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Abstract The experimental research of environmentally friendly refrig-
erant HFE-7100 condensation in pipe minichannels was conducted. During
the investigations of HFE-7100 condensation in a minichannel with internal
diameter 2 mm together with visualization of flow patterns was made. Vi-
sualization results were compared with existing flow structure maps. The
identification of the range of flow patterns occurrence during the conden-
sation process of low-pressure refrigerant HFE-7100 was made. The tests
were performed throughout the whole range of condensation process.
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Nomenclature

d – internal diameter, m
G – mass flux density, kg/(m2 s)
g – gravitational acceleration, m/s2

Jv – apparent velocity, m/s
T – temperature, oC
x – vapour quality,
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Greek symbols

µ – kinematic viscosity, Pa s
ρ – density, kg/m3

χ – Lockhart-Martinelli parameter

Subscripts

h – hydraulic
l – liquid
s – saturation
v – vapor

1 Introduction

Due to the development of new technologies leading to the miniaturization
of power equipment (while increasing their efficiency), worldwide researches
of compact heat exchangers are conducted. Heat exchangers of such type
are made of minichannels, which increase the intensity of heat exchange in
a small area. The minichannels group are eligible channels with hydraulic
diameter dh < 3 mm, in which the flow can be realised (as in conventional
channels) in adiabatic conditions (without heat exchange) or nonadiabatic
(with heat exchange). Particularly important are nonadiabatic two-phase
flows, with the condensation or boiling phase transition.

During the two-phase flow in non-adiabatic conditions different struc-
tures than those in conventional channels may occur. Uncritical transferring
of the test results of two-phase flow structures from conventional channels to
mini – and microchannels leads sometimes to very incorrect descriptions of
thermal and flow phenomena. It is similar, to the case of the two-phase flow
structure maps of boiling which are adapted to condensation flow structures
in the small diameter channels.

It is known that in the channels with small diameter, significant effect
on the momentum and energy transport mechanism have the viscosity and
surface tension forces, but less important is the influence of gravity and
inertia forces [11]. For example in the papers by Coleman and Garimella
[4,6], there can be found that for channels with a hydraulic diameter of over
10 mm, channel size and surface tension have no significant impact on the
development of the two-phase flow structures. There have been attempts
to adapt flow structures maps for two-phase flow in adiabatic conditions,
with respect to the condensation flow. An example can be papers due to
Łukaszuk [7,8], where an attempt to use Taitel and Dukler maps to the ex-
perimental results of two-phase flow of steam in minichannel with hydraulic
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diameter dh = 2.5 mm was presented. The author concluded, that to a
limited extent the map of Taitel and Dukler gives satisfactory approxima-
tion with the experimental results in the area of two-phase flow structure
recognition. It was reported that for hydraulic diameters above 5 mm the
recognition of flow structures is slightly better, although there are notice-
able shifts between these boundaries. Ewing et al. [5] have studied the
structures of adiabatic, water – air mixture flow in the horizontal minichan-
nel with internal diameter of 1.6 mm. Attempts to approach the effect
of surface tension on the flow structures and description of condensation in
minichannels were undertaken in the paper by Tabatabai and Faghri [9] and
Akbar et al. [1]. These authors took into account not only the influence of
surface tension, but also the viscosity and degree of wetting of the channel
walls by the liquid phase.

Knowledge of the two-phase flow structure has an important role in the
selection of a suitable correlation for calculation of the heat transfer coeffi-
cient and flow resistance. From a physical point of view, various two-phase
flow structures are characterized by the following properties:

• bubbly flow – it is a structure of the gas phase (discontinuous gas
phase) distributed as bubbles in a continuous liquid phase;

• plug flow – gas bubbles may reach a size comparable to the diameter
of the channel and move mostly in the upper part of its cross-section;

• slug flow – with increasing flow rate, shear stress causes an increase
in the range of waves of gas bubbles along the flow in channel;

• intermittent – liquid and gaseous phases are separated, generally smooth
phase separation surface, usually occurs at low speeds of the two
phases;

• wavy – as the speed of gas phase increases, disruption occurs at the
interface of the phase separation resulting by formation of waves trav-
eling along the direction of flow;

• annular – the gas phase have a high velocity in a gas core, and on the
channel wall surface is formed a liquid film, the thickness of this film
is generally asymmetric with respect to the channel cross-section and
has a greater thickness at the bottom of the section.
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2 Experimental investigations

2.1 Object of the experiments

All correlations for calculation of the heat transfer coefficient and flow re-
sistance provided by different authors are defined and valid for the corre-
sponding structure of two-phase flow. Knowledge about the nature of the
two-phase flow structure, it is important to define the limits of the possi-
bility of its occurrence. For this purpose there are two-phase flow structure
maps. It is known that in the two-phase flow, there is a change in the con-
centration of phases in the time and space of probabilistic nature, which is
very difficult to recognize.

Recognition of the transport mechanism of energy and momentum in the
two-phase flow, especially in non adiabatic conditions (e.g., during refrig-
erant condensation), requires the identification of the flow structures and
their boundaries. Analysis of the literature in this area showed two ways of
flow structures identification:

• ‘calculation’ identification (mathematical modeling) – by using two-
phase flow maps prepared by other authors for different refrigerants
in various conditions of the condensation process,

• experimental identification – consisting of flow visualization and image
processing.

The authors have attempted to identify the two-phase flow structures in
conditions of condensation in minichannels using both methods. Due to
authors own database of investigation results [2] and other authors (for
medium and high pressure refrigerants) the effectiveness of the calculation
method can be developed and determined. For the low-pressure refrigerant
hydrofluoroether HFE-7100, in the absence of comparative test results in
the literature, authors made their own visualization research in this field.
The results of both methods are presented.

2.2 Testing facility

Schematic diagram of the test stand for thermal – flow and structure vi-
sualization researches of two-phase flow during condensation of HFE-7100
refrigerant is shown in Fig. 1. On the schematic diagram there are listed
two sections, marked as A and B.
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Figure 1: Schematic diagram of the test stand: A – section for thermal and flow investi-
gations, B – section for experimental visualization of two-phase flow structures;
1 – ceramic pump, 2 – bypass for the flow control, 3 – valve, 4 – flowmeter for
refrigerant, 5 – evaporator, 6 – manometer, 7 – K-type thermocouples,
8 – pre-heat exchanger ‘pipe in pipe’ type , 9 – valve, 10 – flowmeter for cooling
water, 11 – pressure sensor, 12 – differential pressure sensor, 14 – horizontal
section for visualization, 15 – horizontal section of a heat-flow section,
16 – valve, 17 – heat exchanger, 18 – vacuum pump, 19 – manometer,
20 – tank for liquid HFE-7100.

Section A was used for thermal and flow research of HFE-7100 refrigerant
condensation in pipe minichannel with internal diameter d = 2 mm. The
investigation allowed experimental determination of the average and local
values of heat transfer coefficient and flow resistance during condensation.
Section B with measurement and recording instrumentation, enables visual-
ization of two-phase flow structures of HFE-7100 refrigerant condensation in
minichannel which was formed as a glass tube with a hollow circular chan-
nel inside (d = 2 mm). Measurement instrumentation of section B allowed
observation of flow structure images under microscope and its recording
with the high speed slow motion, high resolution camera, coupled with a
computer. Figure 2 shows the overall view of the test stand.
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Figure 2: Overall view of the test stand.

In the visualization studies, stereoscopic microscope, with a maximum
possible magnification range 4.7x to 372x was used. It is designed to ob-
serve in transmitted light halogen 150 W and halogen reflected light with a
2 x 250 W. High speed camera (i-SPEED type) with CMOS (complemen-
tary metal oxide semiconductor) type matrix, with max. recording speed of
10000 fps and max. resolution 1280×1024 pixels cooperates with the micro-
scope. The camera is equipped with a 4 GB memory. It allows to take mea-
surements of: distance, speed and acceleration. Software of applied camera
for PC allows to control, analysis and processing of recordings. Compo-
nents of visualization equipment are mutually linked with PC. Lighting of
the object is allowed by two sets of 250 W reflected light illuminator. In
the visualization study of the two-phase flow structures, during conditions
of low-pressure refrigerant HFE-7100, an optical method of image analysis
was used.

3 Results of the investigations

3.1 Investigations of two-phase flow structures identifica-
tion during condensation in the pipe minichannels

Using own experimental database, survey investigation results of condensa-
tion process of refrigerants: the medium pressure – R134a and high pressure
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– R404A, R407C in pipe minichannels with an internal diameter d = 0.31–
3.30 mm, was used ‘calculation’ method of flow structures identification in
condensing conditions. The idea of this method is comparison of experimen-
tal results, to the results of calculations according to the criteria used by the
other authors structure maps of two-phase flow. This required the determi-
nation of the characteristic criteria values with description of the structures
boundaries in the terms of experimental research. For the purpose of anal-
ysis the apparent velocity of the gas phase, Jv, and Lockhart-Martinelli
parameter, χ, were determined by the relationship:

Jv =
Gx

√

g d ρv (ρl − ρv)
, (1)

χ =

(

1− x

x

)0.9 (ρv
ρl

)0.5 ( µl
µv

)0.1

. (2)

Consecutive parameters, describing the existence of flow patterns are: va-
por quality, x, and the mass flux density, G. To identify flow structures in
experimental results, the flow maps published by authors such as: Thome
[10], Cavallini et al. [3], Colleman and Garimella [4] were used (Figs. 3–5).
It was found that in the range of parameters, in which was conducted their
own experimental studies of refrigerants condensation in minichannels, flow
patterns: annular and annular – wavy were observed often, but slug, plug
and bubbly patterns were observed rarely. Using two-phase flow structure
maps developed by other authors for condensation of tested refrigerants in
pipe minichannels was confirmed boundaries of individual structures pres-
ence on these maps. Sometimes it is difficult to determine unambiguously
the structure which occurs in that moment. In most cases, this type of flow
pattern maps have been developed for the R134a refrigerant, which is the
best studied refrigerant of chlorofluorocarbon (CFC) substitutes.

3.2 Investigation results of two – phase flow visualization of
HFE-7100 refrigerant in a pipe minichannel

Experimental study of two-phase flow structures visualization in terms of re-
frigerant HFE-7100 condensation was carried out on the test stand (Fig. 1)
in section B, using pipe minichannel made from glass with an internal di-
ameter d = 2 mm. Visualization of condensation flow structures was made
in the top view. Figure 6 shows the description of the image seen in the
microscope and recorded with the camera.
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Figure 3: The structure map of two-phase flow by Thome [10] with experimental
investiga-tion results of R134a, R404A and R407C refrigerants condensation
in minichannel with internal diameter d = 2.3 mm

Figure 4: The structure map of two-phase flow by Cavallini [3] with experimental in-
vestigation results of R134a, R404A and R407C refrigerants condensation in
minichannel with internal diameter d = 2.3 mm
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Figure 5: The structure map of two-phase flow by Colleman and Garimella [4] with ex-
perimental investigation results of R134a, R404A and R407C refrigerants con-
densation in minichannel with internal diameter d = 2.3 mm.

a)                                                                       b)

c)                                                                        d)

Figure 6: Observed two-phase flow structures during HFE-7100 refrigerant condensation
in minichannel with internal diameter d = 2 mm: a) wavy – Ts = 81 oC, G =
80 kg/(m2s), x = 0.62; b) plug – Ts = 83 oC, G = 56 kg/(m2s), x = 0.40;
c) bubbly – Ts = 63 oC, G = 162 kg/(m2s), x = 0,30; d) annular – wavy,
Ts = 76 oC, G = 91 kg/(m2s), x = 0.69.

4 Conclusions

In the summary of the experimental results of flow structures visualization
during HFE-7100 refrigerant condensation the following can be concluded:

1. Low-pressure refrigerant HFE-7100 is useful in modeling of two-phase
flow structures during condensation in pipe minichannels.

2. In terms of visualization research in the condensation conditions oc-
curred following structures: plug, wavy, annular – wavy.
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3. With the parameters of condensation in compact minicondensers most
often was occurring annular and annular – wave structures.

4. Performed visualization tests showed the possibility of the further im-
plementation of systematic research on two-phase flow structures, that
allows to undertake the attempt to generalize two-phase flow struc-
ture maps for condensation and not only for HFE-7100 low-pressure
refrigerant. In near feature such maps will be developed. This kind
of researches can be executed also for other refrigerants.
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