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Two-phase flow regime identification through local temperature
mapping
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Abstract

Two-phase flows underpin some of our most ubiquitous technologies, ranging from micro-scale
liquid-liquid cooling of electronics to macro-scale liquid-vapour boiling and condensation in thermal
power plants. Establishing the morphology of a two-phase flow, under a prescribed set of condi-
tions, is considered particularly important in the design stage. As the pressure loss and heat
transfer characteristics of a two-phase flow are intimately linked to the fluidic arrangement, know-
ledge of the prevailing flow topology enhances understanding, and can lead to the development of
flow-specific correlations and/or models. This paper presents a novel experimental measurement
technique for identifying the predominant two-phase flow regime in a circular tube. Specifically,
the investigation presented in this paper focuses on condensing flows of steam, at typical Rankine
cycle cooling conditions. However, it is proposed that the experimental arrangement and meth-
odology can be applied to any two-phase flow scenario. The approach presented herein employs
a temperature measurement platform - composed from localised instrumentation - to measure the
temperature drop, associated with the presence of a liquid phase, at any point in the tube. Through
analysis and interpretation of local temperature difference measurements around the inside tube
circumference, and along the tube length, the predominant flow regime can be identified. In this
study, measurements were taken from a 25 mm internal diameter round tube, with steam flow
rates in the range of 0.42 - 0.94 g-s~!. The flow regime was seen to transition from an annular-type
profile nearest the tube inlet to a stratified-wavy topology towards the tube exit in all instances.

Keywords: condensation, two-phase flow, flow regime, flow mapping

Nomenclature AT  temperature difference, K
L tube length, m 0 azimuthal ordinate, deg
mn mass flow rate, kg-s™1 o standard deviation, K
Subscript
P pressure, N-m ™2 ubscripts
: a air
Q heat transfer rate, J-s~!
c condensate
Re Reynolds number, -
s steam
r radial ordinate, m .
sat saturation
T temperature, K
v vapour
x steam quality, - 50 ambient
z axial ordinate, m
Greek Symbols 1. Introduction

Two-phase flows are amongst the more complex
. transport mechanisms encountered in engineer-
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turbulence, three-dimensional behaviour, and
unsteadiness, the presence of a second phase
imparts complexities arising from the mass, mo-
mentum, and energy exchange which takes place
between the phases. Interfacial effects, such
as the motion and deformation of the inter-
face, and the wetting characteristics of the li-
quid phase on the boundary surface, are unique
features which distinguish two-phase flows from
the more relatively straightforward single-phase
cases. Despite this, and in some cases because
of this, two-phase flows underpin some of our
most ubiquitous technologies, ranging from the
micro-scale liquid-liquid cooling of electronics
to macro-scale liquid-vapour boiling and con-
densation in thermal power plants. As a res-
ult of such widespread and diverse application,
two-phase flows have been the subject of con-
siderable research efforts, with an emphasis on
characterising the associated pressure drop and
heat transfer mechanisms.

In two-phase flows, the pressure drop and heat
transfer characteristics are intimately linked to
the specific arrangement of the phases. Hence,
it is generally recognised that a greater under-
standing of the flow regime behaviour can lead
to the development of more accurate pressure
drop and heat transfer predictive techniques.
However, the vast majority of two-phase pres-
sure drop correlations in the literature [1, 2, 3,
4] are purely empirical, without any reference
to the flow regimes under consideration. Ow-
ing to this, there tends to be a large dispar-
ity in the prediction of pressure drop between
the various correlations. More recent efforts in
this field by Quibén and Thome [5] have shown
that increased accuracy in pressure drop calcu-
lations can be achieved by consideration of the
specific flow regime. It is expected that such
studies, where calculation methods are based
on flow regimes, will ultimately supersede those
which do not account for the influence of flow
regimes. The ability to identify flow regimes,
and develop flow-specific correlations as a res-
ult, should lead to greater accuracy in the pre-
diction of two-phase pressure drop and heat
transfer coefficient.

In many cases, the flow regime of a given two-
phase flow can be easily established from a flow
pattern map, of which many different variants
exist in the literature. There maps graphically
describe the flow regimes by separating a two-
dimensional space into a series of distinct re-
gions, with each region corresponding to a par-
ticular flow regime. Some of the most popular
flow maps in the literature are those of Baker
[6], Hewitt and Roberts [7], Mandhane et al.
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[8], and Taitel and Dukler [9]. Whilst com-
monly cited in two-phase studies, the applic-
ability of these maps is, however, limited by
their underlying database. Most flow pattern
maps have been developed for adiabatic condi-
tions, and extrapolation of such maps to dia-
batic conditions is unreliable and is not recom-
mended. More recently, specific diabatic flow
pattern maps have been developed by Kattan
et al. [10] and Quibén and Thome [11]. These
maps were developed from experimental obser-
vations of the flow regimes of five different refri-
gerants during evaporation. Nevertheless, des-
pite the progress made in diabatic flow maps, it
is acknowledged that there is significant scope
for improvement. The availability of more ex-
perimental data, and the means to readily ac-
quire this data, can lead to more robust flow
maps and, ultimately, more accurate predictive
techniques.

Various flow regime identification methods have
been used in experimental studies in the liter-
ature. One of the most popular, and straight-
forward, means of identifying a flow regime is
to incorporate a sight glass into the geometry
of interest, which permits visual observation of
the flow pattern. This approach has been the
basis for many flow regime investigations, des-
pite the obvious drawback of limited measure-
ment resolution. A sight glass can only provide
an instantaneous sighting of the flow regime at
the particular location where it is installed, and
cannot provide a continuous window into the
evolution of the two-phase flow through a geo-
metry. More advanced experimental techniques
include signal processing of pressure fluctuations
[12], void fraction fluctuations [13], spectral dis-
tribution of wall pressure fluctuations [14], pres-
sure gradient variations [15], neutron radiography
[16], and electrical conductance probes [17]. How-
ever, all of these approaches share a common
characteristic - they are expensive and require
specialist equipment. The procurement and in-
stallation of such equipment can be expensive
and time consuming. The methodology being
proposed in this paper offers a more simplistic
and inexpensive means to identifying two-phase
flow regimes, and it is anticipated that the tech-
nique can be employed to supplement the flow
regime data which currently exists in the liter-
ature.

In addition to presenting a novel experimental
flow regime identification technique, this paper
also seeks to address the deficit of steam con-
densation flow regime studies in the literature.
Indeed, in one of the more recent review papers
on the topic of two-phase flows, Cheng et al.



[18] expressed their concerns on this matter by
explicitly stating that there is a lack of flow-
pattern data for condensation studies in gen-
eral, and that more studies of in-tube condens-
ation are necessary. There are some data avail-
able, but most of this data pertains to refriger-
ants [19, 20, 21, 22]. Steam data is much less
common, which is somewhat surprising given
the widespread use of steam condensation in
thermal power plant condensers.

There are a limited number of studies, such
as that of Chen and Cheng [23] and Louahlia-
Gualous and Mecheri [24], however, both of
these investigations are based around mini chan-
nel geometries (Dj, < 3 mm) - which are not
applicable to conventional condensers in power
plants. In response, this study seeks to offer
some insight into the two-phase flow regimes
expected in steam condensers, by experiment-
ally investigating condensing flows of steam in
a horizontal tube at typical Rankine cycle con-
ditions.

2. Experimentation

2.1. Measurement Architecture

A 25 mm internal diameter aluminium tube,
with annular fins on the exterior, formed the
basis of this investigation. The tube was finned
due to the fact that it was air-cooled, and formed
part of a larger investigation into condensation
in air-cooled condensers (ACCs) by O’Donovan
and Grimes [25]. However, as shown in Figure
1, prior to the extended finned surface being
applied, five collinear and equidistant measure-
ment sites were machined along the length of

J

the outer tube wall. The tube wall was ap-
proximately 3.3 mm in thickness, with each site
being machined to a depth of approximately
2 mm. Five negative temperature coeflicient
thermistors, with an accuracy of +0.1 K, were
embedded into these sites using high-conductivity
thermal paste. The objective was to mount the
thermistors as close as was practically possible
to the inside tube wall, in an effort to obtain a
measurement at that point. As each thermistor
was installed in a channel 2 mm deep, a small
radial depth of approximately 1.3 mm remained
between the thermistor and the inner tube wall.
This depth was purposely chosen to minimise
thermal resistance, whilst ensuring structural
integrity. For the case being presented here,
the combined thermal resistance of the ~ 1.3
mm tube wall and ~ 0.5 mm layer of thermal
paste was calculated to be 45 x 1076 K/W.
Accordingly, the temperature drop across the
wall and thermal paste was almost negligible,
relative to the magnitude of temperature drop
across the condensate layer. Therefore, these
infinitesimal temperature drops were ignored,
and it was assumed that each wall thermistor
provided a local measurement of the inside wall
surface temperature.

A corresponding set of five identical thermistors
were mounted along the axial centreline inside
the tube, to measure the local steam temperat-
ure. These sites inside the tube coincided with
those machined into the tube wall, thus provid-
ing a platform with which to measure the tem-
perature difference from the core of the tube
to the inside tube wall. The thermistors in-
side the tube were mounted using custom-built

r 2/L=0.167 2/L=02334 2/L=0.500 2/L=0.667 2/L=0.834
f V4
— = - - -

Figure 1: Thermistor arrangement to provide local temperature measurement platform
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polycarbonate inserts, which were designed to
be minimally-invasive to the flow. Each ther-
mistor - including those embedded in the tube
wall - was integrated as a comparator, in par-
allel with a reference voltage divider, to form
a Wheatstone bridge. This circuitry allows for
ratiometric measurement, which improves upon
the natural sensitivity of thermistors, in addi-
tion to providing noise reduction and mitigat-
ing against Joule heating. The output voltages
from each Wheatstone bridge were acquired,

conditioned, and recorded using LabVIEW 2015.

The measurement resolution of the arrangement
described hitherto was enhanced significantly
by the ability to rotate the tube about its cent-
ral z-axis. Rotating the tube shifted the meas-
urement platform, as the collinear set of wall
thermistors rotated about the fixed core ther-
mistors, through the azimuthal, 8, as depicted
in the cross-sectional view in Figure 1. This
permitted measurement of the temperature dif-
ference around the tube circumference, at each
axial site along the length of the tube, thereby
increasing the measurement resolution to en-
compass a significant portion of the inner sur-
face area. Although the experimental set-up in
this investigation permitted tube rotation, this
may not always be possible, particularly in the
case of non-circular tubes. In such cases, it is
suggested that additional thermistors be moun-
ted in the tube wall to increase measurement
resolution to the desired level. The obvious
drawback of this approach is the added expense
of increased instrumentation. Nevertheless, the
authors are currently investigating flow regimes
in a tube of rectangular cross-section using this
methodology.

The premise of the methodology outlined in this
paper is that local temperature difference data
(from the tube core to the tube wall) can be
used to infer the type of two-phase flow regime.
This method of data interpretation is predic-
ated on the fact that the presence of a film of
liquid at any point inside the tube is accompan-
ied by a temperature drop from the core to the
wall, through that liquid film. A thicker film
will result in a larger temperature drop than
that arising from a thinner film. Temperat-
ure drop through a liquid film has been recog-
nised by many authors as an intrinsic feature
of filmwise condensation, and by measuring the
local temperature drop around the inner tube
circumference, it is possible to infer the distri-
bution of liquid film inside the tube. In fact,
this approach is based on the method origin-
ally pioneered by Rosson and Meyers [26], who
measured point values of condensing film coef-
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ficients in a horizontal pipe using local temper-
ature drop data. However, their analysis was
limited to a single axial plane. By adopting and
expanding upon this method, the local temper-
ature difference measurements presented in this
paper should permit prevailing, physically dis-
similar flow regimes, such as annular flow and
stratified flow, to be distinguished from one an-
other.

2.2. Ezperimental Test Facility

To simulate realistic Rankine cycle air-cooling
conditions, the instrumented tube was subjec-
ted to a cross-flow of air provided by a bank
of eleven axial fans incorporated into a hous-
ing with the tube. As the fans contained elec-
tronically commutated motors, it was possible
to alter and control the air flow rate passing
over the tube by adjusting the fan speed. The
fans were installed in parallel, which ensured
uniform fan speed across the fan bank. Ulti-
mately, this resulted in a uniform air flow rate
across the tube. The aerodynamic profile of the
fan bank was characterised in a separate experi-
mental program as reported in O’Donovan [27],
with Table 1 summarising the range of air flow
conditions pertaining to this study.

Parameter Quantity
T (°C) 19 - 22

ug, (ms™h)  25-6.5

rg (kgs™1)  0.06 - 0.15

Table 1: Cooling conditions employed in this study

As shown in Figure 2, the tube was integrated
into a custom-built steam and condensate loop.
For all measurements presented in this paper,
the tube was fixed in the horizontal position
shown. Specialist inlet and exit connections on
the tube permitted rotation about its central
z-axis. Steam was generated in a boiler, be-
fore passing through a steam separator to re-
move moisture from the steam and improve the
quality. A series of ball valves controlled the
steam flow rate entering the tube. The com-
bined effect of the steam separator and throt-
tling across the partially-open valves ensured
slightly superheated steam (1 — 6 K > Tgq)
at the condenser inlet. Pairs of pressure trans-
ducers (with an accuracy of +£0.08%) and K-
type thermocouples (with an accuracy of +0.1
K) monitored the steam-side pressure and tem-
perature at various points along the steam and
condensate loop. Condensate exiting the tube
was subcooled (5 — 15 K < Ty4) for all flow
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Steam
Separator

—— Air Flow
——» Condensate Flow T=Thermocouple

Steam Boiler

——» Steam Flow

P = Pressure Transducer
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%X
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Condensate Tank

Figure 2: Schematic overview of experimental test facility for two-phase flow experiments

rates investigated herein. Complete condensa-
tion was maintained throughout, resulting in
a quality variation of x = 1 at the inlet to
x = 0 at the exit. Condensate was collec-
ted in a condensate tank, and the flow rate
was inferred by measuring the mass collected
over the recorded collection time period. As
steam/condensate flow rate was varied during
testing, the air flow rate was adjusted accord-
ingly - in an effort to maintain a constant steam
temperature value. This condition was imposed
in order to examine the singular effect of steam
flow rate on the flow regimes. Table 2 summar-
ies the range of steam/condensate-side condi-
tions for this study.

Parameter Quantity
Tsar (°C) 39 - 42
me (gs™1) 0.42 - 0.94

P, (N-m™2) 6900 - 8100

Table 2: Steam/condensate-side flow conditions invest-
igated in this study

To ensure that the condensate-side conditions
were representative of typical ACC operating
conditions, all condensing flows were examined
at sub-atmospheric pressure. To satisfy this re-
quirement, the entire experimental facility was
designed using specialist vacuum-grade equip-
ment and fittings. Doing so prevented air leak-
age into the system - which would otherwise
tend to occur. Air leakage, or lack thereof, was
monitored periodically throughout testing and,
as no significant quantities of air were found to
be leaking into the system, single-component
condensation was sustained throughout.

2.3. Ezperimental Methodology

1. At start-up, the tube was fixed in the ho-
rizontal position shown in Figure 2.

2. The rotational angle of the tube was set,
ensuring that the wall thermistors were
fixed in the desired azimuthal position, 6.

3. The connections on the tube inlet and
outlet were tightened, fixing the tube in
place. The boiler was engaged to produce
steam, and all the valves shown in Figure
2 were set to the fully-open position.

4. Steam was released from the boiler and

allowed to flow through the steam line
and into the condenser - without the fans
on. The steam exited the condenser and
flowed into the condensate tank, where
it was eventually vented to atmosphere.
This “purging” procedure served to re-
move any residual air pockets and/or con-
densate from the system.

5. Once purging was complete, the valve dir-
ectly upstream of the condenser inlet and
the valve on the condensate tank were
closed, leaving a fixed quantity of steam
in the condenser. The bank of fans were
then set to maximum fan speed, condens-
ing the steam. Eventually the saturation
temperature reaches the ambient air tem-
perature and, accordingly, the saturation
pressure reduces to its equilibrium value.

6. Steam flow was resumed by opening the

inlet valve directly upstream of the con-
denser. The valve was set to a specific
position to fix the steam /condensate mass
flow rate. Air flow rate was adjusted until
the desired steam temperature was reached.

7. The core and wall temperatures were re-

corded on LabVIEW. Simultaneously, the
temperature and pressure at the condenser
inlet and outlet were recorded.

8. The condensate was collected over a spe-

cific time period and, when testing at a
particular steam flow rate was complete,
the tank was separated from the system
and placed on a scales where the mass of
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condensate was measured. The mass flow
rate was, thus, inferred.

9. Steps 4 - 8 were repeated for a range of
steam flow rates - through adjusting the
valves in Step 6.

10. Steps 2 - 9 were repeated for the range of
azimuthal positions, through altering the
tube rotational angle (Step 2) and adjust-
ing the tube connections (Step 3).

2.4. Data Analysis

The approach and methodology outlined thus
far permits measurement of the temperature
difference around the tube circumference at each
axial site along the length of the tube. This res-
ults in a series of measurement points, each one
comprised of a core temperature measurement
and a corresponding wall temperature measure-
ment. The complete set of measurement points
can be compiled to ultimately form a measure-
ment grid, which is a projection of the tube sur-
face area bounded by the measurement points,
as shown in Figure 3.

/ Measurement Grid \
] H H H -
©! § : : : :
"""""""" 2

Figure 3: Measurement grid representing the tube sur-
face area enclosed by thermistor sites

The resolution of the grid in this instance is
limited by the number of thermistor axial sites
- five, and the chosen number of tube rota-
tions - nine. However, the resolution can be in-
creased to the desired level by simply mounting
more pairs of core thermistors and wall thermis-
tors along the tube length, and/or employing
more tube rotations. Indeed, this is a bene-
fit of the methodology proposed in this paper,
whereby the sensor architecture can be custom-
ised and tailored to suit the specific require-
ments and/or application. This can be done at
the outset of an experimental program, or ret-
rospectively. The grid that is ultimately gen-
erated is presented here with the azimuthal (6)
as the vertical axis, and the axial position (z),
non-dimensionalised by the tube length (L), as
the horizontal axis. As will be shown in the
results section, this grid can be used to gener-
ate contour plots of the temperature difference,
from which the flow regime can be inferred.

2.5. Data Uncertainty
The influence of measurement uncertainties on
the data presented in this paper has been ac-
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counted for using an uncertainty analysis presen-
ted by Holman [28], which is an extension of
the popular method of Kline and McClintock
[29]. This method is based on the specifica-
tion of the uncertainties in the primary meas-
ured data, and the subsequent calculation of
uncertainty in the final, desired quantity. Un-
certainty in the measurement of temperature,
pressure, condensate mass flow rate, and air
mass flow rate was £0.1 K, & 28 Pa, 5.2%, and
8.1% respectively. Accordingly, the uncertainty
in the derived parameters of heat transfer rate,
air velocity, and steam quality was estimated as
5.1%, 10.6%, and 8.2%, respectively. In the in-
terest of clarity, the resulting uncertainty bands
have been omitted when presenting data.

3. Results and Discussion

3.1. Preliminary Results

Prior to any systematic investigation into flow
regimes, it was necessary to examine the valid-
ity and merit of the proposed experimental ap-
proach and associated methodology. Therefore,
a suite of preliminary tests were undertaken.
These tests were limited to a single, median
steam flow rate of 0.65 g-s~!, with the tube
undergoing a full rotation about the z-axis. At
each rotational angle, the steam core temperat-
ures and corresponding wall temperatures were
simultaneously measured, establishing the tem-
perature difference between the core and the
tube wall. Figure 4 presents one such set of
measurements, with the temperature difference
expressed as a function of the azimuthal angle
for a complete rotation.

18
16
©-o0
14 \
\
12 \
g Q
= 10 \
< \
8 \
\
6 /é/ }{
40-0- 5o O 0—0 -0 -o_]
2
0 45 2 135 180 225 270 315 360

0(°)

Figure 4: Variation in the measured temperature differ-
ence from the steam core to the tube wall around the
tube circumference at an axial plane of z/L = 0.5

The premise underlying this study is illustrated
in Figure 4, where the shape and magnitude of
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the temperature difference profile around the
inside of the tube can be interpreted as an in-
dication of the type of two-phase flow regime.
Analysing the data from left-to-right, it can be
seen that there is a relatively small temper-
ature difference around the top of the tube,
ie. 0° <6 < 90°. This temperature differ-
ence is the basis for condensation to occur, and
remains relatively constant until an angle of
0 =~ 115° is approached. Hereafter, the temper-
ature difference increases quite dramatically -
suggesting that the thickness of the condensate
layer on the inside wall is also increasing. The
increase in temperature difference subsides and
peaks at 8 = 180°. Once this threshold point
is reached, the temperature difference begins to
decrease as rotation angle is further increased
beyond 6 = 180°, with the data displaying a
symmetrical profile.

Observations from the data presented in Fig-
ure 4 imply that the majority of the condens-
ate resides around the bottom of the tube, i.e.
160° < 0 < 200°, where the largest temperat-
ure differences were measured. Indeed, the dra-
matic increase in temperature difference from
the top to the bottom of the tube is consist-
ent with the measurements of Rosson and Mey-
ers [26], who observed an almost linear increase
in temperature difference with rotation angle,
once # = 100° was reached. In the present
study, the measurements suggest that the flow
is assuming some quasi-annular flow. This is
characterised by a thin film of liquid in the up-
per portion of the tube, with a thicker condens-
ate pool residing in the bottom of the tube, such

I

0
330 30 30

300 60

270 &

240 120

0
30 30 210
ANt (k)

300 20 60

210 150 330

180 180

10

270 % %

240 120

210 150
180

z/L=
0.500

1

as that depicted in the cross-sectional view of
the tube embedded in Figure 4. In an adia-
batic flow scenario, this would most likely be
classified as a stratified or, perhaps, a stratified-
wavy flow. However, as the vapour is continu-
ally condensing in this case, a thin film of liquid
is invariably formed which coats the entire peri-
meter of the inside tube wall. Therefore, this
leads to a flow topology which resembles annu-
lar flow, albeit with a thicker film in the bottom
portion of the tube - a scenario which some au-
thors have described as quasi-annular.

The measurements presented in Figure 4 per-
tain to a single axial location (z/L = 0.5). The
full set of measurements for each designated
axial site along the length of the tube, at the
same steam flow rate of 0.65 g-s~!, are presen-
ted in Figure 5. For a particular tube rotation,
the temperature difference from the steam core
to the tube wall was acquired simultaneously
at each axial plane. The data is presented in
the form of a polar plot - where the qualitative
distribution, rather than the actual quantitat-
ive distribution, is of interest in this instance.
Accompanying the polar plots in Figure 5 is a
schematic of the finned tube - to provide an
overview of the measurement sites.

The data presented in Figure 5 illustrates a
number of prominent characteristics, from which
the flow topology can be inferred. Perhaps the
most obvious characteristic is the multidimen-
sional nature of the temperature difference meas-
urements. An increase in temperature differ-
ence is generally seen to occur in two-dimensions;
along the axial direction, and around the tube

M —

300
90

240 120
0
150 330 30 30 210 150

AT ® 180
60

270 % 90

240 120

210 150
180

Figure 5: Variation in measured temperature difference from the steam core to the tube wall around the tube

circumference at all axial planes investigated at a median steam flow rate of 0.65 g-s™—

1
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circumference from the top of the tube to the
bottom. The increase in temperature differ-
ence along the axial length is an intrinsic fea-
ture of complete condensation. Inherently, as
steam condenses along the length of the tube,
the heat transfer rate decreases. This reduction
in heat transfer is manifested by an increase
in the temperature difference from the steam
core to the inner tube wall. Therefore, for a
given azimuthal position, the temperature dif-
ference generally increases in the downstream
direction from tube inlet to outlet. The po-
lar plots in Figure 5 are purposefully arranged
so that each successive plot depicts the overall
trend of temperature difference increasing for
all points along the length of the tube.

It is also a feature of the data in Figure 5 that
the largest temperature differences are consist-
ently located in the vicinity of the bottom of
the tube. This is almost always the case, apart
from the data presented in the polar plot at
z/L = 0.167, at which point it is unlikely that
an appreciably large condensate pool exists to
cause an excessive temperature drop at the bot-
tom of the tube. However, the fact that the
largest temperature differences exist around the
bottom of the tube in all other cases offers com-
pelling evidence that a substantial liquid pool
resides there, since it is well recognised that
temperature drop through a condensate film is
analogous to film thickness. The temperature
difference at the bottom also increases along the
axial direction, suggesting that the liquid pool
is growing in thickness along the tube length.
Intuitively this characteristic might be expec-
ted but, nonetheless, confirms that as condens-
ation progresses along the length of the tube,
the resulting condensate tends to accumulate
and grow along the bottom portion of the tube
as more mass is transferred. Again, this implies
that a quasi-annular or stratified flow regime
is the dominant two-phase morphology for the
conditions investigated in this study.

A major outcome of the preliminary testing was
the observation of symmetry in the data. As
can be clearly seen in Figures 4 and 5, the
data is symmetrical about the r-axis centreline.
This symmetry was also apparent at all other
flow rates investigated, and was confirmed by
intermittent checks. However, such measure-
ments are excluded here for the purposes of
clarity as the axisymmetry is sufficiently illus-
trated by Figure 4 and 5. Nevertheless, due
to the axisymmetry, subsequent measurements
were abridged as only a half-tube rotation (0° <
6 < 180°) was required.

3.2. Flow Regime Identification

8.2.1. Time-Averaged Measurements

To supplement the qualitative distributions given
in Figure 5, the remaining data is presented
in a more quantitative format in Figures 6 -
10. This data consists of temperature differ-
ence measurements around the tube circumfer-
ence at each axial plane, for the full range of
steam mass flow rates considered in this study.

0 [z = 0.167

330 30 2 [ Jz1=0334
21 = 0.500

AT (K Bz = 0.667

®) [ - 0.834

300 60

270 90

240 120

210 150
180

(a) Qualitative distribution

— O —zL-0.167 e
20 —® —21L-=0334 o7 ]
— o —2z1L-0500 -
18 — ® —z/L=0667 e
— O —21L-0834 <
16 e s
s
. v a,
. e - o
- ~ -
=12 o . e
R0 M . - .
10 g
-
- Py
o - .
8~ T -7 p
.~ s
.
-
6 .
° o ——
4FT—0-- o -"%——o_ _ o~
-0 O -—0- T
2 .

(b) Quantitative distribution

Figure 6: Temperature difference measurements ac-
quired at 1. = 0.42 g:sfl. Conditions were: Tsqt = 40
°C, Psat = 7350 Pa, Q = 980 W, 1 = 0.062 kg-s—!



Je L L' 1UW 1WCELLLIC 1ucLiviiicavioln

0
30 —
330 A 30 =
AT (K) =
% 21 = 0.834
300 60
270 EY
240 120
210 150
180

(a) Qualitative distribution

22 T T T T T T T T
— O —2zlL=0.167

(b) Quantitative distribution

Figure 7: Temperature difference measurements ac-
quired at . = 0.57 g:s_l. Conditions were: Tsqt = 39
°C, Psqt = 6900 Pa, Q = 1300 W, rn, = 0.084 kg-s—!
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Figure 8: Temperature difference measurements ac-

quired at m. = 0.65 g:s_l, Conditions were: Tsqt = 40
°C, Psqt = 7350 Pa, Q = 1500 W, e = 0.093 kg-s—!
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Figure 9: Temperature difference measurements ac-
quired at 1. = 0.81 g:sfl. Conditions were: Tsqt = 41
°C, Psat = 7750 Pa, Q = 1850 W, 7, = 0.12 kg-s—!
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Figure 10: Temperature difference measurements ac-
quired at m. = 0.94 g:sfl. Conditions were: Tgqt = 42
°C, Psqt = 8100 Pa, Q = 2150 W, r, = 0.15 kg-s—!
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It is clear that the measurements presented in
Figures 6 - 10 depict the same overall trends
as those described thus far. Apart from some
notable exceptions, the temperature difference
tends to increase as rotation angle is increased
in all cases. Ultimately, this characteristic can
be interpreted as an increase in the condens-
ate film thickness from the top to the bottom
of the tube. The primary exception to this
trend is the data obtained at the axial plane
of z/L = 0.167. Across all steam flow rates
examined, the temperature difference profile at
z/L = 0.167 remains relatively static, and does
not tend to increase in the same manner as the
data obtained at other axial locations. This
static profile is attributed to a combination of
large vapour velocities and a thin film of li-
quid near the tube inlet. As z/L = 0.167 is
so close to the tube inlet, condensation will not
have sufficiently progressed to produce an ap-
preciable quantity of liquid - resulting in a thin
film instead of a thicker pool. Coupled to this
are the large vapour velocities at the tube in-
let, which will tend to distribute this thin film
evenly around the tube wall. With a relatively
uniform film of liquid, the temperature drop
through it will be constant, or static as seen in
the data presented in Figures 6 - 10.

In addition to the exception of the z/L = 0.167
data, there are also some irregularities in the
other data sets which are characterised by a de-
viation from the general trend of temperature
difference increasing with rotation angle. This
is particular apparent in Figure 9, where it can
be seen that there are local minima in the tem-
perature difference measurements for z/L =
0.667 and z/L = 0.834 occurring at 6 ~ 90°.
These local minima are quite a departure from
the general trend observed elsewhere. This be-
haviour may be explained by considering the
conditions. Firstly, the axial locations of z/L =
0.667 and z/L = 0.834 are sufficiently down-
stream so that condensation will have progressed
to the point where an appreciable pool of liquid
will have developed. Additionally, due to the
higher steam flow rate of 0.81 g-s™!, it is likely
that the vapour velocity will be large enough to
disturb and deform the liquid-vapour interface,
resulting in intermittent wavy motion. Indeed,
this has been reported by Carey [30] as a feature
of stratified flow when the flow rate is increased,
whereby the interface becomes “Helmholtz un-
stable” due to strong vapour shear acting on a
pool of liquid. The troughs associated with the
wavy motion could be responsible for the local
minima values seen in the temperature profiles
of Figure 9.

1v

Figures 6 - 10 also demonstrate the effect of
steam flow rate on the magnitude of temper-
ate difference. In general, an increase in steam
flow rate appears to reduce the magnitude of
temperature difference, for any given azimuthal
position. This is illustrated most clearly at
0 > 120°, where it is suspected that liquid ac-
cumulating on the tube wall is disturbed and
“thinned” by the increased vapour velocity ac-
companying the increased steam flow rate. This
behaviour ultimately augments heat transfer and
reduces the temperature difference. At 6 <
120°, the condensate film will not be as sub-
stantial and, thus, the effect of steam flow rate
on temperature difference is not seen to the
same extent.

Based on the results presented thus far in Fig-
ures 6 - 10, it could be deduced that the two-
phase flow morphology consists of a thin film of
liquid coating the majority of the inside peri-
meter of the tube, with a thicker pool residing
in the bottom. This can be thought of as quasi-
annular, or annular-stratified flow - as coined
by Carey [30]. Similar findings were also re-
ported by Guo et al. [31], who investigated the
steam-liquid distribution during condensation
via electrical capacitance tomography, at flow
rates similar to those examined in this study.

3.2.2. Instantaneous Measurements

An issue, admittedly, with the proposed exper-
imental technique for identifying the flow re-
gime is that it only provides a means with which
to infer the regime, with the flow regime never
being explicitly confirmed. Nevertheless, suffi-
cient analysis of acquired data can lead to valu-
able insight on the nature of the flow. As with
most data acquired over a period of time, the
data presented hitherto is time-averaged. How-
ever, Figure 11 presents a sample of instantan-
eous data, acquired over a thirty second time
interval during experimentation. Examination
of this data provides further insight into the
flow regime.

The most noticeable feature of Figure 11 is the
progression of scatter in the data from the meas-
urements taken around the top of the tube to
those taken near the bottom. It can be seen
in Figures 11a - 11lc, which represent the up-
per portion of the tube, that the data is rel-
atively smooth across the time period for both
steam flow rates presented. This implies that
the condensing film is relatively consistent at
these measurement points. However, as shown
in Figure 11d, measurements near the bottom
of the tube exhibited significantly more scat-
ter. These large fluctuations are attributed to



Je L L' 1UW 1WCELLLIC 1ucLiviiicavioln

'(a)0=0°'

0
0 10 t (s) 20 30
c)§=90°
20 (©)
g LANNANNAANA A A~ INAAS TN AN
<
0
0 10 t(s) 20 30
e) § =180°
<
= 10}
<
0
0 10 t(s) 20 30

(b)0=45°

0 . .
0 10 t (s) 20 30
d) 9 =135°
20 (d)
g
<
0
0 10 t (s) 20 30
5 (f) Standard Deviation

0 50 100 150 200
0 (°)

Figure 11: Sample of instantaneous measurements

the onset of waves in the liquid phase and, in-
herently, the effect of waves will only be appre-
ciable towards the bottom of the tube where
the liquid film resides. A similar phenomenon
was also observed by Rosson and Meyers [26],
who found the effect of waves to be most pro-
nounced at approximately § = 120°. Rosson
and Meyers presented some of their own tem-
perature measurements, and stated that the ir-
rational variation in the temperature difference
histories must be due to the action of waves
moving up and around the inside tube peri-
meter in an intermittent fashion. The pres-
ence of a thicker film of liquid at a measure-
ment point, albeit for a short period of time,
will give rise to a larger, momentarily temper-
ature drop at that point. This is manifested in
the measurements presented in Figure 11d.

Figure 11e presents the data from the extremity
of 8 = 180°, which appears qualitatively sim-
ilar to that presented in Figures 1la - 11c. At
0 = 180°, the measurement point is most likely
coated by a consistent pool of liquid - unaf-
fected by surface waves. Hence, the data ac-
quired during the thirty second time interval
exhibits few fluctuations and little scatter. Ul-
timately, the scatter in the acquired data is

quantified by the standard deviation from the
mean given in Figure 11f. This plot contains
data points determined from temperature dif-
ference histories at tube rotation angles which,
to preserve clarity, were not included in Fig-
ure 11. Nevertheless, this data compliments
that already presented and, for both steam flow
rates, it is clear that the greatest deviations oc-
cur before the bottom of the tube is reached.
In fact, there is a noticeable maximum in the
standard deviation at 6 = 135°, which suggests
that waves are particularly prominent at this
angular position in the tube. It is also inter-
esting to note that the standard deviation is
generally larger for the higher steam flow rate -
possibly due to the higher vapour velocities and
the subsequent disturbances of the condensate.
Even though only two steam flow rates were
presented here, they were deemed to be repres-
entative of the entire range as 0.42 g-s~! and
0.94 g-s~! were the smallest and largest steam
flow rates investigated, respectively. Therefore,
the wavy nature of the flow deduced from the
data at those steam flow rates is expected to
be a feature across all intermediary flow rates.
Ultimately, the instantaneous data presented
in Figure 11 appears to indicate a wavy ele-
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Figure 12: Contour flow maps deduced from local temperature difference measurements

ment to the stratified-annular flow topology in-
ferred from the previous time-averaged meas-
urements.

3.8. Contour Flow Maps

The qualitative, and quantitative, temperature
difference distribution around the tube circum-
ference and along the tube length is best depic-
ted by employing the measurement grid shown
previously in Figure 3. Using this grid, the
local temperature difference measurements can
be plotted and projected from the tube surface
area bounded by the measurement points, with
the space between points being interpolated to
give a fully-realised contour plot. Ultimately,
it is proposed that this contour plot can be in-
terpreted as a time-averaged flow map. Figure
12 presents the contour maps for all steam flow
rates investigated in this study.

Interpretation of the flow maps, to identify the
prevailing flow regime, is predicated on the meas-
ured temperature difference being proportional
to the thickness of the liquid film. As can be
seen in Figure 12, the temperature differences
are smallest near the inlet to the tube (z/L =
0.167), and increases progressively in the axial
direction. In addition to the increase in the

axial direction, the temperature difference also
increases in the azimuthal direction, from the
top to the bottom of the tube, as exhibited
by previous data. This azimuthal increase in
temperature difference was not apparent near
the tube inlet and was only measurable, as an
appreciable temperature difference, at down-
stream locations. Thus, it was suggested that
the condensate which was forming was accu-
mulating around the bottom perimeter of the
tube in downstream regions, thereby contrib-
uting a greater temperature drop through that
thicker condensate. As indicated by the con-
tour levels in Figure 12, the increases in tem-
perature difference in the axial direction is more
pronounced near the bottom of the tube com-
pared to the top.

Based on the qualitative temperature difference
distributions shown in Figure 12, and interpret-
ing these measurements to identify the two-
phase condensing flow morphology through the
tube, an annular flow regime could be proposed
to be present near the inlet to the tube, with the
flow assuming a quasi-annular (annular with a
stratified layer) in the downstream regions. The
inference of annular flow can be justified by the
approximate uniform distribution of temperat-



ure difference around the circumference in the
upstream regions. In the downstream regions,
however, the distribution of temperature differ-
ence around the circumference is skewed, with
an unfavourable gradient towards the bottom
of the tube implying a deviation from the sym-
metrical annular flow regime to a more asym-
metrical stratified layer of liquid.

4. Conclusions

A novel experimental measurement technique
for identifying the predominant two-phase flow
regime for a diabatic flow in a horizontal, cir-
cular tube was presented in this paper. The
diabatic flow of interest was condensing flows
of steam, nevertheless, it is proposed that the
methodology outlined can be applied to other
scenarios. The approach was based on the abil-
ity to acquire local temperature difference meas-
urements, around the tube perimeter, from be-
spoke instrumentation. The temperature differ-
ence measurements were analogous to the con-
densate film thickness, thus providing a means
of inferring the flow regime. The local measure-
ments from around the tube circumference, and
along the tube length, were projected onto a
measurement grid and, ultimately, were presen-
ted in the form of contour plots to visualise the
flow through the tube. Results show that, for
all steam flow rates investigated in this study,
an annular flow exists nearest the tube inlet,
with this deviating to a annular-stratified re-
gime towards the tube exit. It is difficult to
quantitatively, or qualitatively, compare the res-
ults in this study with other findings - mainly
due to a lack of similar studies. The vast major-
ity of studies on two-phase flows in round tubes
are for a vertical tube configuration, which are
considerably easier to characterise due to nature
of the set-up which naturally promotes an an-
nular flow regime. Horizontal tube configura-
tions are complicated by the influence of gravity
and the tendency for stratification of the flow.
Furthermore, almost all studies on horizontal,
or slightly inclined, tubes employ some type of
refrigerant as the working fluid. Hence, the
void in current literature is partly alleviated by
the measurements presented in this study. Al-
though there is still some ambiguity in classify-
ing this regime, the experimental methodology
certainly allows for drastically dissimilar flow
regimes to be differentiated and, ultimately, dis-
counted.
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e Novel two-phase flow regime identification technique is presented
e Analysis of local temperature data allows predominant flow regimes to be inferred

e Flow patterns for condensing flows of steam are presented

e Annular flow nearest tube inlet progresses to stratified flow at tube exit
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