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Abstract-—Heat transfer and pressure drop measurements were performed on three rib type roughened
tube annuli (4.67-6.93 mm Dy, 9-16 ribs, rib pitch 19.7-39.4 mm, rib height 4 mm, rib width 15 mm, rib
angle 30-60°) with two-phase flow of refrigerant R-114 under evaporating condition. The data were
compared with the performance of a smooth tube annulus (6.5 mm D,). Based on the same heat transfer
area (~4.24 em?) of the test section, changes in mass velocity range (63.55-129.86 kg m~? s™') and heat
flux level (2.01-2.95x 10* W m~?) on heat transfer coefficient and pressure drop with the varied quality
were conducted and the influences were studied. Enhancement performance ratios are also presented and
discussed. Moreover, flow boiling experiments with rib type roughened surfaces using R-114 through
flow visualization were explored to broaden our fundamental understanding of the boiling heat transfer
mechanism.

INTRODUCTION

RECENT technological implications have given rise to
increased interest in enhancement of the in-tube evap-
oration used in many air conditioning and refriger-
ation systems. Various techniques have been used to
improve heat transfer characteristics of in-tube flow.
Several experimental studies have investigated evap-
oration of standard refrigerants inside internally
finned tubes [1]. Lavin and Young {2] used Refriger-
ant 12 (R-12) and Refrigerant 22 (R-22) to study
horizontal and vertical flow through -electrically
heated tubes with fins about 2.54 mm high and spiral
angles of 0.0-7.08°. Spiral tubes had slightly better
performance. Kubanek and Miletti [3] conducted
three finned tube tests with R-22 heated with water
at high pressure. Ito and Kimura [4] studied heat
transfer and pressure drop of R-22 in internally finned
horizontal tubes. The fins were triangular. A later
study by Kimura and Ito [S] used the same apparatus
to study heat transfer in 4.75 mm-i.d. tubes at low
flow rates. The best heat transfer performance in
annular flow was obtained with tubes having 15° spiral
fins. Tatsumi et /. [6] investigated evaporation of R-
22 in two 8.72-mm-i.d. tubes. Both tubes had numer-
ous low fins with a 7.0° spiral. These are referred to as
microfin tubes. It was found that heat transfer
coefficients were higher with larger fin heights and
that the larger coefficients were obtained when the
spiral angle was around 10°. Tojo et al. [7] tested
evaporation heat transfer and pressure drop in 8.82-
mm-i.d., microfin tubes with R-22. Tojo reported the
highest heat transfer coefficients from the tube with
sawtooth-shaped fins having a 25° spiral. In addition,
several studies have reported data for refrigerants
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evaporating inside tubes with twisted-tape inserts [8—
10].

Other surfaces, for instance, rib type surfaces which
provide for more stable sites are potentially more
attractive as far as the boiling heat transfer is
concerned. While the mouth of the cavity between two
consecutive ribs determines the superheat required to
nucleate, the internal shape and volume together with
the wetting characteristics of the cavity walls deter-
mine the stability of the nucleating cavity. It has been
shown [11] that re-entrant cavities of the shape are
very stable and will continue to nucleate when conical
cavities have been snuffed out. The concept of this
type of roughened surface is known in France as the
‘Vapotron® [12] and is used to cool electronic power
tubes dissipating heavy heat loads.

Although many past studies have examined in-tube
evaporative heat transfer enhancement and the associ-
ated pressure drop with internally finned tubes. In-
tube evaporations with rib type surface attachments
using R-114 as refrigerant have not been conducted.
In addition, the fundamental phenomenon of nucleate
boiling from a heated wall subject to a rib type rough-
ness surface is as yet not well understood. In this
study, flow boiling tests were conducted in horizontal
tube annuli with surface attachments. Attention was
given to the heat transfer enhancement as well as
pressure drop measurement and to the influences of
nucleate boiling on the test tubes. Different cases in
terms of varied rib angles and pitches were tested.

EXPERIMENTAL APPARATUS AND
PROCEDURE

The experimental apparatus consisted of a hori-
zontal test section with R-114 flowing at 2-3 times
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A heat transfer area, 2nr L [cm’]

D, hydraulic diameter of annulus, 2(r,—r.)
[mm]

G mass velocity [kgm “s ']

H rib height [mm)]

h wall heat transfer coefficient

[Wm 2K ']

thermal conductivity [Wm~'K ']
length of test tube [mm}

pressure [kgem )

rib pitch [mm]

radius of equivalence circular tube
defined in equation (2) [mm]

heat transfer rate [W]

wall heat flux [Wm 7]
temperature [ C}

quality (flowing mass fraction of vapor)
voltage

w rib width [mm].

h-Ealkey

s

~

o

S <SSR

NOMENCLATURE

Greek symbol
0 rib angle.

Subscripts
a augmented tube |
avg  average
bot  bottom outside of tube wall
e cquivalent
mid  middle outside of tube wall
in inlet
i inside diameter
0 outside diameter
S smooth tube

sat saturated

liquid subcooling at test section inlet
TP  two-phase

top outside of tube wall

w tube wall.

atmospheric pressure in a closed loop as shown in
Fig. 1. This flow loop consisted of a preevaporator,
preheater, dryer, test section, receiver, condenser,
pump and after-pump. The test section is made of a
conventional double-pipe heat exchanger (see Fig. |
for details). The inside diameter of the outer tube (D,)
is 45 mm with outside tube diameter (d,) of the isoflux
heated inner tube of 19 mm. The outside tube was
prepared by Plexiglas pipe (45 mm i.d., 51 mm o.d.)
to facilitate the flow visualization. A series of copper
ribs (the size and geometry are given in Table 1) on
a copper (k=111 Wm~' K™") tube (350 mm x 19.0
mm x 13.9 mm). The electric wire was packed into the

copper tube. Heating was provided by conducting
dc through the electric wire. A two-walled structure
(MgO + quartz) was sandwiched between the copper
tube and the electric wire as an electrical shield (see
Fig. 1 for details). A series of bypasses and regulators
controlled the R-114 flow rate and pressure in the test
section.

The preevaporator preheated R-114 to a saturation
condition (within +0.3°C). As R-114 flowed through
the test section, it was uniformly heated by dc power
passing through the wall of the tube. The dc power
was provided by a 100 V, 550 A capacity dc rectifier.
Power to the test section was controlled with a remote

Table 1. The size of test tubes and working fluid (R-114) properties

D,  Number of rib P w H A

Test Tube d, d,
tube (No.) (mm) (mm) (mm) elements (mm) (mm) (mm) 6 (cm?)
Rib 1 27 19 693 9 39.4 15 4 300 4.22
Rib 2 27 19 5.76 13 26.3 1S 4 45 4.26
Rib 3 27 19 4.67 16 19.7 15 4 60 4.21
Smooth 4 - —  6.50 — — — - 24
Properties Unit Value
Molecular weight kgkmol ! 170.92
Pressure kgem ? 2.55
Saturated temperature C 30.0
Liquid density kgm 1440.8
Vapor density kgm? 13.38
Liquid specific heat klkg 'K™! 1.11
Heat of evaporation kcalkg 'K ! 30.17
Liquid thermal conductivity mWm 'K ! 64.0
Liquid viscosity uPas 3348
Vapor viscosity uPas 11.82
Surface tension Nm! 0.01

Prandt] number

— 5.38
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Parameters
Mass velocity, G
Heat flux supplied to test section, ¢
Local quality in the test section, x
Average pressure over the test section, j
Wall temperature, 7T,
Wall heat transfer coefficient, &
Enhancement performance ratio, (h,/h,)/(Ap,/Ap,)

control box. After exiting the test section, the R-114
passed to the R-22 cooled condenser where it was
condensed and subcooled prior to being returned to
the pump to complete the circuit.

Figure 2 shows the locations of temperature and
pressure measurements of the test section. Bulk fluid
temperatures at the inlet and exit of the test section
were measured with 40 gage copper—constantan ther-
mocouples located at midstream. The inlet and outlet
pressures were measured with a calibrated pressure
gage, respectively. Intermediate bulk fluid tem-
peratures were measured at a certain distance (50
mm each) along downstream location (see Fig. 2 for
details). The R-114 flow rate was measured by a
rotameter (Flowmeter Mold HFM201, SERIAL 811)
located between the condenser and preevaporator.
Thermocouples measured wall temperature at 13
locations along the test section (se¢ Fig. 2 for details).
These thermocouples were carefully inserted into the
outside wall of the inner tube. A detailed cross-sec-
tional view of the thermocouples setup designed for
more accurate temperature measurements was also
shown in Fig. 2. Based on calibration of the entire
temperature measurement system including ther-
mocouple and digital voltmeter, the error associated
with the temperature data was estimated to be
+0.3°C.

The dimensions of the tubes tested as well as R-114
properties are listed in Table 1. The parameter D, is
defined as:

Dy, =2(r,—r.) (D

which corresponds to a bare inner tube of radius r,.
A bare tube of radius r, provides the same surface as
the ribbed tube, i.e.

=12 H\ H ¥+ H)w
fe = ri+2 sin()+(’i o

2H\ |/ 5
+r; (P“W)Jr{ang' "/P~ (2)

Also shown in Table 1 is the tube numbering system
(i.e. Tubes 1-4) which is used throughout this paper
to identify each tube. Before each test, the test tubes
were cleaned with acetone. The test fluid flow loop
was pressure tested for leaks. The leaks were detected

Table 2. Ranges of experiments and measurement uncertainties

Uncertainty
63.55,93.74, 129.86 (kgm s ) +3.1%
2.01.2.43,2.95x10* (Wm™) +4.3%
0.015-0.8 +5.7%
2.53.-2.83 (kgem ) +4.5%
32-45 (°C) +1.0%
41 89%x10°(Wm 2°K " + 7. 1%

0.92-1.54

by using a soapy water solution. A test was started by
first boiling the liquid for 2-3 h to drive away air
content in the system. Table 2 shows the ranges of
variables over which the experiments were conducted
and the associated measurement uncertainties.

DATA REDUCTION

A number of roughened tubes with different rib
pitches and rib angles and smooth tubes were tested
by R-114 at an average pressure of 2.68 kg cm ~*. Each
tube was tested at an inlet pressure of approximately
241 kg cm * and an inlet tempcrature of approxi-
mately 30°C.

For each test run, six axial heat transfer coefficients
were calculated on the basis of bulk fluid saturation
temperature, tube heat flux and tube inside wall tem-
perature. Three thermocouples were mounted just
downstream of each pressure tap : hence, the readings
were averaged

]—vil\,'g = (Tlnp + Tmid + FIVbnl )J”}- (3)

Wall temperatures at all other locations were based
on the single measurement, T,,,4. Circumferential vari-
ations in wall temperature were normally negligible in
the forced convection vaporization region, and some-
what larger (but still less than 0.2°C) in the nucleate
boiling region. The local heat transfer coeflicient at
each axial location was then calculated as follows:

h= Q/A(Tw_‘Teul,)- (4)

When heat transfer coefficients were calculated for
roughened tubes, the area used in equation (4) was
the surface area of =D, L. Mass flux was also based on
the cross-sectional area calculated from the equivalent
diameter D,. Qualities at each axial location were
calculated from inlet conditions and energy balances
along the tube length. The uncertainties in the heat
transfer coefficient and quality calculations were listed
in Table 2. The pressurc drop data were measured
over a length of 0.05 m for the test section (0.35 m).
The effect of natural convection in the cxperiments
reported herein can be considered to be negligible due
to the parameter (Grashof number/(Reynolds num-
ber)?) being much less than unity even at the lowest
mass velocity.
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RESULTS AND DISCUSSION

Several single phase heated tube tests were per-
formed for R-114 prior to nucleate flow boiling tests
and the results were compared to the well-known
Dittus—Boelter equation [13]. It was found that they
were in good agreement within an average deviation
of +25%. For each of these tests, an energy balance
analysis was made for the entire loop. The energy
gained by the R-114 across the entire test section was
compared to the sum of the power input and heat gain
from the surroundings. For all these tests, the analysis
found that the energy balance was satisfied within
9.3%.

The system was judged to have reached a steady-
state condition when the temperatures, pressurcs and
mass flux rates of R-114 fluid remained unchanged
for about 2 h. A series of tests were carried out for
refrigerant R-114. The ranges of heat flux and mass
velocity considered for this study were 20.1, 24.3, and
29.5 kW m~? and 63.55, 93.74, and 129.86 kg m -
s'. In order to avoid physical burnout of the test
section, qualities at the outlet of the test section were
adjusted not to exceed 0.8. Figure 3 shows single liquid
forced convection and saturated nuclecate boiling heat
transfer data at two mass velocities (63.55 and 129.86
kg m ?s7') at a measurement plane pressure of 2.55
(kg cm~?) (this corresponded to R-114 saturated pres-
sure) and a liquid temperature at the test section inlet
of 30°C. The data shown pertain to increasing-heat
flux mode. In Fig. 3 the wall heat flux has been plotted
vs the wall superheat. A partial nucleate boiling in
which the heat transfer mechanism may be sensitive
to variations in mass velocity was noted in Tubes 1, 2
and 3. A significant enhancement of nucleate boiling
was observed with these rib type roughened tubes,
regardless of whether there is an increase in the mass
velocity, as compared to those of smooth tubes.

This is because the present roughened surface leaves
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FiG. 3. Flow boiling curves at two mass velocities for four
test tubes.
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a surface structure which comprises of a series of
tunnels connected to the R-114 by regularly spaced
pores. The configuration provides regularly spaced
re-entrant cavities and greatly enhanced nucleation
properties. Consequently, it triggers the onset of
nucleate boiling earlier than it usually does in smooth
tubes. Furthermore, Tubes 1, 2 and 3 at G = 129.86 kg
m ? s '. seem to have the same heat transfer rates.
This behavior also happened at G = 63.55kgm "5

It is interesting to note that the independence of the
heat transfer process in the partial nucleate boiling
on the mass velocity no longer exists. This may be
attributed to the contribution of the roughened sur-
faces on the part of forced convection in partial
nucleate boiling region. The data in Fig. 3 show that
the enhancement was more pronounced in the higher
mass velocity where nucleate boiling on the roughened
surfaces was not fully established and the enhance-
ment due to bubble motion became relatively more
important. 1t was observed that they were gencrated
at lower frequency from the vicinity of roughened
surface than that with G = 63.55 kg m " s, Asa
result, the data demonstrate a bigger improvement in
heat transfer rate. The bigger improvement is due to
many bubbles moving along the heated surface, and
much thermal layer removal and film evaporation. In
summary, the result from Fig. 3 revealed that nucleate
boiling can be cnhanced by applying the present rib
roughened surfaces attachment to a horizontal tube
annulus. owing to the favorable thermal environment
characterized by a small gradient liquid temperature
profile within the restricted regions between the rib
and the heated surface. Nucleate boiling is enhanced
in terms of a lower wall superheat required for incipi-
ent boiling and more and stable bubbles generalted
than from a smooth tube.

The definition of wall heat transter coefficient given
by equation (4) pertains to both single phase liquid
flow and boiling flow in this work. Figure 4(a) depicts
the comparison of the experimental heat transfer
coeflicient data with the correlation by Shah [14] for
the cases shown. The Shah correlation reduces to the
Dittus—Boelter correlation in the event of single phasc
liquid flow. Most of the data were within +20% of
the predicted values. A series of repeatability tests
indicated a maximum variation about +7.1% in the
heat transfer cocflicients. A comparison of exper-
imentul pressurc drop data with the Lockhart and
Martinelli [15] correlation is shown in Fig. 4(b). No
correlation was made for the acceleration part because
it 1s so small compared to its counterpart. The data
points arc within +30% of the predicted values with
the maximum deviation occurring at the low mass
velocity, The large deviation [rom the correlation is
not unusual for two-phase flow.

The effect of roughened surfaces on the heat trans-
fer coeflicient is shown in Fig. 5 for two different mass
velocities at a given heat flux. In general, an increasc
in mass velocity increases the heat transfer coefficients
for all the qualities plotted. For Tubes 1. 2 and 3. at
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G = 129.86 kg m~% 5™, the heat transfer coefficients
were observed to be independent of the quality. In
contrast, an increase in the quality decreases the heat
transfer coefficient at G = 63.55 kg m~* s~ This is
perhaps because, at higher quality for low mass vel-
ocity (G = 63.55kgm™?s7"), a flow pattern transition
from bubbly or slug to annular flow instead results in
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FiG. 5. Flow boiling heat transfer coefficients varied with
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quality at mass velocity G = 63.55 kg m~? s~ for various
heat flux.

the forced convective region which is chracterized by
this annular liquid film with convection and con-
duction heat transfer at the liquid-vapor interface.
Consequently, this results in a heat transfer coefficient
decrease. In addition, in this partial nucleate boiling
region, both the forced convection and nucleate boil-
ing mechanisms are significant. The gradual sup-
pression of the latter leads to a reduction of the heat
transfer coefficients with increasing quality at low
mass velocity, which was also observed in ref. [16].
Figure 6 shows the effect of heat flux on the heat
transfer coefficient for all the tubes tested. The heat
flux was varied by 50%. An increase in heat flux
generally increases the heat transfer coefficients.
Rough surface resulting in a heat transfer enhance-
ment was significantly observed at higher heat flux
{g = 2.95x10* W m~?). However, the effect was not
clearly noted at lower heat flux (§ = 2.01x10° W
m~?). 1t is known that the transition point from the
partial boiling to the two-phase convective region is
shown to be a function of heat flux such that it moves
to a higher quality as heat flux increases for a given
mass velocity. Beyond this transition quality,
however, the line for the various heat fluxes merge
into a single line indicating that nucleate boiling is
suppressed. According to the foregoing statements, it
strongly suggests that the onset of transition quality
was delayed to occur for the present study. Fur-
thermore, for both Figs. 5 and 6, it was shown that
the heat transfer coefficient was almost independent
of quality for the roughened tubes (Tubes 1, 2, and 3)
at higher mass velocity and heat flux.

Of special interest for studies of heat transfer aug-
mentation is the question of how much the heat trans-
fer coefficient is increased relative to an equivalent
smooth tube at the same condition for the present
study. Local enhancement factors (h,/h,) were cal-
culated by forming ratios of experimentally measured
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heat transfer coefficients for the roughened tube and
a smooth tube of the same heat transfer area. As
shown in Fig. 7, the enhancement factors at
¢ = 2.01 x 10* W m~? for the three roughened tubes
are about the same (& 1.25) at higher mass velocities.
In contrast, the distribution of the local enhancement
factor exhibits a different trend. It shows a steady
increase starting from X = 0.1 and, after reaching a
peak at X = 0.4, then gradually decreases to a local
minimum value about 1.4 at X = 0.7. It is somewhat
surprising that the enhancement factors are similar
for both the magnitude and trend for three different
roughened tubes at lower mass velocity. Figure 8 exhi-
bits the same behavior as Fig. 7 at a given mass vel-
ocity G = 63.55 kg m~? s~! with two different heat
flux levels. However, it suggests that the lower heat
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flux has a higher enhancement factor. This is perhaps
because the forced convection region at higher heat
flux was more effective than at lower heat flux level.
This may result in a thicker liquid film and, therefore,
lower values in heat transfer coefficient. This specu-
lation is supported by the work of Reidy [17].
Figures 9 and 10 indicate the pressure gradient
ratios, Ap,/Ap, for all the tubes at ¢ = 2.01 x 10* W
m 2and G = 63.55kgm s ', respectively. The pres-
sure gradient ratios stand for the increases in pressure
drop for roughened tubes relative to the smooth tubes
expressed as a pressure drop enhancement factor
ranged from 1.1 to 1.38. As shown in Fig. 9, the
pressure gradient ratio is higher as the number of ribs
and the heat flux levels are increased. The pressurc
drop increases over the corresponding smooth tube
due to the reduced (by =~5%) cross-sectional flow
area. In addition, the distinction in magnitude of the
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FI1G. 10. Pressure gradient ratios varied with quality at mass
velocity G = 63.55 kg m~2 s~ for various heat flux.
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pressure gradient ratio is clearly noted at higher heat
flux. This is mainly because the acceleration effect was
much higher. However, this phenomenon was not
found at lower heat flux except in the range of
X = 0.2-0.4 for Tube 3. In general, the pressure drop
increased with increases in the mass velocity at a given
heat flux ¢ = 2.01 x 10* W m~2 But, this behavior
is not preserved for different heat flux levels at a
given mass velocity as shown in Fig. 10. For both
Figs. 9 and 10, the pressure drop was not a strong
function of quality. As stated earlier, Tube 3 had
the highest pressure drop. Furthermore, the pressure
gradient ratio for Tube 3 in Fig. 9 is considerably
higher varying from 1.25 at X=0.1 to 1.35 at
X = 0.65.

The effects of heat transfer and pressure drop can be
combined into one parameter called the enhancement
ratio ((h,/h)/(Ap./Ap,)) which is shown in Figs. 11
and 12, respectively, at ¢ =2.01 x10* W m~? and
G = 63.55 kg m ? s7'. From this viewpoint of max-
imizing heat transfer while minimizing pressure drop,
higher values are most desirable. For most tubes
tested, the pressure gradient ratio was observed to be
lower than the heat transfer enhancement factor
which results in an enhancement performance ratio
higher than 1. These are the cases shown in Figs. 11
and 12. Because of the larger pressure gradient ratio
for Tube 3, the enhancement performance ratio for
Tube 2 is greater over most of the quality range shown
in both Figs. 11 and 12. Specifically, in Figs. 11 and
12, at X~ 0.2 Tube 2 has an enhancement per-
formance ratio of 1.4 while Tube 3 has a value 1.24. In
general, additionally, it was found that enhancement
performance ratio was not a strong function of quality
at the higher mass velocity and heat flux but it is
strongly dependent on quality at the lower mass vel-
ocity and heat flux.
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FiG. 11. Enhancement performance ratios varied with quality
at heat flux ¢ = 20.1 kW m™? for various mass velocities.
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Table 3 documents the present enhancement per-
formance ratio vs varied quality under different work-
ing conditions. Also listed in Table 3 is the previous
work by Reid et al. [18] in which fin tube and helical
tape with R-113 as a working fluid were used. The
present results are superior to those of ref. [18] in most
cases.

Figure 13 shows typical photographs made by flow
visualization of the present flow boiling in Tube 3 and
smooth tubes at different mass velocities and heat flux
level. Starting from Figs. 13(e) and (f), one may find
that bubbles rise from isolated nucleation site
(G=6355kgm s ' and §=201x10°Wm 2.
As the heat flux (§ =2.95%10* W m~?) and mass
velocity (G = 129.86 kg m~2 s~ ") increase, more and
more sites are activated. On the other hand, in Figs.
13(a)—(d) for roughened tube annuli, the active sites
become very numerous, the bubbles start to merge
into one another, and an entirely different kind of
vapor escape path seems to come into play, especially
for the extreme case (G = 129.86 kg m~2 s~! and
¢ = 2.95x 10° W m™?). Boiling takes place in the two
consecutive ribs. It is known that the outer space
temperature of the ribs varies with location according
to the modes of heat transfer taking place (e.g. stable
nucleate boiling and transition boiling). Vapor
formed at the surface merges immediately into jets
which are carried away in the downstream due to the
present flow boiling. This phenomenon was found in
Figs. 13(a)—(d) and is most distinct in Fig. 13(d). It is
apparent for Fig. 13 that the number of active
nucleation sites generating bubbles would be strongly
influenced by heat flux and mass velocity as well as
the present surface condition. It is found that the
present surface (roughened tubes) condition can gen-
erate more smaller and smaller vapor pockets which
will be triggered into active bubble growth to reduce
the wall superheat (T, —T,,) for incipient boiling
compared to those for smooth tubes. This also verifies
the previous findings in Fig. 3.
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Performance of rib-roughened tube annuli with refrigerant 114

(a) G =63.55 (kg/ms), q = 2.01 x 10* (W/m?)

(b) G =63.55 (kg/m?s), q = 2.95 x 10* (W/m?)

(Tube No. 3)

(¢) G = 129.86 (kg/m’s), q = 2.01 x 10* (W/m?)

(d) G = 129.86 (kg/m?s), § = 2.95 x 10* (W/m?)

(Tube No. 3)

(e) G =63.55 (kg/m’s), § = 2.01 x 10* (W/m?%)

(f) G =129.86 (kg/m’s), q = 2.95 x 10* (W/m?)

(Smooth tube)

F1G. 13. Photographs made by the flow visualization of nucleate boiling at various mass velocity and heat
flux.

CONCLUSION

The present experimental study of evaporation heat
transfer in rib roughened tube annuli has made it
possibie to examine for the first time the effect of a
number of parameters. The influence of mass velocity,
heat flux, rib geometry to the pressure drop and heat
transfer characteristic was examined and discussed.
The following conclusions are drawn :

(1) Flow nucleate boiling is enhanced in terms of
a lower wall superheat required for incipient boiling
and more and stabler bubbles than from a smooth
tube.

(2) The present study was in the ‘partial nucleate
boiling’ region. The gradual suppression of the
nucleate boiling mechanism results in a reduction of
the heat transfer coefficients with increasing quality.

However, the transition quality was not found in all
the test runs.

(3) The enhancement performance ratios ranged
from 0.92-1.54 (see Table 3) depending on the quality,
specified mass velocity and heat flux, and the rough-
ened surface geometry.

(4) Because of lower pressure gradient ratio, Tube
2 had a higher enhancement performance ratio (1.54
compared to 0.96 at X = 0.4).

(5) Comparisons with those of previous studies
roughened by helical fin and twisted tape with R-113
were conducted. The results showed that the enhance-
ment performance ratio of the present study is aver-
agingly higher than those with helical fin and twisted
tape for the cdses studied herein.

(6) Through flow visualization, the photographs,
qualitatively, indicate that the presence of protruding
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ribs generates more active and stable nucleation sites
and enhances the flow boiling heat transfer.
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