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Anomalous Adverse Effect

of Mass Velocity on Convective
Flow Boiling in Small-Diameter
Microfin Tubes

Recent studies report an anomalous phenomenon, particularly for small diameter micro-
fin tubes, where the flow boiling heat transfer coefficient decreases with increasing mass
velocity in the convective regime, which is contrary to that found for smooth tubes and
larger diameter microfin tubes. This paper presents a critical literature review and mech-
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associated with lower degree of turbulence, smaller wetted area, and therefore smaller
heat transfer coefficient than the former. We speculated that the in-groove annular flow
only occurs for small diameter tubes where the liquid film is relatively uniform, while
larger tubes tend to remain flooded at the tube-bottom until dryout. This may explain the
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tendency of the anomalous phenomenon to occur in small diameter tubes.
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Introduction

The microfin tube is the most common enhanced tube that pro-
vides a significant heat transfer augmentation with relatively low
pressure drop penalty [1]. Since its introduction in the 1970s, the
microfin tube has been extensively used in heat exchangers for the
HVAC and refrigeration industry. Virtually all air-cooled residen-
tial air conditioners use microfin tubes [1]. Manufacturers are
capable of large-scale production of microfin tubes in various fin
layouts and shapes with high precision. However, the advance-
ment of manufacturing technologies vastly outpaced the funda-
mental understanding of the flow and heat transfer within microfin
tubes, which in turn hinders the further development of high-
performance microfin tubes and heat exchangers.

Flow boiling characteristics in microfin tubes have been studied
for more than 30 years, but the underlying mechanisms are still
not fully understood. Besides increasing the surface area for heat
exchange, the presence of microfins alters the two-phase flow pat-
tern and complicates the heat transfer process. The axial rifling of
the microfins induces a spiraling secondary flow, which enhances
the turbulence and encourages the annular flow regime to occur at
lower vapor qualities [2]. The capillary wicking of the liquid
within microgrooves enhances the heat transfer in the stratified
flow regime by enlarging the wetted area [2—4], and it also con-
tributes to the earlier transition from stratified flow to annular flow
[2,5,6]. In addition, the narrow grooves between the microfins
may shield nucleation sites from the flow and mitigate the nucle-
ate boiling suppression [7,8]. Due to the distinct flow and heat
transfer behaviors, the trends of the heat transfer coefficient
(HTC) in microfin tubes with respect to key operating parameters
such as heat flux (¢g), mass velocity (G), and vapor quality (x) are
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often quite different with and more complex than that in smooth
tubes [9,10].

Recent studies report that the microfin-tube flow boiling heat
transfer coefficient does not increase, and at times, even decreases
with increasing mass velocity in the convective regime, which is
generally known to exist in the high-quality region and under low-
heat-flux conditions. This observation is contrary to that com-
monly made for smooth tubes and that made in earlier studies for
microfin tubes. It is also counterintuitive at first glance because an
increase in mass velocity typically enhances the convection and
therefore the heat transfer efficiency. Although some explanations
have been provided in the existing studies, this anomalous phe-
nomenon is still poorly understood. In what follows, a critical lit-
erature review is provided, followed by an in-depth analysis and
discussion of the observed characteristics and possible mecha-
nisms. The scope of the present discussion is restricted to oil-free
refrigerants in horizontal tubes only.

Literature Review

Comprehensive reviews on microfin tubes have been provided by
Thome [9], Newell and Shah [10], and Webb and Kim [1], which
are focused on studies before 2003. Since then, a multitude of stud-
ies on the flow boiling inside microfin tubes has been published.
Most of these studies are concerned with low global-warming-
potential refrigerants (e.g., CO, and hydrofluoroolefins (HFOs)) and
smaller diameter tubes. The present review does not aim to provide
an exhaustive publication list but instead focuses on studies that
investigate the effect of G on HTCs in the predryout, convective
flow boiling regime. The convective boiling regime is for x greater
than that where the HTC is influenced by bubble nucleation. These
conditions are identified by the increasing trend of HTC with
respect to x, which are typically seen in conditions of high vapor
quality (typically x> 0.5) and low heat flux (typically ¢ < 15kW/
m?). Predryout region is identified by the range of x before the HTC
dramatically drops as a result of the liquid film starting to dry out
around the tube circumference (i.e., partial dryout).

The existing microfin-tube flow boiling literature may be
divided into two groups regarding the trend of HTC with respect
to G. In the first group, the convective HTCs monotonically
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Fig. 1 Flow boiling measurements in smooth and microfin tubes with increasing trends of HTC with respect to increas-
ing G: (a) a microfin tube with D, =14.66 mm (from Ref. [11]) and (b) a microfin tube with D, =8.92mm and a 7.92 mm

smooth tube (from Ref. [12])
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Fig.2 Replot of the flow boiling HTC data of microfin tubes by Baba et al. [16]

increase with the increase in G. Figure 1 shows two example sets
of measurements with this trend [11,12]. The increasing trend of
HTC with G is similar to that in smooth tubes and can be
explained by the enhanced forced convection, the transition of
flow pattern to (semi-) annular flow, and the reduced annular-film
thickness with continuous increase in G [11].

In the second group of literature, the HTCs in convective boil-
ing regime are found not necessarily to increase with the increas-
ing G; instead, the HTCs decrease with G, especially when G is
large. This trend was first observed in some CO, measurements
(e.g., Refs. [13] and [14]). However, these CO, measurements are
considered to have a large portion of, if not be dominated by,
nucleate boiling, which is evident by the nearly flat trend of HTC
versus x. Many studies have shown that flow boiling of CO, is
generally dominated by nucleate boiling, due to the relatively
high reduced pressure and thereby low surface tension and high
vapor density, which are conducive to bubble nucleation [15].

071601-2 / Vol. 145, JULY 2023

Thus, it is reasonable to consider the adverse effect of G seen in
CO, flow boiling as partly due to the suppression of nucleate
boiling.

The “anomalous” behavior in this paper refers to the nonin-
creasing trend of HTC with increasing G under conditions where
the heat transfer mechanisms are apparently dominated by forced
convection. This anomalous behavior, perhaps for the first time, is
shown for the R1234ze(E) and R32 measurements of Baba et al.
[16], although it is not discussed or noted in Ref. [16]. The Baba
et al. [16] measurements are for a D, =15.37 mm microfin tube,
which is heated by water counterflowing in annulus tubes. Some
of the measurements are replotted in Figs. 2(a) and 2(b). The
selected measurements for x > 0.4 are in the convective boiling
regime, evident by the upward trend of HTC versus x. As shown
in Figs. 2(a) and 2(b), convective HTCs of both R1234ze(E) and
R32 increase with increasing G when G <200kg/m?s, while the
trend is reversed with further increase in G. Although the
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Fig. 3 Anomalous flow boiling HTC data of microfin tubes by Jige et al.: (a) R32 [17] and (b) R1234ze(E) [18]
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Fig. 4 Anomalous flow boiling HTC data of microfin tubes by Jige et al. for different tube diameters (adapted

from Ref. [19])

difference between the HTCs for G from 200 kg/mzs to 400kg/
m?s are small for R32, it is rather significant for R1234ze(E).
Interestingly, the HTC—x slopes (i.e., 0h/Ox) are different for
lower and higher G. For G = 150kg/m?s or 200 kg/m?s, the slope
at higher x is greater than that at lower x. In contrast, for
G =300kg/m?s or 400kg/m?s, the slope is smaller in high-x
region (i.e., x approximately higher than 0.6) than that in medium-
x region (i.e., x approximately between 0.4 and 0.6).

Jige et al. [17] report the anomalous adverse effect of G occur-
ring during convective flow boiling of R32 in a microfin tube with
D,=3.61 mm, as shown in Fig. 3(a). The test tube is heated by
Joule heating with an AC power supply. The end of the test tube
is inserted into a glass tube for observation of adiabatic flow
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pattern. As shown in Fig. 3(a), the data for x>0.5 and G of
100kg/m?s, 200kg/m?s, and 400kg/m>s are annular flows, of
which the HTCs are si%niﬁcantly larger than that of wavy-slug
flows (i.e., G =50kg/m’s). Regarding the predryout region (i.e.,
before HTC drops dramatically at very high x), the HTC increases
as G increases from 100kg/m’s to 200kg/ms but decreases sig-
nificantly (i.e., by approximately 50%) as G further increases to
400 kg/m?s. Similar trends are reported in R1234ze(E) flow boil-
ing in a D, = 2.18 mm microfin tube [18] (Fig. 3(b)), and R32 flow
boiling in microfin tubes with D, of 2.18mm, 2.71 mm, and
3.18 mm [19] (Fig. 4). Jige and Inoue [19] argue that the initial
increase of HTC with G when G is relatively low is due to the
enhancement by forced convection and evaporative heat transfer
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Fig. 5 Selected anomalous flow boiling HTC data of microfin tubes by Diani et al.: (a) from Ref. [21] and (b) from

Ref. [23]

through the “meniscus liquid film” in the spiral grooves, while the
adverse effect of further increase in G is because “the liquid film
flows over the spiral grooves and there is no meniscus liquid film
as the vapor shear stress further increases.”

Similar anomalous trends are also reported in a series of flow
boiling studies performed at the University of Padova, Italy
[20-29]. The test refrigerants include R134a and several HFO
refrigerants. The D, of microfin tubes range from 2.64mm to
4.54 mm. Some of the results are shown in Fig. 5. In one of their
earlier papers, Diani et al. [23] attribute the phenomenon to the
possible suppression of nucleate boiling; however, in a more
recent paper, Diani et al. [30] adopt the explanation by Jige and
Inoue [19] that the liquid film breaks up over the fin tips as the
vapor shear stress further increases. Righetti et al. [27] provide
another explanation: the drop in saturation temperature as a result
of the higher pressure drop associated with higher G.

Table 1 summarizes the above two groups of literature in terms
of the trend of HTC versus G, the test fluid, the microfin geometry
(fin-root diameter D,, helix angle ¢, apex angle f, fin height e,
number of fins Ny), the operating conditions, and the heating con-
dition (i.e., electric or fluid heating). Measurements for CO, are
not taken into account due to the large nucleate boiling contribu-
tion, as discussed previously. Original values of heat flux, mass
velocity, and HTC from the literature are used in this paper unless
otherwise noted. Although existing papers use different base area
definitions to reduce data for these parameters, the resulting devia-
tion is generally within =10%, which does not severely affect the
discussion hereafter, as we do not cross-compare the parameters
among the literature.

Figure 6 shows the two groups of literature in terms of the
inside tube diameter and fin height of their tested microfin tubes.
The anomalous behavior has been observed for various fluids,
including high-pressure refrigerants such as R32 and medium
pressure refrigerants such as R134a and R1234yf. Interestingly,
the anomalous adverse effect of G on convective HTCs only
appears in microfin tubes with D, < 5.5 mm, whereas larger diam-
eter tubes tend to have normal trends (HTC increases with
increasing G). However, this is not to say that D, =5.5mm is a
threshold below which the anomalous adverse effect will occur, as
there are two studies [41,44] showing normal trends for D, of
approximately 4.6 mm.

Analysis and Discussion

The convective flow boiling within smooth tubes is often asso-
ciated with annular flow pattern, where the heat is transferred
through a thin liquid film and the evaporation occurs at the inter-
face of the liquid film and the vapor core [47]. The convection

071601-4 / Vol. 145, JULY 2023

within the liquid film constitutes the main resistance to heat trans-
fer, which is essentially flow dependent. An increase in the mass
velocity will enhance the convection within the film and mean-
while reduce the film thickness, and consequently increase the
HTC.

For microfin tubes, annular flow occurs at lower vapor quality
and mass velocity and lasts for a wider range of vapor quality,
largely due to the capillary and momentum forces imposed on the
liquid within the helical grooves [2,33,48]. Thus, the flow pattern
in convective boiling region for microfin tubes is most likely to be
annular flow. The visualization results by Jige et al. [17] confirm
that the reported anomalous phenomenon (i.e., a larger mass
velocity is associated with smaller HTC) occurred in the annular
flow regime. Therefore, the following discussion will be restricted
to the annular flow pattern.

It is reasonable to expect that the flow and heat transfer charac-
teristics of annular flows in microfin tubes can differ when the lig-
uid film thickness () is larger or smaller than the height of
microfins (¢). When ¢ > e, the microfins and grooves are flooded
by the annular liquid film. This pattern is referred to as the

flooded-groove annular flow as opposed to the in-groove annular

flow pattern (i.e., 0 < e). For flooded-groove annular flow, a swirl-
ing liquid flow exists within the flooded grooves due to the helical
layout of microfins, while the liquid flow above the grooves and
near the liquid—vapor interface is largely aligned with the axial
vapor flow (Fig. 7). The superposition of the main axial flow and
the secondary swirling flow involves intense fluid mixing and
momentum/heat transfer. Besides inducing secondary flows, the
microfins also trip the liquid film in the axial direction, inducing
flow separation and re-attachment (Fig. 8), similar to that occur-
ring in single-phase flow where the microfin acts like a roughness
[1,49]. In addition, liquid films that are thicker than the height of
microfins allow the disturbance waves to freely propagate axially
and circumferentially, which plays an important role in maintain-
ing the annular flow [50,51]. The combination of the above effects
is believed to be associated with a very high degree of turbulence.
Therefore, enhanced heat transfer can be expected for the flooded-
groove annular flow (0 > e).

When 0 < e, the microfins protrude through the thin liquid film,
dividing the annular liquid film into smaller films that flow within
the grooves, as shown in Fig. 9. This pattern is referred to as the
in-groove annular flow pattern. The liquid films in this flow pat-
tern are largely driven by inertial and capillary forces to reach the
top of the tube, which is quite different from the mechanism in
flooded-groove annular flow where the liquids films are largely
driven by disturbance waves [50,51]. The turbulence in the in-
groove pattern is considered to be reduced significantly as the
microfins no longer act as ‘“roughness”; instead, they are
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Table 1

Summary of the reviewed literature about flow boiling of microfin tubes

Authors (year) References® Fluid HTC trend® X q (KW/m?) G (kg/mzs) T(¢C) D, (mm) o (deg) b () e (mm) N H¢
Group 1: HTCs monotonically increase with increasing G
Schlager et al. (1989) [3], Fig. 7 R22 Increasing n/a n/a 180400 n/a 8.92 18,15,25 n/a 0.3 60 F
Chamra and Webb [11], Fig. 9 R22 Increasing 0.1-0.7 26.5 151-327 244 14.66 15 n/a 0.35 74 F
(1995)
Kuo and Wang (1996) [12], Fig. 8 R22 Increasing 0.2-0.8 10 100-300 6 8.92 18 n/a 0.2 60 F
Lallemand et al. [31], Fig. 3 R22 Increasing 0.1-1.0 10 100-250 14 11.98 20, 30 40, 50 0.25 65,70 E
(2001)
Kim et al. (2002) [32], Fig. 10 R410A Increasing 0.2-0.8 5 117211 -5 6.46 18 n/a 0.15 60 F
Kim et al. (2002) [32], Fig. 10 R410A Increasing 0.2-0.8 5 70-164 -5 8.92 25 n/a 0.12 60 F
Yu et al. (2002) [33], Fig. 3a R134a Increasing 0-0.7 2.2-56 163408 6 11.1 18 n/a 0.3 60 E
Wongsa-Ngam et al. [34], Fig. 4b R134a Increasing 0.2-0.8 10 400-800 1015 8.92 18 n/a 0.20 60 E
(2004)
Spindler and Miiller- [35], Fig. 9 R134a Increasing n/a 1-15 20-150 -20 8.92 15 20 0.24 55 E
Steinhagen (2009)
Bandarra Filho et al. [36], Figs. 6-8 R134a Increasing 0.1-0.5 3 101-506 5 8.92 18 n/a 0.20 60 E
(2011)
Padovan et al. (2011) [37], Fig. 3 R134a Increasing 0.1-0.9 15 80-200 30 8.15 13 43 0.23 60 F
Han et al. (2013) [38], Fig. 10 R22,R161 Increasing 0.1-0.8 18-32 100-250 8 6.41 15 34 0.10 65 E
Kondou et al. (2013) [39], Fig. 8a R1234ze(E) Increasing 0.2-0.6 10 190, 352 10 5.45 20 18 0.26 48 F
Kondou et al. (2013) [39], Fig. 8d R32 Increasing 0.2-0.8 10 191, 382 10 5.45 20 18 0.26 48 F
Kondou et al. (2014) [40], Fig. 10 R1234ze(Z), Increasing 0.20-0.98 10 150, 300 30 5.45 20 18 0.26 48 F
R134a,
R1234ze(E)
Kim (2015) [41], Fig. 13a R410A Increasing 0.2-0.6 15 260433 10 4.67 18 40 0.15 40 F
Jiang et al. (2016) [42], Fig. 6 R410A, Increasing 0.10-0.90 3-14 48-430 5 8.96 18 66 0.14 60 F
R134a, R22
Yang and Hrnjak [43], Fig. 8a R410A Increasing 0.1-0.9 15 100450 10 6.52 0 ? 0.22 58 F
(2018)
Kim (2019) [44], Fig. 12 R410A Increasing 0.2-0.8 n/a 50-250 8 4.6 18 40 0.15 40 F
Kim (2019) [44], Fig. 12 R410A Increasing 0.2-0.8 n/a 50-250 8 6.56 15 40 0.1 40 F
Colombo et al. (2020) [45], Fig. 4 R1234ze(E) Increasing 0.2-0.8 10-16.5 163-220 5-45 8.96 18 40 0.2 60 F
Group 2: HTCs potentially decrease with increasing G
Baba et al. (2012) [16], Fig. 3 R1234ze(E) Increasing for 0.5-0.9 10 150400 10 5.37 19 n/a 0.26 58 F
G <200, decreasing
for G > 200
Baba et al. (2012) [16], Fig. 4 R32 Increasing for 0.6-0.9 10 150-400 10 5.37 19 n/a 0.26 58 F
G <200, slightly
decreasing for
G >200
Diani et al. (2014) [20], Fig. 4 R1234z¢(E) Decreasing 0.7-1 10 190-755 30 3.64 18 43 0.12 40 E
Diani et al. (2015) [21], Fig. 10a R1234yf, Increasing for 0.5-1 10 375-565 30 3.64 18 43 0.12 40 E
R134a G <375, decreasing

for G > 375
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Table 1 (continued)

Authors (year) References” Fluid HTC trend® X q (KW/m?) G (kg/mzs) T(¢C) D, (mm) o (deg) b () e (mm) Nt H¢
Diani and Rossetto [22], Fig. 3 R1234yf, Decreasing 0.5-1 10 375-565 30 2.64 7 43 0.12 40 E
(2015) R134a
Diani et al. (2016) [23], Fig. 4a R1234ze(E) Decreasing 0.5-1 10 375-755 30 2.64 7 43 0.12 40 E
Longo et al. (2017) [24], Fig. 4a R134a Not significantly 0.5-0.9 15 200-800 30 4.54 27 11 0.12 54 E
increasing or
decreasing
Diani et al. (2017) [25], Fig. 4 R1234yf Decreasing 0.6-1 10 375755 30 2.64 43 0.12 40 E
Diani and Rossetto [26], Fig. 3a R134a Decreasing 0.5-0.9 10 375-755 30 2.64 43 0.12 40 E
(2018)
Righetti et al. (2018) [27], Fig. 5 R1233zd(E) Increasing for 0.5-0.9 15 100-300 30 4.54 27 11 0.12 54 E
G <200, decreasing
for G > 200
Jige et al. (2018) [17], Fig. 8 R32 Increasing for 0.5-0.8 5 50-400 15 3.61 17 n/a 0.18 40 E
G <200, decreasing
for G > 200
Jige et al. (2018) [18], Fig. 5 R1234ze(E) Increasing for 0.6-0.9 5 100400 15 2.18 10 n/a 0.10 25 E
G <200, decreasing
for G > 200
Righetti et al. (2019) [46], Fig. Sa R1233zd(E) Increasing for 0.6-0.9 15 100-300 30 4.50 18 42 0.15 40 E
G <200, slightly
decreasing for
G >200
Righetti et al. (2019) [46], Fig. 7a R245fa Increasing for 0.6-0.9 15 100-300 30 4.50 18 42 0.15 40 E
G <200, slightly
decreasing for
G >200
Diani and Rossetto [29], Fig. 6 R513A Increasing for 0.5-0.9 12 150-800 20 3.64 18 43 0.12 40 E
(2019) G <400, decreasing
for G > 400
Diani and Rossetto [30], Fig. 4b R513A Decreasing 0.5-0.9 12 300-800 20 2.64 7 43 0.12 40 E
(2020)
Jige and Inoue (2019) [19], Fig. 4 R32 Increasing for 0.5-0.9 5 5-400 15 2.18 10 n/a 0.10 25 E
G <200, decreasing
for G > 200
Jige and Inoue (2019) [19], Fig. 6 R32 Increasing for 0.5-0.9 5 5-400 15 2.71 10 n/a 0.11 25 E
G <200, decreasing
for G >200
Jige and Inoue (2019) [19], Fig. 6 R32 Increasing for 0.5-0.9 5 5-400 15 3.18 11 n/a 0.11 25 E

G <200, decreasing
for G > 200

“The figure number in this column refers to that in the original paper.
®Overall trend of heat transfer coefficient (HTC) with respect to mass velocity (G).
“Heating method. E: electric heating; F: fluid heating.

€202 18q0joQ0 81 uo ur ueubury ‘1SIN AqJpd-L09120 L0 S¥L IU/POY6LO0L/L09LLO/LISY L /Pd-Bjonie a)sueeay/BI0 swse uonos||0dje)bipawse//:djy woly papeojumoq



0.40
<l Group 1 literature (with normal trend) 11
035F Group 2 literature (with anomalous trend) <
g o30f < 3] < (3]
£ [16] 1
o 025 = [37] 4[35] < (31
o [4% <
® o020} (44] <1 [12,34,36,45]
T 7 "\ ey
32
&£ o1sr [20[46] <2 4142
118 19[]46]%E]r—]] ofe27] < B2
o101 LT Mg e 4
[19]
0.05 L L L L L L L
0 2 4 6 8 10 12 14 16

Fin-root diameter, D, (mm)

Fig. 6 Reviewed literature classified into two groups based on
whether the HTC trend is normal (i.e., monotonically increasing
with increasing G) or not. Each symbol refers to a specific
paper in Table 1. The annotation in a bracket is the citation num-
ber of the corresponding paper.

liquid flow within grooves (swirling)

liquid-vapor interface liquid flow near the interface

(above microfins)

Fig. 7 lllustration of the secondary swirling flow within the lig-
uid film in the flooded-groove annular flow (6 > €)

essentially smooth-walled channels that direct the liquid flow.
Furthermore, the wetted area is reduced as the fin tips become dry
when the liquid films are too thin to flood the microfins and
grooves. Based on the above reasons, it is reasonable to expect a
degraded HTC for the in-groove annular flow (6 < e).

For a certain vapor quality (x), the film thickness is related to
the void fraction (¢). Assuming uniform film thickness around the
circumference and zero microfin thickness (or width), the relation
between ¢ and ¢ for microfin tubes is the same as that for smooth
tubes and can be written as [52]

1
521(178)Dr (D
The void fraction is a function of the mass velocity, vapor quality,
and fluid properties. A simple correlation for the void fraction in
microfin tubes is proposed by Yashar et al. [53]

—0.321
-05
_ 6w X, @
‘ T\ 0peD, T

where X, is the Martinelli parameter. According to Eq. (2), an
increase in G will increase the void fraction. A similar trend is
observed by Koyama et al. [54]. Together from Eqgs. (1) and (2), it
can be expected that a higher G is associated with a smaller J in
microfin tubes. Therefore, it is possible that for two annular flow
conditions 1 and 2 where x; =x, and G| < G, the liquid film in
condition 1 is thicker than the microfins while that in condition 2
is thinner than the microfins, i.e., 0; > e > d,. That is, as the G
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vapor flow (axial)
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Fig. 8 Flow separation and re-attachment within the liquid film
in the flooded-groove annular flow (6> e)

Fig. 9 lllustration of the liquid film flowing within the grooves
in the in-groove annular flow (6 < e)

(a) (b) ()

Fig. 10 lllustration of different stages of flooded-groove annu-
lar flow pattern in large diameter microfin tubes: (a) at a smaller
x, all fins and grooves are flooded and (b) at a higher x, some
fin tips at the top of the tube are dry, while the fins and grooves
at the bottom of the tube remain flooded; (c) as x continues to
increase, the upper tube starts to dry out, while the lower tube
remains flooded

increases from G, to G,, the flow pattern transitions from the
flooded-groove (> e) to in-groove (6 < ¢) annular flow. Based
on the earlier analysis, the HTC of the flooded-groove pattern is
higher than that of the in-groove pattern, thus HTC; > HTC,. This
explains the anomalous phenomenon that an increase in G can
have an adverse influence on the HTC of convective flow boiling
in microfin tubes.

The thermophysical properties may also influence the flow pat-
tern transition from the flood-groove to in-groove and therefore
the adverse effect of G. As indicated by Eqgs. (1) and (2), refriger-
ants with larger vapor density have lower void fraction and thicker
liquid film for the same x and G. Thus, the flow pattern transition
would occur latter (i.e., at a higher x) for these refrigerants. This
may explain why in Fig. 2 the anomalous adverse effect of G is
more significant for R1234ze(E) (smaller vapor density) than for
R32 (larger vapor density).

An important assumption for the above analysis is uniform film
distribution. This is considered a satisfactory approximation for
small diameter tubes, where the effect of gravitational drainage is
small and the annular films become more uniform in high vapor
quality region [51]. For large diameter tubes, however, the film
thickness at the bottom of the tube tends to be larger than that at
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the sides and the top. In this case, we speculated that the bottom
of the tube and parts of the sides remain flooded before the dry-
out occurs at the top of the tube, as schematically shown in
Fig. 10 (note: the comparison of HTC for different G herein is
limited to the predryout region, which corresponds to Figs. 10(a)
and 10(b)). Consequently, an increase in G will always decrease
the film thickness and enhance the convection within the liquid
films that cover the microfins, which is associated with an increas-
ing HTC. This explains the observation made in the section Liter-
ature Review that large microfin tubes generally exhibit
monotonically increasing trend of HTC with respect to increasing
G in the predryout, convection dominant regime, whereas small
diameter tubes exhibit the “anomalous” opposite trend.

It is still unclear how a further increase in G will influence the
heat transfer in the in-groove annular flow, i.e., when the film is
uniform (e.g., in very small diameter tubes) and G exceeds a cer-
tain value such that the film thickness is smaller than the fin height
(note: the fin height is generally between 0.1 and 0.15mm for
studies where this anomalous behavior was observed). The exist-
ing data are limited in this regard. Theoretically, an increase in G
enhances the convection in both the vapor and the liquid phase
and thins the liquid film, thereby enhances the heat transfer. On
the other hand, the liquid film thinning also enlarges the dry area
near the tips of the microfins, which penalizes the overall heat
transfer. The overall heat transfer would therefore depend on the
competition of these two effects. It is speculated that the trend of
HTC with respect to increasing G, in this case, would be similar
to that with respect to increasing x because either increasing G or
x has a similar effect in enhancing the convection and decreasing
the film thickness.

Another possible factor for the anomalous behavior is the heat-
ing method of the flow boiling experiments, i.e., electrically or
fluid heating. All the studies that report the anomalous phenom-
enon except Ref. [16] were performed with electrically heated
tubes (Table 1). However, electrically heating method may be rel-
atively unreliable, particularly in conditions that involve (partial)
dryout [55-57]. The main reason is that when an electrically
heated tube is partially wetted, the boundary condition becomes
neither uniform heat flux nor uniform temperature [55], and it will
induce an axial wall conduction that affects the downstream flow
and heat transfer characteristics [56]. As the anomalous phenom-
enon is thought to be related to the fin-tip drying out, fluid heating
is more appropriate for heat transfer measurement than electri-
cally heating. Thus, more tests with fluid heating should be carried
out in the future to study the flow boiling characteristics in micro-
fin tubes (in particular, with small diameters) and verify if the
anomalous behavior persists for the fluid heated boundary condi-
tion. Although this work is focused on oil-free refrigerants, we
expect the presence of oil would alter the flow behavior and may
lead to different trends of HTC with respect to G. The oil effects
should be considered in the future work. In addition, detailed visu-
alization experiments are recommended for future studies to
observe the in-groove annular flow pattern.

Conclusions

Several existing studies have shown that an increase in mass
velocity can anomalously decrease the flow boiling HTC in the
convective regime, in particular for small diameter microfin tubes.
Our analysis suggests that the anomalous behavior is a result of
the transition of annular flow pattern from “flooded-groove” (film
thickness > fin height) to “in-groove” (film thickness < fin height).
The latter is associated with considerably lower degree of turbu-
lence, smaller wetted area, and therefore smaller heat transfer
coefficient than the former. As the mass velocity increases, the
annular film thickness decreases; when the liquid film is thinner
than the fin height, the flow transitions to the in-groove pattern
with degraded heat transfer performance. The flow pattern transi-
tion may occur latter (i.e., at a higher x) for refrigerants with large
vapor density, and the adverse effect of mass velocity may be less
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significant for these refrigerants. We speculated that the in-groove
annular flow only occurs in small diameter tubes where the liquid
film is relatively uniform, while larger tubes tend to remain
flooded at the bottom until dryout. This may explain the tendency
of the anomalous phenomenon to occur in small diameter tubes.
Future studies may use flow visualization experiments to validate
the above analysis and elucidate the mechanisms. More flow and
heat transfer measurements, especially with fluid heating and for
small diameter tubes, are also needed.
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Nomenclature

D, = tube diameter at the fin root, m
e = height of microfins, m
G = mass velocity, kg m 2 s~
N¢ = number of fins
g = heat flux, W m™
T, = saturation temperature, K or ° C
x = vapor quality
o = helix angle, deg
f = apex angle, deg
0 = film thickness, m
& = void fraction
p = density, kg m™

1

Abbreviations

HFO = hydrofluoroolefin
HTC = heat transfer coefficient
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