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Abstract

This paper presents a new approach in visualization of the evaporation mechanism and the two phase flow. The visualization test section is a 
transparent micro-fin tube made by 3D printing. The 3D printing technology helps reproduce the real geometry in commercial metal micro-fin 
tubes. Even though the wall material is different from the real metal, this new method provides a more complete understanding of the 
mechanisms of flow boiling and the heat transfer enhancement due to micro-fin geometry. To investigate the effect of micro-fin geometries on 
two-phase flow behavior, R410A flow boiling experiments are conducted at 10°C saturation temperature and visualized through a clear smooth 
tube and micro-fin tubes of 0°, 10° and 18° helix angles. The results showed that the annular flow pattern in the helical micro-fin tube occurred 
at a lower vapor quality than the smooth and axial micro-fin tubes. Helix angle affects the transition boundary of stratified wavy flow to wavy 
annular flow, which shifts downward (to lower mass flux and vapor quality conditions) as the helix angle increases. Other transitions are not 
significantly affected by the helix angle. Helical micro-fin tubes with different groove directions were made to understand the flow behavior on 
the upward side and downward side of the tube.
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1. Introduction:
Internally micro-finned tubes have been commonly used in 

modern air conditioning and refrigeration systems because of their 
outstanding thermal performance in two-phase flow. Helix angle is 
a crucial parameter in micro-fin tubes, which strongly influences 
heat transfer and pressure drop. Ito and Kimura [1] studied the 
effect of helix angle on in-tube boiling heat transfer coefficient for 
R22. They tested 11.2 mm I.D. internally spiral-grooved tubes with 
the helix angle of 0°, 3°, 7°, 15°, 30°, 75°, and 90° under various 
mass flux and heat flux conditions. The results showed that the HTC 
increased as the helix angle increased until the angle was 7° and 
then decreased to a minimum value as the helix angle increased 
further. The minimum of HTC occurred at about 45°, and it 
increased again toward 90°. Kimura and Ito [2] reported the 
experimental results concerned with the evaporative heat transfer 
for R12 in 4.75 mm I.D. micro-fin tubes with helix angles of 4°, 7°, 
15°, and 30°. They found that the mass flow rate considerably 
affected the optimal helix angle for the heat transfer. For the 
stratified flow region, how high the liquid refrigerant was pulled up 
due to the capillary phenomenon determined the heat transfer 
enhancement. The heat transfer coefficient increased with the 
increase of helix angle. For the region of annular flow, the 
maximum heat transfer occurred at a 15° helix angle, but did not 
change significantly with the helix angle between 4° and 30°.  Oh 
and Bergles [3] experimentally investigated the evaporative heat 
transfer for R134a in 9.52 mm O.D. micro-fin tubes with different 
helix angles (6°, 12°, 18°, 25°, and 44°). The authors mentioned that 
the optimal helix angle, where the maximum HTC occurred, 
depended on mass flux. 18° and 6° were the optimal ones for G=50 
kg/m2s and for G=100 kg/m2s, respectively. 

To better understand the two-phase flow behavior in horizontal 
micro-fin tubes, flow visualization experiments were conducted in 
many studies. Yoshida et al. [4] inserted a fiber scope into a spirally 

grooved tube to observe the flow behavior of R22 during flow 
boiling. At a low mass flux, where the liquid and vapor were 
separated in the lower and upper part of the tube, respectively, 
liquid existed in the grooves at the top of the tube and flowed along 
the grooves with relatively slow speed. Oh and Bergles [5] studied 
the effect of helix angle on the enhancement of evaporative heat 
transfer of R134a in micro-fin tubes by visualizing the in-tube flow 
regime. A borescope was inserted into the heating test tube with 
connection of a custom-made uniform tee fitting. The author found 
that the increasing wetted area due to the climbing liquid flow at 
the top of the tube depended on the helix angle. Cavallini et al. [6] 
and Doretti et al. [7] built up a brass chamber with three glass 
windows to visualize the flow patterns in micro-fin tubes during the 
condensation process. A small portion of the test tube was inserted 
into the chamber and cut at an angle around 45° at the final part. 
Colombo et al. [8] used the similar method to investigate the 
evaporation and condensation of R134a in helical micro-fin tubes. 
They mentioned that the transition between the intermittent and 
the annular flow was shifted to lower vapor quality than for the 
smooth tube. 

In addition to the intrusive method, the most common method 
to visualize the flow patterns is using a sight glass at the exit of the 
tested micro-fin tube. Yu et al. [9] found that the transitions of 
stratified flow to annular flow for R134a in micro-fin tubes with 18° 
helix angle occurred at lower mass flux and vapor quality than in 
smooth tubes. Rollmann and Spindler [10] defined a new flow 
pattern, the helix flow, in micro-fin tubes. In this flow pattern, the 
refrigerant flow began rotating due to the helical arrangement of 
the micro-fins and accelerated in the circumferential direction. The 
increased surface wetting led to an increase of heat transfer 
coefficient.
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Nomenclature

D Inner or meltdown diameter (mm) T temperature (°C)

G mass flux (kg/m2s) x vapor quality (-)

HTC heat transfer coefficient (W/m2K) Subscripts

q heat flux (kW/m2) sat saturation

To further study the effect of the micro-fins on two-phase flow, 
Shedd and Newell [11] measured the liquid film thickness and its 
distribution in horizontal annular flow through clear PVC tubes with 
20 internal microgrooves made by scratching at three different 
helix angles (0°, 9° and 18°). The results showed that the film 
thickness profile in smooth tube was symmetrical left to right but 
thicker at the bottom due to gravity. Compared to the profile of the 
smooth tube, the thicker liquid of the film thickness profile in the 
9° and 18° tubes rotated counterclockwise, which was the same 
direction as the helical groove. In addition, the helical micro-fins 
increased the amount of wetted tube periphery. In the lowest flow 
condition, about 81% of the 9° tube periphery and 94% of the 18° 
tube periphery was wetted (only 62% for the smooth tube). Namely, 
the helical microgrooves promoted earlier transitions to annular 
flow. However, the geometry such as the number of fins and fin 
shape of the PVC tube was different from that of commercial metal 
micro-fin tubes, and this might affect the flow behavior. 

Most of the works listed above have visualized the two-phase 
flow patterns in helical micro-fin tubes with an intrusive method or 
a transparent method without real internal fin geometry. The 
literature concerned with the flow in transparent micro-fin tubes 
and the effect of helix angle is limited. This paper presents data and 
analysis of flow during evaporation in one smooth tube and three 
micro-fin tubes (0°, 10° and 18°) made of clear resin by an SLA 3D 
printer. Micro-fin tubes with different groove directions were also 
made and explored for understanding the flow in the upward side 
and downward side of the helical micro-fin tube. Visualization of 
R410A inside the round tubes with different geometries are 
presented and discussed. 
2. Experiments
2.1 Test apparatus

The facility designed for visualizing the two-phase flow regime 
is illustrated in Fig. 1. There are two independent loops: one for 

refrigerant and the other for secondary fluid. In the refrigerant loop 
(blue solid line), R410A is circulated in an oil-free condition by a 
gear pump. Following the pump is a Coriolis mass flow meter for 
measuring mass flow rate of the refrigerant. The calorimeter, 
located before the heat transfer test section, is used to heat the 
subcooled liquid refrigerant to the desired vapor quality. The test 
section for measuring heat transfer coefficient is composed of the 
tested tube (smooth or micro-fin tubes), brass jackets, and tube 
circuits for water, whose details are described in Yang and Hrnjak’s 
earlier work [12]. A visualization section is located after the heat 
transfer test section to observe the two-phase flow patterns. 
Horizontal and vertical pressure drops are in turn measured by 
differential pressure transducers under near adiabatic conditions. 
For maintaining a desired saturation temperature in the loop, there 
is a control heater regulated by a PID controller. A plate heat 
exchanger located after the control heater enables the refrigerant 
to condense by exchanging heat with a R404A cooling unit, and a 
receiver is set at the outlet of the condenser for storing the liquid 
refrigerant.  For the secondary fluid loop (red broken line), water is 
used in this test to provide heat to the heat transfer test section. 
The water is pumped by a constant speed pump and the mass flow 
rate is measured with the Coriolis mass flow meter. In addition, a 
cartridge heater is used for controlling the water temperature 
delivered to the heat transfer test section.

Temperatures in the facility are measured using T-type 
thermocouples with a calibrated accuracy of ±0.1 °C. The absolute 
pressure of R410A is determined with an absolute pressure 
transducer with an uncertainty of ±5.17 kPa. The mass flow rate of 
R410A and the water are measured by a Coriolis Effect mass flow 
meter with a range of 0 to 2180 kg/hr and an accuracy of ±0.10% 
of the reading. Watt transducers with a range of 0 to 8 kW and a 
0.2 % reading accuracy are used to determine electrical power 
inputs for the calorimeter and the water heater.
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2.2 Visualization section
In most of the literature concerned with the flow visualization 

during evaporation in micro-fin tubes, the flow regime was 
visualized through a sight glass without internal fin geometry at the 
exit of the test tube.  In this work, a 21-cm long clear micro-fin tube 
with the same inner diameter and fin geometry as the aluminum 
micro-fin tube was manufactured by a 3D printer. The details of the 
3D printer and the material have been described in Yang and 
Hrnjak’s  previous work [13]. The 3D printed clear micro-fin tube 
for visualization mimics the inner geometry of the conventional 
aluminum micro-fin tube after expansion process. To be noted that 
in the real manufacturing process of fin-tube type heat exchangers, 
the micro-fin tubes are mechanically expanded by drawing an 
expansion bullet (mandrel) to reduce the thermal contact 
resistance between the tube and air-side fins. The comparison 
between the 3D printed and conventional aluminum micro-fin 
tubes could also be referred to Yang and Hrnjak’s previous work 
[13]. Four types of 3D printed resin tubes were used for visualizing 
flow patterns: smooth, axial micro-fin (0° helix angle), 10° helical 
micro-fin, and 18° helical micro-fin tubes, as shown in Fig 2(a)-(d). 
The micro-fin tubes have the same internal geometry but different 
helix angles. The cross sectional views of the 3D printed smooth 
and micro-fin tubes are demonstrated in Fig. 3(a) and (b), and the 
dimensions of the 3D printed tubes were measured through 
microscopic pictures with CAD software and summarized in Table 
1.  

(a) (b)

(c) (d)

Fig. 2. 3D printed clear tubes: (a) smooth, (b) axial micro-fin (0° helix angle), 
(c) helical micro-fin (10° helix angle), and (d) helical micro-fin (18° helix angle).

(a)

Ø6.32

(b)

Fig. 3. Cross sectional views of 3D printed (a) smooth and (b) micro-fin tubes

Table 1 
Dimensions of the 3D printed resin tubes used in the visualization section

Description Smooth tube Micro-fin tube
Outer diameter [mm] 9.525 9.525
Helix angle [°] - 0,10, and 18
Inner diameter [mm] 6.32 -
Meltdown diameter [mm] - 6.327
Fin tip diameter [mm] - 6.085
Root diameter [mm] - 6.545
Fin height [mm] - 0.23
Fin tip width [mm] - 0.15
Fin base width [mm] - 0.18
Number of fins - 58

The visualization section was installed at the exit of the heat 
transfer section with a 2 cm long connection. The 3D printed tube 
was 21 cm long, and the two-phase flow patterns under near 
adiabatic conditions were captured at the midstream of the tube. 
It was checked that there was no significant difference in the videos 
captured at different longitudinal locations. Consequently, it can be 
concluded that the inlet effect does not influence the flow behavior 
significantly. Two-phase flow videos were taken by a Phantom V4.2 
monochromatic high-speed camera with a 55-mm Nikon lens. The 
sampling rate was set as 3000 fps with a resolution of 512x256 
pixels. The captured video covered a 2 cm length of the clear tube 
with the whole diameter. In addition, a 25 W cool white LED light 
panel was used to provide intense back light, located 6 cm behind 
the tube.

2.3 Test conditions and uncertainty analysis
Visualizations of R410A two-phase flow behavior were 

conducted at a nominal condition of 10 °C saturation temperature. 
The mass flux varied from 100 to 300 kg/m2s, and vapor quality 
ranged from 0.05 to 0.9. The operating condition of the two-phase 
flow pattern is defined by the saturation temperature, the mass 
flux, and the inlet vapor quality. The refrigerant saturation 
temperature is calculated based on the measured saturation 
pressure. The details of the calculation can be referred to Yang and 
Hrnjak’s work [12]. Data regression and determination of the 
refrigerant properties are performed by utilizing Engineering 
Equation Solver [14]. In the program, R410A’s properties are 
evaluated based on the equation of state developed by Lemmon 
[15].

The overall measurement uncertainty of the mass flux, inlet 
vapor quality, and the saturation temperature are calculated with 
the error propagation method by Moffat [16]. The result of an 
operation condition U is assumed to be a function of a set of N 
independent variables (measurements) represented by

  1 2, , , NU U X X X    (1)

The overall uncertainty δU is determined by combining the 
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uncertainties of the individual terms using a root-sum-square 
method, 
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Where the partial derivative of U represents the sensitivity with 
respect to the measurement Xi and δXi is the uncertainty of each 
measurement. The median values of the expanded measurement 
uncertainties for the parameters in the operation conditions are 
listed in Table 2. The uncertainties are based on 95% confidence 
level.

Table 2
Experimental uncertainties

Parameter Tsat G x
U (%) 0.43 1.59 0.54

3. Results and discussion
This section reports the experimental results of the visualization 

of two-phase flow for R410A in 3D printed transparent tubes with 
different internal geometries. The main flow patterns of the 
horizontal flow captured in helical micro-fin tubes are first 
described and characterized. The visualization in the helical micro-
fin tube under various conditions of mass flux and vapor quality are 
compared with smooth and axial micro-fin tubes. Also, the 
experimental flow regimes are compared with the existing flow 
pattern map for micro-fin tubes. Finally, the effect of helix angle 
and direction of the internal micro-grooves on the flow behavior 
are investigated and discussed.
3.1 Flow pattern characterization in helical micro-fin tubes

In contrast to the traditional visualization through glass tubes 
without internal micro-fin geometry, the two-phase flow patterns 
of R410A were studied in a transparent micro-fin tube. The 
objective of this section is to introduce and characterize the main 
types of flow pattern observed in horizontal helical micro-fin tubes. 
The main flow patterns observed in this study are characterized as 
follows: intermittent (I), stratified-smooth (SS), stratified-wavy 
(SW), wavy-annular (WA), and fully annular (A). When both the 
liquid and vapor velocities are very low (low mass fluxes), the liquid 
and vapor inside the round tube are separated into two distinct 
layers, which is characterized as stratified flow.  Vapor flows at the 
top and liquid flows at the bottom of the tube due to gravity. 
According to the different wave characteristics at the liquid-vapor 
interface, this flow pattern can be further subdivided into 
stratified-smooth (SS) and stratified-wavy (SW). The photos of the 
two stratified flow patterns captured in the 18° helical micro-fin 
tube and their related schematic views are demonstrated in Fig. 4(a) 
and (b). In the SS flow patterns, the interface remains relatively 
smooth. It is seen from the photo that some liquid close to the 
interface is slightly lifted up in the micro-grooves attributed to the 
capillary force. In the SW flow pattern, the wave is initiated (the 
interface becomes wavy) since the pressure and shear work on a 
wave overcome the viscous dissipation in the wave. In addition, 
there is some liquid film perpendicular to the micro-fin seen at the 
upper part of the tube. The swirl is generated due to the helical 
micro-grooves and a faster vapor enables the rotational liquid to 
detach from the fin geometry easily and reach a higher location. 
However, only part of the tube periphery is washed by liquid flow 
and there still exists some dry surface.

(a)

Stratified-smooth (SS)

G=32 kg/m2s, x=0.25
(b)

Stratified-wavy (SW)

G=100 kg/m2s, x=0.35
Fig. 4. Schematic and photo image of stratified flow patterns of R410A in 18° 
helical micro-fin tubes: (a) stratified smooth (SS) and (b) stratified wavy (SW).

The flow is characterized as an intermittent flow (I) when the 
amplitude of the interfacial wave becomes sufficient to block the 
gas core, as shown in Fig. 5(a). There are two types of intermittent 
flow. One occurs at very low vapor quality condition, which is called 
plug flow. In the plug flow, the bullet-shaped elongated bubbles 
flow along the upper part of the tube, as presented in Fig. 5(b). The 
other is called slug flow. The interfacial wave grows to crest at the 
top of the tube and the flow goes back to stratified flow periodically, 
as demonstrated in Fig. 5(c). The intermittent flow only occurs 
when the liquid level reaches a certain value such that a liquid 
bridge can be maintained. 

(a)

Intermittent (I)
(b)

G=180 kg/m2s, x=0.05
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(c)

G=250 kg/m2s, x=0.1
Fig. 5. Intermittent flow pattern of R410A in 18° helical micro-fin tubes: (a) 
schematic, (b) plug flow, and (c) slug flow.

When the liquid film wets all the tube periphery, the flow is 
characterized as annular flow. The annular flow can be further 
subdivided into wavy-annular (WA) and fully annular (A) according 
to the wave behavior, as presented in Fig. 6(a) and (b). The WA flow 
pattern is a transition status of the stratified wavy and fully annular 
flow. Although the upper part of the tube periphery is wetted, this 
flow pattern keeps part of the characteristics of the stratified flow. 
The disturbance waves in the stratified liquid layer carry mass along 
the tube, and present a thicker film thickness at the bottom of the 
tube. In contrast to the smooth and axial micro-fin tubes, some 
liquid wave flows upward along the helical grooves and a ridge (a 
stationary peak in film thickness) is found perpendicular to the 
groove direction. For the fully annular flow (A), the film thickness is 
thinner and more uniform around the tube. More details and the 
differences in wave behavior between WA and A are discussed in 
Schubring and Shedd’s work [17].

(a)

Wavy-annular (W/A)

G=250 kg/m2s, x=0.35
(b)

Annular (A)

G=300 kg/m2s, x=0.7

Fig. 6. Schematic and photo image of annular flow patterns of R410A in 18° 
helical micro-fin tubes: (a) wavy annular (W/A) and (b) annular (A).

3.2 Comparison of flow regimes in helical micro-fin tubes with 
smooth and axial micro-fin tubes

The captured flow patterns of the helical micro-fin tube in this 
work are compared with the smooth and axial micro-fin tubes. Fig. 
7(a)-(c) show the two-phase flow of R410A at the saturation 
temperature of 10°C for the mass flux of 180 kg/m2s in the smooth 
tube, axial micro-fin tube, and helical micro-fin tube. In Fig. 7(a), 
the vapor quality is 0.35. The flow pattern in the smooth and axial 
micro-fin tubes is stratified-wavy flow, where the wave exists at the 
liquid-vapor interface and only some of the liquid film touches the 
top half of the tube. In the helical micro-fin tube, the interface is 
more irregular and turbulent and liquid film wets the upper part of 
the tube. The flow pattern becomes wavy-annular. When the vapor 
quality is increased to 0.5, the flow pattern in the smooth and axial 
micro-fin tubes is still stratified-wavy, but some liquid film reaches 
to a higher location of the tube periphery. In the helical tube, the 
flow regime is wavy annular and the main liquid level decreases 
because of the increasing void fraction. For a higher vapor quality 
condition, x=0.8, the flow pattern in all three tubes is annular flow, 
as presented in Fig. 7(c).

 The flow behavior in the transparent tubes can further explain 
the mechanism of heat transfer enhancement in the micro-fin 
tubes. For the axial micro-fin tube, Yang and Hrnjak [12] stated that 
the enhancement factor of the 6.3 mm axial micro-fin tube with 
R410A was around 1.34, and the straight micro-fins have stronger 
influence when the mass flux and vapor quality is low. Based on the 
visualization data, the flow patterns in the axial micro-fin tube (0° 
helix angle) were generally similar to that in the smooth tube. In 
other words, the annular flow did not persist at lower mass fluxes 
or lower vapor quality than in the smooth tube. Although the 
straight micro-fins could not pull the liquid up the tube, some liquid 
refrigerant was easily trapped in the grooves at the side of the tube 
due to the surface tension especially in the region of stratified wavy 
or slug flow. Therefore, the heat transfer enhancement in the axial 
micro-fin tube is mainly attributed to the additional liquid-phase 
refrigerant trapped in the grooves of the tube and the increasing 
surface area. For the helical micro-fin tube (18° helix angle), Kim et 
al. [18] reported that the helical micro-fins significantly enhanced 
the heat transfer, and the enhancement factor with R410A ranged 
from 1.1 to 2.5, which depended on the heat flux, mass flux, vapor 
quality, evaporative temperature and tube diameter.  The change 
of the two-phase flow behavior due to helical micro-fin geometry 
observed in our experiments helps explain the heat transfer 
enhancement in Kim et al.'s work [18]. More liquid film was found 
at the top of the helical micro-fin tube compared to the smooth 
and axial micro-fin tubes. This is because the swirling flow caused 
by the helical grooves provides the upward momentum which 
enables the liquid to reach a higher location. The capillary force 
helps inertial force to bring the liquid refrigerant up along the 
groove. As a result, the transition from stratified wavy to wavy 
annular occurred at lower vapor quality and mass flux, which 
means that the flow in the helical micro-fin tube was more annular. 
This mechanism explains why the helical micro-fins remarkably 
enhance the heat transfer of flow boiling in round tubes since heat 
transfer on wetted surface is higher than in dry.

(a) G=180 kg/m2s, x=0.35
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Smooth Axial micro-fin Helical micro-fin
(b) G=180 kg/m2s, x=0.5

Smooth Axial micro-fin Helical micro-fin
(c) G=180 kg/m2s, x=0.8

Smooth Axial micro-fin Helical micro-fin
Fig. 7: Visualization results of R410A flow boiling at the saturation temperature of 10°C in the smooth, axial micro-fin tube (0° helix angle), and helical micro-fin tube (18° helix 
angle). 

3.3 Comparison of the visualization with the existing flow 
pattern map for micro-fin tubes

Most of the predicted flow pattern maps for flow boiling in the 
open literature were developed for smooth tubes. From the 
visualization in the helical micro-fin tube described above, helical 
micro-grooves produce swirling flow inside the tube and influence 
the transitions of stratified flow to annular flow. Thus, the 
conventional flow pattern map is not able to predict the flow 
pattern in the helical micro-fin tube correctly.  Sharar et al. [19] 
considered the early transition to annular flow due to the geometry 
effect and built up a map for the helical micro-fin tubes. They used 
the Wojtan et al. [20] flow pattern map originally developed for 
smooth tubes as a basis and modified two of the transition curves. 
Sharar et al. [19] kept the original form of the SW-A transition but 
adjusted the empirical constant based on the flow visualization 
data in the 18° helical micro-fin tubes published by Yu et al. [9] and 
Hatamipour and Akhavan-Behabadi [21]. The I-A transition for the 
internally grooved tubes proposed by Liebenberg and Meyer [22] 
was adapted. 

Since Sharar et al.’s map [19] closely followed Wojtan et al. [20] 
map and made the modification of SW-A and I-A transitions for the 
micro-fin tubes, the applicable range of the map is related to the 
Wojtan et al.’s [20] test conditions: 70≤ G ≤ 700 kg/m2s , 0.04 ≤ x ≤ 
1, and 0.4 ≤ q ≤ 57.5 kW/m2. The experiments in our work were 
conducted with a refrigerant mass flux range from 100 to 300 
kg/m2s , and a vapor quality range from 0.1 to 0.9. Thus, our test 
matrix is in the applicable range of Wojtan et al.’s map. However, 
the empirical constant in the SW-A transition is modified according 
to the flow visualization data in the 18° helical micro-fin tubes.  
Therefore, Sharar et al.’s map [19] is only applicable for 18° helical 
micro-fin tubes.

The effect of operation conditions (various mass fluxes and 
vapor qualities) on flow pattern are experimentally investigated 
and compared with Sharar et al.’s map [19] and Wojtan et al.’s map 
[20], as shown in Fig. 8. The solid and hollow symbols are the 
visualization data inside the 18° helical micro-fin tube from our 
experiments. It should be noted that the slug flow, slug+SW, and 

intermittent flow in our experiments are not separated and all of 
them are marked as intermittent flow (I). The black solid lines and 
blue broken lines are the transition curves from the equations in 
Sharar et al.’s [19] and Wojtan et al.’s [20] papers, respectively. 
Compared to the curves in these two paper, the boundaries from 
the original version of Wojtan et al’s map shift left and down. The 
preferred annular flow regime during evaporation occurs at a lower 
mass flux and vapor quality, and our experimental data are 
consistent with this trend. The spiral grooves enable the liquid to 
reach the top of the tube easily, which leads to this earlier 
transition.

Although the results show that our experimental data agree 
well with Sharar et al.’s map [19], there is some discrepancy for 
predicting intermittent flow. It is found in the experiments that 
intermittent flow only occurred at a lower vapor quality and the 
transition vapor quality increases with the decrease of the mass 
flux. However, the I-A transition in Sharar et al.’s map [19] takes 
places at a constant vapor quality, x=0.25. This transition vapor 
quality is calculated based on the correlation in Liebenberg and 
Meyer’s work [22], in which the flow was visualized through a 
smooth glass tube at the exit of the tested helical micro-fin tube 
with an inner diameter of 8.94 mm. The tube with a larger diameter 
has a relatively higher liquid level due to a smaller surface tension 
force, which makes it easy to form slug flow at a higher vapor 
quality. Barbieri et al. [23] found a similar trend in their 
experiments and concluded that the transition vapor quality 
decreases as the mass velocity increases and increases with the 
tube diameter.



7

Fig. 8. Comparison of the two-phase flow patterns in the 18°helical micro-fin 
tube with Sharar et al.’s [19] and Wojtan et al.’s [20] flow pattern map.

3.4 Effect of helix angle on flow regime transition
In the previous section, the authors mentioned that the helical 

micro-fin geometries provide an additional force to pull the liquid 
up such that the annular flow occurs earlier than in the smooth and 
axial micro-fin tubes. The centrifugal force created by the 
circumferential motion depends on the helix angle and influences 
the flow behavior. Fig. 9(a)-(c) shows the captured flow patterns 
inside the micro-fin tubes with different helix angles under the 

same conditions (Tsat=10°C, G=180 kg/m2s , and x=0.35). The 
images of the flow regime were taken at the right hand side of the 
tube, where the helical grooves curve upward. The flow regime in 
the tube with 0° helix angle is stratified wavy flow, and the axial 
groove structure does not change the height of the wave. In the 
tube with 10° helix angle, it is found that some liquid waves reach 
a higher location at the right hand side of the tube but could not 
touch the top. Thus, only part of the upper tube is wetted and the 
flow regime is still stratified wavy. For the 18° helix angle, liquid 
wave has enough momentum to reach the top and then go 
downward along the grooves that curve downward at the left hand 
side of the tube. Under this operation condition, all the tube is 
wetted and the flow regime is wavy annular. Helical micro-grooves 
in the round tubes influence the transition of stratified wavy flow 
to annular flow, and this transition boundary is related to the helix 
angle. The collected visualization data in the micro-fin tubes with 
0°, 10°, and 18° helix angle are plotted in G-x type flow pattern 
maps, as presented in Fig. 10(a)-(c). The solid and hollow symbols 
are the visualization data inside the micro-fin tubes, and the brown 
broken lines are the related transition boundaries based on the 
experimental data. It is found that the SW-W/A transition shifts 
downward as the helix angle increases since the centrifugal force 
due to the fin geometry increases as the helix angle increases. 
Other transitions are not significantly affected by the helix angle.

(a) 0 helix angle (b) 10 helix angle (c) 18 helix angle 

Fig. 9: Visualization results of R410A flow boiling at the saturation of 10°C  and the schematic cross sectional views in the smooth tube, axial micro-fin tube (0° helix angle), 
and helical micro-fin tube (18° helix angle). 

(a) (b) (c)

Fig. 10: Flow regimes based on visualization data in (a) 0°, (b) 10°, and(c) 18° micro-fin tubes

3.5 Visualization in helical micro-fin tubes with different groove directions
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In the helical micro-fin tube, the liquid is lifted up on one side of 
the tube due to the upward groove geometries. A question is 
whether the lifted liquid at the top of the tube continues to flow 
downward along the groove on the other side to form an annular 
flow or directly falls down due to gravity. In our facility, however, it 
is hard to take the video from both sides of the tube due to space 
limitations. To study the flow behavior in the side with downward 
groove geometries, helical micro-fin tubes with different groove 
directions were made. Groove direction in the helical micro-fin 
tube does not influence the heat transfer, but the tubes with 
different groove directions help us understand the flow behavior. 
The schematic and photographic views for the two types of 3D 
printed tubes are illustrated in Fig. 11(a) and (b). In the first type of 
tube (Fig. 11 (a)), the direction of the micro grooves inside the tube 
is counterclockwise (looking downstream). In our visualization 
setup, the camera is placed at the right hand side of the tube to 
capture the side view of the flow inside the tube. The fins and 
grooves of the right hand side are uphill, which enable the 
refrigerant to climb up along the grooves. In Fig. 11(b), the 
direction of micro grooves is clockwise, and the fins and grooves of 
the right hand side are downhill.

(a)

(b)

Fig. 11. Schematic and photographic views for the two types of 3D printed 
helical micro-fin tubes (10° helix angle): (a) counterclockwise and (b) 
clockwise.

The tubes with different directions of the grooves enable us to 
investigate the flow behavior in both the upward side and 
downward side. Fig. 12(a) and (b) show the captured photos and 
the related schematic views in the tubes with different groove 
directions. The experiments were conducted in the 10° helical 
micro-fin tubes under the conditions of Tsat=10°C, G=180 kg/m2s , 
and x=0.5. It is observed in the tube with the counterclockwise 
groove direction that the uphill helical groove geometry causes the 
liquid refrigerant to wet the upper part of the tube and the lifted 
liquid flows upward along the grooves. As the liquid refrigerant 
reaches the top of the tube, it continues to flow downward along 
the groove in the conditions explored. This phenomenon is seen 
from the tube with the clockwise groove direction. The liquid film 
is perpendicular to the downhill groove which indicates the flow 
inside the groove goes downward along the groove direction. 
Based on the visualization captured in the tubes with different 
groove directions, both sides of the tube are wetted and the wavy-
annular flow occurs under this operation condition.  

(a)

(b)
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Fig. 12. Images of two-phase flow captured with high speed camera and the 
related schematic views in the 10° helical micro-fin tubes with different groove 
directions: (a) counterclockwise and (b) clockwise.

 
4. Conclusions

In contrast to the conventional methods that visualize the two-
phase flow regime by a sight glass without internal fin geometry 
immediately after the heat transfer test section or in a transparent 
chamber at the exit of the tube cut in a certain angle, this paper 
presents a novel approach in which the visualization test section is 
made of a 3D printed clear micro-fin tube. The visualization of 
R410A two-phase flow behavior inside the 3D printed smooth and 
micro-fin tubes with 0°, 10°, and 18° helix angles was 
experimentally investigated. The saturation temperature was fixed 
at 10°C, and the test range covered the vapor quality from 0.05 to 
0.9, and mass flux from 100 to 300 kg/m2s. The following 
conclusions are obtained.

 Compared to the smooth and axial micro-fin tubes, the 
swirling flow triggered by the helical micro-groove 
geometries enables the liquid refrigerant to reach a higher 
location of the round tube, and the capillary force keeps the 
liquid flowing along the micro-grooves. Thus, the annular flow 
in the helical micro-fin tube occurs at lower vapor quality than 
in smooth tubes.

 Visualization in the 18° helical micro-fin tube shows good 
agreement to Sharar et al.‘s flow pattern map [19] developed 
for helical micro-fin tubes.

 Helix angle influences the transition from stratified flow to 
annular flow. In the current experiments, it is easier to form 
the annular flow in 18° helical micro-fin tube than the 10° and 
0°. The SW-W/A transition boundaries shifts downward (to 
lower mass flux and vapor quality conditions) with the 
increase of the helix angle. Other transitions were not 
significantly affected by the helix angle.

 Helical micro-fin tubes with different groove directions were 
made to understand the flow behavior on the upward side 
and downward side of the tube for ensuring the formation of 
the annular flow. It was found that the liquid film is 
perpendicular to the grooves on both the upward and 
downward sides of the tube which indicates the liquid flow 
inside the grooves goes along the groove directions.
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