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Abstract

Experimental heat transfer coefficients for R-134a and R-600a in horizontal tubes with vertically positioned perfo-
rated strip-type inserts are reported in this paper. Tests were conducted using a single-tube evaporator test facility. The
test section used was 2000 mm long, 10.6 mm inside diameter, horizontal, smooth copper tube with perforated strip-type
inserts made from the same material (copper). Test parameters were varied as follows: heat flux 9.1-31.2 kW/m?;
mass velocity 82.3-603.3 kg/m? s; quality 0-0.85, and a saturation temperature of 6 °C. The flow pattern were identified
for different test tubes and flow conditions. The heat transfer coefficients for R-600a were higher than those for R-134a.
The heat transfer performance and pressure drop can be improved up to 2.5 and 1.5, respectively for a 96 perforated
holes enhanced tube. All comparisons were based on the same nominal mass flow rate. Finally, an empirical correlation

was developed.
© 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

A lot of work has been carried out to obtain an un-
derstanding of boiling heat transfer from a smooth
surface. These fundamental studies clearly brought out
the complexities of the flow boiling mechanisms, as re-
viewed by Collier and Thome [1]. At present, many as-
pects of boiling heat transfer on a smooth surface are
well explored, and reasonably good correlations have
been developed for the design of efficient heat exchange
equipment. However, there are many correlations (over
30) for saturated flow boiling in the literature, some of
which were summarized by Kattan et al. [2,3]. With
enhanced surfaces, flow boiling heat transfer is further
complicated, the heat transfer in horizontal tubes with
strip-type inserts has received less attention than that in
smooth tube annuli. The lack of design data for heat
transfer coefficients, is now one of the limitations in the
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design of efficient evaporators for use in the refrigeration
and process industries [4].

Numerous test data for flow boiling of new refrig-
erants are now becoming available in the literature.
Using 10 electrically heated test sections in series,
Hambraeus [S] measured local heat transfer coefficients
for R-134a with vapor quality range from 0.1 to 1.0 and
found a higher heat transfer rate than that of R-22.
Wattelet et al. [6] reported that heat transfer coefficients
increases noticeably with increasing vapor quality while
the stratified-wavy data were flat.

Several comprehensive studies were performed for
micro-finned tubes (for example, Ito and Kimura [7]).
Schlager et al. [8] examined three 12.7 mm OD micro-fin
tubes having different helix angles (15° to 25°), the av-
erage heat transfer coefficients in the micro-fin tubes,
based on a nominal equivalent smooth tube area, were
1.6-2.2 times higher than those in smooth tubes. Singh
et al. [9] conducted flow boiling observation of R-134a in
a micro-fin tube, a transition from a stratified to annular
flow occurred at the mass velocity of 100 kg/m?s. Re-
cently, Liu [10] experimentally measured the evapora-
tion heat transfer coefficients of R-134a in an axially
grooved tube and compared with the corresponding
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Nomenclature

A; tube inside surface area, mm?

A strip insert surface area with perforated
holes, mm?

A, A, = 4; + 4,, mm?

Bo boiling number, ¢/h¢,G

Dy hydraulic diameter based on Yang and

Webb [22], mm

D; tube inner diameter, mm

f friction factor

G mass velocity (flux) based on nominal cross
sectional area, kg/m’s

h local two-phase heat transfer coefficient
unless otherwise stated, W/m?k

heg latent heat of evaporation, kJ/kg

k thermal conductivity, W/mK

Nu Nusselt number unless otherwise stated,
hDy [k

P pressure, kPa

Pr reduced pressure

q heat flux, W/m?

Re Reynolds number unless otherwise stated,
G(1 —x)D,/k,

t insert thickness, mm

X vapor quality

X0 vapor quality at demarcation point
insert width, mm

z downstream distance, mm

Subscripts

a enhanced tube

1 liquid

z at location z along channel length

s smooth tube

v vapor

- average

Greek symbols

differential

A,/ 4;

enhancement factor
viscosity, kg/sm
mass density, kg/m?
surface tension, N/m

AT E o= >

values of R-22. Hsieh et al. [11] studied the evaporative
heat transfer and enhancement performance of serpen-
tine tube experimentally with strip-type insert using R-
134a, flow nucleate boiling was found to be enhanced
and a lower wall superheat needed for incipient boiling.

Many previous studies examined in-tube evaporative
heat transfer enhancement and the associated pressure
drop with internally finned tubes. However, in-tube
evaporation with strip-type inserts using R-600a as re-
frigerant has not been examined especially using the
strips with perforated holes. In addition, most of the
work published for theoretical and empirical two-phase
flow patterns were performed with adiabatic air-water
systems. There is actual need to characterize two-phase
flow patterns in air conditioning and refrigeration ap-
plications. The present work is a continuation of our
study on evaporative heat transfer and enhancement
performance in horizontal tubes with strip-type inserts
[11]. Special attention was paid to the effect of the
number of perforated holes and effect of the placement/
orientation of the insert. In this paper, a correlation
relating to saturated flow boiling in horizontal tubes
with strip-type inserts, with/without perforated holes
with R-600a and R-134a was developed. The sketch of
the test inserts, shown in Fig. 1, includes definitions of
the pertinent geometric parameters of the four perfo-
rated-hole-inserts, as well as a smooth tube used for
comparison. The insert surface was coated with very

thin silica insulation paint (about 0.05 mm thick) to
suppress the fin effect.

2. Experimental setup and procedure
2.1. Test facility

The experimental rig, shown schematically in Fig. 2,
was used for heat transfer and pressure drop measure-
ments consisted of the integration of two separate flow
loops: (1) a refrigerant loop and (2) a R-22 loop (not
shown) which served as a heat sink for the entire rig.

2.1.1. Refrigerant loop

A variable-speed gear pump was used to circulate the
refrigerant around the loop, eliminating the need for a
compressor and an expansion device used in commercial
vapor-compression refrigeration systems. Besides, the
R-600a/R-134a loop consisted of a filter, a turbine
meter, two heaters (including the preheater), receiver,
water bath, and the test section. The locations of ther-
mocouples, pressure taps, and control valves are indi-
cated on the schematic. The refrigerant was completely
isolated from the pump lubricant. Therefore, it remained
oil-free for all tests. The liquid receiver allowed for
stable control of system pressure. The pre-evaporator
(not shown) preheated R-600a (R-134a) to saturation
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Fig. 1. (a) The geometry of the inserts in the present study and (b) cross-section of test tubes.

(within £0.1 °C). As R-600a (R-134a) flowed through
the test section, it was uniformly heated by DC power,
provided by a 200 V, 2 A capacity DC rectifier. Electric
resistance was also measured in several stations to en-
sure uniform heat flux. Autotransformers were used to
regulate the heat flux. After exiting the test section, R-
600a (R-134a) passed to the R-22 cooled condenser,
where it was condensed and subcooled prior to being
return to the pump to complete the circuit. The inlet and
exit end of the test section has a sight glass, respectively,
of almost the same inside diameter as the test section in
order to observe the flow conditions and patterns. An
enthalpy balance across the flashing valve was used to
determine the test section inlet quality. Test section
quality at any location was obtained from an energy
balance between the enthalpy gain of the fluid and the
electrical power dissipation in the test section.

2.1.2. Test section

The test section was a straight, horizontal section
having a heated length 2 m with perforated strip-type
inserts. All five tubes (including a smooth tube) were

made of copper, with an outside diameter of 12.7 mm
and an inside diameter 10.6 mm. In addition to the inlet
and exit of the test section, instrumentation to measure
temperature and pressure was located at intervals of 250
mm. The flow was metered using a turbine flow meter
which was chosen for a certain range, from 82.3 to 603.3
kg/m’s and calibrated by a stopwatch and bucket
method. The pressure and pressure drop were measured
with pressure gauges (P) and differential pressure
transducers (DP). Bulk fluid temperatures were mea-
sured at the inlet and outlet of the test section. The tube
wall temperatures were obtained by measuring wall
temperature at a certain distance (250 mm each) along
downstream locations (see Fig. 2 for details) with 40
gage Cu-Cn thermocouple and with a correction (ex-
plained later in the forthcoming section). The wall
temperature was measured by four thermocouples cir-
cumferentially spaced (90° apart) at these axial down-
stream locations and an average value was used to
calculate the local heat transfer coefficient. The soldering
point of the thermocouples to the tube wall was less than
1 mm in diameter. Teflon space dividers were positioned
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Fig. 2. Schematic of test apparatus and experimental setup.

at intervals of 250 mm along the test section to minimize
axial conduction heat losses (<1%).

In each experiment, a 0.5 mm diameter nichrome wire
with a pitch of 0.5 mm was circumferentially wound
around the tube segmently. The nichrome wire having
5 Q/m resistance is electrically insulated from the copper
tube with 0.4 mm-electrical insulation paper. The heaters
are thermally insulated with 35 mm-thick asbestos and
40.0 mm-thick fiberglass insulated to minimize the radial
heat gains. The thermocouples have been attached to the
back side of the nichrome wire using high thermal con-
ductivity epoxy. In order to avoid biased temperature
reading caused by a “fin effect”, the thermocouples were
also attached to the back of the heating wire over a length
of at least 150 mm before being exposed to ambient air.
In addition, the thermocouple was aligned with the flow
direction to prevent thermal conduction along the tube
which could affect the temperature readings. In fact, such
conduction heat losses (gains) were found less than 1%.

2.2. Data collection and reduction

The system loop was first evacuated and then charged
with refrigerant. The experiments started with a full

vacuum in the refrigerant loop and used a careful filling
procedure in order to prevent air from entering to the
loop. No venting to degas the refrigerant was required
under normal conditions. Testing showed that the sat-
uration pressure based on thermocouple readings mat-
ched the measured pressure within +2 kPa, while
different pressure drop measurements were accurate to
+0.5 kPa. Thermocouples were calibrated in a thermo-
static bath over the testing temperature range, and
pressure transducers were calibrated against a known
method (e.g. using a U-tube manometer with 25 mm dia.
mercury column). The system was tested with single-
phase flows and these results were compared with
established correlations, see Fig. 3, which is discussed
later. The overall heat balance between the electrical
heat input (corrected for gains from the surroundings)
for single phase flows in the complete test section was
found to be within £2% in the cases under study. Watt
transducers were factory calibrated within 10 W. Re-
frigerant transport and thermodynamic properties can
be obtained from the supplier (ICI Chemicals) and
ASHRAE.

The local heat transfer coefficient, at each down-
stream location z, is defined as & = ¢/(T,,, — Ty,,) wWhere
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Fig. 3. Single-phase heat transfer characteristics and friction factor in different tubes for R-600a and R-134a.

Ty 18 the local wall temperature which is taken as the
arithmetic mean of four thermocouples installed on the
tube wall, T;, is the local measured bulk fluid tempera-
ture along the length of the tube for single phase test and
is the bulk saturation temperature of the refrigerants
corresponding the test section pressure for the flow
boiling. ¢ is the inner wall heat flux calculated based on
the inside surface area of the tube with/or without insert
for performance analysis and easy comparison. The tube
wall temperature drop was calculated by considering the
steady state, one-dimensional radial heat conduction
equation.

For the present study, the circumferential tempera-
ture variations were measured to be very small at
aforementioned each measured location along the test
section. Average heat transfer coefficient and pressure
drop data were obtained, respectively, from the average
values of the integral of the local heat transfer coefficient
and pressure drop along the length of the tube, which
were fitted over the vapor quality ranges of 0.002-0.85.

Data collection was performed using an IBM PC and
a data acquisition system with data acquisition software.
Testing was conducted at steady-state conditions, which
were monitored and controlled by the previously men-
tioned system. Parameters controlled during tests were
heat flux, mass velocity (flux), saturation temperature,

and insert geometry. It usually takes 1 h to reach a
steady state for most cases.

2.3. Uncertainty estimated

The typical uncertainty of the heat transfer coeffi-
cients is 9% using a propagation-of-error analysis [12],
while the typical uncertainty of enhancement factors is
+15%. Pressure drop uncertainties were found to be
within £2%. Mass flux has an uncertainty of approxi-
mately +3%, while the typical uncertainty of heat flux is
+0.5%. Uncertainties of the friction factor ranged within
+6%. The uncertainty on the position of the onset of
nucleation position was found to be within +1.5%.

3. Results and discussion

The flow boiling tests were performed at selected
values of mass velocity of 83, 166, 239, 356, 475, and 602
kg/m?s. The fluid entered the test section as saturated
liquid in all tests. The experimental heat flux ranged
from 9.1 to 31.2 kW/m?. Local flow boiling heat transfer
coefficients and friction factors for R-134a and R-600a
in horizontal tubes with perforated strip-type inserts
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(23, 54, 73, and 96 holes) have been examined experi-
mentally.

3.1. Single phase test

Heat gains to the test section were determined
through single phase energy balance tests. The results
were also checked by comparing forced convection
constant heat flux examination with correlations such as
that of Dittus—Boelter [13] and Gnielinski [14]. For
consistency, Nu and f were calculated based on hy-
draulic diameter (D). Values of single-phase heat
transfer coefficients fall within +6% of these correlations
for Reynolds numbers above 10,000 for smooth tubes
with R-134a and R-600a, which can be seen in Fig. 3.
Also included in Fig. 3 are results for tubes with per-
forated inserts. The enhancement was clearly observed.
The average enhancement factor is 1.65. Similarly, the
single phase friction factor was also measured for con-
ditions similar to the test above but without heating. The
results indicated in Fig. 3 show that the agreement seems
well with the well-known Blasius equation within +£15%
for 3000 < Re < 30,000. The factor for pressure drop
increase due to inserts is about 1.71.

3.2. Flow map developed

The mechanisms that cause the transition between
successive flow patterns need to be identified in order to
construct a theoretical map. The transition mechanisms
proposed between the three basic flow patterns (inter-
mittent (plug/slug), stratified-wavy, and annular) are
discussed and presented here. Application of the flow
pattern maps to predict quality at the transition to an-
nular flow indicated that annular flow generally did not
start until qualities of 0.3-0.85. Fig. 4(a) shows the flow
pattern map following Kattan et al. [15] for the present
flow boiling in smooth tubes. It clearly shows that all the
present tests seem to be in the annular, intermittent
(plug/slug), and stratified-wavy flow regime except at a
location upstream 300 mm where bubbly flow regime
dominate for G<166 kg/m?s (not shown). Fig. 4(b)
presents results for the present tubes with 96 perforated
hole inserts for parameters corresponding to that of Fig.
4(a). The R-600a data were obtained from Hsieh et al.
[11]. The same behavior as those of the tubes without
perforated hole inserts was also observed.

Since the method reported in Kattan et al. [15] does
not include the bubble flow regime, the bubble flow re-
gime could not be found in the map. Based on Fig. 4, it
seems that almost three-fifths length of the test section is
in annular flow regime for all the cases studied. The 166
kg/m? s mass velocity with x > 0.3 from Fig. 4 represents
the transition value from stratified-wavy flow to annular
for the tube with/without insert studied herein. Basically,

700
F =31.2 kW/m?2 R-600a— — R-134a —
600 %tem ! G(kg/m?s) | 83 166 239 356 475 602
[ (plug/slug) I annular Rf:lOOa oo A ¢ v X
500 tvvowr wyovow vl ]
I:‘a E | R-134a |® @ A & Vv O
& 400 PO S 0O O
) E !
£ 300 F \ I Il
) E A\AAAAAAMAAA ’I":'
200 F | A
) e0e'os [0 © #0 O oy
o 77
100 o _F—-I—D—I-D——ID__IJ__,J—,’,/-"/
E Stratified ™ ~===—-=tatified wavy —
g U i il Wi s s i s e O
0 01 02 03 04 05 06 07 08 09 1
(a) X
700 ¢
E g=31.2 KW/m? R-600a— — R-134a —
600 ;< . I G(kg/m?2s)[ 83 166 239 356 475 602
I intermitten
500 £ (plug/slug) v: annular R-[?HOa oo a o v X
> E:;W v R134a |® ® 4o & v o©
g 400 £
?0 F
£ 300 F
o E P
200 F
E © ® » 0
100 £ B s v - W oA
E Stratified” ~===== S Eraﬁd-wavy -
PO I P PP Sl v s i i i e A
0 01 02 03 04 05 06 07 08 09 1
(b) X

Fig. 4. The flow pattern map for R-600a and R-134a in (a)
smooth tubes and (b) perforated strip 96 holes tube.

the present flow pattern shows the same behavior for
tubes with/without insert. For instance, all are in strat-
ified, stratified-wang and annular flow regime and have
the same threshold transition for intermittent and an-
nular flow. Only the data for tube with insert fall a little
bit ahead of those without inserts due to a higher liquid/
vapor velocity in tubes with inserts.

The corresponding plot of Fig. 4(a) for G = 166
kg/m?s and four different heat fluxes, as shown in Fig.
5(a) indicates that the local heat transfer coefficient
plotted versus vapor quality raises rapidly as its evapo-
rating liquid film thins at x > 0.4. Under this condition,
the demarcation quality x, was found to be about 0.4.
However, the value is subject to change as the mass
velocity is changed. In the stratified-wavy flow regime
(x < 0.4), the trend in heat transfer coefficient versus
vapor quality is an extension to that for annular flow,
where it is termed “partial nucleate boiling”, and both
forced convection and nucleate boiling are significant.
The gradual suppression of the latter leads to either a
slow increase at low heat flux (¢<17.8 kW/m?) or
temporary reduction at high heat flux (g > 26.7 kW/m?)
of the local heat transfer coefficient. Later, they will
increase until finally merging into a single line with in-
creasing vapor quality, in annular flow regime where is
also termed forced convection vaporization region. As a
result, nucleate boiling at these lower qualities augments
the heat transfer coefficient. On the contrary, at higher
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Fig. 5. Local heat transfer coefficient vs. quality at constant
mass velocity and different heat flux in (a) smooth tube and (b)
perforated strip 96 holes tube.

qualities, nucleate boiling is again largely suppressed due
to an annular liquid film thinning. The map shown in
Fig. 4 indicates, also the influence of stratification at low
flow rates (i.e., G166 kg/m?s) in the present tubes
with/without inserts. In fact, the visual observation
(not shown) of the flow indicated that for mass veloci-
ties less than 166 kg/m?s, the flow was predominantly
stratified.

Furthermore, as stated earlier, the demarcation point
quality x, would be different with different tubes, this
time xo = 0.3 as depicted in Fig. 5(b). Namely, the strip-
insert with perforated holes would result in an earlier
transition, comparing Fig. 5(a) and (b). In summary,
four flow regimes were found based on flow map iden-
tification; namely, bubbly, plug/slug, stratified-wavy
flow, and annular flow (high mass velocities G > 166
kg/m®s with x > 0.3). That is, the predominant flow
pattern was annular flow for higher mass velocity and
vapor quality, while stratified-wavy flow predominates
for lower mass flux and vapor quality. This finding ap-
plies to the two refrigerants tested for both smooth tube
and tube with inserts, and is similar to the results of
Wattelet [6].

1867
3.3. Heat transfer results

Evaporation tests were carried out at nominal con-
ditions of 190 (R-600a) and 360 (R-134a) kPa (=6 °C),
with mass velocity variations of 83-602 kg/m?s. Nomi-
nal vapor qualities at the inlet and outlet were about
0-0.85.

3.3.1. Effect of mass flux

Fig. 6 shows evaporation heat transfer results for the
four tubes with inserts of differing number of perforated
holes at ¢ = 31.2 kW/m? and also includes the results of
the smooth tube for comparison. The heat transfer co-
efficients for the tubes with inserts were calculated based
on the area of a smooth tube. As expected, the heat
transfer coefficient increases with increasing mass
velocity. Compared with the smooth tube, all four in-
serted-tubes show a significant increase in heat transfer
over the range of mass velocity tested. The effect of in-
serts on the heat transfer coefficient can be clearly seen
in Fig. 6 for five different mass velocities at a given heat
flux. In general, an increase in mass velocity increases
the heat transfer coefficients for all the qualities plotted.
For smooth tubes at G <356 kg/m’s, the heat transfer
coefficients were observed to be nearly independent of
the quality. In fact, the data of Figs. 5(a) and 6(a) show
dominance of the nucleation mechanisms by virtue of
the heat flux dependence and nearly mass velocity in-
dependence of the data. In contrast, for tubes with in-
serts and perforated holes, an increase in the quality
increases the heat transfer coefficients for all the mass
velocities considered herein. This is because the flow in
the tubes with inserts was in forced convective boiling
in which the heat transfer coefficients would increase as
the mass velocity increases.

Taking a closeup examination of Fig. 6, it is also
found that the heat transfer coefficient did increase with
increasing mass flux at a fixed local mass quality but to a
lesser degree than was observed for the smooth tube as
evidenced from Fig. 6(a). On the other hand, in spite of
the independence of heat flux on # in forced convection
vaporization region, the local 4 depends strongly on the
mass flux and the quality as shown in Fig. 6(b)—(e). It is
long recognized that heat transfer coefficients are more
dependent on heat flux in regions of lower quality
(x < 0.4), which represents a nucleate boiling region, as
compared to a higher quality, which represents a forced
convection vaporization region. However, this situation
becomes less pronounced for the tubes with inserts. This
indicated that an earlier onset of forced convection va-
porization can occur with the inserts as mentioned ear-
lier. At ¢ =31.2 kW/m?, the heat transfer coefficients
obtained with the smooth tube drop with quality for
x < 0.1. This was not observed with the tubes with in-
serts. At higher qualities the heat transfer coefficient
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Fig. 6. Local heat transfer coefficient versus quality for differ-

ent mass flux at ¢ = 31.2 kW/m>.

increases approximately linearly with quality with a slow
increase rate especially for the smooth tubes. At this
stage, no more bubbles are formed at the wall and heat is
conducted by the liquid film with the thickness of liquid
film decreasing downstream gradually. Consequently,
the heat transfer coefficient increases with the quality.
This finding is similar to that of Hsieh et al. [16]. Among

four tubes with inserts, tube with 96 perforated holes
insert has the highest heat transfer coefficients at 0<
x<0.85 for all the mass velocities considered under
study.

3.3.2. Effect of heat flux

Fig. 7 shows the effect of heat flux on the average heat
transfer coefficient. As seen in the figure, the dependence
of the coefficient on heat flux is much higher than
its dependence on the mass velocity depicted in Fig. 6.
The data suggest that the heat transfer coefficients
increase gradually with the heat flux. The data obtained
in this study were correlated in the form of z = cq". The
value of n was found to be about 0.704 which agrees quite
well with the value of 0.712 for R-123 reported from
Bao et al. [17]. In addition, examination of all the data
shows that the slope of the % versus ¢ curve is approxi-
mately equal for both R-134a and R-600a in the tubes
with/without inserts. The heat transfer enhancement for
the perforated-hole-inserts was significantly observed for
all the cases studied. The rate of increase seems the same
at lower and higher heat flux. For instance, at ¢ = 10
kW/m?, h,/hs =~ 2 is almost the same as that at ¢ = 30
kW/m? for the 96-hole-insert when comparing Fig. 7(a)
with Fig. 7(d).

3.3.3. Effect of perforated hole and insert placement or
orientation

Owing to the heating surface is the tube wall and the
fin effect of the insert was suppressed and found to be
small, the insert surface effect can be neglected. In ad-
dition to the onset of nucleate boiling (discussed earlier),
the effect of perforated hole on heat transfer perfor-
mance was noted at two different heat flux levels (¢ = 9.1
and 31.2 kW/m?) for both refrigerants. Again, under
different G, the performance superiority of R-600a is still
obvious and the heat transfer coefficient increases stea-
dily with increases in the number of perforated holes and
the mass velocity. This is perhaps due to a change in the
contributions between nucleate boiling and convective
boiling components. The effect of perforated holes
on heat transfer enhancement were also found, 1.6 <
h./hy < 3.2 for 0.04 <x<0.38 at a lower heat flux, 9.1
kW/m?> as compared to that (1.58<h,/h;<7.5 for
0.35<x<0.85) of higher heat flux, 31.2 kW/m?. More-
over, the rate of increase for R-600a seems continuously
higher than that of R-134a. However, the mass flow
effect shows a different trend. Fig. 8(a) and (b) show the
plots of %, /hs versus number of holes per unit length at
two different heat fluxes. As can be seen, the heat
transfer enhancement increases with the number of
holes per unit length increase. The curve starts at zero
in which there is no hole (,/h, = 1; actually, it is a
smooth tube) and gradually increases as the number of
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Fig. 7. Average heat transfer coefficient versus
different tubes.

heat flux for

hole increases. However, the rate of increase seems to
decrease and, a plateau eventually seems to be expected.

The insert placement in horizontally and vertically
(this study) was examined in a comparison of the present
results with those of Hsieh et al. [11] with number of
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Fig. 8. Average heat transfer enhancement factor vs. unit
length of holes for different mass flux at (a) ¢ = 9.1 kW/m? and
(b) ¢ = 31.2 kW/m?.

perforated holes of 23 and 96, and smooth tubes. It was
found that the difference cannot be noted. This strongly
indicates that the orientation of placement for the inserts
seems insignificance. This is perhaps because the present
study is dominated either by forced convective evapo-
ration at high quality or by nucleate boiling at low
quality. This is different from the traditional single phase
flow in which the orientation of test section is quite
important. Further and extensive study in this regard
is needed.

3.4. Pressure drop results

The two-phase pressure drop was measured across
each of the two test sections connected in series. Each
test section was 250 mm long for the differential pres-
sure drop measurements. The pressure drop gradients as
shown in Fig. 9 are the combined frictional and accel-
erational components. The inlet and outlet vapor quality
is from 0.002 to the exit quality. Generally, pressure
drop increases with increasing mass flux, as expected.
Based on the rate of increase, it is found from Fig. 9,
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that most of the pressure drop penalty is at high vapor
qualities. It is also seen that the pressure drop of the
perforated-hole strip is somewhat higher than that of the
smooth tube for both R-134a and R-600a due to an
increased frictional and form drag. As the number of
hole increases, the pressure drop increases. Moreover,
the magnitude of the pressure drop is higher for R-600a
than for R-134a. The pressure gradient ratios (AP, /AP,)
found ranged from 1.1 to 1.3 and 1.2-1.4 for R-134a and
R-600a, respectively. The pressure gradient ratio is
higher as the mass flux increases at a given heat flux. The
pressure drop increases over the corresponding smooth
tube due to the reduced (by about 5%) cross-sectional
flow area. In addition, the difference in magnitude of the
pressure gradient ratio is noted at higher heat flux. This
is mainly because the acceleration effect was much
higher. The same finding is found for different heat
fluxes at a given mass flux.

Fig. 10 shows the same evaporation data for the
tubes with inserts, but in the form of enhancement
performance ratio 0(= (k./h)/(AP,/AP,)). Tt is em-
phasized that the ratios are based on a comparison of
individual data points at different heat flux levels. The
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Fig. 10. Enhancement performance ratio for tubes with inserts
at (a) ¢ = 9.1 kW/m? and (b) ¢ = 31.2 kW/m?.

maximum was found for tube with 96 perforated hole
insert for both R-134a and R-600a, which can be seen
from Fig. 10(a) and (b). While heat transfer coefficients
increase with increasing mass flux G, there is a tendency
for 0 to decrease with increasing mass flux G especially
at a higher heat flux. At low mass flux, 0 has a value
(average) of 1.75-1.95 but falls to around 1.7 at a high
mass flux as shown in Fig. 10(b). The performance of all
four tubes is similar, with a deviation of only 7-12%.
Generally speaking, this is approximately the same
magnitude as the uncertainty and the 0 value seems
higher (222.2) at low heat flux than that at high heat flux
(=21.8).

3.5. Correlation of heat transfer with relevant parameters
(Rey, Bo, n, and Py)

There are no available experimental data for pub-
lished work with inserts like the present one. But, nev-
ertheless, some related works have been studied such as
Kandlikar [18], Gungor and Winterton [19], and Liu and
Winterton [20]. It is found from Fig. 11 that, these
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Fig. 11. Comparison of the experimental heat transfer coeffi-
cients with those from previous studies.

correlations suit well for our R-134a/R-600a flows
within £20%.

As evidenced by the preceding discussion, the heat
transfer characteristics are dependent on the quality,
which represents different regimes, as well as on the heat
flux, mass flux, and the number of perforated holes.
Through dimensional analysis, and considering the
aforementioned factors, the following dimensionless
group, Re, Bo, 1, and Pr will be used for correlating the
present heat transfer results. The results are also com-
pared with that of Lazarek and Black [21], because of its
simple form and easy to implement, as shown in Fig. 12.
Again, Dy, was used for defining Nu. The equation has
the following form:

Nu = 41.2300.62Reg.72rl—5.7Pl;0,71 (1)

where 3.89 x 107 <Bo<1.07 x 1073; 6000 < Re; <
21,000; 1.25 <1< 1.29; 0.0529 < Pr <0.0892. Although
the range of 5 tested seems too small to be of signifi-
cance, the correlation was still made for n for com-
pleteness. The power of the term for Re; and Bo
somehow differs from those of Lazarek and Black [21].
The value of coefficient (41.2) of Eq. (1) indicates the
enhancement performance and weak dependency of Bo
(0.64 for this study) as compared to that corresponding
value (=30) of Lazarek and Black’s correlation [21].
Furthermore, based on the exponents obtained for each
dimensionless parameter, the influence of Re;, Bo, n and
Pr on heat transfer performance is significant. More-
over, the present correlation developed is weakly de-
pendent on mass velocity with a power of 0.10. This
is also consistent with the results shown in Fig. 7.
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Fig. 12. Correlation of heat transfer coefficients for different
refrigerants.

4. Conclusion

Evaporation heat transfer and pressure drop in hor-
izontal tubes with vertically positioned perforated strip-
type inserts using R-134a and R-600a have been studied
to examine the effect of the relevant parameters of mass
flux, heat flux, number of perforated holes of the inserts,
and types of refrigerants on the pressure drop and heat
transfer coefficient. The important features can be
drawn as follows:

(1) The flow pattern map followed by Kattan et al. [15]
was developed and was superimposed on the heat
transfer data of this study. A demarcation point
quality where the onset of the transition form tradi-
tional plug/slug or stratified-wavy to the annular
flow regime was identified. It is a function of heat
flux, mass velocity, number of perforated holes of
the inserts, but seems independent of the type of
refrigerants.

(2) The effect of mass flux, heat flux, perforated hole,
and orientation of the insert placement on heat
transfer rates was presented and discussed. It is
found that the effect of insert orientation seems in-
significance on heat transfer results.

(3) It is found that, both the heat transfer coefficient
and pressure drop increased as the number of holes
per unit length increases. The enhancement perfor-
mance ratio has an average value of 1.85 and 2.1
among these four tested tubes at ¢ = 9.1 and 31.2
kW/m?, respectively. It seems there exists a limit en-
hancement factor at a definite number of holes per
unit length as shown in Fig. 8.

(4) The Nusselt number was correlated using a number
of relevant parameters as shown in Eq. (1). The ef-
fect of perforated holes is obvious, i.e., the exponent
of the term of 5 is —5.7. Moreover, the results were
again in good agreement with those of previous
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studies as far as the exponents of the term for Re and
Bo was concerned.
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