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This paper presents local convective boiling measurements in a micro-fin tube for R134a and two low global warming
potential (GWP) refrigerants: R1234yf/R134a (56/44% mass) and R1234ze(E). The heat-transfer coefficients of the
three test fluids were compared at the same heat flux, saturated refrigerant temperature, and refrigerant mass flux
using an existing correlation from the literature. The resulting comparison showed that refrigerant R134a exhibited the
highest heat-transfer performance in large part due to its higher thermal conductivity compared to the tested low-GWP
refrigerants. For the example case presented here, the heat-transfer coefficient for R1234yf/R134a (56/44) remained
within 5% of the heat-transfer coefficient for R134a, having essentially identical performance for qualities less than
30%. The heat-transfer coefficient for R1234ze(E) is roughly 700 kW/K™" - m™2 (approximately 14%) less than that
of R134a for qualities greater than 30%. The smaller heat-transfer coefficient of R1234ze(E) compared to that of R134a
is primarily due to the 11% smaller thermal conductivity and the 21% smaller reduced pressure compared to R134a at
this test temperature.

KEY WORDS: flow boiling, extended surface, enhanced heat transfer, low-GWP refrigerant, refrigerant
mixtures

1. INTRODUCTION reported that azeotropic R1234yf/[R134a (56/44) (i.e.,
XP10) and R1234ze(E) are among the low-GWP refrig-

Internally enhanced tubes, such as micro-fin tubes, &f@nts identified for evaluation by the Air-Conditioning,
used by most manufacturers in the construction of evapégating, and Refrigeration Institute (AHRI) Low-GWP

rators and condensers for new unitary refrigeration aftjernative Refrigerants Evaluation Program as potential
air-conditioning equipment. The reason for the micréeplacement refrigerants for R134a. The reason for this is

fin tube’s hold on unitary equipment is that it providefat Poth R1234yf/R134a (56/44) and R1234ze(E) have

the highest heat transfer with the lowest pressure drop?fif® ©ODP and 100 year GWPs [Intergovernmental Panel
commercially available internal enhancements (Webb ad Climate Change (IPCC), 2007] of approximately 600
Kim, 2005). Most of the experimental measurements f8Pd 6, respectively (Hickman, 2012; Bitzer Kuhimaschi-
evaporative heat-transfer coefficients in micro-fin tubg,-& ; . .
have been done for traditional refrigerants such as R13 ?rtam tra.de names and comparty pr.OdUCts are mentioned in

. the text or identified in an illustration in order to adequately
Pressure from the policies set by the Montreal P_mto%‘??ecify the experimental procedure and equipment used. In no
(1987), Kyoto Protocol (1997) and European Mobile Diszse does such an identification imply recommendation or en-
rective (2006) have caused a recent shift to refrigeragtsisement by the National Institute of Standards and Technol-
with both zero ozone depletion potential (ODP) and lowgy (NIST), nor does it imply that the products are necessarily
global warming potential (GWP). Johnson et al. (201#®)e best available for the purpose.
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NOMENCLATURE

A.  cross-sectional area T temperature (K)
Bo  Local boiling numberd” /G, i) tw tube wall thickness (mm)
C coefficients given in Eqg. (5) U expanded relative uncertainty
Cp specific heat (J/kgK) Zq thermodynamic mass quality
D. equivalent inner diameter of smooth tube, z axial distance (m)

A/ At (m)
Dy, hydraulic diameter of micro-fin tube (m) Greek Symbols
e fin height (mm) o helix angle ¢)
G total mass velocity (kg/M- s) B fin angle ()
hee local two-phase heat-transfer coefficient ATy Ty — Ty (K)

(W/m? - K) n viscosity (Pa s)
it latent heat of vaporization (J/kg) v specific volumef,vy + (1 — z4)v1
k refrigerant thermal conductivity (W/nmK) (m3/kg)]
Nu local Nusselt number based oh,
m mass flow rate (kg/s) Subscripts
M, molar mass (g/mol) o critical condition
P local fluid pressure (Pa) f water
P wetted perimeter (m) I liquid
Pr liquid refrigerant Prandtl numbezfpu/k|r71 p prediction
¢’  local heat flux based od; (W/m?) r refrigerant
Re allliquid, refrigerant Reynolds number based s saturated state

on Dy, Re= G, Dp/1ur) Y, vapor
s distance between fins (mm) w heat transfer surface

nenbau GmbH, 2012). Consequently, flow boiling hegR000), Yu et al. (2002), and Kim et al. (2002) mea-
transfer data for micro-fin tubes with R1234yf/R134sured the flow boiling heat-transfer coefficient in micro-
(56/44) and R1234ze(E) are essential for the evaluatiimtubes for R22, R134a, and R410A, respectively. Well-
of their use in unitary applications. sandt and Vamling (2005) investigated in-tube evapora-
Much of the relatively recent research on flow boilingon of R134a in a special type of micro-fin tube where
in micro-fin tubes has been done on traditional refrigehe fin rifling, instead of being continuous, was arranged
ants. For example, Targanski and Cieslinski (2007) amdo V-grooves that resembled herringbones; hence, it is
Hu et al. (2011) measured the evaporation heat-trangfaled the herringbone micro-fin tube. Oliver et al. (2004)
characteristics of R407C and R410A, respectively, insidéso studied the two-phase heat-transfer performance of a
a micro-fin tube in the presence of oil. Zhang et al. (200@grringbone and a standard 18-deg helical micro-fin tube
measured the evaporation heat-transfer coefficientswoth R22, R134a, and R407C.
R417A and R22 inside a micro-fin tube and introduced Because of the relatively recent introduction of
a new heat-transfer correlation to predict their valudl1234yf/R134a (56/44) and R1234ze(E), measured heat-
Muzzio et al. (1998) and Chamra and Webb (1995) invesansfer data in a micro-fin tube are not available in the lit-
tigated the heat-transfer performance of micro-fin tubegture for these refrigerants. The flow boiling measure-
with R22. Yun et al. (2002) examined existing expements that presently exist for R1234ze(E), as in Grauso
imental data and developed a model, which was vadit al. (2013) and Hossain et al. (2013), are for horizon-
dated for use with R22, R113, R123, R134a, and R410&] smooth tubes. One of the few recent works with
and a variety of micro-fin tube geometries. Seo and KiRil234ze(E) in micro-fin tubes was conducted by Koyama
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et al. (2011); however, this was a condensation studgveral axial locations along the test section. These mea-
Presently, there are no flow boiling measurements faurements were used to calculate the local heat-transfer
R1234yf/R134a (56/44) in a micro-fin tube. Conseoefficient for the micro-fin tube.

quently, the present study provides measured local flowThe test section consisted of a pair of 3.34-m-long,
boiling heat transfer for two low-GWP refrigerant$iorizontal tubes connected by a U-bend. A fixed test pres-
[R1234yf/IR134a (56/44), and R1234ze(E)] and R134adnre was maintained by balancing the refrigerant duty be-

a micro-fin tube. tween the subcooler, test section, and evaporator. A mag-
netically coupled gear pump delivered the test refrigerant
2. EXPERIMENTAL APPARATUS to the entrance of the test section with a few degrees of va-

por superheat. Another magnetically coupled gear pump
Figure 1 shows a sketch of the experimental apparatupplied a steady flow of water to the annulus of the test
used to establish and measure the convective boiling. Beetion. The inlet temperature of the water loop was held
experimental test facility consisted of two main systemsonstant for each test with a water-chilled heat exchanger
the refrigerant loop and the water loop. The refrigeraand variable electric heaters. The refrigerant and water
flow rate, pressure, and superheat were fixed at the flow rates were controlled by varying the pump speeds
let to the test section. The water flow rate and the insing frequency inverters. Redundant flow rate measure-
let temperature were fixed to establish the overall refrigients were made with coriolis and turbine flowmeters for
erant quality change in the test section. The water tehwth the refrigerant and water sides.
perature drop, tube wall temperature, refrigerant temper-Figure 2 shows a cross section of the test section with
atures, pressures, and pressure drops were measuretktail of the micro-fin tube geometry. The test refriger-
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FIG. 1. Schematic of the test rig.
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FIG. 2: Test section cross section.
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erant in the annulus that surrounded the micro-fin tube.
Having some tests in parallel flow and others in counter-
flow produced a broad range of heat fluxes at both low-
and high-flow qualities. The annulus gap was 2.2 mm,
and the micro-fin tube wall thickness was 0.3 mm. The
micro-fin tube had 60 fins (0.2 mm high) with an°18
helix angle. For this geometry, the cross-sectional flow
area was 60.8 mmgiving an equivalent smooth diameter
(D.) of 8.8 mm. The root diameter of the micro-fin tube
was 8.91 mm. The inside-surface area per unit length of
the tube was estimated to be 44.6 mm. The hydraulic di-
ameter ;) was measured with a polar planimeter from
a scaled drawing of the tube cross section and was de-
termined to be approximately 5.45 mm. The ratio of the
inner surface area of the micro-fin tube to the surface area
of the smooth tube of the sanie, was 1.6. The fins ri-
fled down the axis of the tube at a helix angle of ¥8th
respect to the tube axis.

Figure 3 provides a detailed description of the test
section. The annulus was constructed by connecting a
series of tubes with 14 pairs of stainless steel flanges.
This construction permitted the measurement of both the
outer micro-fin wall temperature and the water tempera-

ant flowed inside the micro-fin tube, while distilled wateture drop, as will be discussed in the following two para-
flowed either in parallel flow or counterflow to the refriggraphs. The design also avoided abrupt discontinuities
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such as unheated portions of the test section and tube-\alitrnated around the circumference. A series of Teflon
fins between thermopile ends. half rings attached to the inner refrigerant tube centered
Figure 3 shows that thermocouple wires pass betwebg tube in the annulus. The half rings were circumferen-
12 of the gasketed flange pairs to measure the refrigéally baffled to mix the water flow. Mixing was further
ant tube wall temperature at 10 locations on the top, sigssured by a high water Reynolds number (Kattan et al.,
and bottom of the tube wall. On average, these locatich395).
were separated by 0.6 m and were located near the interAs shown in Fig. 3, the six refrigerant pressure taps
section of the shell flanges. In addition to these, thermaong the test section allowed measurement of the up-
couples were also mounted next to the pressure taps retggam absolute pressure and five pressure drops along the
the middle of each test section length. The thermocaest section. Two sets of two water pressure taps were used
ple junction was soldered to the outside surface and wiasneasure the water pressure drop along each tube. Also,
sanded to a thickness of 0.5 mm. The leads were strappesheathed thermocouple measured the refrigerant tem-
to a thin non electrically conducting epoxy layer on thgerature at each end of the two refrigerant tubes, with the
wall for a distance of 14.3 mm before they passed benction of each centered radially. Only the thermocouple
tween a pair of shell flanges. The wall temperature wasthe inlet of the first tube was used in the calculations.
corrected for a heat flux-dependent fin effect. The corrélae entire test section was wrapped with 5 cm of foam in-
tion was typically 0.05 K. Figure 3 also shows that a chagulation to minimize heat transfer between the water and
of thermopiles was used to measure the water temperathieeambient.
drop between each flange location. Each thermopile con-
sisted of 10 thermocouples in series, with the 10 junCtiOQ.S‘PAEASUREMENTS
at each end evenly spaced around the circumference o
the annulus. Because the upstream junctions of one thible 1 shows the expanded measurement uncertainty (
mopile and the downstream junctions of another enter thiethe various measurements along with the range of each
annulus at the same axial location (except at the water rarameter in this study. THé was estimated with the law
let and outlet), the junctions of the adjacent piles weod propagation of uncertainty. All expanded measurement

TABLE 1: Median estimated 95% relative expanded uncer-
tainties for measurement&’)

Parameter | Minimum | Maximum U (%)
G, (kg/m? - s) 100 418 2.0
T (K) 293.0 323.0 0.1 (0.3K)
P (kPa) 270 450 15
Ty (K) 279.0 293.0 0.1 (0.25K)
m (kg/s) 0.010 0.030 2.0
Tt (K) 281.0 321.0 0.1
P (kPa) 200 110 1.0
q" (KW/m?) 2.6 42.2 5.1
dT;/dz (K/m) 0.016 0.43 5.2
Nu 112 460 16.4
Re 2191 10800 4.0
Bo 0.000037 | 0.00063 16.0
P, 3.6 4.2 2.0
P,/P. 0.06 0.12 2.0
Zq 0.003 0.82 8.0
ATy (K) 1.3 7.6 15.2 (0.44 K)
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uncertainties are reported at the 95% confidence level fol-The fitted, local, axial water temperature gradient
lowing the NIST guidelines detailed by Taylor and KuytdT;/dz), the measured water mass flow ratie,), and
att (1994). The estimates shown in Table 1 are medidwe properties of the water were used to calculate the lo-
values ofU for the correlated data. Saturated refrigeranal heat flux ') to the micro-fin tube based on the actual
properties were evaluated at the measured saturation pimser surface area using the first law of thermodynamics:
sure with theREFPROP(Lemmon et al., 2010) equation .

. . m mg de de
of state, with the exception of the saturated temperature = (cpf + w)
(T.) and pressurelt,) of R1234yf/R134a (56/44), which dz dz
were directly measured with a constant volume vesseherep is the wetted perimeter of the inside of the micro-
temperature bath, glass-rod standard platinum resistaficgube. The specific heat,fs) and the specific volume
thermometer, and pressure transducer. The measured {gm)- of the water were calculated locally as a function
perature and pressure for R1234yf/R134a (56/44) is poé-the water temperature. The water pressure gradient

©)

sented in Table 2 and correlated below as follows: (dP¢/dz) was linearly interpolated between the pressure
taps to the location of the wall thermocouples. The pres-

T, = 1/[0.00571 — 3.25 x 10~ *In P, — 5.30 sure gradient term was typically less than 3% of the tem-

% 10~%(In P,)?] (1) Perature gradient term. Figure 6 plots the relative uncer-

tainty of the heat flux measurement versus the thermo-

The uncertainty in the temperature measurement was ld$g8amic quality. As shown in Fig. 6, the uncertainty of

than<+0.01 K while the uncertainty in the pressure meﬂ]e heat flux remains less than 3% of the measured value,

surement was withig=1 kPa. while the average uncertainty is approximately 1.5% of
The convective boiling heat-transfer coefficient baséde measured value.

on the actual inner surface arda ) was calculated as ~ Figure 7 shows example plots of the local heat flux as
calculated from Eq. (3) versus the thermodynamic quality

q’ for both cases when the water and the refrigerant are in
hag = T, — T, (2)  counterflow and parallel flow, respectively. Both heat flux
profiles are for R134a at an all-liquid Reynolds number
where the measured wall temperaturgg)(were fitted to (Re) of roughly 7000 and a refrigerant reduced pressure
their axial position to reduce the uncertainty in the meef approximately 0.11. The discontinuity exhibited in the
surement. heat flux profiles is due to the change in refrigerant satu-
Figure 4 shows the estimated expanded uncertaintyion temperature caused by the adiabatic pressure drop
of the wall temperature fit for all the measurements asthe bend that is used to transition from the first leg of
a function of thermodynamic quality. Figure 4 includethe test section to the second leg. The decrease in the re-
some data that were omitted from the correlation, as éxgerant saturation temperature causes an increase in the
plained in the Results section. The uncertainty of roughdyfference between the water and the refrigerant temper-
90% of the fitted wall temperatures was less than 0.5 Kattire, which leads to an increase in the local heat flux.
the 95% confidence level. The median of the uncertairffgr the counterflow case, the heat flux increases from
in Ty, was approximately 0.3 K (as shown in Table 1). approximately 3 kw/m? at a quality near O to approx-
The water temperaturd’{) was determined from theimately 29 kw/n12 at a quality slightly greater than 0.8.
measured temperature change obtained from each thAdre parallel flow case is nearly the mirror image of that
mopile and the inlet water temperature measurement. Toe counterflow, where the heat flux decreases from ap-
water temperature gradientq;/dz) was calculated with proximately 30 kw/n12 at a quality near 0.06 to approx-
second-order finite-difference equations using the meaately 3 kw/nt 2 at a quality slightly greater than 0.85.
sured water temperatures and their locations along theThe thermodynamic and transport properties were cal-
tube lengthz. The water temperature gradients were thenlated withREFPROP(version 9.0) (Lemmon et al.,
fitted with a quadratic polynomial with respect to the tuki2010) while using enthalpy and pressure as inputs. The
length. As a check on the water temperature gradient aafithalpy of the refrigerant liquid at the inlet of the test
culation, Fig. 5 shows that the measured water tempesaction was calculated from its measured temperature and
tures (open circles) typically agreed with the integratgulessure. The subsequent increase in refrigerant enthalpy
quadratic fit of the water temperature gradient (solid lineJong the test section was calculated from the local heat
to within 0.2 K. flux and the measured refrigerant mass flow rate. The
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TABLE 2: Measured saturated temperature and saturated pressure of R1234yf/ R134a (56/44)

T.(K) | B (kPa) | 7. (K) | P, (kPa) | T» (K) | P. (kPa) | Tu (K) | B (kPa) | Ty (K) | Ps (kPa)
303.05| 809.3 | 284.44| 467.8 | 274.76| 339.9 | 283.74| 457.5 | 290.03| 556.4
302.55| 798.8 | 283.93| 460.4 | 275.08| 343.7 | 283.73| 457.5 | 290.33| 561.4
302.06| 7885 | 283.44| 4532 | 275.41| 3475 | 283.74| 457.5 | 290.62| 566.4
301.56| 778.0 | 282.94| 446.0 | 275.73| 351.4 | 283.74| 457.5 | 290.91| 571.4
301.06| 767.6 | 282.44| 438.9 | 276.05| 3552 | 283.74| 457.5 | 291.20| 576.4
300.58| 757.1 | 281.93| 431.8 | 276.37| 359.0 | 283.73| 4575 | 291.50| 581.5
300.09| 746.6 | 281.43| 424.8 | 276.69| 362.9 | 283.74| 457.5 | 291.79| 586.7
20059| 736.3 | 280.92| 417.9 | 277.01| 366.8 | 283.73| 4575 | 292.09| 591.8
200.10| 726.2 | 280.42| 411.1 | 277.32| 370.8 | 283.74| 457.5 | 292.37| 597.0
208.61| 716.1 | 279.90| 404.1 | 277.63| 374.7 | 283.73| 4575 | 292.66| 602.2
208.12| 706.2 | 279.39| 397.4 | 277.904| 3785 | 283.73| 457.5 | 292.96| 607.5
297.63| 696.6 | 278.88| 390.8 | 278.25| 382.6 | 283.73| 457.6 | 293.25| 612.8
207.14| 686.8 | 278.36| 384.0 | 278.57| 386.6 | 283.74| 457.6 | 293.54| 618.1
296.66| 677.2 | 277.84| 377.3 | 278.89| 390.6 | 283.73| 457.5 | 293.83| 623.4
206.18| 667.9 | 277.82| 377.1 | 279.19| 394.6 | 283.73| 457.5 | 294.13| 628.9
205.68| 658.3 | 277.14| 368.7 | 279.50| 398.6 | 283.73| 457.6 | 294.42| 634.3
20519| 649.0 | 276.26| 358.0 | 279.81| 402.6 | 283.73| 457.6 | 294.71| 639.8
204.71| 639.9 | 275.73| 351.6 | 280.11| 406.8 | 283.83| 459.0 | 295.00| 645.2
204.22| 630.7 | 275.19| 3452 | 280.42| 4109 | 284.14| 463.3 | 295.29| 650.7
203.73| 621.9 | 274.65| 338.9 | 280.73| 4150 | 284.44| 467.8 | 295.58| 656.3
203.25| 613.1 | 274.11| 332.6 | 281.02| 4190.0 | 284.74| 4722 | 295.88| 662.0
202.76| 604.2 | 273.55| 326.4 | 281.33| 423.3 | 285.03| 476.6 | 296.18| 667.8
202.27| 595.6 | 273.00| 320.2 | 281.64| 4275 | 285.33| 481.0 | 296.47| 673.4
201.79| 587.0 | 272.45| 314.1 | 281.94| 431.7 | 285.62| 4855 | 296.76] 679.0
291.29| 578.3 | 271.88| 307.8 | 282.24| 4359 | 285.92| 490.1 | 297.05| 684.8
200.81| 570.0 | 271.31| 301.8 | 282.54| 440.1 | 286.22| 494.7 | 297.35| 690.7
290.33| 561.7 | 270.74| 295.8 | 282.84| 444.4 | 286.51| 499.2 | 297.64| 696.6
280.83| 553.3 | 271.13| 299.6 | 283.14| 448.8 | 286.80| 503.8 | 297.93| 702.5
280.35| 545.1 | 271.15| 299.8 | 283.44| 453.1 | 287.10| 508.4 | 298.22| 708.3
288.86| 537.1 | 271.44| 302.9 | 283.74| 457.4 | 287.39| 513.1 | 298.52| 7143
288.37| 529.0 | 271.76| 306.4 | 283.74| 457.4 | 287.69| 517.8 | 298.81| 720.3
287.88| 521.1 | 272.11| 310.1 | 283.74| 457.4 | 287.98| 5225 | 299.11| 726.4
287.39| 513.3 | 272.45| 313.7 | 283.74| 4575 | 288.27| 527.2 | 299.40| 732.4
286.90| 505.5 | 272.79| 317.5 | 283.74| 457.5 | 288.57| 532.0 | 299.69| 738.6
286.41| 497.9 | 273.12| 321.2 | 283.74| 4575 | 288.86| 536.9 | 299.99| 744.4
285.92| 490.3 | 273.45| 324.9 | 283.74| 457.5 | 289.16| 541.7 | 300.29| 750.3
285.42| 482.6 | 273.78| 328.7 | 283.74| 4575 | 289.45| 5465 | 300.58| 756.5
284.93| 4753 | 274.11| 332.4 | 283.74| 457.5 | 289.74| 551.4 | 300.87| 763.0
301.47| 7758 | 301.17| 769.2

refrigerant pressures were measured at six pressure taptely 5 K of subcooling at the test section inlet. The
along the test section. The pressure was linearly intepen squares in Fig. 5 show the measured refrigerant
polated between the taps. The average refrigerant teamperature for an example test run with R1234yf/R134a
perature was varied betweefi and 3C with approxi- (56/44).
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The local Nusselt number (Nu) was calculated usifg RESULTS

the hydraulic diameter and the heat-transfer coefficient . o
based on the actual inner surface area of the tube as 1 1€ 491 data points generated in this study for R134a,
R1234yf/R134a (56/44), and R1234ze(E) were tabulated

_ hagy Dy, 4 in Kedzierski and Park (2013), which contains the Nus-
Tk (4) selt and all-liquid Reynolds numbers and other reduced
and raw data that are typically used to characterize flow
Figure 8 shows that the relative uncertainty of the Nussbhiling. The raw data measurements, including the heat
number versus the thermodynamic quality was rougtlyx and the wall and water temperatures, are provided
between 10 and 25%. Measurements of Nu with uncéo+ each axial tube location.
tainties greater than 25% were discarded. The average unThe measured local convective boiling Nusselt num-
certainty of Nu for the presented data was approximatddgrs were compared to the pure-refrigerant (single com-
18% for all qualities. ponent) version of the Hamilton et al. (2008) correlation:

Nu
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0 ——r——1—7r 777

et al., 2010), as they pertain to Eq. (5), are provided in

Micre-fi e flow bolling_ Table 3 for the three test fluids of this study.
959 confidence ] The flow map of Yu et al. (2002) for micro-fin tubes

30 was used to determine that approximately 87% of the

measurements were in annular or semi-annular flow.
Manwell and Bergles (1990) suggested that the reason

20 annular-like flow is a strong characteristic of micro-fin

%UNu

: E:;é ° 1 tubesis that the spiraling fins along the tube axis encour-
4 . 1 age wetting of the upper tube wall.
10 o Rt 3 Figure 9 shows a comparison between the boiling Nus-
A R @11 selt numbers predicted with Eq. (5) for the micro-fin

tube to those measured here for R134a, R1234yf/R134a
(56/44), and R1234ze(E). Equation (5) predicts 77% of
the measured convective boiling Nusselt numbers for
R134a, R1234yf/R134a (56/44), and R1234ze in the
FIG. 8: Relative uncertainty of the Nusselt number witicro-fin tube to within approximately20%. The mea-
respect to the quality. surements for each fluid are roughly centered about the
mean of the correlation, suggesting a lack of bias in
c, the prediction due to the different fluids or some other
NU = 482.18Re-3P(C1 (R) cause. Figure 10 compares the measurements to the Kan-
P, dlikar and Raykoff (1997) correlation for R134a. Only the

L L L P I |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Xq

C

p O R134a fluid-dependent constants were provided by Kand-
x Bo®? (— logy, ;) MEs (5) likar and Raykoff (1997) for prediction. Figure 10 shows
¢ that the Kandlikar and Raykoff (1997) correlation over-
where predicts the measured Nusselt numbers for R134a, on av-
Cy =051z erage, by approximately 85%. Because Hamilton et al.
4 (2008) predicted the Nusselt numbers for the new refrig-
Cy =0.572, — 5.21:53 erants well without the need for fluid-specific constants,
their results are used in the discussion of Figs. 11-14.
C3 = 0.54 — 1.56z, + 1.427 Representative plots of the heat-transfer coefficient
(h2g) versus thermodynamic quality:{) are given in
Figs. 11-14. The solid lines are predictions for the present
_ B 2 micro-fin tube geometry, which were obtained from the
C5 = 0.25 - 0.035z, Hamilton et al. (2008) correlation given in Eg. (5). The
Here, the all-liquid Reynolds number (Re), boiling numsymbols are the measured data points, while the dashed
ber (Bo), liquid Prandtl number (Pr), reduced pressuiiges provide the measurement uncertainty for a 95% con-
(P/P.), and quality £,) are all evaluated locally at thefidence level. The uncertainty in the heat-transfer coeffi-
saturation temperature. The all-liquid Reynolds and Nusient is shown to be roughly 1000 WK - m—2 for most
selt numbers are based on the hydraulic diamdigy).( of the data for qualities greater than 20%. The uncertainty
The Nusselt number is also based on the actual inner sarthe tube wall temperature is the greatest contributor to
face area of the tube. Salient fluid properties (Lemmdime uncertainty in the heat-transfer coefficient.

Cy = —0.81 + 12.56z, — 11.00z

TABLE 3: Saturated properties of test fluids at 278 K from REFPROP (Lemmon et al., 2010)

Fluid P, P, Cpl ifg ky L M,
(MPa) | (MPa) | (kJ/kg - K) | (kJ/kg) | (W/m -K) | (kg/m-s) | (g/mol)
R134a 0.348 | 4.0593 1.35 194.86 0.090 250.58 | 102.03
R1234yf/IR134a (56/44) 0.415 | 3.5046 1.33 167.39 0.073 204.72 | 108.91
R1234ze 0.257 | 3.6363 1.31 180.96 0.081 253.59 | 114.04
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FIG. 9: Comparison between the measured Nusselt num-

bers and those predicted by the Hamilton et al. (20084C- 11: Flow boiling heat-transfer coefficient for the
micro-fin tube versus the thermodynamic quality for

correlation.
R134a.
1000 ———Tr—T T 7T 7T T
900 Micro-fin tube, evaporation, o = 18", 60 fins, Dy, = 5.45 mm - E 3
800 N ] S F Micro-fin tube, R1234yf{/R134a (56/44) evaporation, counterflow
I : 1 s E o=18% 60fins, Dy, = 5.45 mm, Re = 5320, PyP, = 0.1 E
| Kandlikar et al. (1997) | E 3
700 I Hamilton et al. (2008) predictions i E E
600 L e +-20% 0 Rl34a ] . 7 F g
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o WA 1 1 E 95 % conf. | 3
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FIG. 10: Comparison between the measured Nt *q
selt numbers and those predicted by the Kandlikar apf5. 12: Flow boiling heat-transfer coefficient for the
Raykoff (1997) correlation. micro-fin tube versus the thermodynamic quality for
R1234yf/IR134a (56/44).

Figure 11 shows the local heat-transfer coefficient for
R134a for Re = 6700 an#,/P. = 0.09 with counterflow
between the refrigerant and the water. Half of the mea- Figure 12 shows the local heat-transfer coefficient for
surements are underpredicted by approximately 7.2R6234yf/R134a (56/44) for Re = 5320 aftl/P. = 0.11
while the other half is overpredicted by approximatelyith counterflow between the refrigerant and the water.
6.2%. Overall, the average difference between the mé&ar qualities larger than 0.05%, the measurements are
surements and the predictions is less that 1%. The hgmedicted to within approximately 10%. Overall, the av-
transfer coefficient increases with respect to quality, @rage difference between the measurements and the pre-
large part, due to the increase of the local heat flux wittictions is less that 1% for qualities larger than 0.05%.
respect to quality, which is a characteristic of counter- Figure 13 shows the local heat-transfer coefficient for
flow. R1234ze(E) for Re = 9390 ané,/ P. = 0.08 with coun-
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10 grevrrrreprrersres e prrrTT T e o reTTr e are underpredicted, on average, by approximately 9.2%,
9 E Micro-fin tube, R1234z¢ evaporation, counterflow E while the other half is overpredicted by an average of
s b o= 18, 60ins, Dy =545 mm, Re = 9390, PyPc=0.08 i approximately 7.9%. Overall, the average difference be-
. 3 tween the measurements and the predictions is less that
) 1%. For qualities less than 40%, the heat-transfer coef-
o P F i ficient decreases with increasing quality. This is mainly
E s ¢ E caused by the decreasing heat flux with respect to quality,
E 4 E 4  which is a characteristic of parallel flow.
= s E 3 Figure 15 uses the Hamilton et al. (2008) model
O measured . .
, E — predicted | to illustrate the relative heat-transfer performance of
4 --- meas. uncert R134a, R1234yf/R134a (56/44), and R1234ze versus
P Preont |3 quality for the same saturated refrigerant temperature
0 Swsnbiuluslibnsilsslulinlins (o = 278 K), and the same refrigerant mass flux
St 0 0d 02 0.3 0405 0.6 07 08 o =950 kg/inT? - s~ for the present micro-fin tube
Xq geometry. Both counterflow and parallel flow conditions

FIG. 13: Flow boiling heat-transfer coefficient for thear® shown. Counterflow is obtained by setting the heat

micro-fin tube the versus thermodynamic quality fdtuX 0 ¢” = 39z KW - m=2, while parallel flow is

profiles with respect to quality that were used to calculate
the heat-transfer coefficient are approximately equivalent

10  grrrrrre TrrTTT Rikiasass RAkiaass RAkiasaas TrrrTTT prrrrTT prrrrTT prrrrTT to those shown in F|g 7. Three different line Sty|es for
9 £ Mic;%'f; f‘“bebm-”“ze evaporation, parallel flow E each flow condition are used to represent the predictions
=1 i =54 = 4570, =0. . .
g £ L=l.OMeByoBIMRe= I ARE0T] § for the three different test fluids as labeled.
S E o measared ; In general, for counterflow Fig. 15 shows that the
2 — predicted boiling heat-transfer coefficient rapidly increases with in-
o — 3 N - . . e .
€ ° o5 o et creasing quality for qualities less than 20%. For quality
E S F . E ranges between 20 and 70%, the rate of increase in the
ST 4F : heat-transfer coefficient with respect to increasing qual-
3 E E ity is roughly a fourth of that for qualities less than 20%.
, b 3  Forthe example case presented here, the heat-transfer co-
1 - -
0 EBuuun Livsvinng Livvvinng [FTTTITeIT [T [Im [ [ [T 10 g TrrrTT TrrrTT TrrTTTTT TrrTTTTTT T TrrTrTTT [T
-0.1 0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 o Micro-fin tube evaporation _
xq 9 3 o =187, 60 fins, Dy =5.45 mm, G =250 kg/m’s, Tg=278K ¥
. . 8 F R1234y0R134a
FIG. 14: Flow boiling heat-transfer coefficient for thi _ 5 s (/“j“"‘“ o
. . . . = a .4 =
micro-fin tube versus the thermodynamic quality ™ counterflow AL v
R1234ze(E) and parallel flow. £ P E e € paralle flow
2 s B S paratiel Hlow 3
N~ - .~ 3
& 4 E e \R]234ze 3
. ~= 3 gftos parallel flow E
terflow between the refrigerant and the water. Seven 3 E \ E
the measurements are overpredicted, on average, by , B/ RI23dze -

. . - u W counterflow: ¢"=39x,""* kW/m" 3
proximately 7.7%, while the remaining four measur 1 pm”cmow;”:}]731“ oo |
ments are underpredicted by approximately an averag

e ey 0 Buuou [T Lo [T Lo L Lo Lo L Lo d
12.4%. Overall, the average difference between the 0
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1

surements and the predictions is less that 1%. X

Figure 14 shows the local heat-transfer coefficient ... d
R1234ze(E) for Re = 4570 anf,/P. = 0.07, which FIG. 15: Flow boiling heat-transfer coefficient for the
presents an example of the parallel flow condition. Foricro-fin tube versus the thermodynamic quality for
gualities larger than 0.05%, half of the measuremerid234ze(E) and parallel flow.
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efficient for R1234yf/R134a (56/44) remains within 5%arger heat-transfer coefficient. Consequently, the favor-
of the heat-transfer coefficient for R134a, having essable performance of R134a compared to the low-GWP
tially identical performance for qualities less than 30%efrigerants examined here is primarily due to the larger
For qualities greater than 30%, the heat-transfer coeffiquid thermal conductivity.
cient for R1234ze(E) is roughly 700 kWK - m~2 less Table 4 also illustrates that for the present comparison
than that of R134a. The smaller heat-transfer coefficighe liquid-dynamic viscosity, liquid-specific heat, and la-
of R1234ze(E) compared to that of R134a is primaritgnt heat of vaporization all affect the difference in heat
due to the 11% smaller thermal conductivity and the 21ffansfer compared to R134a by less than 2%. Likewise,
smaller reduced pressure compared to R134a at this testmolecular mass has less than a 3% effect on the com-
temperature. The justification for this statement can bejilarative heat transfer. In addition, Del Col et al. (2002)
lustrated by using Egs. (4) and (5) to calculate the ratio sthted that surface tension effects in the micro-fin tube are
the heat-transfer coefficient of two fluids (subscripts 1 anégligible for qualities between 0 and 70%. In addition,
2) at the same mass flux and heat flux andfpr 0.7:  the surface tension of the three test fluids was essentially
) . the same (approximately 0.011 N/m).
hoo |, kil \ 2Ol YOO /el \ O For parallel flow, Fig. 15 shows nearly the same rela-
hao |, - (1%) (%) ( > tive and absolute performance for qualities greater than

Cpllz
20%. However, the influence of the larger heat flux is

1.35 2.6 . 0.14
% (P“/P”) (loglo PS/P°|1) (”92> evident for qualities less than 20% for the parallel flow
P/ Pcly logig Ps/ Fel, itgly condition. For qualities less than 20%, it is likely that nu-
M|\ "% cleate boiling may be more influential in determining the
( Mwl2> (6) magnitude of the heat-transfer coefficient than it is for the
counterflow condition. In this region, the heat-transfer co-
Table 4 shows the influence of each the terms #@fficient is shown to decrease with increasing quality as
Eq. (6), where fluid 2 [R1234yf/ R134a (56/44) othe nucleate boiling becomes suppressed with the grow-
R1234ze(E)] is referenced to fluid 1, i.e., R134a. Theg presence of annular flow. Otherwise, the heat-transfer
property ratios with the three largest exponents, and c@@efficient for parallel flow is rather constant with respect
sequently the greatest influence for a given percent diffég-quality varying no more that11% from its mean value
ence in property, are the liquid thermal conductivity arever the illustrated quality range.
the reduced pressure. Accordingly, Table 4 shows that the
quuid.the'rmal conductivity and the reduced pressure hag_e CONCLUSIONS
contributing Eq. (6) terms that differ the most from unity.
The larger liquid thermal conductivity and the larger rd-ocal convective boiling heat-transfer measurements for
duced pressure of R134a compared to R1234ze(E) resutt low-GWP refrigerants and R134a in a fluid-heated
in a larger heat-transfer coefficient for R134a. Althoughicro-fin tube were presented. The measured convective
the larger reduced pressure of R1234yf/[R134a (56/4jiling Nusselt numbers for all of the test refrigerants
compared to that of R134a benefits the heat transfer wgre compared to an existing correlation from the litera-
sociated with the former, Table 4 shows that the thdwre. Approximately 77% of the measurements were pre-
mal conductivity of R134a is large enough to more thaticted to within+-20% and centered about the mean pre-
compensate for this effect, resulting in R134a having tdection.

TABLE 4: Relative importance of boiling terms

0.36 0.14
0.64 0.06 1.35 ; 0.23
Fluid aly il oty Pu/Pe ito], My
kilz Hila e, Ps/Pc2 itg|, My,
2.6
logyg Ps/Pec1
log1g Ps/ Pe2

R134a 1 1 1 1 1 1
R1234yf/R134a
1.14 1.01 1.00 0.934 0.98 0.99
(56/44)
R1234ze 1.07 1.00 1.01 1.065 0.99 0.97
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In general, the measured boiling heat-transfer coef-hicles & Amending Council Directive 70/156/EQfficial J.
ficient increased with increasing qualities for counter- Eur. Union vol. 49, no. L161, pp. 12-18, 2006.
flow between the refrigerant and the water. In contraslauso, S., Mastrullo, R., Mauro, A. W., Thome, J. R., and
for parallel flow, the measured heat-transfer coefficientvanoli, G. P., Flow pattern map, heat transfer and pressure
was relatively constant with respect to quality. The heat-drops during evaporation of R1234ze(E) and R134a in a hor-
transfer coefficients of the three test fluids were com-izontal, circular smooth tube: Experiments and assessment
pared at the same heat flux, saturated refrigerant temof predictive methodsint. J. Refrig, vol. 36, pp. 478491,
perature, and refrigerant mass flux by using the correla-2013:
tion from the literature that was validated with the meddamilton, L. J., Kedzierski, M. A., and Kaul, M. P., Horizontal
surements. The resulting comparison showed that refrig€onvective boiling of pure and mixed refrigerants within a
erant R134a exhibited the highest heat-transfer perforinicro-fin tube,J. Enhanced Heat Transfevol. 15, no. 3, pp.
mance in large part due to its higher thermal conduc;211_226’ 2008. _ ) )
tivity compared to the tested low-GWP refrigerants. Félickman, K. E., Altematives to high GWP HFC refrigerants:
the example case presented here, the heat-transfer coef.I€" applications,Proc. of ASHRAE/NIST Refrigerants
ficient for R1234yf/R134a (56/44) remained within 5% onferenceGalthersburg, MD, 2012. .
of the heat-transfer coefficient for R134a, having esse'?'mqssam’ Md. A, Onak‘f’" Y., Afroz, H-M- M, and Miyara,
tially identical performance for qualities less than 30%. A, Heat transfe_r during evaporation of R1234.Z€.(E)' R2,
- R410A, and a mixture of R1234ze(E) and R32 inside a hor-
The heat—transfercoefﬂmen_t for R1234ze(E) was roughly;;ontal smooth tubdnt. J. Refrig, vol. 36, pp. 465477,
700 KW/K=1 - m~2 (approximately 14%) less than that 5013
of R134a for qualities greater than 30%. The smaller hegf; _ Ding, G., Huang, X.-C., Deng, B., Gao, Y.-F., Experi-
transfer coefficient of R1234ze compared to that of R134amental investigation and correlation of two-phase heat trans-
was primarily due to the 11% smaller thermal conductiv- fer of R410A/oil mixture flow boiling in a 5-mm microfin
ity and the 21% smaller reduced pressure compared taube,J. Enhanced Heat Transferol. 18, no. 3, pp. 209-220,
R134a at this test temperature. 2011
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