thick-
was modified for the herringbone microfin tube. The pressure drapss, angs the helix angle of the fins. The terms s@¢and cos3
due to friction is given by the product of the liquid-only pressur@n Egs.(12) and (13) account for the swirling effect induced by
drop and a two-phase multiplier the fins inside the helical microfin tube. By multiplying the cos

692 / Vol. 126, OCTOBER 2004 Transactions of the ASME

Downloaded 06 Jan 2010 to 129.6.162.62. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Table 4 Images of R-134a condensing at a mass flux of 500 kg

/m? s for the three tubes tested

Smooth Tube

Helical Micro-fin Tube

Herringbone Micro-fin Tube

x=10.96

x=0.97

x=0.77

x=0.79

x=0.79

Plugs and Slugs

Decreasing Quality [-]

<

Thick liquid film

x=0.48

Thick liquid film

x =0.46

x=0.21

Swirling of slugs and plugs

x=0.20

Chaotic behaviour qf slugs and plugs

x=0.23

x =0.06

Plug flow at very low quality

x =0.06

and sec terms by a factor 2 and changing the power of theTo summarize, Eq914) and(15) can be given in a more gen-

sec term in Eq.12) from 0.75 to 1.1, the equations becomeegral form as follows:

respectively,
D;|[ A0S fLo=0.046 R§°'2<E) ( 1- ﬂ) >
fL,=0.046 R@‘O'Z( D—') (A—) (2 secB) (14) De wD? cosB
e For helical microfin tubes:
A 2ent
A_n =1- m (15) X=1
Y=0.75

The experimental pressure-drop data using the modified corre-
lation were predicted to within an error of 1%, having an absolute For herringbone microfin tubes:
mean deviation of 6.8%; 94% of the data were predicted within
+20%. This is visually shown in Fig. 7. The modified correlation
is also visualized with the experimental data in Fig. 4. The uncer-

tainties of Eq.(9) are given in Table 3.

Journal of Heat Transfer

Downloaded 06 Jan 2010 to 129.6.162.62. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm

X=2

Y=11

OCTOBER 2004, Vol. 126 / 693

(X secB)Y



45

- Correlation of Miyara et al. [4]
40— for R-134a \
r Experimental Data for ,
B © R-2 )
- & RA407C i
C v R-134a /
- 7
= 30~ /’I \
% N ;/ Modified Correlation from
& [ Eq. (16) for R-134a
' oL ,
g B jo
2 [ Jo
% : ", N
2 20 Correlation of Miyara et al.[4] ,',' 7
§ o for R-22 .// S
R N Y
r (LAY
L e
15— ,‘ P \
- e v 7
o a7 Modified Correlation from
- \ Eq. (16) for R-22
10 Correlation of Miyara et al.[4] B
r for R-407C .,,'z’ Modified Correlation from
C ¥ Eq. (16) for R407C
r S
S5—
0 C £ i L i 1 L 1 ]
0 100 200 300 400 500 700 800 900

Mass Flux [kg/m's]

Fig. 5 Average pressure drops of the experimental data and that predicted by Miyara et al.
[4] and the newly developed correlation for refrigerants R-22, R-407C, and R-134a

a)

When comparing the proposed correlation with that of Miyar:
et al.[4] in Fig. 5, at high-mass fluxes the two differ by as muct
as 19%, but seem to converge to a point as the mass flux
creases. This is due to the fact that both correlations are strong«';?
dependant on the mass flux. Further, the correlation of Miyaf;
et al.[4] at high mass fluxes predicts higher pressure drops thig
the proposed correlation. This, however, changes from a mass ff*
lower than 500 kg/rhs where the proposed correlation predicts
higher pressure drops. It is also noted that the two correlations ¢
similar in form; the correlation of Miyara et dl4] is defined in
terms of a vapor-only pressure drop multiplied by a modified forn
of the Haraguchi et al.19] two-phase multiplier.

b)
Conclusion

Experiments for refrigerant pressure drops were conducted wi
herringbone microfin tubes during condensation and compari.
with the performance of their smooth and helical microfin counj
terparts. The condensers were of the tube-in-tube type with tig
refrigerant flowing in the inner tube and cooling water in a coun-::
terflow direction in the annulus. Three refrigerants were teste&
namely, R-22, R-134a, and R-407C. All tests were conducted al
nominal saturation temperature of 40°C and at mass fluxes rar
ing from 400 to 800 kg/rhs.

The results showed that for all three test condensers the prt
sure gradients increased with an increase in quality. The trends
the pressure gradients were due to the increase in turbulence fr
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the intermittent to the annular region. These transitions occurreg). 6 Penalty factors for the herringbone microfin tube

at an average vapor quality of 50%, 28%, and 26% for thgjainst a) the smooth tube and b) the helical microfin tube for
smooth, helical microfin, and herringbone microfin tubes, respeR-22, R-407C, and R-134a
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P R407C
v R-134a

0% Nomenclature

e A = area

i diameter
fin height
Froude rate
friction factor
mass flux
enthalpy
length
number of fins
pressure drop
penalty factor
Reynolds number
temperature
thickness
vapor quality

Xyt = Lockhart-Martinelli parameter
X, Y = constants, Eq(16)

tively. The high pressure gradients, found at the high-quality resreek Letters
gions (above the transition qualitigswere due to the friction .
generated during annular flow by the high-velocity vapor core B = he_le angl_e
against the slow-moving liquid annulus. At low qualities where & = Void fraction
the flow was intermittentbelow the transition qualiti¢sand thus y = apex angle
gravity dominated, the pressure gradients were lower and re- P = density
mained more or less constant. It was concluded that the fins 8abscripts
both the helical and herringbone microfin tubes redistributed the = _
liquid layer around the circumference of the tube, extending the
annular flow regime to lower qualities, thus having a longer range
in which the flow is very turbulent.

With the pressure-drop data, the penalty factors of the herring-
bone microfin tube against that of the smooth and helical microfin
tubes were calculated. The results indicated that, for the herring-

20
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Fig. 7 Comparison of the experimental data with the modified
prediction data for R-22, R-407C and R-134a

base

e = equivalent
ex = experimental
f = friction

fa = actual flow
g = gravitational

bone microfin tube against the smooth tube, the penalty factors 2 i Ezlriréglgbone
were always above one. On average the pressure drops of the i _ inside. inlet
herringbone microfin tube were about 79% higher than those of L = liquid '

the smooth tube. Results also indicated that the penalty factors for Lo
the three refrigerants were almost the same.

For the herringbone microfin tube against the helical microfin
tube, the penalty factors for R-407C and R-134a were less than
one for low mass fluxes. An explanation for this is that the fins

= liquid only
momentum

n = nominal
outside, outlet

. ; ; d = predicted
might have a drag-reducing effect due to a larger viscous sublayer _ gmooth
thickness, buffer layer, and a greater integral constant in the log- = vapor
law. For R-22, however, the penalty factors were, on average, w = wall

greater than one. For the three refrigerants, the pressure drops
were, on average, about 27% higher.
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