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While many prior works in the field relied upon direct optical access to determine condensation flow
regimes, the present work outlines a new methodology utilizing temperature and pressure measure-
ments to identify condensation flow regimes. For vertical upflow condensation, amplitude of dynamic
temperature and pressure oscillations are shown to clearly indicate transition from counter-current flow
regimes (i.e., falling film, oscillating film, flooding) to annular, co-current flow (climbing film flow regime). In
horizontal flow condensation, standard deviation between multiple thermocouple measurements dis-
tributed around the tube circumference was calculated at all axial (stream-wise) measurement locations.
High values of standard deviation are present for stratified flow (stratified flow, wavy-stratified, plug flow),
while axisymmetric flow regimes (i.e., slug flow, annular flow) yield significantly lower values. Successful
development of this technique represents a valuable contribution to literature as it allows condensation
flow regime to be identified without the often-costly restriction of designing a test section to allow opti-
cal access. Identified flow regimes in both vertical upflow and horizontal flow orientations are compared
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to regime maps commonly found in the literature in pursuit of optimum performing maps.
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1. Introduction

1.1. Flow condensation as an enabling technology for phase change
thermal management

Due to their high heat transfer coefficients, phase change heat
transfer processes play an important role in industries ranging
from high flux thermal management, to nuclear power generation,
to commercial and residential HVAC&R [1]. Work in the field has
focused primarily on heat acquisition through boiling and evapora-
tion, as this portion of system design is commonly required to con-
form to specific dimensions associated with the device from which
heat is being acquired, necessitating a detailed understanding of
heat transfer mechanisms and accurate design tools. The reciprocal
process of condensation, however, has attracted less attention due
the relatively fewer constraints imposed on this portion of the sys-
tem in many traditional ground-based applications.
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Advances in sophistication of equipment and scope of missions
has led to the consideration of phase change processes as candi-
dates for thermal management and energy transport systems oper-
ating in microgravity, where overall system volume and mass
limitations drive design decisions to a much higher degree than
in ground-based systems. Key targets for application of phase
change driven technologies in space include Thermal Control Sys-
tems (TCSs), which control temperature and humidity of the oper-
ating environment, heat receiver and rejection systems for power
generating units, and Fission Power Systems (FPSs), which are pro-
jected to provide high power as well as low mass to power ratio
[2-4]. Regardless of specific application, any adoption of phase
change technology in microgravity will necessitate a thorough
understanding of not only boiling but also condensation heat
transfer to ensure system design meets all operating requirements
while minimizing both mass and volume.

Many prior studies by researchers at the Purdue University
Boiling and Two-Phase Flow Laboratory (PU-BTPFL) and other
organizations have investigated both flow boiling and flow conden-
sation in a variety of configurations. For boiling, these include pool
boiling [5,6], flow boiling in macro- [7-12] and micro-channels
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Nomenclature

C Wallis parameter

Cp specific heat at constant pressure

D diameter

Fr Froude number

G mass velocity

g Earth’s gravitational constant

hgg latent heat of vaporization

j superficial velocity

m mass flowrate

N number of samples

P pressure

P’ amplitude of pressure fluctuations
Pwr power input

Qcond total condensation energy transfer in test section
Re Reynolds number

S, flow transition parameter

T temperature

T amplitude of temperature fluctuations
t time

We Weber number

Xt Lockhart-Martinelli parameter

Xe thermodynamic equilibrium quality
z streamwise position

Greek Symbol

r liquid film mass flowrate

@ two-phase multiplier

u dynamic viscosity

o density

o surface tension; standard deviation

Subscripts

0-n indicates a time span (t=0 to t=n) over which an
average or max is found

ave average

BH bulk heater

f saturated liquid

film referring to condensate liquid film

FC FC-72, condensate

g saturated vapor

H20 water, cooling fluid
i inner (refers to diameter)

in inlet to condensation length (refers to condensate)
max max value over the range evaluated

mean mean value over the range evaluated

0 outer (refers to diameter)

out outlet to condensation length (refers to condensate)
SS stainless-steel (inner condensation tube)

Acronyms

CM-FV  condensation module for flow visualization

CM-HT condensation module for heat transfer

[13-19], jet impingement [20,21], spray cooling [22-26], and
hybrid schemes involving multiple approaches [27]. Condensation
configurations including falling film [28-30], flow through single
mini-channels [31-38], flow through parallel micro-channel arrays
[39-44], and dropwise condensation [45-47] have also been
studied. Although both boiling and condensation processes are
important to design of systems utilizing phase change heat transfer,
the present work will focus on flow condensation in smooth,
circular tubes, as this is a commonly employed configuration.

One key aspect of flow condensation often underemphasized is
the need to accurately determine condensation flow regime. Flow
regimes are used to classify flow conditions based on distribution
of liquid and vapor within the condensation length. This distribu-
tion has a significant impact on local heat transfer, meaning accu-
rate identification and prediction of flow regime is paramount to
system design and interpretation of observed behavior.

1.2. Predictive tools for condensation flow regime

Many prior studies in the field have devoted significant effort to
identifying two-phase flow regimes and developing tools for their
prediction. In vertical downflow orientation, where body force acts
to stabilize the flow by ensuring liquid phase flows along with
vapor and out of the channel, regime maps are considered largely
unnecessary as flow is always axisymmetric and co-current. In ver-
tical upflow, horizontal, and intermediate flow angles, however,
the relative magnitude of body force to flow inertia is critical to
determining both motion and position of liquid phase within the
condensation length.

One of the earliest studies to focus on flow regime in vertical
tubes by Wallis [48] provided a method for predicting flooding
velocities (i.e., velocities at which liquid phase will remain largely
stationary while vapor phase continues to flow) for adiabatic mix-

tures of water and air in vertical upflow orientation. His work
paved the way for development of flow regime maps for vertical
upflow by future researchers [35], who expanded his analysis to
provide regime transition criteria for falling film, flooding, oscillating
film, and climbing film flow regimes.

Investigation into flow regimes for horizontal flows has been far
more prolific than vertical flows. One of the most commonly cited
works is that of Taitel and Dukler [49] who developed flow regime
transition criteria (and thus a flow regime map) for horizontal, adi-
abatic two-phase flows. They utilized the air-water data of Mand-
hane et al. [50] to validate their map.

Although developed for adiabatic two-phase flows, Breber et al.
[51] showed the map of Taitel and Dukler [49] provided good pre-
diction for flow regime in condensing flows as well. They then pro-
vided a simplified method for flow regime prediction based on that
of Taitel and Dukler. This basic form was again leveraged when
Tandon et al. [52] provided a modified version of Breber et al.’s
map [51].

A slightly different approach to modeling flow regime transi-
tions was taken by Soliman [53,54], who modeled transitions
from annular flow to wavy flow and mist flow to annular flow
in separate studies. Similar to Wallis in vertical upflow [58],
Soliman’s approach has been adapted in recent studies to pro-
vide predictions of many additional flow regimes in horizontal
flow, including stratified flow, wavy-stratified flow, wavy-annular
flow with gravity influence, wavy-annular flow without gravity
influence, slug flow, and others (depending on test geometry)
[36,40,55].

In addition to these, recent years have seen a significant
increase in the number of flow transition criteria (and associated
flow regime maps) available for use in the literature. Notable
works include those of Cavallini et al. [56], Wang et al. [57], Hajal
et al. [58], Coleman and Garimella [59], and Song et al. [60].
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In addition to this, almost all works presenting flow condensation
heat transfer results provide some discussion on observed and/or
predicted flow regime.

Historically, all investigation of condensation flow regime has
been done through direct (optical) observation of liquid film distri-
bution within the flow channel. This typically requires compro-
mises to be made during test section design, as providing an
optically transparent region for direct image capture often elimi-
nates the option of gathering detailed heat transfer data for that
portion of the module. Liebenberg et al. attempted some character-
ization of flow regime based on power spectral density of pressure
fluctuations during condensation in both smooth and enhanced
tubes [61,62], but ultimately relied upon images for determination
of flow regime.

The present work aims to present a new method for identifying
flow regime in both horizontal and vertical flows using only tem-
perature and pressure data. Although not as comprehensive as
direct visualization of flow behavior, it allows interpretation of
heat transfer behavior and heat exchanger performance based on
observed flow regime without the necessity of optical transparency
within the condensation length. This is particularly useful in indus-
trial applications, as temperature and pressure monitoring are
commonly available but optical access rarely is. It will also be very
helpful in interpreting flow condensation heat transfer data gath-
ered on the International Space Station (ISS) as part of NASA’s Flow
Boiling and Condensation Experiment in the absence of direct visu-
alization behavior.

1.3. Objectives of study

The present study is part of NASA’s Flow Boiling and Condensa-
tion Experiment (FBCE), an ongoing collaboration between NASA
Glenn Research Center and the Purdue University Boiling and
Two-Phase Flow Laboratory (PU-BTPFL) with the goal of develop-
ing an experimental facility for the International Space Station
(ISS) capable of gathering long term flow boiling and flow conden-
sation data in a microgravity environment. A summary of scientific
developments realized as a part of the project can be found in the
recent review article prepared by Mudawar [63], including details
of extensive microgravity flow boiling testing performed during
parabolic flights [64-66].

This work deals with the condensation portion of FBCE and aug-
ments prior work dealing with 1-g and parabolic flight testing
|67,68], development of criteria for assessing the influence of body
force on flow condensation heat transfer [69,70], computational
prediction of flow condensation [71,72], experimental investiga-
tion of flow condensation dynamic behavior [73], and correlation
of pressure drop and heat transfer coefficient for condensing flows
using a large database from available literature [74,75] with pre-
sentation of a new method for flow regime identification. Several
reviews have also been prepared evaluating semi-empirical and
computational approaches for prediction of critical condensation
design parameters [76-78].

Key goals for the present work are:

(1) Qualitatively present the competing influences of body force
and flow inertia on condensate liquid film behavior using
select flow visualization image sequences.

(2) Present new methods for determining flow regime in hori-
zontal and vertical upflow orientations using only tempera-
ture and pressure measurements.

(3) Provide validation of new flow regime identification
methodology through comparison with flow regime
predictions from popular regime maps available in the
literature.

It should be noted that the present work is the companion to
another study [79] presenting flow condensation heat transfer data
reduction, experimental trends, and correlation evaluation using
the present dataset. The work presented here outlining identifica-
tion of flow regimes is referenced throughout the companion study
as flow regime is a strongly related to trends in observed heat
transfer coefficient.

2. Experimental methods

In order to perform detailed condensation heat transfer mea-
surements in a commonly employed heat exchanger configuration
(tube-in-tube counterflow), simultaneous acquisition of flow visu-
alization image sequences was not possible. To overcome this lim-
itation the present study employs two test sections, one designed
for heat transfer measurements (Condensation Module for Heat
Transfer measurements, CM-HT), and one for capture of flow visu-
alization image sequences (Condensation Module for Flow Visual-
ization, CM-FV). These modules are described in the following
subsections.

2.1. Condensation module for heat transfer measurements (CM-HT)

Both modules are constructed as tube-in-tube counterflow heat
exchangers, with the inner tube made of stainless steel and the
outer annular region machined from transparent polycarbonate
plates. In the case of the condensation module for heat transfer
(CM-HT), Fig. 1(a) shows the condensate (dielectric FC-72) flows
through the inner stainless-steel tube, while the cooling fluid
(water) flows through the outer annulus. The inner tube possess
an i.d. of 7.12 mm, a wall thickness of 0.41-mm, and the outer
annular region has a diameter of 12.70-mm. Both fluid streams
possess adiabatic development inlet and exit lengths to eliminate
any impact of flow development on condensation heat transfer.
Direct measurement of both FC-72 and water inlet and exit tem-
peratures and pressures are made in these adiabatic regions using
type-T thermocouples and STS absolute pressure transducers,
respectively. Fig. 1(a) shows these measurements are made at
the same locations just before and after the condensation length,
respectively, although they are slightly offset from one another
within the adiabatic lengths.

Fig. 1(a) shows the total condensation length of CM-HT is
574.55 mm. Along the condensation length, both water and
stainless-steel surface temperature measurements are made at
11 locations, with minimum spacing (25.4 mm) between measure-
ment stations in the upstream region to facilitate capture of heat
transfer information where liquid film is thinnest and changes
rapidly, while stations in the downstream region are further apart
(up to 88.9 mm). Each axial measurement station (of the 11 total)
consists of two type-T thermocouples inserted directly into water
flow 180° apart and three type-T thermocouples brazed to the
outer surface of the stainless-steel tube 120° apart. The inclusion
of multiple, circumferentially spaced thermocouples at each axial
measurement station allows determination of flow symmetry,
information which will be discussed at length in following
sections.

2.2. Condensation module for flow visualization (CM-FV)

Fig. 1(b) shows the condensation module for flow visualization
(CM-FV) which, unlike CM-HT, has FC-72 condensing along the
outside of the stainless-steel tube, while cooling water flows
through the inner stainless-steel tube. This is done to allow direct
visual access to the condensate film, further facilitated by the poly-
carbonate channel possessing rectangular walls instead of the
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Fig. 1. (a) Condensation Module for Heat Transfer measurements (CM-HT) schematics, (b) Condensation Module for Flow Visualization (CM-FV) schematics, (c) flow loop

schematic, and (d) facility photo.

circular path provided in CM-HT (eliminating the need to image
through a curved interface). Although condensation along the
outer surface of a tube is inherently different from condensation
inside of a tube, it is expected that key interfacial behavior (i.e., for-
mation and motion of waves along the interface between liquid

and vapor phases) will be similar between the two scenarios, and
general trends regarding relative influence of body force and flow
inertia will remain qualitatively the same across modules. To reit-
erate, although it is incorrect to expect similar heat transfer from
the two modules, important aspects of hydrodynamic behavior
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within CM-HT may be correctly assessed by analyzing images from
CM-FV.

Fig. 1(b) shows the i.d. of the inner stainless-steel tube in CM-FV
is 5.23 mm, the tube wall thickness is 0.41 mm, and the outer
channel width is 12.2 mm. These dimensions were selected to pro-
vide a hydraulic diameter in the outer annulus similar to the 7.12-
mm i.d. in CM-HT. Upstream adiabatic development lengths are
provided for both FC-72 and water streams, with inlet and exit
temperature and pressure measurements made within these
regions using type-T thermocouples and STS absolute pressure
transducers, respectively.

High-speed flow visualization images are captured at three
locations along the tube length: the first spanning the first
55.9 mm of the condensation length, the second centered at the
midpoint of the 587.88-mm condensation length, and the third
covering the last 55.9 mm of the condensation length. Images are
captured at two speeds (depending on flow rate of condensate):
2000 frames per second (fps) with pixel resolution of
2040 x 174, and 4000 fps with pixel resolution of 2040 x 81.

Temperature measurements are also made at 5 axial locations
along the condensation length (this time inside of the inner
stainless-steel tube), corresponding to the upstream and down-
stream edges of the first and last imaging windows, as well as
the center of the channel (center of the middle imaging location).
Each axial location consists of three type-T thermocouples, with
two brazed 180° apart to the inner wall of the stainless-steel tube,
and the third inserted directly into the water flow within the tube.

2.3. Experimental facility

The facility used for the current tests was developed as part of
NASA'’s ongoing FBCE and used as a brass-board system for testing
flight hardware prototypes and troubleshooting experiment oper-
ations. Fig. 1(c) and (d) provide a schematic and photo of the facil-
ity, respectively, with the photo in Fig. 1(d) showing the facility
configured for testing in vertical upflow orientation.

The schematic in Fig. 1(c) shows the working fluid FC-72 is cir-
culated by a Micropump gear pump. Flow passes through a 5-pm
filter to remove entrained particulates prior to entering a Coriolis
flow meter. Flow then enters the bulk heater, used to provide the
desired thermodynamic state at the module inlet for each test case.

The bulk heater used in the current experiments is configured
to reflect the manner in which it will be utilized in the final ISS
experiments. Two modes of operation are used, one with PID con-
trol of heater metal temperature and one with constant power pro-
vided to the bulk heater. Test matrix cases which call for
superheated inlet conditions are run using PID temperature con-
trol, and those which require a saturated mixture at the module
inlet use constant power.

After exiting the bulk heater, the working fluid passes through a
short insulated length and enters the test section. As outlined in
the preceding subsections, flow through each module is condensed
by counterflow of cooling water provided by a water conditioning
unit. This unit consists of a Merlin M33 chiller, pump, filter, and
digital flow controllers for setting flow rate (which is measured
using Coriolis flow meters, similar to FC-72 flow).

Exiting the test section, flow passes through a secondary con-
denser used to ensure the test fluid is returned to a subcooled liq-
uid state prior to returning to the pump. Water flow for the
condenser is also provided by the water conditioning unit, with
water flow rate through the secondary condenser controlled inde-
pendently from that for the module.

Finally, the fluid passes the accumulator (used to account for
fluid volume changes within the flow loop as well as adjust loop
pressure through air-side pressure adjustment) and returns to
the pump.

As indicated in Fig. 1(d), all fluid hardware other than the water
conditioning unit are mounted on a rotating bench-top. This allows
for quick transition between tests in vertical upflow, vertical
downflow, and horizontal flow orientations.

2.4. Operating conditions, operating procedure, and measurement
uncertainty

Operating conditions investigated in the current set of experi-
ments reflect a subset of those planned for the ISS. Table 1 outlines
target operating conditions for the current experiments, where
every combination of FC-72 mass flowrate, water mass flowrate,
operating pressure, and inlet quality is tested in vertical upflow,
vertical downflow, and horizontal flow orientations.

Overall, tests across all three orientations include 29 cases in
vertical upflow, 29 cases in vertical downflow, and 34 cases in hor-
izontal flow, with experimental operating conditions spanning FC-
72 mass velocities of Grc=50.3-360.3 kg/m? s, test section water
cooling mass velocities of Gyzo=129.2-388.4 kg/m? s, FC-72 test
section inlet pressure of P;, =127.0-132.1 kPa, bulk heater power
of Pwrpy = 304.2-1578.1 W, test section inlet thermodynamic equi-
librium qualities of x.;, = 0.13-1.15, and test section exit qualities
of X our = —0.50 to 0.47. Table 1 indicates 30 tests should be con-
ducted, but this number was slightly adjusted for each orientation
during experiment conduction.

It should be noted here that inlet and exit thermodynamic equi-
librium qualities greater than 1.0 and less than 0 refer to super-
heated and subcooled conditions, respectively. They are
calculated according to the expressions

Pwrgy — mFCCp.f.FC (TFC,sar - TBH.in)

Xein = : 1
o Tirchyg ke ’ @

and

- Pwrpy — MpcCp e (TFCsat - TBH.in) — M20Cp s H20 (THZO.out - THzo,in)
e.out — El

Mechg ke

@)

where Pwrgy, m, ¢p, and hy, are, respectively, the power supplied to
FC-72 by the bulk heater, fluid mass flow rate, liquid specific heat,
and enthalpy of vaporization. All fluid properties for each phase
are evaluated at local pressures. It should also be noted that cases
with superheated inlet conditions have inlet quality evaluated
directly from measured temperature and pressure. Eq. (1) is only
used for cases with saturated mixture inlet conditions and is evalu-
ated after adjusting power supplied by the bulk heater, Pwrgy, to
account for heat loss.

Test cases were run by first setting FC-72 flow rate, water flow
rate, and bulk heater power to levels necessary to achieve the
desired inlet conditions. As the system approached steady state,
tweaks were made to each of these parameters as well as to accu-
mulator gas-side pressure (used to adjust module inlet pressure to

Table 1
Target operating conditions for current study.

Grc [kg/m? 5] Ghzo [kg/m? s] Prcin [kPa] Xe,in
50 130, 260, 390 130 1.0
100 130, 260, 390 130 1.0
100 390 130 0.4, 0.6, 0.8
150 130, 260, 390 130 1.0
200 130, 260, 390 130 1.0
200 390 130 0.4, 0.6, 0.8
250 130, 260, 390 130 1.0
300 130, 260, 390 130 1.0
300 390 130 0.4, 0.6, 0.8
350 390 130 0.4, 0.6, 0.8
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the desired value) until all flow parameters match those desired for
the test point. The system was then allowed to sit for 3-5 minutes
to ensure no appreciable deviations from the steady-state operat-
ing conditions occurred.

After achieving the desired steady-state operating conditions
for the test point, steady-state data was acquired for 2 min at a
sampling rate of 200 Hz, then for three minutes at a sampling rate
of 5Hz. Sampling rate was controlled through LabView, and the
rationale for use of two separate frequencies was to facilitate cap-
ture of dynamic phenomenon using a high sampling rate (as was
done in a series of recent articles by the present authors [73,80-
83]), while also capturing data at a lower sampling rate matching
that to be used on the final ISS experiment. All data presented
within the current study corresponds to the lower 5-Hz sampling
frequency, and operating conditions reported in this study corre-
spond to averages taken over the three minute, 5 Hz steady-state
data acquisition period.

Data collection for all temperature, pressure, flow rate, and
power measurements is handled by a cDaQ-9178 data acquisition
system with one NI-9205 analog input module and four NI-9214
thermocouple modules, all controlled by LabView. Temperature
measurements made with type-T thermocouples have uncertainty
of 0.4 °C, pressure measurements made with STS absolute pres-
sure transducers have uncertainty of +0.1%, flow rate measure-
ments (and thus mass velocities) made with Coriolis flow meters
have uncertainty of +0.2%, and bulk heater power input calculated
from voltage and current data has uncertainty of £0.2 W. All prop-
erties are evaluated at local pressure using data obtained from
NIST.

3. Condensate liquid distribution

As mentioned in the introduction, condensation flow regimes
describe distribution of liquid and vapor phases within the conden-
sation length, with transition criteria and associated regime maps
available in the literature providing guidelines for what distribu-
tion may be expected for different ranges of operating conditions.
Prior to analyzing the specifics of liquid film distribution for com-
monly defined flow regimes (i.e., circumferentially uniform annular
flow or liquid pooling near the bottom in stratified flow), it is useful
to first discuss qualitative changes in flow behavior in response to
competing influences of body force and flow inertia in different ori-
entations. Flow visualization images for vertical downflow orienta-
tion will be omitted here, as downflow commonly exhibits annular
co-current flow for all operating conditions and representative
images may be found in other works [34].

3.1. Flow visualization image sequences

Fig. 2 provides image sequences of vertical upflow condensation
corresponding to three different mass velocities, with all sequen-
tial images separated by 0.0125 s. Imaging in vertical upflow orien-
tation was not performed using CM-FV (described in Section 2) due
to time constraints on testing, so image sequences in Fig. 2 are
adapted from the work of Park and Mudawar [35]. They investi-
gated flow condensation of FC-72 in a smooth circular tube of com-
parable hydraulic diameter and condensation length to the present
modules. Their original experimental work should be consulted for
additional details.

Fig. 2(a) depicts images captured in the inlet region of the chan-
nel corresponding to Grc=13.32 kg/m? s and G0 = 6.09 kg/m? s.
These operating conditions lead to falling film behavior observed
within the channel, characterized by liquid motion counter to that
of bulk vapor flow at the outset of the image sequence. Beginning
with the sixth image, however, signs of a large liquid front passing

through the channel in the same direction as vapor flow become
apparent, likely acting to enforce conservation of mass within the
channel in a time-averaged fashion. This is very similar to phe-
nomenon investigated and modeled by the present authors in
recent studies for vertical upflow boiling [82,83].

Fig. 2(b) shows similar results again captured in the inlet region
of the channel, this time corresponding to moderate mass veloci-
ties of Gre=53.29 kg/m? s and Gy = 73.36 kg/m? s. The increase
in FC-72 mass velocity leads to minimal liquid film motion, with
the near-stationary liquid film advected slowly upwards by the
fast-moving vapor core (commonly referred to as flooding). This
leads to the formation of higher frequency, lower amplitude inter-
facial waves than were present in Fig. 2(a).

Finally, Fig. 2(c) provides images captured in the outlet region of
the channel for mass velocities Grc=106.45kg/m?s and
Guzo = 97.79 kg/m? s and shows how high condensate mass veloc-
ities lead to co-current flow of liquid and vapor phases (climbing
film flow regime). This regime shows clear signs of larger ampli-
tude interfacial waves as compared to Fig. 2(b), but without the
periodicity present in Fig. 2(a).

Across all subfigures present in Fig. 2, it may be seen that
increased mass velocity has a stabilizing effect on vertical upflow
condensation, with increases transitioning liquid film motion from
falling film to flooding to climbing film regimes. It is also important
to note here that, across all condensate mass velocities, liquid film
distribution is seen to be largely symmetric about the channel
centerline.

Fig. 3 provides flow visualization image sequences captured at
the middle of the channel in horizontal flow orientation, with indi-
vidual images separated by 0.01 s. Fig. 3(a) corresponds to mass
velocities of Gre=17.9 kg/m? s and G50 = 462.8 kg/m? s. Although
faint, a clear liquid vapor interface is present near the centerline
of each image. This is a key difference between internal (CM-HT)
and external (CM-FV, shown here) flow condensation: internal
flow condensation in horizontal orientation at low mass velocities
is expected to exhibit signs of stratified flow, while external flow at
low mass velocities can potentially lead to the module partially fill-
ing with liquid (depending on the position of inlet and outlet
ports). Although manifesting differently, both conditions reflect
the stratified nature of horizontal flow at low mass velocities.

Fig. 3(b) shows that, for higher mass velocities of Gg- = 67.3 kg/
m? s and G20 = 462.0 kg/m? s, flow exhibits a more typical strati-
fied pattern with some liquid present on the inner stainless-steel
tube (condensation surface) but most liquid dripping off and mov-
ing along the bottom, adiabatic wall of the channel. This reflects
expected internal flow behavior, where liquid film accumulates
in the bottom of the channel, while the top surface remains
exposed to vapor which is condensed and moves to the bottom
of the channel due to body force.

Fig. 3(c) clearly illustrates how increased mass velocities of
Gre=99.6 kg/m? s and Gy = 462.1 kg/m? s lead to a more nearly
annular flow regime. Liquid content along the bottom (adiabatic)
surface of the channel is reduced from Fig. 3(b), and significantly
reduced from that seen in Fig. 3(a).

3.2. Summary of qualitative trends for condensate liquid behavior

In all flow visualization image sequences presented in the pre-
ceding subsection, the dominant competing effects were seen to be
those of flow inertia (related to liquid flowrate) and body force
(differing based on channel orientation). Fig. 4 presents schematics
summarizing the effects competing influences of body force and
flow inertia have on liquid distribution within the condensation
length.

Fig. 4(a) provides a schematic for vertical upflow condensation.
The left-hand figure shows how, at any given axial location along
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Fig. 2. Sequential images of (a) falling film in inlet region (centered at z=190 mm) with Gpc=13.32 kg/m?s and G0 = 6.09 kg/m? s, (b) flooding in inlet region with
Gre=53.29 kg/m? s and G0 = 73.36 kg/m? s, and (c) climbing film in outer region (centered at z=952 mm) with Gpc=106.45 kg/m?s and Gy =97.79 kg/m? s, with

individual images in each sequence separated by 0.0125 s. Adapted from [35].

the condensation length, liquid film distribution is expected to be
circumferentially symmetric. This is due to body force acting
directly opposite to fluid motion, meaning while it affects liquid
motion as it travels through the channel, it does not bias liquid
to any particular location along the tube circumference.

The schematics in Fig. 4(a) illustrating axial flow characteristics
(to the right of the axial cut discussed in the previous paragraph)
illustrate how body force impacts transport behavior within the
channel. At high mass flows, interfacial shear provided by the
fast-moving vapor core is sufficient to advect liquid along the
channel, and annular co-current flow (climbing film) is established.
At low mass velocities, however, film motion may stagnate or even
move counter to the direction of vapor flow, meaning periodic

effects such as film breakup and droplet entrainment become
important for liquid transport through the condensation channel.
Flow regimes encountered for low mass velocities include flooding,
oscillating film, and falling film.

Fig. 4(b) provides similar schematics for vertical downflow
condensation. Similar to Fig. 4(a), the circumferential distribution
of liquid is seen to be axisymmetric due to body force acting par-
allel to flow direction. Dissimilar from Fig. 4(a), however, is the
fact that no appreciable differences in film motion are seen for
low versus high mass flowrates. By acting in the same direction
as fluid motion, body force has a stabilizing effect on liquid film
motion, ensuring annular co-current flow for all operating
conditions.



576 L.E. O'Neill et al./International Journal of Heat and Mass Transfer 135 (2019) 569-590

Flow Y

Inlet

U

Flow 9e

Inlet |:>

Q
o

Inlet

.,1
5]
U

|

T

~
(e}
~

Fig. 3. Sequential images of horizontal flow captured at the middle of the channel (z=294 mm) with (a) Grc=17.9 kg/m?s, Gpzo=462.8 kg/m?s, Prcin = 124.0 kPa,
Pwrgy = 315.3, and X, = 1.06, (b) Gre = 67.3 kg/m? s, Gpzo = 462.0 kg/m? s, Prcin = 125.5 kPa, Pwrgy = 1108.8, and X, = 1.12, and (c) Ggc = 99.6 kg/m? s, Gyzo = 462.1 kg/m? s,
Prcin = 125.2 kPa, Pwrpy = 1575.2, and X, ;, = 1.12, with individual images in each sequence separated by 0.01 s.

Fig. 4(c) uses an additional schematic for circumferential distri-
bution to highlight how flow rate affects liquid distribution in hor-
izontal flow condensation. For high mass flows, liquid film spreads
evenly around the channel circumference, leading to annular co-
current flow similar to that seen in vertical downflow orientation.
At low mass flowrates body force drives liquid film to accumulate
in the bottom of the channel, leading to flow regimes including
stratified, stratified wavy, and plug flow regimes.

3.3. Utility of new method for flow regime identification

Information discussed in the preceding two subsections repre-
sents common knowledge for flow regimes in condensing flows,
reaffirmed by numerous researchers over many decades of image
analysis and modeling work. There is no disputing the role of flow
regime on condensation heat transfer, and a number of researchers
have proposed methods for predicting condensation heat transfer
which depend on knowing/predicting flow regime within the con-
densation length [84-87].

Practically, this has translated to a need for system designers to
validate two separate classes of design tools: one for determining
condensation flow regime and one for determining condensation
heat transfer coefficient (pressure drop applies here as well). The
difficulty stems from the lack of visual access to liquid flow in con-
densing systems, necessitating construction of a second test sec-
tion (as done in the current work) or complicated additions to
standard condensation heat exchangers (often affecting heat trans-
fer) to allow image capture. To overcome this limitation, the pre-
sent work aims to present a new method for determining liquid
film distribution and motion in condensing systems based entirely
on temperature and pressure measurements.

4. Flow regime identification

Work on flow regime identification using temperature and
pressure measurements was split into two areas of focus. The first
is to determine whether liquid and vapor motion in vertical orien-
tations is co-current (commonly co-current annular flow or climbing
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film flow regime) or counter-current (leading to flooding, oscillating
film, and falling film regimes). The second involves detection
whether flow in horizontal orientations is stratified (stratified flow,
wavy-stratified flow, plug flow) or axisymmetric (annular flow, slug

flow).
4.1. Co-current and counter-current flows

Conservation of mass is an important concept to keep in mind
when attempting to determine whether vertical flow is co-
current or counter-current. As discussed in conjunction with
Fig. 2, low mass velocity cases in vertical upflow orientation lead
liquid film to move counter to vapor motion or remain largely sta-
tic. In both cases some other mechanism is needed to remove accu-
mulating liquid phase from the condensation length, otherwise the
channel would become filled entirely with liquid and condensation
would no longer take place. This mechanism may be glimpsed in
Fig. 2(a), which shows falling film giving way to the passage of a
large liquid front, likely formed by falling film liquid accumulating
in the entrance of the channel then departing. This ensures mass
flow into the channel balances with that out of the channel in a
time-averaged fashion.

Although less noticeable than for falling film, other counter-
current regimes such as oscillating film and flooding also rely on
periodic transport of liquid phase out of the condensation length
to ensure mass conservation. As mass velocity is increased and
flow within the channel exhibits climbing film behavior, this peri-
odic mechanism is no longer necessary as both liquid and vapor
move along the channel together.

As discussed at great length in prior works dealing with boiling
in a vertical channel, this periodic motion of liquid through the
channel is observable in both pressure and temperature measure-
ments [80-83]. Based on this, plots of temperature and pressure
versus time for different operating conditions in vertical upflow
and vertical downflow (used for comparison purposes, as down-
flow condensation is expected to always be co-current and annu-
lar) were used as a starting point for analysis.

Fig. 5(a)-(d) provide plots of temperature and pressure versus
time, captured over the last 100 s of each respective steady-state
data acquisition period. Temperature measurements displayed
correspond to the first, third, fifth, seventh, ninth, and eleventh
axial measurement stations within CM-HT (see the schematic in
Fig. 1(a) for details on exact positions). Each curve represents an
average of three circumferentially spaced thermocouple measure-
ments on the tube wall at each axial location, as indicated by the
schematic inset in Fig. 5(a).

Fig. 5(a) and (b) correspond to vertical upflow with superheated
vapor inlet conditions with Gg-=303.3 kg/m?s and Gpc=63.1
kg/m? s, respectively. Immediately apparent is the significant dif-
ference in pressure oscillatory behavior between the high and low
flowrate cases. Fig. 5(a) illustrates minimal pressure fluctuations
are present for high mass velocities (where co-current annular flow
is expected), while Fig. 5(b) showcases pressure changes on the
order of 20 kPa (for conditions where falling film flow is expected).

Comparison of temperature fluctuations for the two sets of
operating conditions shown in Fig. 5(a) and (b) yields fewer con-
crete conclusions than for inlet and exit pressures, with no clear
differences in amplitude of fluctuations. It is worth noting that
stainless steel wall temperature values are decreased for the case
with low FC-72 mass velocity, a fact which will become important
in subsequent figures.

Fig. 5(c) and (d) show similar plots corresponding to vertical
downflow condensation with mass velocities of Grc = 301.9 kg/m? s
and Gpe=53.8kg/m?s, respectively. Amplitudes of pressure
fluctuations for both cases are significantly smaller than those
observed in Fig. 5(b), with Fig. 5(d) in particular exhibiting minimal

pressure fluctuations. This is attributable to the low FC-72 flow rate
in Fig. 5(d) allowing gravity to dominate flow behavior. Comparison
of temperature fluctuations across Fig. 5(c) and (d) again reveal no
clear trends.

Continuing the present analysis to fully determine conditions
for which vertical flows exhibit counter-current and co-current
regimes, Fig. 6 presents scaled temperature and pressure fluctuations.
These are calculated according to the relationships

/

scaled temperature fluctuation = x 100%
ave
_ 0.5(max(To_n) — min(Ty_y)) « 100% 3)
mean(T,_,) ’
and
scaled pressure fluctuation = PPI x 100%
ave
_ 0.5(max(Po_n) — min(Po_n)) « 100% )

mean(P,_pn)

where T,_, represents instantaneous temperature measurements in
degrees Celsius spanning time ¢, to t,., and P may refer to inlet or
exit pressure (in kPa) depending on the subscript used.

Fig. 6(a) provides plots of scaled temperature fluctuations aver-
aged along the channel length versus mass velocity for cases with
superheated inlet conditions in both vertical upflow (top plot) and
vertical downflow (bottom plot). It should be noted here that chan-
nel length averaged values are calculated by using area-weighted
averaging of all eleven local values for each set of operating condi-
tions, and that vertical lines depicting boundaries between
counter-current flow, co-current flow, and the transition between
are intended only to apply to vertical upflow results: vertical
downflow exhibits co-current annular flow for all operating condi-
tions shown here.

A clear convergence in values of scaled temperature fluctua-
tions is seen for vertical upflow in Fig. 6(a) as mass velocity is
increased, with mass velocities in the range Gpc > 125 kg/m? s
exhibiting no appreciable changes as mass velocity is changed,
while those below Grc = 125 kg/m? s increase significantly. Vertical
downflow results in the bottom plot yield no clear trends, with
Grc ~ 100 kg/m? s cases deviating from others for unclear reasons.

Similar plots of channel length average scaled temperature fluc-
tuations for cases with saturated mixture inlet conditions are
shown in Fig. 6(b). The top plot (again corresponding to vertical
upflow) presents a convergence in values for high mass velocity
cases as was seen for upflow in Fig. 6(a), only this time values do
not converge until somewhere between Ggc=200-300 kg/m?s.
This is likely attributable to increased liquid content present in
the channel for cases with saturated inlet conditions requiring
higher flowrates to move out of counter-current flow regimes
and into co-current annular flow.

Vertical downflow results in Fig. 6(b) depict two clear modes of
oscillatory behavior exist for cases with saturated mixture inlet
conditions. At the lowest mass velocity of Gpc ~ 100 kg/m? s scaled
temperature fluctuations are at a maximum amplitude of ~3.5%,
but for the higher flowrate of Ggc ~ 200 kg/m? s values drop from
~3.5% to 1% as inlet quality increases from Xx.;,~0.4 to
Xe,in ~ 0.8. Higher values of mass flowrate all show scaled temper-
ature fluctuations of ~1%, which is in line with ‘converged’ values
in the other three plots from Fig. 6(a) and (b). It is believed this
large difference between low and high flowrate cases is attributa-
ble to the presence of large interfacial waves on the liquid film,
something discussed extensively for a variety of falling film and
gravity driven flow configurations [88-94].

Fig. 6(c) shows scaled pressure fluctuations for both vertical
upflow and vertical downflow orientations with superheated vapor
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Fig. 5. Plots of stainless steel wall temperature and CM-HT inlet and outlet pressures for (a) vertical upflow with G ~ 300 kg/m? s, (b) vertical upflow with G ~ 60 kg/m? s, (c)
vertical downflow with G ~ 300 kg/m? s, and (d) vertical downflow with G ~ 50 kg/m?s.

inlet conditions, with the top plot corresponding to inlet pressure current regimes, with scaled pressure fluctuations 4-5 times
data and the bottom plot to exit pressure. These provide the stron- higher for low flowrates (6-8%) in vertical upflow orientation than
gest evidence of a transition between counter-current and co- high flowrates (1-2%), indicating counter-current regimes are
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Fig. 6. Plots of scaled temperature fluctuations versus mass velocity for (a) superheated vapor and (b) twophase mixture inlet conditions, and scaled pressure fluctuations at
channel inlet and outlet for (c) superheated vapor and (d) two-phase mixture inlet conditions.

present for lower mass velocities. Scaled pressure fluctuations in
vertical downflow orientation stay within the 1-2% range for all
flowrates tested, and vertical upflow results are seen to converge
to identical values for flowrates above Grc ~ 225 kg/m? s, strongly

suggesting co-current annular flow (climbing film in upflow) is pre-
sent for both orientations. At moderate mass velocities in the range
Grc ~ 100-200 kg/m? s flow appears to be transitioning from
counter-current to co-current (evidenced by scaled pressure
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fluctuations) leading these cases to be labeled ‘transition’ in Fig. 6
(c). The fact scaled pressure fluctuations for these operating condi-
tions have not yet converged to the 1-2% range seen for vertical
downflow means some oscillatory behavior is likely still present,
but likely only in the form of flooding flow regime as opposed to
the falling film flow regime seen for the lowest mass velocity cases.

Finally, Fig. 6(d) provides plots of scaled pressure fluctuations
versus mass velocity for both vertical upflow and downflow cases
with saturated mixture inlet conditions. Values for the two orien-
tations are seen to converge as mass velocity is increased, but
without the clear demarcations visible as for cases with super-
heated vapor inlet seen in Fig. 6(c).

In summary for the present subsection, analysis of transient
temperature and pressure results revealed the clear presence
of significant oscillatory behavior in vertical upflow for mass
velocities Grc < 125 kg/m? s due to counter-current flow behavior
(falling film flow regime). For mass velocities Gpc > 225 kg/m? s
both temperature and pressure results reveal scaled fluctuations
converge between vertical upflow and downflow orientations,
leading to the conclusion co-current annular flow is present for
these operating conditions (climbing film flow regime in upflow).
Mass velocities in the range Grc~ 125-225kg/m?s were
labeled as transitional due to a lack of significant oscillatory
behavior in vertical upflow, but still enough to prevent conver-
gence with vertical downflow data. These points are likely expe-
riencing some combination of oscillating film and flooding flow
regimes.

It should also be noted it is possible amplitude of scaled fluc-
tuating parameters may be similar for low flowrate cases (expe-
riencing counter-current flow) and very high flowrate cases
(experiencing dynamic film behavior). Detection of flow regime
is still possible by determining whether an increase in flowrate
leads to a decrease in oscillatory behavior (indicating flow is
counter-current, approaching co-current) or an increase in oscil-
latory behavior (indicating flow is already co-current). The
reverse will also be true if a small decrease in flowrate is used
as a test.

4.2. Stratified and axisymmetric horizontal flows

Having presented a method for distinguishing between co-
current and counter-current vertical flows, as well as the signifi-
cant influence of interfacial waves on heat transfer in gravity-
dominated downward flows, we finally discuss the detection of
stratified and axisymmetric flows in horizontal orientation. Recall-
ing trends discussed when analyzing Fig. 3, increases in mass
velocity are seen to lead to a ‘spreading’ of liquid film around the
channel circumference. At low mass velocities condensed liquid
is expected to pool in the bottom of the condensation channel
while hot vapor remains exposed to the top surface (leading to
stratified, wavy-stratified, or plug flow regimes), behavior which
should lead to clear gradients in circumferential temperature.

Towards this end Fig. 7 provides plots of local stainless-steel
wall temperatures, Tss, and water temperatures, Ty, averaged
over the steady-state data acquisition period at all eleven axial
measurement locations. Values of standard deviation oss and
oo for each respective set of local temperature measurements
are also calculated and plotted versus position along the condensa-
tion length in the bottom subplots. These values are calculated
according to the relationships

2

s (e 1) g

n=1

for stainless-steel temperatures, and

N ~ 2
OH20 = ﬁ; (THZO,n - THZO) (6)

for water. As described in Fig. 1(a), CM-HT contains three stainless-
steel surface temperature measurements (spaced 120° apart) and
two water temperature measurements (spaced 180° apart) at each

axial location, meaning N = 3 for gss and N = 2 for a0, and T is the
average of these local values. The only exception to this is the first
axial measurement station for stainless-steel wall temperatures
where one of the three thermocouples has been omitted due to sys-
tematic errors resulting from instrumentation.

Fig. 7(a) provides plots of temperatures and standard deviations
between associated measurements for vertical upflow, vertical
downflow, and horizontal flow orientations, all with superheated
vapor inlet conditions and Ggc ~ 300 kg/m? s. All three orientations
show some local variations in values of standard deviation
between circumferentially spaced temperature measurements,
but no systematic bias, with all standard deviations falling within
0-3°C.

Fig. 7(b) shows similar results for all three orientations again
with Gre ~ 300 kg/m? s, this time corresponding to inlet qualities
of X, i, ~ 0.80. Results again indicate little difference in deviation
between circumferentially spaced measurements for different
operating conditions.

This trend changes in Fig. 7(c), however, which provides tem-
perature results for all three orientations with Gpc ~ 100 kg/m? s
and superheated vapor inlet conditions. Vertical upflow and verti-
cal downflow results in Fig. 7(c) again appear similar to one
another, but horizontal flow results show significant deviation by
one of the three thermocouples at all axial stations, with maximum
values of standard deviation reached in the downstream region of
the channel. This behavior is indicative of stratified flow conditions
with two thermocouples at circumferential locations covered by
subcooled liquid, while the third location remains exposed to hot
vapor (with a thin intervening liquid film). The final measurement
location shows all three temperature measurements collapsed
back to a single value, and it can be inferred that complete conden-
sation has been achieved by this point along the channel length
(exit quality for the case is given as X,y =-0.25 indicating sub-
cooled liquid conditions at the exit).

It is worth noting here that differences in water temperatures
remain largely constant for both cases where no clear circumferen-
tial gradients are present (Fig. 7(a), (b), and the vertical orienta-
tions in (c)) as well as for horizontal flow in Fig. 7(c) where
gradients are clearly visible for stainless-steel temperatures. This
indicates water temperatures are insufficient to determine con-
densate liquid distribution (wall temperatures must be used);
however, water temperatures are measured at the sides and not
the top of the flow channel in the current tests, meaning it is pos-
sible different water measurement locations might show some
signs of stratification.

Fig. 7(d) rounds out the picture by providing temperature infor-
mation for all three orientations with Gpc~ 100 kg/m?s and x,,
in ~ 0.80. Results again show no appreciable trends for vertical
upflow and downflow orientations, while horizontal flow again
shows a clear divergence of values in the up- and mid-stream
regions indicating the presence of stratified flow.

Fig. 8 summarizes trends from Fig. 7 by plotting channel length
averaged values of stainless-steel wall temperature standard devi-
ations versus mass velocity for all cases in the dataset. Immediately
apparent are the high standard deviation values for horizontal flow
at low mass velocities, commonly 4-5 times higher in magnitude
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ture measurements versus mass velocity for all three orientations. Values show
signs of convergence by G~ 200 kg/m? s, indicating this is the mass velocity at
which horizontal flow transitions from stratified to annular flow in the current test
section.

than their vertical upflow and downflow counterparts. As mass
velocity increases, standard deviation values for horizontal flow
are seen to decrease, approaching convergence with upflow and
downflow near Ggc ~ 200 kg/m? s and exhibiting no noticeable dif-
ferences from these orientations by Ggc~ 350 kg/m?s. Based on
this a clear transition point from stratified flows (stratified, wavy-
stratified, and plug flow regimes) to axisymmetric flows (annular,
wavy-annular, and slug flow regimes) is identified at Ggc-
~ 175 kg/m? s and marked with a vertical dashed line. Similar to
the note when discussing demarcations on Fig. 6, this line should
only be taken to apply to horizontal flow cases (vertical upflow
and downflow are seen to be axisymmetric for all operating condi-
tions), and is meant to reflect the general transition from stratified
to axisymmetric flow (which is a smooth process and not a step
function).

4.3. Summary of new method for identifying condensation flow regime

The preceding subsections provide a new methodology for
determining (1) whether flow in vertical orientations is co-
current or counter-current and (2) whether flow in horizontal ori-
entations is stratified or axisymmetric. Table 2 summarizes key
points of the approach for each and provides guidelines for utiliza-
tion in other experimental systems.

It is worth noting that all analysis in the present section
assumes uniform flow of cooling water through the module annu-
lus. Thermocouple insertion and routing paths through the annulus
may lead to asymmetry depending on module design, and these
effects should be considered when applying the present methodol-
ogy to different test sections.

5. Comparison of results with flow regime maps

Having provided classification of flow regime observed using
temperature and pressure measurements in the previous section,

it is now useful to compare identified regimes with those predicted
by transition criteria commonly used in literature. These are typi-
cally analytically formulated to capture key physics and empiri-
cally closed based on data used by respective authors.
Comparison of results thus serves two purposes: (1) to validate
that flow regimes identified using the new methodology are qual-
itatively in line with common predictions, and (2) to assess the
ability of predictive tools to accurately capture the experimental
flow regime trends presented in Section 4.

5.1. Vertical upflow condensation regime map

Flow regime maps for vertical upflow condensation are rarely
found due to the undesirable role of body force destabilizing liquid
film motion in this orientation leading designers to give preference
to other orientations (primarily vertical downflow and horizontal
flow). As mentioned in Section 1, however, significant work on
modeling flow regime transitions in vertical upflow was done by
Wallis [48]. He introduced a parameter C used for classifying flow
regimes, defined as

C:\/f;ﬂ/f*, 7

wherej; andj} are dimensionless superficial velocities of vapor and
liquid, respectively. These are in turn defined as

A S— (8)
&Di(p; — pe) /s
and

= 9
\/&Di (7 = ps ) /05

where D; is the diameter of the condensation tube and j, and j; are
vapor and liquid superficial velocities, respectively, defined as

_ XeGpc

i = 10
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Specifying different values of C as representing different flow
regimes allows transition criteria to be expressed in terms of rele-
vant influences of body force, phase inertia, and phase mass fraction
within the condensation length. These parameters have been shown
throughout the study to be the dominant factors governing flow
regime in vertical upflow condensation.

A recent study by Park and Mudawar [35] adapted Wallis’ orig-
inal methodology for use in predicting flow regime during vertical
upflow condensation of FC-72 in a smooth tube with inner diame-
ter D; = 11.89 mm, comparable to the 7.12-mm value of the current
test section. Due to this similarity their transition criteria are eval-
uated in the present study, given as C = 0.85 for the transition from
falling film to oscillating film, C=1.0 for oscillating film to flooding,
and C=1.21 for flooding to climbing film.

The flow regime map of Park and Mudawar [35] is shown in
Fig. 9(a), with data from the current experiments evaluated using
the transition criteria indicated (meaning symbols shown are pre-
dicted based on local operating conditions). It should be noted here
that experimental values presented correspond to locally calcu-
lated quality values at all 11 axial measurement locations along
the channel length and fluid properties evaluated at the channel
inlet pressure. Locations with qualities x, >0.99 and x. < 0.01 are
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Table 2

Summary of flow regime identification approach in each orientation.
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Orientation

Co-current vs. Counter-current
Flow

Stratified vs. Axisymmetric Flow

General Notes

Vertical Upflow

Vertical Downflow

Calculate scaled temperature
and pressure fluctuations

If values decrease for
increased mass velocities,
flow is counter-current (fall-
ing film, oscillating film, flood-
ing flow regimes)

If values remain constant for
changes in mass velocity,
flow is co-current (co-current
annular, slug flow regimes)
Flow is co-current for all
mass velocities due to role
of body force aiding liquid

e Flow is axisymmetric for all
operating conditions due to
the role of body force acting
opposite to flow (thus not
creating any bias for circum-
ferential film distribution)

Flow is axisymmetric for all
operating conditions due to
the role of body force acting

e Ability to detect appreciable
temperature and pressure
fluctuations depends on
thermal mass of condensa-
tion surface, magnitude of
condensation length

May have difficulty applying
co-current/counter-current
test to data collected in short
micro-channel heat sinks

Additional investigation on
the transition between inter-
facial wave and vapor shear

film motion

Large values of scaled tem-
perature fluctuations may
be present for low mass
velocities due to dominance
of interfacial waves on film
heat transfer

Flow is co-current for all
mass velocities

Horizontal Flow

Inclined Channels (Extension) e Depending on channel incli-
nation and test section
geometry it may be neces-
sary to test if flow is co-
current

e Same approach as described
for vertical upflow should
be adopted

dominated heat transfer
regimes necessary

parallel to flow direction

Similar to the note for verti-

Necessary to have multiple

circumferentially spaced cal upflow, ability to detect
condensation surface tem- circumferential temperature
perature measurements gradients depends on ther-
(with at least 2 spaced 180° mal mass of condensation
apart along the body force surface

vector) e May also be difficult to

Calculate standard deviation
between all circumferen-
tially spaced temperature
measurements

If values decrease as mass
velocity is increased, flow is
stratified (stratified, wavy-
stratified, plug flow regimes)
If values remain neutral or
increase slightly as mass
velocity increases, flow is

implement for micro-chan-
nel heat sinks

axisymmetric (annular,
wavy-annular, slug  flow
regimes)

Depending on channel incli-
nation and test section
geometry it may be neces-
sary to test if flow is
stratified

Same approach as described
for horizontal flow should
be adopted

e Testing of inclined channels
necessary to determine util-
ity of criteria as a function
of orientation angle

assigned values of 0.99 and 0.01, respectively, to avoid dividing by
zero in calculations. Full details on calculation of local quality val-
ues is outside the scope of the present work and may be found in
the companion study [79].

Fig. 9(b) provides a plot of C versus FC-72 mass velocity for
all vertical upflow cases. This plot is intended to highlight how
predictions of flow regime change as mass velocity is increased,
with low mass velocity cases predicted to exhibit mostly falling
film, oscillating film, and flooding behavior, while higher mass
velocity cases transition to predominantly climbing film flow
regime.

Fig. 9(c) re-plots this information, now expressing only a chan-
nel average flow regime instead of the local values shown in Fig. 9
(a) and (b). Channel-length average flow regime is calculated by
determining an area-weighted value of C for each test case (just
as area weighted scaled fluctuating parameters and standard devi-
ations were calculated in Sections 4.1 and 4.2) and evaluating the
given transition criteria based on that average value.

Also shown in Fig. 9(c) are the transition boundaries originally
created as a part of Fig. 6. These highlight the regimes as identified
from experimental temperature and pressure data, allowing for
easy comparison with those predicted by the map of Park and
Mudawar.

Comparison of results is provided in Table 3 and indicate that
the map of Park and Mudawar does a good job of capturing trends
observed experimentally. At low mass velocities where counter-
current flow is expected, their map predicts 4/8 cases to be falling
film flow regime, and 7/8 cases to be something other than climbing
film (co-current annular flow).

For moderate mass velocities where flow is expected to transi-
tion between counter-current and co-current flow, the map of Park
and Mudawar predicts 1 oscillating film, 1 flooding, and 7 climbing
film cases. This indicates their transition criteria are generally
reflective of experimental results, with potentially a slightly early
transition to climbing film flow regime compared to what is
observed.
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Fig. 9. (a) Vertical upflow condensation regime map of Park and Mudawar [35]
providing predictions of flow regime for all local measurements in the current
dataset, along with (b) predicted flow regime versus mass velocity and (c) channel
length-average predicted flow regime versus mass velocity.

Finally, for high mass velocities their map correctly identifies all

12 experimentally identified co-current flow cases as climbing film
flow regime.

5.2. Horizontal flow condensation regime maps

Compared to the limited options available for prediction of ver-
tical upflow condensation flow regime, a prolific number of maps
have been created for horizontal flow. Fig. 10 provides evaluation
of four of the numerous available, selected due to their compatibil-
ity with the present experiment work and their presence in the
overall condensation literature. Results for each map are also sum-
marized in Table 4, similar to that done in Table 3 for Fig. 9.

Fig. 10(a) starts by presenting the map of Park et al. [36], cre-
ated based on flow of FC-72 through a smooth circular tube. Their
approach follows that originally outlined by Soliman [53,54] and
expresses transition criteria in terms of modified Weber number
We" and the Lockhart-Martinelli parameter X, These parameters
are defined according to the relationships

2 03
We' = 2.45Re?% [ F2_) /404 for Re; < 1250, (12a)
pg0oD
12 03 u 2 0 0.084 X 0.157
d We" = 0.85Re%™ [ £ Zg) (L2 u
moveaas™ ()| () ()] ()
for Rey > 1250, (12b)
where
Reg = x,GcD/ 1, (13)
Re; = Gee(1 — X.)D/ s, (14)
09 05 0.1
xo— (125) (%) (&) (15)
Xe Pr Hg
and ¢, = 1+ 1.09X5"°. (16)

Using these dimensionless groups originally presented by
Soliman [53,54], Park et al. [36] defined their flow regime
transition criteria as

Stratified : We* < 6.03, (17a)

Stratified to wavy stratified : 6.03 < We* < 19.39, (17Db)

Wavy stratified to wavy - annular with gravity influence : 19.39
< We* < 25.46,

(17¢)
Wavy - annular without gravity influence : We* > 25.46.
(17d)
Table 3
Summary of flow regime identification approach in vertical upflow.
Experimentally Number of Predictions by Park and  Percent
identified flow experimentally Mudawar [35] correct
regime determined
cases
Counter-current 8 4 falling film, 2 50%
Flow (falling film oscillating film, 1 (87.5%)
flow regimes) flooding, 1 climbing film
Transition 9 1 oscillating film, 1 22.2%
(oscillating film, flooding, 7 climbing film
flooding flow
regimes)
Co-current Flow 12 12 climbing film 100%
(climbing film flow
regime)
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Fig. 10. Flow regime map of (a) Park et al. [36] used to evaluate current dataset, with (b) identified flow regimes across the range of mass velocities tested. Similar plots for
flow regime maps of Kim et al. [40] (c), (d), Breber et al. [51] (e), (f), and Song et al. [60] (g), (h).
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Flow (annular,
wavy-annular,
slug flow
regimes)

transition, 12 annular
wavy-annular,
3 smooth

annular

stratified, 4 wavy-
annular w/g, 9
wavy-annular no g

9 smooth
annular, 5 plug, 1
slug, 1 transition

Table 4
Summary of flow regime identification approach in horizontal flow.
Experimentally Number of Predictions by Park ~ Percent  Predictions by Percent  Predictions by Percent  Predictions by Percent
identified flow experimentally et al. [36] correct Kim et al. [40] correct Breber et al. [51] correct Song et al. [60] correct
regime determined
cases
Stratified Flow 12 6 stratified, 6 wavy- 100% 7 slug, 4 91.7% 5 slug, 1 wavy- 50.0% 12 wavy- 100%
(stratified, stratified transition, 1 stratified, 4 strat- stratified
wavy- wavy-annular annular transition,1
stratified, plug annular, 1 strat-slug
flow regimes)
Axisymmetric 22 2 stratified, 7 wavy- 59.1% 3 slug, 4 68.2% 5 slug, 1 bubbly, 16  100% 6 wavy-annular, 72.7%

Fig. 10(b) shows the predictions of Park et al.’s map (presented
as ‘channel average’ flow regimes as was done in Fig. 9(c) for ver-
tical upflow) as a function of mass velocity. For low FC-72 mass
velocities, all cases are predicted to be either stratified or wavy
stratified flow regime which matches well with the experimentally
identified stratified flow boundary.

For higher mass velocity cases their map predicts a majority of
cases will exhibit annular flow with a smaller number (primarily
those cases with saturated mixture inlet conditions) still exhibiting
stratified flow behavior.

Fig. 10(c) presents the map of Kim et al. [40] which relies on the
same dimensionless groups proposed by Soliman [53,54]. Their
work dealt with condensation of FC-72 inside a micro-channel heat
sink, however, and they expressed their transition criteria as

Smooth - annular to wavy - annular : We* = 90X3°, (18a)
Wavy - annular to transition : We* = 24X5*", (18b)
Transition to slug : We* = 7X%2. (18¢)

Immediately apparent is that unlike the map of Park et al. [36],
Kim et al. [40] expressed their transition criteria as a function of
both We" and X,.. Due to the definition of X, in Eq. (15) showing
a dependence on local fluid quality (as well as a combination of
material properties), expressing regime transition criteria in terms
of X allows included effects of liquid content within the channel
to be accounted for (ie., allowing differentiation between cases
with low and high inlet qualities).

One added complexity when interpreting the map of Kim et al.
is its lack of stratified flow regimes. Due to the original experimen-
tal work being micro-channel condensation and surface tension
effects playing a dominant role in small-diameter channels, operat-
ing conditions which would provide stratified flow in larger diam-
eter tubes are predicted to yield slug flow here. For the sake of the
current analysis, cases where flow regime is predicted to be slug
flow using the map of Kim et al. will be treated as representing
stratified flow. This is not a bad assumption, as the original map
is intended to show a transition from inertia dominated regimes
(i.e., annular flow) to non-inertia dominated regimes (surface ten-
sion dominated in microchannels, gravity dominated in mini/
macro-channels). It still represents an assumption, however, and
care should be taken when utilizing this map for non-micro-
channel flows.

Fig. 10(d) shows how predictions of channel average flow
regime using the map of Kim et al. [40] change as mass velocity
increases. For low mass velocity cases, most test cases are pre-
dicted to exhibit slug or transition flow, matching well with the
experimental assessment of flow regime. For higher mass velocity
cases, predictions are primarily of smooth-annular and wavy-

annular flow, again matching well with experimental results out-
lined in Section 4. Similar to the map of Park et al. discussed above,
however, is the prediction of non-inertia-dominated flow regimes
for high mass velocities with saturated mixture inlet conditions.

The map of Breber et al. [51] is shown in Fig. 10(e). This map is
one of the most commonly utilized flow regimes maps available for
horizontal flow condensation and uses dimensionless superficial
vapor velocity j; and Lockhart-Martinelli parameter X, as its coor-
dinates. They defined their transition criteria as

Annular flow : j, > 1.5,X¢ < 1.0, (19a)
Wavy or stratified flow :j; < 05X < 1.0, (19b)
Slug flow : j; < 1.5,Xy > 1.5, (19¢)
Bubbly ﬂow:j; > 15Xy > 1.5, (19d)

with transition regimes between those explicitly defined above.

Investigation of flow regimes predicted using the map of Breber
et al. [51] versus FC-72 mass velocity in Fig. 10(f) shows that, for
low mass velocities, predicted regimes include slug flow, wavy-
stratified flow, stratified-annular transition, stratified-slug transition,
and even one case of annular flow. For high mass velocities, all
but one case show annular flow and slug flow are predicted, how-
ever, both of which are axisymmetric regimes and match well with
the experimentally identified behavior.

The final flow regime map presented is that of Song et al. [60]
shown in Fig. 10(g), which has only recently become available in
literature. Similar to other authors they use the Lockhart-
Martinelli parameter X;; as one of their dimensionless groups, but
for the other group they define a new parameter S, as

52 _ FrgBd—OJSCaf—O_l (-l 4 BOO.ZS)7 (20)

where vapor Froude number Frg, Bond number Bd, liquid Capillary
number Cay, and modified Boiling number Bo are defined as

GZ
Frg=————, (21)
pe(pr — g )8D
p; — Py )8D?
Bd — M7 (22)
o
i
Caf = — 23
v (23)
Qcond
and Bo = Crchys (24)
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They define their transition criteria as

Wavy - stratified flow : S, < (20 + X, )%, (25a)
and if wavy-stratified flow is not present:

Plug flow to slug flow : S, = 2.45X%% (25b)
Slug flow to transition flow : S, = 21.45X},”", (25¢)

Transition flow to wavy - annular flow : S, = 83.4X};**,  (25d)

and Wavy -annular flow to smooth - annular flow : S, =360.6X},>.
(25€)

Fig. 10(h) shows the flow regime map of Song et al. [60] does an
excellent job of predicting wavy-stratified flow for low mass veloc-
ities, as was seen when analyzing the experimental data. For high
mass velocities, a mixture of slug, plug, transition, wavy-annular,
and smooth-annular flow regimes is predicted, with the majority
of cases predicted to be smooth-annular. Overall, the map of Song
et al. does the best job of capturing experimental results out of
all the maps presented here, evidenced by a 100% accuracy classi-
fying stratified flow cases and 72.7% accuracy for axisymmetric
flow shown in Table 4.

6. Conclusions

The present study investigated condensation flow regime in a
smooth circular tube. Flow behavior as a function of condensate
mass velocity in vertical upflow, vertical downflow, and horizontal
flow orientations was assessed through flow visualization images.
Qualitative trends were used as a starting point for development of
a new methodology using temperature and pressure measure-
ments to determine whether upflow condensation exhibited co-
current or counter-current flow behavior (referring to liquid and
vapor phases). Similarly, circumferentially spaced temperature
measurements were used in horizontal flow to determine whether
flow exhibited stratified or axisymmetric characteristics. The influ-
ence of interfacial waves on temperature fluctuations observed in
vertical downflow condensation at low mass velocities was also
discussed.

Experimentally determined flow regime boundaries were com-
pared with results predicted by several popular flow regime maps
for both vertical upflow and horizontal flow orientations. Assess-
ments of their performances are provided in Tables 3 and 4 for
upflow and horizontal orientations, respectively.

Key conclusions from this study are:

(1) Condensation flow regimes in vertical upflow may be
grouped into those exhibiting co-current flow (climbing film)
and those exhibiting counter-current flow (flooding, oscillat-
ing film, falling film). Similarly, horizontal flow regimes may
be grouped as stratified (stratified, wavy-stratified, plug) and
axisymmetric (annular, slug, bubbly).

(2) Liquid film behavior in vertical upflow condensation may be
accurately determined as co-current or counter-current
based on observed magnitudes of temperature and pressure
fluctuations. If these fluctuations maintain the same ampli-
tude or increase slightly as mass velocity is increased, flow
is co-current. If they decrease as mass velocity increases,
flow is counter-current.

(3) Liquid film distribution in horizontal flow condensation may
be determined to be stratified or axisymmetric based on
observed magnitudes of standard deviation between cir-
cumferentially spaced temperature measurements. If these

values maintain the same magnitude or increase slightly as
mass velocity is increased, flow is axisymmetric. If they
decrease as mass velocity increases, flow is stratified.

(4) Comparison of identified flow regimes with those predicted
by popular flow regime maps yield reasonable agreement
across all maps investigated here. For vertical upflow, the
map of Park and Mudawar [35] is capable of accurately pre-
dicting condensation flow regime. In horizontal flow the
map of Song et al. [60] does the best job predicting flow
regime.
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