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Abstract

This chapter reviews in-tube boiling and condensing flows, a subset of the area of
phase-change heat transfer, with emphasis on their annular regime realizations in
innovative devices. This review, in the light of numerous and excellent existing
books and reviews, is also relevant because of recently reported experimental and
technological approaches that make it feasible for annular/stratified regimes to
cover the entire lengths of millimeter-scale flow-boilers and flow-condensers. The
review chapter’s content also relates to new ways of addressing challenges that
have emerged in the area of high heat-flux (500-1000 W/cm? or greater) cooling
of data centers, super computers, laser weapons, and other devices. The chapter
summarizes current knowledge base and provides a design example each for
steady annular operations of flow-boilers and flow-condensers. Furthermore, the
chapter deals with some recent breakthroughs in the simulation of annular
boiling/condensing flows and how such approaches can be extended — in con-
junction with well-planned and parallel experiments — to further develop the
science and innovative applications associated with steady or pulsatile operations
of annular flow-boilers and flow-condensers.

Nomenclature

A Cross-sectional area (m?)

BI Boiling number (q,,/Ghg, )

Bl Alternate boiling number (q;VDh / (pL~hfg))
Bo Bond number (g(p. — pyv)D?/o)

C Lockhart-Martinelli constant

G Specific heat (J/kg-K)

CHF Critical heat-flux

Dy Hydraulic diameter (m)

f Friction factor

frp Heated perimeter fraction (Py/Pr)

Fry Froude number in x-direction (|gy| Dy/U?)
Fr, Froude number in y-direction (|g,| D,/U?%)
G Mass flux (kg/m’s)

gx Gravity component in x-direction (m/s)
gy Gravity component in y-direction (m/s)
h Height of the channel (m)

hg, Heat of vaporization (J/kg)
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Ja Liquid Jakob number (C, AT/hg)
k Conductivity (W/m-K)
L Length of the channel or test section (m)
M, Total mass flow rate (kg/m>-s)
M Liquid mass flow rate (kg/m?-s)
M, Vapor mass flow rate (kg/m>-s)
Po or p;,  Steady inlet pressure (also p;,) (kPa)
P Mechanical power (W)
Prp. Liquid Prandtl number (p Cpr/ky)
q, Mean wall heat-flux (W/m?)
Rer Reynolds number representing nondimensional (GDy/py)
S Suppression factor
Su Suratman number (cpyDp/p3)
t Time
Ty Mean wall temperature (°C)
Tsa(po) ~ Saturation temperature at pressure po (°C)
u Velocity (m/s)
We Liquid Weber number (p, U?Dy/o)
X Vapor quality
X Nondimensional distance (=x/Dy,)
XA Nondimensional length of the annular regime
Xt Lockhart-Martinelli parameter
Greek Symbols
p  Viscosity (kg/m-s)
p Density (kg/m?)
€ Void fraction
®, Two-phase multiplier
c Surface tension (kg/s”)
A Physical value of liquid film thickness (m)
¥, Nondimensional heat-flux
6, Nondimensional temperature
Subscripts
cb Represents macroscale convective boiling

CHF1 Represents dry-out instability
CHF2 Represents inverted annular flow related instability

cr Represents “critical value”
L Represents liquid phase of the flow variable
nb Represents macro-scale nucleate boiling

A% Represents vapor phase of the flow variable
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1 Introduction

In-tube boiling and condensing flows have been a subject of scientific studies —
involving experiments, modeling, computations, and analysis — since the early
1900s. As engineering support for boiler and condenser operations in macroscale
applications (as in power generations sector, heating ventilation and air conditioning
refrigeration, waste heat recovery, steam generation, etc.) has matured, new chal-
lenges have emerged in the area of high heat-flux (500-1000 W/cm? or greater)
cooling for data center, super computers, laser weapons, and other devices. One of
these challenges is smallness of available space for device cooling (that must employ
flow-boilers) and occasionally also for heat rejection (for devices that must employ
flow-condensers). The space restrictions and low pumping power needs often limit
hydraulic diameter Dy, of the boiler/condenser tubes to be small but not too small
(e.g., 100 pm < Dy, < 8 mm), whereas safety and cost-effectiveness issues restrict
pure fluids to available refrigerants and/or water. This review is focused on the
millimeter-scale hydraulic diameter applications. However, there remains a need for
high heat-flux boiling in microscale tubes (hydraulic diameter less than 100 pm) as
well — and active research in this area is going on (see, ¢.g., Kuo and Peles 2009; Li
et al. 2017; Zhu et al. 2016).

Another challenge is a restriction on allowed boiling surface and/or condensing
surface temperatures. For example, typically, 75-85 °C is the maximum allowed
temperature for the boiler tube surfaces connected to cold plates used in electronic
cooling (Kandlikar and Hayner 2009; also see » Chap. 49, “Single- and Multiphase
Flow for Electronic Cooling”). Besides high heat removal capabilities at high heat-
fluxes, there are demands on effectiveness of such millimeter-scale boilers and
condensers. For example, effectiveness often requires low pumping power consump-
tion through manageable pressure-drops, and, in case of high heat-flux flow-boilers,
it may also mean an ability to recover large amounts of mechanical power available
(associated with higher exiting vapor speeds from mm-scale ducts) at the exit.

Often effectiveness also requires avoidance of vapor compressibility-related
choking effects (Ghiaasiaan 2007), and this, in turn, may require modest mass
fluxes (G) in tubes of modest hydraulic diameters (D, = 4A/P, where A and P,
respectively, represent the cross-sectional area and perimeter of the tube).
Based on available experimental studies and experiences, modest G (~100 <
G < 500 kg/m”.s) means avoiding high G (>500 kg/m? s) and modest Dy,
(~100 pm < D}, < 8 mm) means tube diameters that are neither too small (e.g.,
D;, < 100 pm) nor too large (e.g., Dy, > 8 mm). The microscale tubes have surface
tension and/or contact line phenomena present most everywhere in the flow — and
significant flow rates at acceptable pumping power needed for high heat-flux opera-
tions are not available, and, therefore, such operations require innovation. On the other
hand, flow boiling in very large macroscale tubes has significant surface-tension effects
only in certain nucleate boiling and bubbly flow-regimes, which is only at small
volumetric gas fractions or low qualities. Furthermore, contact-line flow physics
cannot be beneficially utilized outside nucleate flow-boiling regime, as they appear
to be advantageous only at certain nucleation sites through their impact on bubble
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dynamics (contact angle, pool-boiling heat transfer coefficient, etc.). This would mean,
according to some popular naming conventions (Ghiaasiaan 2007; Kandlikar and
Grande 2003; Mehendale et al. 2000), that effectiveness of high heat-flux flow-boiling
operations may restrict one to mini-channels (~100 pm < Dy, < 1 mm) and a subset
of macro-channels (~1 mm < D, < 8 mm) — excluding micro-channels (~10 pm < Dy,
< 100 pm) as well as very large diameter (Dy, > 8 mm) macro-channels.

Unfortunately, established technologies such as an array of small diameter heat
pipes or their capillary and looped heat pipe variations (Faghri 1995) are not the
appropriate solutions for the increasing high heat-flux and heat-load needs of the
electronic cooling applications (Agostini et al. 2007; Ball 2012; also see » Chap. 52,
“Heat Pipes and Thermosyphons™). This is because, for these applications, direct use
of heat pipes does not work well due to limitations arising from necessarily large
vapor speeds that are involved (sonic limits), wicking limits, and the need for large
distances between boilers and condensers.

In the above context, this review chapter dealing with millimeter-scale boilers and
condensers becomes relevant because of recently reported experimental and techno-
logical approaches that make it feasible for high heat-flux annular/stratified regimes to
cover the entire device lengths. Necessarily, in the light of numerous and excellent
existing books and reviews (Bergles 1988; Carey 1992; Collier and Thome 1994;
Dhir 1998; Ghiaasiaan 2007; Manglik 2006; etc.) that partially cover this focus area,
the chapter benefits from synthesis of insights and knowledge that already exist.

Innovative and effective steady operations (Kivisalu et al. 2014) may also require
a change from traditional flow-boiler and flow-condenser operations — associated
with multiple flow-regimes (see, e.g., Figs. 1 and 2 for depiction of different flow-
regimes in a horizontal duct and Carey (1992) and Ghiaasiaan (2007) for discussions
on the different flow-regimes) — to operations such as the ones in Fig. 3a, b. These
operations control the flow-regimes through control of inlet quality and attain stable
and steady annular flow-regime over all of a suitably chosen device length. Further-
more, to address high heat-flux needs (500-1000 W/cm? or greater), as discussed
near the end of this review, resonant pulsations in the liquid and vapor flows may be
introduced to create vapor acoustic-enabled /arge amplitude standing waves on the
interface of the highly stabilized thin liquid film (300-200 pm thickness range) flow
boiling in the annular regime. Such flows are realized through flow controls and one
of several pulsation input options indicated in Fig. 3a, b. This is to make liquid film
flow as choppy (i.e., up, down, and forward motions) as possible — within the
feasibility offered by laminar flow restrictions imposed by the thinness of the liquid
film flow (300-200 pm thickness range) on a wetting wall. The choppiness helps in
introducing additional micro-convection advantages to evaporation at the interface
as well as, particularly at higher heat-flux values, in increasing the level of contri-
butions from microscale nucleate boiling. Both micro-convection and microscale
nucleate boiling, consisting of micron to submicron diameter bubbles, take advan-
tage of high heat-flux contact-line flow physics known to play a pivotal role in
macroscale pool boiling during an ebullition cycle. The size limitations on the
nucleating bubbles are imposed by liquid film thickness and accompanying
significant reductions in inertial pinning forces (see Dhillon and Buongiorno
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Fig. 1 (a) Typical flow-regimes encountered in traditional operations dealing with saturated flow
boiling (with saturation conditions at x = 0) in a horizontal tube. The sequence of regimes is for
cases where the average heat-flux q, for a given mass-flux G is below a certain threshold. (b) For a
certain G = Gy value, the expected qualitative variation in local values of heat transfer coefficient
h, with distance 0 < x < L and quality 0 < X(x) < 1 is shown as curves (i)—(iv), for increasing
values of uniform heat-flux prescriptions. In addition, for a representative heating curve (i), the flow
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2017; Phan et al. 2009; Zeng et al. 1993a, b, etc., for meaning of inertial pinning
forces) present in pool boiling. In Fig. 1b, c, at locations A and B of a representative
steady operation curve (ii), the depicted curves I;_g; and I,_g, represent the
expected benefits associated with the wavy annular innovative flow-boiling
operations just mentioned (with further discussions in Sect. 6). For related and
additional discussions on pool-boiling contact-line flow physics, see Gerardi et al.
(2010), Kunkelmann et al. (2012), McHale and Garimella (2010), and Raghupathi
and Kandlikar (2016) and » Chap. 41, “Nucleate Pool Boiling”.

One way to achieve (see Kivisalu 2015; Kivisalu et al. 2014) the aforementioned
and beneficial wavy (large amplitude standing waves) annular flow realizations is by
imposing pulsations in the incoming vapor (and liquid, if needed) streams (Fig. 3a).

By traditional saturated boiling operations of flow-boilers (Fig. 1), it is meant here
that a flow-boiler sees an all liquid flow at the inlet with the inlet temperature close to
saturation temperature (i.e., only a slight subcooling). Depending on whether imposed
heat-flux relative to mass flux is below or above a certain threshold (discussed in
Sect. 2), the traditional flow-boiling regimes may evolve as in Fig. la or result in
inverted annular flows as discussed in Sect. 2. These inverted annular regimes are
also commonly found in subcooled flow boiling as noted in Collier and Thome
(1994), Lee and Mudawar (2009), and Tibiriga et al. (2012). Similarly, a traditional
flow-condenser (Fig. 2) sees an all vapor flow at the inlet with the inlet temperature
close to saturation temperature (i.e., only a slight super heating).

For the saturated flow-boiling realizations in Fig. 1, the increasing distance or
quality from the inlet is marked on the horizontal axis, as zones I-VI. The zone
boundaries in Fig. 1b, c are for a representative heating level associated with curve
(1), which change a little with increasing heating levels. The marked zones, respec-
tively, denote the following flow-regimes: macroscale nucleate boiling (I), where
bubble sizes are determined by hydraulic diameter Dy; plug-slug regime (1), asso-
ciated with coalesced bubbles and microscale nucleating bubbles in the thin liquid
film adjacent to the wall; annular (IIT) with significant contributions from increasing
microscale nucleating bubble sites and frequencies that eventually plateau; annular
(IV) with decreasing microscale nucleating bubble sites, sizes, and frequencies, as
liquid film thickness gets below a certain threshold; convective annular boiling with
suppressed nucleation (V), as liquid film thickness gets below another threshold; and
regimes with near wall dry-out conditions (VI).

The near inlet downstream flow-regime (I) in Fig. 1a consists of millimeter-scale
(tube diameter controlled) bubbles in the nucleate boiling flow-regime — whose heat-
flux-dependent h, values in Fig. 1b perhaps arise from increasing number of active

<
«

Fig. 1 (continued) traverses multiple flow-regimes I-VI. Curve (iv) corresponds to the approach of
a dry-out instability (termed CHF1 mechanism) associated lower threshold value of critical heat-
flux (q,,_cppi_p)- At this value, the dry-out location Xcpr; (t) becomes oscillatory — with motion
biased toward upstream locations. On curve (iii), at points A and B, imposition of innovative
operations discussed in the paper may lead to attainment of quasi-steady values along curves I;_ ;)
and I_j (¢) The curves (i)—(iv) in (b) above are plotted here as AT(x) versus X(x), where AT
(X) = |TW(X) - Tsat(p0)|
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Fig. 3 (a) Innovative flow-boiler operations. (b) Innovative flow-condenser operations

nucleation sites with increasing heat-flux impositions. These macroscale nucleation
contributions become weaker relative to the convective contribution-induced/con-
vective contribution-controlled microscale nucleation in downstream zones II-11I of
Fig. 1b. The coalescing curves (i)—(iv) in zone III perhaps represent convectively
controlled (by smaller liquid film thicknesses near heated walls) microscale nucle-
ating bubbles — appearing and plateauing at saturated number of nucleation sites with
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increasing frequencies. Macroscale convection defining macroscale liquid-vapor
interface configurations in turn controls these smaller liquid film thicknesses near
heated walls. The term predominantly convective contributions for zones 1I-1III is
widely used; see Chen (1966), Cooper (1989), Kenning and Cooper (1989), etc.

The available literature on macro- and microscale nucleation is not the focus of this
review. Yet it is noted that some heuristic support for the above description of the role
played by macro-/micro-nucleation can be obtained by superposition of convection
mechanisms and available modeling for nucleating bubble mechanisms based on
pool-boiling investigations. Such superposition-based simulations are available on
FLUENT (2015). The phase distribution is obtained by solving continuity equations
for volume fraction and Navier-Stokes equation for both the phases separately. The
simulations use the Rensselaer Polytechnic Institute (RPI) nucleate boiling
models as integrated by Kurul and Podowski (1991) and Lavieville et al. (2006).
The RPI boiling model partitions the heat-flux from the wall into contributing
mechanisms while adding information on models for bubble departure frequency
(such as Cole 1960), departure diameter (such as Tolubinsky and Kostanchuk 1970),
and nucleation site density (Lemmert and Chawla 1977).

The widths of the zones IV-VI in Fig. 1 are somewhat uncertain — but their
presence is expected and widely acknowledged (Ranga Prasad et al. 2017; Ross and
Radermacher 1987). Typical experimental data available in the literature are largely
skewed in favor of zones I-1III of Fig. 1 (see Kim and Mudawar 2013c; Kenning and
Cooper 1989).

In the above discussions, only relevant heterogeneous (at heated solid surfaces)
nucleate boiling mechanisms for superheated liquids have been mentioned. The
fundamentals of homogeneous nucleate boiling mechanisms for superheated liquids
are not discussed here — but they can be found elsewhere (Avedisian 1985; Forster
and Zuber 1954; Plesset and Zwick 1954; Prosperetti and Plesset 1978, etc.).

The horizontal configuration flow-regimes in Figs. 1, 2, and 3 are different from
flow-regimes associated with downward or upward inclined (with respect to the
gravity vector) tubes (Carey 1992; Ghiaasiaan 2007). For modest to high mass-flux
values of G and millimeter-scale hydraulic diameters Dy, interfacial shear and pres-
sure gradients may dominate effects of gravity, and, therefore, even tubes at different
inclinations may exhibit flow-regimes that are qualitatively close to the ones associ-
ated with the horizontal configuration (as shown in Figs. 1, 2, and 3). This is because
axial and transverse gravity components g, and g, may become effectively negligible
compared to inertia forces (see definitions of Froude numbers in Sect. 2.1).

It is also well known that there are some qualitative similarities between the
boiling and condensing flow-regimes in Figs. 1, 2, and 3 and regimes that are
encountered in adiabatic flows (Carey 1992; Ghiaasiaan 2007). That is, if saturated
isothermal liquid and saturated isothermal vapor were flowing through an insulated
duct (constituting adiabatic flows), it would typically lead to flow-regimes that
exhibit uniform values of qualities X(x) (meaning the same value of X at all duct
locations x) and a particular associated flow-regime. Here, X(x) = Mv (x)/ Mm, where
Mv(x) represents the vapor mass flow rate and M;, = Mv(x) + ML(x) is the total
mass flow rate, including the liquid mass flow rate My (x). It is common to compare
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the flow-regime of saturated boiling/condensing flows of Figs. 1, 2, and 3 at a
particular location “x,” where the quality is X(x), to the flow-regime of an adiabatic
flow with the same quality X (with same fluids, tube diameter Dy, and mass-flux G).
This is because a qualitative similarity between the adiabatic and non-adiabatic flow-
regimes is expected — provided the X(x) value is away from a flow-regime transition
boundary. That is, flow-regime similarities between adiabatic and phase-change
flows may not be good at a flow-regime transition boundary (see Sects. 2 and 3) —
which is located by critical values of X, denoted as X, and estimated with the help
of experiments. This is because these boundaries represent some sort of instability of
a given flow-regime, and interfacial mass flux strongly affects the stability of the
flow-regimes. For example, flow-regime boundaries — relative to those obtained
from adiabatic flow considerations — are expected to be particularly different for thin
annular flows involving high heat-fluxes and high interfacial mass fluxes (which are
zero for the adiabatic flows).

Consider low to modest mass-flux steady boiling/condensing flow-regimes in
Figs. 1, 2, and 3. At a spatial location x, vapor mass flow rate quality X(x) is typically
assessed as thermodynamic quality Xy (x) (with Xg(x) = X(x)). The quality of
Xn(x) estimate depends on the available knowledge with regard to (i) the ability to
approximately identify an x = 0 location where bulk mean fluid temperature is close
to saturation temperature Tg,(po), (i) information on “method of heating/cooling”
(i.e., whether wall heat-flux or wall temperature values are known and uniform at all
“x” locations or are nonuniform in a certain known way), and (iii) the “level” of
heating/cooling (which is either the average heat-flux @, values or the average values
of imposed temperature difference AT = |TW — Tsa(Po) |). The average spatial heat-
flux g, =4 fé q,,(x).dx values are associated with the steady wall heat-flux q,, (x)
values, and the average spatial values of imposed temperature difference AT are
associated with locally varying AT(x) = |Ty(X) — Tsa(po)| values over 0 < x < L,
where Ty(x) represents steady wall temperature variations, Ty = % fOL Ty (x).dx
represents average wall temperature, and L is the device length. The realization of
various steady flow-boiling regimes depend on the stability of the various time-
averaged values of flow variables — which also depends on avoidance of phenomena
associated with critical heat-flux (CHF), as discussed in literature (Carey 1992;
Ghiaasiaan 2007; Thome 2004) and later on in Sects. 2 and 3. For characterizing
macroscale convection-dominated phase-change flows, or the convective compo-
nent of these flows, standard continuum-level fluid properties and associated non-
dimensional numbers for flow boiling and flow condensation are sufficient (Naik and
Narain 2016; Naik et al. 2016; Narain et al. 2015; Ranga Prasad et al. 2017).

Flow-boiling regimes, however, often involve significant amount of macro- and
microscale nucleate boiling, and, therefore, added dependences on a nondimensional
parameter set {S*} should be included. This nondimensional parameter set {S*}
would represent relevant properties and other variables that characterize vapor-
liquid-solid interactions at micro-/nanolayers found near contact lines over the
heated solid surfaces and particularly those which, in turn, influence macroscopic
behavior of nucleating bubbles (see Carey 1992; Ghiaasiaan 2007; Raghupathi and
Kandlikar 2016, etc.). Directly or indirectly, the list of such variables may include
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contact angles, surface-texture profile measures, liquid-vapor-solid interactions that
relate to contact angles and nucleation site density, surface chemistry, and time-
averaged local values of wall heat-flux (or wall temperature) that affect the growth,
departure, and emission frequency of a representative bubble. The transient bubble
dynamics (not necessarily the average steady nucleate boiling heat transfer coeffi-
cient) is also affected by parameters that affect the bubble ebullition cycle related
thermal transients of the externally or internally heated solid, which forms the
boiling surface (these include the solid’s density, specific heat, thermal conductivity,
and characteristic thickness in the heat flow direction).

Similar to nucleate boiling (pool or flow), the analogue for condensation is
nucleation of vapor in the form of dropwise condensation on hydrophilic/super-
hydrophilic or hydrophobic/super-hydrophobic surfaces — with or without discus-
sions of condensate removal mechanisms (inclined or vertical plates, moving vapor,
etc.). Such condensation has high heat-flux capabilities and is of great current fluid
physics interest (see Rykaczewski et al. 2013 and » Chap. 50, “Film and Dropwise
Condensation”). For reasons related to durability of such mechanisms and develop-
ment of applications of interest, the traditional (Fig. 2) and innovative (Fig. 3b)
mme-scale annular flow-condensers remain the primary interest of this review.

The primary focus of this review is, however, innovative annular steady opera-
tions (without the imposition of pulsations) depicted in Fig. 3a, b. The focus is on
quantitative characterization of such flows and flow control-based avoidance of
neighboring non-annular flow-regimes (typically thermally inefficient plug-slug
regimes in Figs. 1 and 2). This is because innovative operations, such as those in
Fig. 3, involve controlled recirculation rate for the passive vapor flow through proper
setting of the inlet quality for a given device length L, mass-flux G, and a range of
heating/cooling conditions. Characterization of the heat transfer efficiency for the
flows in Fig. 3 involves quantitative assessment of the local values of heat transfer
coefficient (h,) appearing in the defining relationship: q, (x) = hy - AT(x) orq,, (x)
= hy - AT. This later definition involving mean temperature difference is rarely used
in the context of local heat-flux — it is often an engineering convenience when AT
(x) is not known or its spatial variations are not significant. Typically, for the annular
flows in Fig. 3, one seeks a correlation of nondimensional values of hy in terms of
suitable nondimensional values of overall flow variables, namely, mass-flux G,
quality X (x), heating levels (average heat-flux q; representing q\:v (x) variation or
average temperature difference AT representing AT(x) variation), heating methods
characterized by fixed spatial dependence of ratios such as q_, (x) /g, (or AT(x)/AT),
and relevant fluid properties. Furthermore, clearly for the annular flows in Fig. 3,
some key intermediate flow variables such as local film thickness 8(x), interfacial
shear, ratio of average gas and average liquid-phase velocities (Uy and Up) being
determined through their dependence on fluid properties, quality X, and the void
fraction € play a significant role in determining the spatial variations in the overall
flow variables (such as X(x)). Void fraction € (= Ag(x)/A, where Ag(x) is the mean
cross-sectional area occupied by the gas phase at location “x,” etc.), along with its
dependence on ratio of average gas and average liquid-phase velocities (Uyand Uy ),
is discussed later on in Sect. 3. For a more general definition of the void fraction (€),
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see Carey (1992), Ghiaasiaan (2007), Thome (2004), etc. Another key intermediate
flow variable that is influenced by interfacial shear — through wall shear stress values
— is the local pressure gradient dp/dx(x) associated with the pressure p(x) averaged
over a cross-section, which, in turn, relates to pressure-drop and pumping power
associated with the device. All these intermediate flow variables are very important
in defining and obtaining suitably characterized relationships for the overall vari-
ables and the local heat transfer coefficient h,.

The above discussions necessitate a brief overview of relevant knowledge that
exist with regard to correlations for:

» Heat transfer coefficient h, or its nondimensional form termed Nusselt number
Nu,

* Defining flow-regime maps with distance “x” or quality “X(x)” with the help of
suitable representation of flow-regime transitions — defined by critical values of
quality X, as a function of other nondimensional parameters characterizing the
realization of flows (see Figs. 1, 2, and 3)

* Void fraction € and its dependence on quality X and fluid properties

* Pressure gradient and/or pressure-drop values

* Obtaining different critical heat-flux (CHF) values and associated qualities X, cpr
that are relevant to the mechanisms by which unstable conditions arise due to high
enough average values of externally imposed heat-flux

Toward addressing the above-described correlation needs, a broad overview as
well as review is undertaken in the next two sections.

2 Basic Variables and Correlations of Scientific
and Engineering Interest and their Relationship to
One-Dimensional Modeling of Flow Boiling and Flow
Condensation

2.1 Basic Variables and Their Correlations

In this review, the primary focus is on the shear and pressure-drop-driven annular
flows inside tubes of circular (diameter D) or rectangular (height h and width w)
cross-sections, including channels (i.e., h/w< 1 rectangular cross-sections; also
see » Chaps. 47, “Flow Boiling in Tubes,” and » 48, “Boiling and Two-Phase
Flow in Narrow Channels”). Both traditional saturated flow boiling and flow
condensation (Figs. 1 and 2) and innovative annular flow operations (Fig. 3a, b)
are of interest. A single characteristic length scale, popularly used in the hydrody-
namics literature for defining pressure-drop and phase-specific Reynolds number, is
used. This is the hydraulic diameter:

Dy = 4A/P (1)
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where A is the tube cross-sectional area and P = Pr is the wetted (by liquid or vapor)
perimeter. For order of magnitude estimates of heat transfer rates in tubes of different
cross-sectional geometries but equivalent diameters, if curvature effects are second-
ary (which is not the case here), many Nusselt number definitions may prefer to use
Dy, in Eq. (1) after replacing the perimeter P by P = Py in Eq. (1) where Py is the
heated perimeter, which may only be a fraction of Pr. To address such a need,
retaining the definition in Eq. (1), as needed, the Dy, value may be explicitly
multiplied by the fraction “frp = Py/Pr.” Furthermore, for present purposes, com-
mercially smooth and hydrophilic heating/cooling surfaces (i.e., heat-exchange
surfaces) are assumed for the flows in Figs. 1, 2, and 3. This does not mean that
special cross-sections (elliptical as opposed to circular, square, rectangular, etc.),
mini- and macro-fins, twisted tape inserts, and special hydrophilic or hydrophobic
micro- and nanostructured surfaces (see Kim et al. 2006; Mogaji et al. 2013; Thome
2004; Wu et al. 2013, etc.) aren’t actively being investigated — or relevant here (when
discussed) — for performance enhancement purposes (also see » Chap. 43, “Boiling
On Enhanced Surfaces™).

As mentioned earlier, commonly available pure fluids (refrigerants, fluorinert
electronic cooling fluids, water, etc.) are the primary focus of this chapter — although
the literature also shows a significant amount of interest in phase-change flows with
azeotropic and non-azeotropic fluid mixtures, nano-fluids, and phase change in the
presence of non-condensable gases (see Dalkilic and Wongwises 2009; Kim et al.
2007; Shah 2015b, etc.; also see » Chap. 44, “Mixture Boiling”).

The liquid and vapor phases in the flows of Figs. 1, 2, and 3 are denoted with
subscripts I = “L” and I = “V,” respectively. Both phases are modeled as incompress-
ible (i.e., vapor Mach numbers are low). The properties (density p, viscosity , specific
heat C,,, and thermal conductivity k) are denoted with subscript “I.” The properties are
to take their representative constant values for each phase (I = “L” or “V”).

Let the temperature, pressure, and velocity fields over the two phases — for the
steady-in-the-mean flows depicted in the Figs. 1, 2, and 3 — be, respectively, denoted
as Ty, pr, and VI = uﬁ + vlj. Let po be the mean inlet pressure (or inlet pressure at a
designated inlet location), hg, be the heat of vaporization at a local interfacial
pressure p or associated saturation temperature Tg,(p), and T,, be the mean heat-
exchange surface temperature associated with steady but spatially varying wall
temperature T,,(x). Further, let AT(E ’TsaI (po) — Tw |) be a representative control-
ling temperature difference between the fluid and the heat-exchange surface and Mj,
be the total steady mass flow rate (kg/s) through the tube. Furthermore, let M,
consist of liquid mass flow rate My (x) and vapor mass flow rate M,(x) at any
distance “x” from the inlet — i.e., Mi, = M (x) + M, (x). Let X(x) (= My(x)/Mi)
be the local quality and G (E M, /A) be the mass flux (kg/m” s), and let the overall
characteristic speed be U (=G/py). The “method of heating/cooling” for the flows in
Figs. 1,2, and 3 can be specified by prescribing either the wall temperature values or
the heat-flux values. The prescription choice depends on which of the two wall
variables is experimentally known or is more conveniently assumed as a tentative
prescription. A tentative prescription suffices if it is a conjugate problem and the
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boundary conditions for the surrounding environment are sufficiently known to find
the assumed thermal boundary condition. It is common to replace wall temperature
variations Ty (x) by the characterizing temperature difference AT(x).

Next, it is important to define the “level” of heating/cooling. Over the heating/
cooling length “L” in Figs. 1, 2, and 3, these “levels” are characterized by either the
average temperature difference AT = |TW — Tsat(p0)| between the saturation tem-
perature T, (po) and the axially averaged mean wall temperature Ty, = % j()L Ty (X).
dx or the axially averaged mean wall heat-flux q,, = % fé“ q,,(x).dx. Furthermore, a
specific nonuniform “method of heating/cooling” is defined as 0y(x) or
¥, (x) through the relations:

AT(x) = |Tw(x) — Tsar(pg)| = AT.0w(x) 2)
and
A (x) = 8- y(x) (3)

For nonuniform temperature-controlled heating/cooling, a specific 0,,(x) # 1
over 0 < x < L defines a specific “method of heating/cooling,” whereas for uniform
temperature heating/cooling that specific function is 0,,(x) = 1 over 0 < x < L.
Similarly, for a nonuniform wall heat-flux controlled heating/cooling, a specific
W,(x) # Lover 0 < x < L defines a specific “method of heating/cooling,” whereas
for uniform heat-flux heating/cooling that specific function is Wy (x) = 1 over
0<x<L.

The heat transfer to or from heat-exchange surfaces for the phase-change flows in
Figs. 1, 2, and 3 are characterized by the value of local heat transfer coefficient hy
defined as:

q\:v(x) = hx.AT(x) = hy.[Tw(x) — Tsat(po)| “)

where local heat transfer coefficient h, depends on the overall flow-specifying
geometry and boundary conditions. Once it is assumed that straight ducts and their
orientation with respect to gravity are of interest here, the local heat transfer
coefficient h, depends on the following variables: distance “x” from the inlet, tube
diameter Dy, inlet mass flow rate My,, relevant fluid properties, controlling thermo-
dynamic variables for phase change, the “level of heating/cooling” as specified by
values of AT (or q\;,), the “method of heating/cooling” as specified by the functions
0,(x) or Wy(x) at the tube walls, values of gravity components g, and g, and inlet
quality X;,. The above list of dependencies assumes, as needed, an implicit or
explicit dependence on solid-liquid-vapor interactions specifying parameters set
{S*}, as discussed earlier for the nucleate boiling component. It should be noted
that g, = 0 for the horizontal flow configurations of interest in Figs. 1, 2, and 3 and
the quality Xj, at the inlet (x = 0) is zero for saturated flow boiling in Fig. 1, unity
(Xj, = 1) for saturated flow condensation in Fig. 2, and X, is such that 0 < X;, < 1,
for the flows in Fig. 3a, b. For traditional flow realizations in Figs. 1 and 2, with
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known wall temperature “method of heating,” if “x” is lying in the convection-
dominated plug-slug or annular regimes, this means that one can assume that the
convective component hy ., of the heat transfer coefficient hy = hyje, + hypp for
flow boiling (assuming microscale nucleation contribution hy,, remains an impor-
tant contribution for annular flow-boiling zone III in Fig. 1b), or total heat transfer
coefficient h, (for flow condensation; or for flow boiling with an assumed implicit
dependence on {S*}; or for suppressed/negligible nucleation flow boiling for which
hy = hy|cp, as in zone-V of Fig. 1b); one can write the dependence for hy;, or hy as:

hx|cb = hx|cb (X7 G’ Dh? AT’ eW(x)’ PLs Pvs ML Ky CPL’ kL’ hfg» o, |gx |’ |gy|) (5)

Similarly, for known wall heat-flux “method of heating/cooling,” Eq. (5) for the
flows in Fig. 1 is replaced by:

hyjeb = hyjep (X G, D, Gy Wq(X), pLs Py HLs Bys Cor ki g, 0, [, ’gyD (6)

With regard to explicit or implicit dependence for flow-boiling heat transfer
coefficient hy = hyep, + hyjnp on {S*}, the following practice is recommended. If
hy|np dominates in its contribution to the value of h, in a way that its dominance is not
controlled by convective motion, as in pool boiling, it is best to keep its dependence
on {S*} explicit. However in the annular flow-boiling regions IV-V of Fig. 1, micro-
nucleation controlled hy,, may dominate hy (Zhy|c, + hyjnb), but this phenomena is
likely to be controlled by the convective motion associated with hy|cp,; in this case it
is recommended that the dependence of hy on {S*} be kept implicit — and this
recommendation is followed in this chapter. However, for innovative wavy annular
flow boiling along curves I, _i and I,_;;, in Fig. 1b, ¢ and discussed in Sect. 6, it is
recommended that dependence of h, on {S*} be kept explicit. This is because the
expected explosive presence of micro-nucleation and its impact depend significantly
on {S*} and, as discussed in Section 6, other external approaches are imposed to
influence/control the micro-nucleation phenomena.

Heat transfer coefficient (be it the convective component hy s, or total hy) is
typically nondimensionalized as Nusselt number Nu, and is given below:

Nu, = hy. — @)

At times, for channel flows, the channel height “h” is used as the characteristic
length scale (Naik and Narain 2016; Naik et al. 2016; Ranga Prasad et al. 2017)
instead of the hydraulic diameter Dy,. Also, elsewhere, for channel flows with only
bottom-wall heating/cooling — as in Naik et al. (2016) and Ranga Prasad et al. (2017)
— Dy, is replaced by 1511 = Dy frp = 4h as the characteristic length in the Nu,
definition.
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Using the Nu, definition in Eq. (7), it is easily seen that the functional depen-
dencies in Egs. (5) and (6) can be nondimensionalized, with the help of Pi-theorem
(White 2003), in the following forms:

Nuyjcony = Ntyjcony (f(,ReT,Ja, Pr., We, Fr, ?, Fr. 2, E—V, ':—V,GW(X)> (8)
L L

and

Nuycony = Nugjcony ()Z,ReT, BI, Pri, We, Fr;z,Fr;z, z_\’ , t_V , lI’q(x)) (&)
L HL

In Egs. (8) and (9), X = x/Dn, Rer = GDy/py, Ja = Cp L AT/hgy, Pry, = py Cpr/ky,
Fr.? =| g, | Dy/U?, Fr,? =| g, | Do/U?, We = p U’Dy /o, and Bl =g, /Ghy.
In Egs. (8) and (9), we have not recommended use of Ja(x) = Ja - 0,(x) and
Bl(x) = Bl - ¥,(x) because often (i) the nondimensional spatial variation func-
tions 0,, or ¥, defining the “method of heating/cooling” are not known or (ii) they
are not “far,” in an integral sense, from their corresponding uniform case value of
“1.” The total Reynolds number Rer simply represents nondimensional value of
mass-flux G — where its use of vapor viscosity py is appropriate for traditional flow-
condensation cases in Fig. 2 or innovative flow-boiling and flow-condensation cases
in Fig. 3. For traditional flow-boiling case in Fig. 1, it is more appropriate to
nondimensionalize G by using liquid viscosity p and replacing Rer in Egs. (8) and
(9) by Rer = Rer-py /p- Nondimensional surface-tension parameter Weber number
(We) may also influence steady annular flows in Fig. 3, particularly if tube diameters
are small and, therefore, interfacial curvatures are high (in different ways and places
of the interfacial configurations realized in a rectangular cross-section as opposed to
a circular cross-section).

For annular flow boiling in Fig. 3, the argument list in Egs. (8) and (9) has direct
additional dependence on inlet quality X, (Ranga Prasad et al. 2017), and for Nuy
representing the total heat transfer coefficient h,, Eqgs. (8) and (9), the structure for
convective boiling component of the Nusselt number Nuyc, (Ranga Prasad et al.
2017) admits implicit additional dependence on nondimensional parameter set {S*}
that represent relevant vapor-liquid-solid interactions.

The condensing/boiling flows of interest typically exhibit a one-to-one corre-
spondence because of monotonically decreasing/increasing values of quality X with
distance x (or nondimensional distance X). It is therefore possible and common to
replace the nondimensional distance X = x/Dy, in Egs. (8) and (9) by the local quality
X(X) defined as:

X (%) = — (10)

One of several reasons for replacing distance X with quality X is the expectation

“w o o

that its use, in place of “X ,” will allow more convenient and meaningful



51 Internal Annular Flow Condensation and Flow Boiling: Context, Results, and. . . 2091

characterization of flow-regimes (except near transition boundaries) because of
approximate similarities found among different flow-regimes encountered in
phase-change flows (see Figs. 1, 2, and 3) and those encountered for different
realizations of adiabatic flows (Ghiaasiaan 2007; Thome 2004). It is again noted
here that, for adiabatic flows, a uniform quality X(x) = X over 0 < x < L retains a
value between zero and one. Another advantage of using X in place of x — for
developing the Nuy (or Nuy) correlations in Egs. (8) and (9) — is that such uses are
likely to significantly weaken the influence of different functions 6y, (X) or ¥ (X ) that
characterize the effects of spatially nonuniform methods of heating/cooling. For a
certain class of annular flow boiling, this fact has been verified by Ranga Prasad et al.
(2017). As a result of the above, it is a common practice to characterize heat transfer
for phase-change flow processes in horizontal tube configurations of Figs. 1, 2, and 3
(where g, = 0 and effects of g, are often negligible within the plug-slug or annular
regimes of interest but may affect the flow-regime transition boundaries) by seeking
Nuy correlation for known wall temperature heating/cooling cases — using experi-
ments or computations or their synthesis — in the simplified functional dependence
structure of the form (or its equivalent):

Nuy = Nuy (X Ja,Rer, Pr, We, p—v, }l_v) (11
PL KL

For a known heat-flux specifying the “method of heating/cooling” of horizontal
tubes, the Nusselt number dependence is of the simplified form (or its equivalent):

Nu, = Nu, <X B, Rer, P, We, PV, ”—V> (12)
PL ML

The nondimensional arguments in Egs. (8) and (9) or Egs. (11) and (12) simply
represent a broad structure and may implicitly assume additional dependence,
particularly if it is important to precisely decompose hy = hyp, + hyjnp, On the
earlier discussed nondimensional parameter set {S*} representing relevant parame-
ters characterizing vapor-liquid-solid interactions. While developing correlations,
one may choose to simplify the dependences further or optimize them by changing
the definitions of different nondimensional numbers into different equivalent com-
binations. For example, one may choose to limit mass-flux (G or speed U = G/py)
effects to Reynolds number Rerand replace Weber number We and Froude numbers
(Fr? and Fry %), respectively, by Suratman number Su (= 6pyDy/p%) and a pair of
nondimensional gravity numbers (gnq—x and gnq—y Where g4y (ory) = ‘ &x (or y)‘.
pY-Di/1R)-

Furthermore, for thin film annular flows of Fig. 3, as established by several
analyses (Narain et al. 2015; Ranga Prasad et al. 2017), independent dependences
on Ja and Pry on the right sides of Egs. (11) and (12) can be further simplified by a

single parameter dependence on “Ja/Pr;.” Thus, for thin steady annular flows of
Fig. 3 restricted to mm-scale channels (curvature of the interface is negligible), effect
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of the surface-tension parameters (We or Su) can be assumed to be negligible, and
one can replace Egs. (11) and (12) by their respective and further simplified forms —
with the addition of inlet quality X;, (which is an independent additional variable
only for innovative flow boiling, as X;, = 1 for innovative flow condensation) —
given below:

J
Nu, = Nu, (X Xin, Rer, >, BV ”—V> (13)
Pro pp
and
. Pv Hv
Nux - Nux X» Xin’Bl’ReT7 PrL; D (14)
P ML

Again for annular flow boiling with nucleation, Egs. (13) and (14) only specify
the structure for Nuyp, —i.€., convective component of HTC (see Ranga Prasad et al.
2017) — unless an implicit dependence on the earlier alluded nondimensional
parameter set {S*} is assumed. The goal is to carefully obtain correlations of the
forms (or their equivalent) given in Egs. (8) and (9) or (11) and (12) or (13) and (14),
over a well-defined parameter space, by employing information obtained from
experiments, or accurate modeling/simulation techniques, or a synthesis of the two.

If Nuy correlations in the above form (or equivalent) could be reliably
and completely obtained from experimental data obtained for flow-boilers and
flow-condensers, such experimental correlations would already be consistent — at
least approximately — with all the relevant laws of nature (mass, momentum, energy,
etc.). This is because experimental realizations automatically satisfy all the relevant
laws of nature.

2.2 Other Indirect Variables and Their Influence
on Aforementioned Key Variables

Laminar or Turbulent Nature of Flows The total Reynolds number Rer cannot
shed much light on the expected laminar or turbulent nature of the different phases in
annular flows. Clearly laminar or turbulent nature of the flows impacts heat transfer
correlations for Nu, and most other variables of interest. For this assessment, one
often uses “local” values of liquid and vapor Reynolds numbers (Rey (x) and Rey(x),
respectively) defined as:

Re, = w (15)
HL

and
Rey = m (16)

Hy
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For separated annular flows, Re; (or Rey) < 2000 continue to indicate laminar
nature of the flow in that phase. Similarly, Re;, (or Rey) > 2000 continue to indicate
turbulent nature of flow in that phase, with Dy, based on wetted perimeter, as in
Eq. (1), being used. In fact for thin film flows over a plate or in a channel, for which
A < h, ReA(=G - (1 — X(x)) - 4A/p)< 1800 is the more appropriate — and less
conservative — thin-film flow laminarity criteria (see Bergman et al. 2011 for Nusselt
solution for film condensation) which is automatically satisfied, whenever Rey < 2000.

Flow-Regime Transition Criteria The instabilities that lead to transition between
one flow-regime “i” to another downstream/upstream regime marked as “i + 17 /“i-
17 often need to be characterized with the help of a relationship among influencing
variables. This typically leads to a representative “critical” value or a range of critical
values of quality X (i.e., Xcri — 1) OF Xer — Lfi — 1) < Xeor < Xer — HJi — (1))
that mark a transition between two adjacent regimes — viz., “i” to “i £ 1” — as quality
X sufficiently increases or decreases in Figs. 1 and 2. Such transitions clearly
influence the nature of the Nu, correlation function and most variables of interest.
For the annular thin-film flows in Fig. 3, the significant nondimensional parameters
being the ones listed on the right sides of Egs. (13) and (14), one expects that the
transition criteria between “regime - i = regime - annular” and “regime - [i£1]| =
regime - plug/slug” need characterizations for known temperature or known heat-
flux ways of specifying the “methods of heating/cooling.” Therefore, in principle,
these can be obtained in the following forms:

Ja Pv HPv
Xerio(it1) = Xerimixn) | 5—>Rer, —, — 17
erli—(i£1) | (il)(PI_L er oL L (17)
or
Pv H
Xerio(it1) = Xerlio(i+1) (BLReT, =, —V) (18)
PL ML

Clearly, the characterizing functions in Egs. (17) and (18) will also depend on the
laminar or turbulent nature of the flows — as assessed through Reynolds number
values obtained through definitions in Egs. (15) and (16) — that may exist for the
separate phases of the annular regime.

Film Thickness and Void-Fraction Correlations Heat transfer rates obtained
from Nu, correlations should, clearly, also depend on the thinness of the liquid
films adjacent to the heat-exchange surfaces (e.g., the liquid film thickness A(x) in
the annular flows of Fig. 3 or liquid thickness near the heat-exchange surface in the
plug-slug or annular regimes in Figs. 1 and 2). For most steady annular regimes of
interest here, an estimate of film thickness can be obtained from measurements based
on experimental correlations for void fraction €, whose definition and expected
dependences for flows of interest are of the type:
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A
e="S_¢ ( x, v Bv Rer, other parameters) (19)
A PL ML

Pressure-Drop and Friction Factors Clearly, for annular flows in Fig. 3 and
plug-slug flows in Figs. 1 and 2, representative overall pressure gradients

(_ﬂ

9 x total
the local flow quality X (x). For annular flows in Fig. 3, the pressure gradients are
more directly influenced by interfacial shear and liquid film thickness A(x), which,
in turn, also control heat transfer rates being sought through Nu, correlations of the
type given by Egs. (13) and (14). The overview in the next section outlines the
importance of such correlations to many Nu, correlation in the literature (Ghiaasiaan
2007; Thome 2004).

) are significantly coupled to the flow-regimes and are also related to

Flow and CHF-Related Instabilities Time-varying system instabilities for internal
phase-change flows may also arise due to limitations in the system (see discussions in
the category of “Static Instabilities” in Saha and Celata 2016) — outside the con-
denser and/or the boiler of interest — that do not allow the required steady flow
boundary conditions to be realized. The main issue is that the device (flow-boiler and
flow-condenser) often needs to realize its particular and intrinsic steady flow under
the specifications of hydrodynamic and thermal boundary conditions at the inlet and
at the duct walls. This requires that the system (i.e., the device and its environment)
design be such that it allows the flow the necessary freedom to self-seek a particular
set of exit conditions (e.g., pressure or liquid-vapor mass flow rates). However, such
devices are often placed in a “closed” flow loop, which physically connects the exit
of the device to the inlet of the device — via an external flow loop — thereby making
the inlet and exit conditions potentially interdependent. Since the design of the
external flow loop may have its own characteristics and limitations (e.g., the nature
of “pressure-drop versus flow rate curve” for the external flow loop might be quite
different than the one for the device/test section of interest), which, in turn, are
dependent on the types of devices (pumps, heaters and their controls, etc.) chosen for
the external flow loop, certain time-varying instabilities may arise (e.g., Ledinegg
1938 instability discussed in Saha and Celata 2016). Such system-induced instabil-
ities are not the focus of this chapter. This is partly because most such instabilities —
which arise from a coupling between the inlet and the outlet of a flow-boiler or a
flow-condenser — can be suppressed by employing modern design methods for the
flow loop, such as the ones discussed in Sect. 6 of this chapter as well as in Kivisalu
et al. (2014) and Sepahyar (2018). These modern designs use the latest in electronic
flow control, electronic control of heating/cooling methods, and use of suitable and
controllable hardware to effectively eliminate the effects of the connection that exists
between the inlet and the outlet of a device in a closed flow loop.

If the boiler and/or condenser employs acoustic waves within the subsonic and
incompressible vapor flow, an example being the devices in Fig. 3 (further discussed
in Sect. 6 of this chapter), the device may start exhibiting dynamic instabilities if
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certain amplitude thresholds are crossed with regard to the external actuation of the
underlying waves. Typically, such dynamic responses are also likely to be dependent
on the nature of exit geometry and exit flow conditions. Thus, either for subsonic
flows (with externally actuated pulsations) or supersonic vapor-phase operations, if
certain threshold flow conditions are crossed, density waves, acoustic oscillations,
thermal oscillations, pressure-drop oscillations, etc., may arise as dynamic instabil-
ities, that is, they may not allow “steady-in-the-mean” flow realizations. Such
instabilities (see Saha and Celata 2016) are also not the focus of this chapter.

The major focus of this chapter is on realization of steady or “steady-in-the-
mean” flows with vapor at subsonic speeds within the boiler and the condenser — and
under conditions (hydrodynamic and thermal) that suppress dynamic instabilities of
the type mentioned above. It is assumed here that the flow loop can be designed to
provide adequate freedom for the steady realizations of flows in a way that it allows
the flows to self-seek appropriate exit condition (e.g., exit pressure or exit values of
liquid-vapor mass flow rates). Furthermore, the totality of the hydrodynamic and
thermal conditions at the inlet and the wall is assumed to be such that they suppress
dynamic instabilities of the types discussed earlier.

Despite the exclusion of the above-described instabilities by properly defining/
restricting the range of operating conditions for the device, the flows within the duct
can still exhibit a “static” and a “dynamic” instability type — both of these are of
primary interest here.

The kind of “static” instabilities that occur within a flow-boiler/flow-condenser
and are of interest here has already been discussed in the introduction and earlier in
this section (under flow-regime transition criteria). These are instabilities that cause
one “steady-in-the-mean” flow pattern (or flow-regime) — as far as liquid-vapor
interface configurations are concerned — to gradually lose its stability (around a
certain critical value of quality, X, discussed through Eqs. (17) and (18)) via a
downstream or upstream transition to another flow pattern (or flow-regime). The
transitions from nucleate/bubbly to plug-slug to annular — as discussed earlier for the
flows in Figs. 1 and 2 — fall in this category.

The kind of “dynamic” instabilities that are of interest here are limited to flow-
boilers and are called critical heat-flux (CHF) instabilities for flow boiling (see Carey
1992; Collier and Thome 1994; Dhir 1998; Ghiaasiaan 2007, etc.). These are
dynamic instabilities that arise when certain threshold values of {q;J,G,X(x)}Cr
are crossed together under increasing values of the externally imposed mean
heat-ﬂux qW For convenience, we only consider uniform x-independent heat-flux
q = q,, imposition cases here. There are two principle CHF mechanisms for
saturated flow boiling. One corresponds to dynamic instability of the dry-out zone
in Fig. 1a — as a certain lower limit of the critical heat-flux (q,, _cpg;_y in Fig. 1b) is
crossed by increasing values of qW Under these conditions, the physical location of
the dry-out point in Fig. 1b — indicated as xcyr; (t), which corresponds to the peak
just prior to precipitous drop in h, values — starts oscillating, predominantly in the
upstream direction. And AT(x) in the dry-out zone, represented by the vertical axis
in Fig. 1c, now takes the new meaning of becoming a time-varying ATy, — the
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temperature difference representing unsteady heating in the vapor-blanketed zone,
with an increasing wall temperature Ty (X, t) values’ difference from the more
slowly increasing mean temperature of the poorly conducting gas phase above
it. The second CHF mechanism (termed CHF2) corresponds to dynamic instability
of the inverted annular zone in Fig. 4a — as a certain lower limit of the critical
heat-flux (q\:v7CHF2 in Fig. 4b-c) is crossed by increasing values of q\:, from levels
below it. Again physical location of the onset of inverted annular flows — indicated as
Xcurz (t) — starts oscillating, predominantly in the upstream direction. The important
issues are (i) when do inverted annular flows occur, and (ii) how is the inverted
annular flow realization related to the two CHF mechanisms — and these are further
discussed next. The discussions, we believe, are improvements in qualitatively and
progressively improved interpretations that have been evolving through Dhir (1998),
Collier and Thome (1994), Lee and Mudawar (2009), etc.

Curves (1)—(iv) in the qualitative “h, — X(x)” depictions in Fig. 1b correspond to
increasing uniform heat-flux (q,,) impositions at or below the lower threshold value
of q,,_cyrr_y. (see corresponding points (i)~(iv) in Fig. 5a, b). These correspond to
“low to modest” imposition of heat-flux q\;, values for a specified mass-flux G = Gy.
That is, increases in q\;, values correspond to the upward movement along (i)—(iv) in
Fig. 5a — with (i)—(iii) being points below the lower critical curve (associated with
heat-flux q,_cyr_r) and (iv) being the point on it. Alternatively, these values
correspond to the upward movement along points (i)—(iv) in Flg 5b — with (i)—(iii)

being points below the lower nondimensional threshold curve BlCr L ReT in the

nondimensional “Bl — ReT plane of Fig. 5b and (iv) being the point on it. The
curves (i)—(iii) in Fig. 1b correspond to points (i)—(iii) in Fig. 5a, b. These correspond
to stable dry-out flow-regimes that are achieved downstream of qualities associated
with peaks (in Fig. 1b) just before dry-out (such as the peak for curve (i), at the cusp
between regions V and VI which occurs slightly upstream of the dry-out point x4, in
Fig. 1b). The downstream locations beyond such points are rapidly vapor blanketed,
and the wall temperature rapidly rises in the downstream portions of the
corresponding curves (i)—(iii) in the “AT(x) — X(x)” plane of Fig. lc. In case of
the presence of entrained liquid in the vapor core, onset of single-phase vapor
regions may not begin at dry-out points such as x4, in Fig. 1b but may occur slightly
downstream of it. The AT(X) values associated with curves (i)—(iii) can potentially
reach steady and asymptotic equilibrium values of single-phase temperature differ-
ences ATy, where ATy values represent temperature difference between the wall
and the mean temperature of the vapor. Note that curves (ii)—(iv) in regions I-III in
Fig. 1c are below curve (i) in Fig. 1c. This is because these curves are associated with
corresponding curves (i)— (1V) in Fig. 1b through the relationship: AT(x) = q_, /hy,
and percentage increases in q,, are typically much smaller than percentage increases
in hy (this claim is supported by some experimental data-based correlations pre-
sented in subsequent sections). However for heat flux prescribed heating along

curve (iv), at uniform heat-flux of q_,_ ) = = q.,_curi_L» @ the peaks marked by

red arrows in Fig. 1b, ¢ are reached, a dynamic instability sets in oscillations in the
dry-out location (with its motion biased toward upstream regions, as discussed
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Fig. 4 (a) For cases where the average heat-flux q;v for a given mass flux G is at or above a certain
threshold G, cyp;_y» the figure depicts the sequence of flow-regimes that are encountered in
traditional operations dealing with saturated flow boiling (with saturation conditions at x = 0)
in a horizontal tube. (b) For a certain G = Gy value and the depicted range of imposed heat-fluxes
(q;,f(v) < c_l;,f(vi) < qoy_cup = q;'vf(vﬁ) ), expected qualitative variation in local values of heat
transfer coefficient hy over 0 <x < L (or thermodynamic qualities 0 < X(x) < 1) are shown as
curves (v)—(vii). With increasing heat-flux, the decreasing distance or quality from the inlet is
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earlier), and the abrupt transition of h, and AT(x) takes place along the indicated red
curves in Fig. 1b, c. Yet, even for this heat-flux prescribed heating along curve
(iv) associated with uniform heat-flux of q, oy, 1, if @ switch is made to a
temperature-controlled heating (with the control allowing decreases in heat-flux as
needed), further quality increases beyond the peak, without dynamic instability, is
possible along the green curves indicated in Fig. 1b, c. The dynamic instability
mechanism CHF1 at uniform heat-flux of q,,_cyp,_p, as discussed above, does
correspond to vapor blanketing at locations downstream of the red marked peak
and larger unsteady increases in wall temperature Ty (X, t) relative to single-phase
gas temperatures are expected, see Fig. 1c. However, this should not be confused
with a runaway unsteady temperature rise in wall temperature that necessarily leads
to melting/failure of the solid heated surface, as that phenomenon is highly depen-
dent on the length of the duct, the value of the mass-flux G, and whether or not the
imposition of uniform heat-flux value of q,,_cgp;_; is actually sustained. This
dynamic instability mechanism for the dry-out location at a critical heat-flux is termed
here as CHF1. As indicated in Fig. 5, the dynamic instability of the dry-out point is not
only observed along curve (iv) (for heat-flux q,, cyp; . in Fig. 1b) but is likely to be
observed over a range of heat-flux values @w_crri-L < 9y < Qy_chp1_v)-

At heat-flux values higher than q g, _y» the flow-regimes qualitatively change
to the ones depicted in Fig. 4a — where inverted annular regimes begin somewhere
near the end of the nucleate boiling or the beginning of the plug-slug regimes of
Fig. la. In the literature (Collier and Thome 1994; Ghiaasiaan 2007, etc.), the
depicted stable onset of inverted annular regimes in Fig. 4a are also termed departure
from nucleate boiling (DNB). When this heat-flux rises to the heat-flux level of
q;V_CHFZ, the onset of inverted annular regimes in Fig. 4a also becomes dynamically
unstable, and another type of critical heat-flux mechanism — termed here as CHF2 in
Fig. 4b, c— is reached. At this value, the physical location of the inversion point —
indicated as Xcyps (t) — starts oscillating, predominantly in the upstream direction,
with AT(x) at locations downstream of Xcyr, (t) now takes on the new meaning of
becoming a time-varying ATy, (with the temperature difference representing
unsteady heating in the vapor-blanketed zone, with an increasing wall temperature
Tw(X, t) and a more slowly increasing mean temperature of the poorly conducting
gas phase above it). This type of critical heat-flux mechanism is quite common for
saturated and subcooled boiling at high heat-fluxes and is extensively discussed in
Collier and Thome (1994), Lee and Mudawar (2009), etc.

The inverted annular flow instability is considered through curves (v)—(vii) in the
qualitative “h, — X(x)” depictions given in Fig. 4b. These curves correspond to
increasing values of uniform heat-flux q,, impositions above the lower threshold

<
«

Flg 4 (contmued) marked, prior to the beginning of inverted annular flows, as zones I-1I. At
TQo_crrp2 = qw (viiy> the inverted annular zone becomes unstable with oscillatory onset locations

Xcurz (t). (¢) The curves (v)—(vii) in (b) above are plotted here as AT(x) versus X(x), where AT
(X) = |TW(X) - Tsat(p0)|
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value of q, ey @nd up to a value termed as q,, - These correspond to heat-
flux q,, imposition values for a specified mass-flux G = Gy, at the three points
(v)—(vii) depicted in Fig. 5. For curves (v)—(vi) in Fig. 4b, stable inverted annular
flows are achieved downstream of appropriate qualities indicated in Fig. 4b. The
downstream locations beyond this point are vapor blanketed, and wall temperature
rapidly rises in the aft portions of curves (v)—(vi) in the “AT(x) — X(x)” plane of
Fig. 4c. Curves (vi) and (vii) in Fig. 4c are below curve (v) in the upstream portions
of Fig. 4c because curves (v)—(vii), respectlvely, correspond to the curves (v)— (V11) in
Fig. 4b through the relationship: AT(x) = q,,/hx and percentage increases in q,, are
typically much smaller than percentage increases in h, values.

Fig. 5a, b also suggests presence of a low enough mass-flux range 0 < G < G,
where all the flow-boiling CHF mechanisms will behave closer to the CHF mech-
anism associated with pool boiling.

Both CHF mechanisms arise from the fact that it is possible to raise the “levels” of
sustained heating above certain high threshold values that a stable, steady realization
of flow boiling — as depicted in Fig. 1a or Fig. 4a — is no longer possible. At such
levels, different instability mechanisms are triggered — both leading to a situation
where the vapor-blanketed-heated surface of the tube/channel starts experiencing
oscillatory dry patches (i.e., the solid surface is exposed directly to the vapor through
the adsorbed layer of liquid; see discussions in Sects. 3 and 6) that allow, in time, for
unsteady rise in wall temperatures T, (X, t) when either of the two CHF mechanisms
are triggered — with a possibility of a runaway. The gas-phase flow rate over the
vapor-blanketed heated wall for CHF2 mechanism is much smaller than the one
associated with CHF1, and, therefore, catastrophlc rises in wall temperature Ty(X, t)
at these higher heat-fluxes (qy,_cyp > Gy _cpp_y) ate more likely.

The main point of the above discussions is to distinguish between CHF mecha-
nisms of pool boiling (Collier and Thome 1994; Dhir 1998) and flow boiling despite
obvious similarities. The analogies, as given in Collier and Thome (1994) through
three-dimensional qualitative plots involving {q,,, Ty (x), X(x)} axes or the projected
curves in the q,, and Ty(x) planes, can be improved — though it is not done here —
with the help of above-reported figures and three-dimensional qualitative plots
involving {h, , AT(x) , X(x)} or {q,,, Tw(x),X(x)} axes.

Clearly one needs to seek Nu, correlations of the type given by Eqgs. (13) and (14)
— provided one is also able to keep wall heat-flux q, values below estimated
threshold values of qcyr, and qegp,-

2.3 Segmented Flow-Regime Dependent Nu, Correlations

The earlier flow-regime specific discussions (in Sect. 2.2) regarding other indirect
variables influencing key variables in the arguments list presented for Nu, correla-
tions suggest that they may also indirectly influence the very form of the Nuy
function — in ways such that the best forms of the correlations may significantly
differ from one flow-regime to another. This suggests that it may be more convenient
to obtain the sought-for and more accurate Nu, correlations in Egs. (8) and (9) by an
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approach that restricts the correlations to one regime at a time. That is, if “regime - 1”
denotes a particular flow-regime (such as bubbly, plug-slug or annular flow-regimes,
etc.), and its neighboring upstream and downstream regimes in Figs. 1, 2, and 3 are,
respectively, marked as “regime - (i—1)” and “regime - (i + 1)” — with corresponding
flow-regime transition criteria in terms of quality (see Egs. (17) and (18)) denoted as
Xeri—1) —i and Xji—+1) — one could seek correlations of the type:

J
Nuy = Nux\regime—i <X, Rer, i > pl, plv . )
Pro pppp
or, (20)
Nty = Nuyjregime-i (X,BI, Rep, v BV >
PL HL
where X (X) is in the range
Xerl(i=1)=i < X (X) < Xerfis (1) (21)

and nondimensional X = x/Dy,.

24 Underlying One-Dimensional Modeling Approach to Obtain
Spatial x-Variations of Flow Variables That Are Known or
Correlated in Terms of Quality X and Other Parameters

For the flow-boiling and flow-condensation realizations in Figs. 1, 2, 3, and 4, one-
dimensional energy balance can be applied to the control volume between any two
arbitrary locations “x” and “x + Ax” (see Fig. 6).

It is easy to see that, in the limit of Ax— 0, the energy balance yields:

AX(x) (Ol Pr BTy = Toapo) P o
dx Minhrg (py) G-Ahgg

The “+” and “—” signs in Eq. (22) are, respectively, for flow boiling and flow
condensation. Using the definitions given earlier, Py being the heated perimeter
(potentially a fraction frp = Py/Pr, where Pr is the wetted — by liquid or vapor —

Fig. 6 A schematic of a

control volume between “x” -
and “x + Ax.” The heat-flux . Condensation
Dp oL

arrows, as shown, are positive
for boiling. The reversed
direction negative values are
for flow condensation
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perimeter), Min = G-A, and the relevant nondimensional variables and numbers as
defined following Eq. (9), Eq. (22) can be nondimensionalized as:

dX (& Ja 1
) _ L4 frpNu, 222 Mg ) (23)
dx PrL ReT Ky

for known wall temperatures specifying the “method of heating/cooling.”
For known heat-flux values specifying the “method of heating/cooling,” Eq. (22)
is nondimensionalized as:

dﬁg‘) = +4.frpBLY, (x) 24)

2.4.1 Use of Nu, Correlations Covering All Flow Regimes

For known wall temperatures specifying the “method of heating/cooling,” the
nonlinear ordinary differential equation (ODE) in Eq. (23) may be solved over 0 < X
< L /Dy, in conjunction with a reliable Nu, correlation (covering all flow-regimes of
saturated flow boiling or flow condensation in Figs. 1 and 2) given in the form of
Eq. (11), or its equivalent, and subject to initial condition.

0, for saturated flow — boiling

X(0) = { (25)

1, for saturated flow — condensation

For a known heat-flux value specifying the “method of heating/cooling,” the
ODE in Eq. (24) yields linear X (x) variation if it is solved for a uniform heat-flux
prescription (i.e., for Yo(x) ~ 1) — over 0 <X <L/Dy subject to the initial
conditions in Eq. (25). If the overall Nu, correlation in Eq. (12) (or its equivalent)
is known, it allows evaluation of h, given values of q\;,, Bl, and computed X (X)
variations. The use of this h, in the defining relationship of Eq. (4) then yields the
temperatures Ty, (x) over 0 < x < L.

A more interesting and a relatively difficult case is when the Nuy correlation is
available from known heat-flux-based measurements and associated correlations in
the form of Eq. (12) — as in the example given later on in Sect. 3.1.1 — and one wants
to use/solve Eq. (23) to make X(x) and q\;,(x) predictions for a known wall
temperature T, (x) case. In this case, preliminary reasonable guesses of q\;, and
W (x) 22 1 are employed to express Nuy in Eq. (12) as a function of quality X for use
in the solution of Eq. (23). The solution of Eq. (23) yields associated X(x) variations.
These new X(x) variations are used in Eq. (12) and Eq. (24) to obtain Bl - W,(x) or
q,, (%) |new. This yields new guesses of q,, and W,(x) toward iterative evaluation of
Nu, in Eq. (12) as a function of quality X followed by solution of Eq. (23). The
process is repeated until converged values of X(x), q;, and ¥ 4(x) are obtained.
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24.2 Use of Flow-Regime-Specific Nu, Correlations

Alternatively, for the flow-regime-specific Nu, correlations given in flow-regime-
specific forms of Eq. (20) or Eq. (21) along with known wall temperature “method of
heating/cooling” cases, the related nonlinear ODE in Eq. (23) — with or without the
need for combining it with Eq. (24) — may be solved over xi < x <xj,; the
distances over which flow-regime “i” is realized. The initial condition for these
flow-regime-specific solutions of X(x), for a guessed value of x{, then becomes:

X () = Xer(i-1)i (26)
where the Xy i—1) — ; correlation is available from Eq. (18) and the guessed value of
X remains unknown until X(x) is obtained from x = 0 up to X (x} ), through similar
considerations of all the prior flow-regimes.

Current knowledge of segmented and flow-regime-specific Nu, correlations may
be approximate and reasonable for annular flow realizations, but the knowledge of
the flow-regime boundaries, as sought in nondimensional forms (such as Eqgs. (17)
and (18)), is poor for the flows in Fig. 4. The flow-regime transition boundaries,
which occur for flows in Figs. 1, 2, and 3, are also poorly known.

Alternatively for cases where “method of heating/cooling” is specified by known
heat-flux values specifying the cases and a reasonable flow-regime-specific Nuy
correlation is available (as in Eq. (20)), the solution of the ODE in Eq. (24) over
x{ < x <x{,, may be obtained — and X (X) will vary linearly with X for the initial
assumption of Wy(x) ~ 1. With the help of the initial condition in Eq. (26) and
“regime-i”-specific Nuy correlation in Eq. (20), h, can be evaluated for given values
of ﬁ;v, Bl, and X(X) variation. The use of this h, in the defining relationship of Eq. (4)
then yields temperatures Ty, (x) over the x-locations x{" < x < xj, ; for regime-i. The
ability to correctly place the physical x-location of this “regime-i” at a suitable
distance form is possible only if one knows the x = x; location in Eq. (26) through
similar considerations of all the prior flow-regimes between x = 0 and x = x{.

3 Overview of Available Correlations for Direct and Indirect
Variables of Interest

The correlations that are relevant to the focus of this review — annular flow boiling
and flow condensation — correspond typically to laminar liquid film flows, laminar or
turbulent vapor flows, and negligible entrainment rates. These correlations (for heat
transfer coefficient and pressure-drop, etc.) are related to key variables (dimensional
or nondimensional) that define a specific flow realization, namely, hydraulic diam-
eter Dy, mass-flux G, relevant fluid properties, imposed heat-flux g, or wall
temperature Ty, length L, quality X, and inlet quality X;, (for annular flow boiling
only) in the horizontal tube configuration of the flows in Figs. 1, 2, and 3. Though
horizontal tube considerations are sufficient for most inner diameters Dy, and mass-
flux G values of interest to this review, downward tilted (g, > 0) flow-boilers and
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flow-condensers for some macroscale diameters (5 mm < Dy, < 15 mm) and low
mean mass-flux (G = 10 to 30 kg/m* . s) may also be of interest and are briefly
discussed here.

Effects of nonuniform heating/cooling methods have been discussed by Naik et al.
(2016), Naik and Narain (2016), and Ranga Prasad et al. (2017) from a theoretical
point of view. Regardless of whether the correlations assume knowledge of wall
temperature T,,(x) or heat-flux q,, (x) prescriptions, one can establish (with the help of
CFD simulations) equivalence between the two prescriptions (see Naik et al. 2016
and Ranga Prasad et al. 2017) for convective boiling and flow condensation.

Next, relevant correlations for heat transfer coefficient hy, flow-regime maps,
pressure-drop, and void fraction are reviewed. Furthermore, additional available
information on CHF issues (for flow boiling) as discussed in Sect. 2.2 and related
to the annular flows in Figs. 1, 2, and 3 are also discussed.

3.1 Local Heat Transfer Coefficient h, from Nusselt Number Nu,
Correlations

3.1.1  Flow Boiling

Known results from the flow-boiling experiments that are cited here typically use the
fact that the mean wall heat-flux q;v and key flow defining variables are known, and
Nu,, for traditional boiling operations, can be correlated in the structural form (or its
equivalent) indicated in Eq. (12).

Several local heat transfer coefficient correlations covering a range of experi-
ments (in mini-/micro-channels for both single and multi-channel configurations, as
given in Table 1) have been recently considered by Kim and Mudawar (2013c), and
an order of magnitude curve fit for flow boiling — covering all the flow-regimes in
Fig. 1 — has been proposed. Though these experiments, and hence associated
correlations, also cover the annular regime results, which are of particular interest
to this review, the experimental data underlying the correlations’ data are more
biased toward regimes marked I-11II in Fig. 1b.

The “more general” HTC correlation of Kim and Mudawar (2013c) — given in
Egs. (27), (28), (29), and (30) below — has a built in, but ad hoc, breakup of total
HTC into its nucleate and convective components:

0.5
hy = (2 + b2, ) 27

where,

P 0.7
hx|nb = [2345 <B] PH) PgSS(l _ X)70'51
F

k
(0.023Re§-8pr34 DL) (28)
h

and
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Table 1 Previous saturated flow-boiling heat transfer correlations or experimental data considered
by Kim and Mudawar (2013c). The parenthetical notation (V/V-u/V-d, H; C/R) under “Remarks,”
respectively, represent considered flow directions (V vertical-up or vertical-down not stated, V-u
vertical-up, V-d vertical-down, H horizontal) and following the semicolon (C/R), respectively,
represent considered cross-sections (C circular and/or R rectangular)

Authors Remarks

Recommended for macro-channels

Cooper (1984b)* 6000 data points for nucleate pool boiling

Gungor and Winterton D = 2.95-32 mm, water, R11, R12, R113, R114, R22, ethylene
(1986) glycol, 4300 data points — (V-u, V-d, H; C)

Liu and Winterton (1991) Same data as Gungor and Winterton (1986) — (V, H; C)

Shah (1982) Experiments are mostly in horizontal tubes of circular or

rectangular cross-sections
D = 6-25.4 mm, water, R11, R12, R113, cyclohexane, 780 data
points — (V, H; C)

Recommended for mini/micro-channels

Agostini and Bontemps Dy, = 2.01 mm, 11 parallel channels, R134a — (V-u; R)
(2005)

Bertsch et al. (2009) Dy, = 0.16-3.1 m, water, refrigerants, FC-77, nitrogen, 3899 data
points— (V, H; C, R)

Ducoulombier et al. (2011) | D = 0.529 mm, CO, — (H; C)

Lazarek and Black (1982) | D = 3.15 mm, R113, nucleate boiling dominant — (V; C)

Li and Wu (2010) Dy, = 0.16-3.1 m, water, refrigerants, FC-72, ethanol, propane,
CO,, 3744 data points — (V, H; C, R)

Oh and Son (2011) D =1.77, 3.36, 5.35 mm, R134a, R22 — (H; C)

Tran et al. (1996) D = 2.46, 2.92 mm, D= 2.40 mm, R12, R113, nucleate boiling
dominant — (H; C,R)

Warrier et al. (2002) Dy, = 0.75 mm, 5 parallel channels, FC-84 — (H; R)

Yu et al. (2002) D = 2.98 mm, water, ethylene glycol, nucleate boiling dominant —
H; O

“The Cooper (1984b) correlation was developed for nucleate pool boiling

PH 0.08 1 0.94 p 0.25 kL
hyeo = |52 (BIP—> We 0% +3.5 (~—) (—V> (0.023Re2-31>r§-4 D-)
h

F it PL
(29)
The parameters in the above definitions of h, are:
q, G(1 - X)D GD C
Bl= v ,Pr = &,ReL EM, eg = ——,Prp = pl‘—pL,
G'hfg Per HL H ke
(30)
G’Dy, ~ 01 09 0.5
wawo = G K= ()" 029 (2)

where Pr is the wetted perimeter (in case a tube/channel is not wetted on all its
periphery P) and Py is the heated perimeter (and includes cases for which a tube/
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channel is not heated on all its periphery). This is also the perimeter where q;,(x) is
replaced by qw

The correlation in Egs. (27), (28), (29), and (30) covers all the saturated flow-
boiling regimes depicted in Fig. 1, i.e., as the quality X increases and the flow goes
from tube diameter determined nucleate boiling (nb) dominated zone I to the
macroscale convective boiling (cb) controlled regime III. The use of the Martinelli
parameter Xy in Eq. (29) is typically not indicative of both phases being turbulent — it
is simply a correlation parameter. The uncertainty in the predictions from a correla-
tion, such as the one in Egs. (27), (28), (29), and (30), can be high as it allows for
many experimental and conceptual uncertainties. Some of the significant sources of
uncertainty are associated with:

(i) Replacing X(x) = M,(x)/M;, inferred from the expression of X(x) =
Xm(x) where X,(x) is a thermodynamic vapor quality obtained from experi-
mentally assessing (with some uncertainty) an “x = 0” location where the fluid
is at close to saturation conditions. And then applying energy balance to the
flow-boiling control volume, between the identified “x = 0” location and one at
an “x > 0” location, with knowledge of the experimentally measured values
(with its own uncertainties) of heat input (g, = 5 q,,(X).Py.dx) between the
two locations.

(i) Uncertainties in measuring AT(x) ( = [Ty(x) — Teu(po)|) and q, (x) (due to the
limitations in accuracy of thermocouple and other instruments — more so with
older experiments with less accurate sensors) and then evaluating h, = q_(x)
/AT(x). This error is also related to occasional assumption, without verifica-
tion, that the wall temperature Ty(x) is nearly uniform and one can replace AT
(x) by the average temperature difference AT.

(iii) Uncertainties associated with the current practice of combining data obtained for
different cross-sectional geometries, e.g., from channel flows (i.e., high aspect
ratio rectangular cross-sections) not significantly influenced by curvature effects
on the flow field as well as surface tension effects with those obtained from
mm-scale tubes, where the flow, interfacial shear, and interfacial pressure differ-
ences are affected by curvatures and surface tension effects. Similarly, significant
uncertainties arise from combining data from experiments conducted at different
tube inclinations — particularly data for low to moderate mass-flux G values.

(iv) There are inherent curve-fitting inaccuracies associated with developing a
single correlation that cover all the flow-regimes (as in Egs. (11) and (12)) as
opposed to developing segmented correlations specific to different flow-
regimes (as in Eq. (20)).

(v) A rather ad hoc splitting of total HTC h, in its macroscale convective (hyc)
and macroscale nucleate (hy,,) boiling parts (see Sect. 6, Ranga Prasad et al.
2017, and Gorgitrattanagul 2017).

Despite the aforementioned uncertainties and weaknesses, correlations — such as
the one in Egs. (27), (28), (29), and (30) — can provide useful order of magnitude
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estimates until more accurate flow-regime and flow-physics specific correlations are
developed in appropriately classified ranges of parameter space of interest to the
user. For design purposes, as in the sample example of Sect. 4, one can use a range of
estimates based on the results in Egs. (27), (28), (29), and (30). A crude estimate of
uncertainty of the correlation in Egs. (27), (28), (29), and (30) is

0.5hyEq (27)-(30) < hx < 2hygq 27)-(30) (31

Correlation of Kim and Mudawar (2013c¢) in Egs. (27), (28), (29), and (30) also
covers annular flows — involving both laminar and turbulent flows of the vapor and
the liquid phases. Direct numerical simulation (DNS) approach (see Sect. 5 for
further discussions) has been recently used by Ranga Prasad et al. (2017) to propose
local heat transfer coefficient (hyc,) correlations for annular boiling cases over the
length of the boiler (Fig. 3a) — but the cases were limited to sufficiently thin and
laminar liquid film flows and laminar-to-turbulent vapor flows. Such hy s, values,
particularly after its semi-theoretical extension to cover laminar liquid film flows and
full range of turbulent vapor flows, can be effectively combined with experimental
h, values for annular flow boiling, and this will yield superior estimate of microscale
nucleate boiling contributions, where hyjn, = hyjnp — micro — as is expected for region
III and part of region IV in Fig. 1b (see Sect. 6 for further considerations and uses of
this aspect of annular flows).

A sample correlation, for low values of imposed heat-flux q, (x) as well as low
mass-flux G values, is obtained by CFD solutions, and their correlation is presented
in Ranga Prasad et al. (2017) for channel flows (of gap “h” and a reference length
scale of “h” changed here to Dy, = 4h) — with CFD employing laminar liquid and
laminar vapor assumptions but the resulting heat transfer correlations (given in
Eq. (32) below) continuing to apply to moderately turbulent vapor phases as well
(Rey < 40,000). The correlation provided in Ranga Prasad et al. (2017) is for
“method of heating” specified by known wall temperatures, with the considered/
specific parameter space corresponding to flow situations in Table 2, and is given by:

h, (o D Ja\ 003 N 039 1 N 0454
Db Th _ 9146+ X M61X0 1RO (1 Py My 32)
ke Pry PL e

Table 2 Ranges of raw variables and fluid flow conditions considered for the development of the
correlation given in Eq. (32)

Working fluids FC-72 R113 R123
Inlet pressure, po (kPa) 105.1 105.1-200 105.1
Channel height, h (mm) 2 2 2

Mass flux, G (=pyU) (kg/m?s) 7-35 3.8-56.3 3.4-26.8
Transverse gravity, g, (m/s?) —9.81 —9.81 —9.81
Average inlet vapor speed, U (m/s) 0.5-2.5 0.5-4 0.54

Temperature difference, AT (°C) 5-25 5-25 5-25
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where, 0.5 < X, < 0.86, 2466 < Ret < 39,524, 0.0048 < Ja/Pr < 0.0424, 0.00466
< pv/pL < 0.0097, 0.0216 < py/pr < 0.0295.

Correlations such as Eq. (32) can also be developed with the help of simulations
for low heat-flux q,, (x) and mass-flux G values for cases where “method of heating”
is specified by known heat-flux values. These issues, along with forthcoming
methodologies for obtaining hy, for a higher range of q,(x) and G values —
typically associated with laminar liquid and turbulent vapor flows in Fig. 3 — are
also discussed in Ranga Prasad et al. (2017) and Gorgitrattanagul (2017). For such
cases, vapor flows can be laminar or turbulent, and thin liquid film flows can be
controlled to be in the laminar regime (at least for devices in Fig. 3); the forthcoming
semi-empirical CFD approaches cannot only yield reliable hy, correlations for a
higher range of G and other parameters, but they can also be supplemented with
experimental measurement-based correlations for the total HTC h, values — in the
expected presence of significant microscale nucleate boiling contributions hyjnb, — micro
(region III of Fig. 1b) through an n = 1 relation in Eq. (33) below. Thus, following the
superposition approach in Eq. (33), one can also propose annular flow-boiling corre-
lations in the presence of microscale nucleate boiling. Such correlation proposals —
which employ n = 1 (Eq. (33)) — are being studied for compatibility with experiments
dealing with the flow in Fig. 3a (Gorgitrattanagul 2017; Sepahyar 2018) and are
expected to be compared with results obtained from other available correlations of
the following approximate forms:

=123, ... (33)

b = ((Byjan)” + (Byjen)”)
Here n = 1 is preferred if hy, is given by the direct suppressed nucleation
assumption-based CFD approaches, similar to the one leading to Eq. (32). A
variation of n = 1 approach — such as those of Chen (1966), Kenning and Cooper
(1989), and Gungor and Winterton (1986) — takes a suitable hy), empirical
correlation (typically for region III in Fig. 1b) and adds it to a suitable macroscale
hyjnp correlation (after multiplying it by a suppression factor S < 1) for pool boiling
regimes — this is typically done for both vertical and horizontal in-tube flow-
boiling operations in regions I and II of Fig. 1b. These authors often employ a
pool-boiling correlation for hyp,,. Lately pool-boiling correlations of Cooper
(1984a), or Cooper (1984b), or Gorenflo (1993) are preferred over the earlier
Forster and Zuber (1955) correlation, although their relative merits depend on
many factors — even for pool boiling (see Jones et al. 2009). The popular Cooper
(1984b) correlation is given by:

(34)

‘;/)0.67

hx\nb _ C*Pl((().127042~longu)*(_loglOPR)fo.SS M05 (q

where Py, is the reduced pressure as defined in Eq. (30), M is the molecular weight of
the working fluid in kg/kmol, heat-flux is measured in W/m?, R, is a specific roughness
measure in pm divided by 1 pm, and although C is fluid-solid pair specific — often
C = 55(kg/kmol)*? - (W/m?)~*¢7 - (W/m* C) is recommended if specific informa-
tion is not available.
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It should be reiterated that the use of the separate terms hy¢, and hyp, in Eq. (33) -
through popular correlations such as Cooper (1984b) — only focuses on how macro-
nucleation effects in regions I-1I of Fig. 1b become subservient to the controlling
dominance of hy¢, in region III of Fig. 1b. However, the focus of this chapter is on
thin film (about 300200 pm thick) annular flow-boiling devices of Fig. 3 — where
micro-nucleation effects of hyny, — micro Needs to be more specifically modeled
(for regions III-IV of Fig. 1b) in the decomposition of the local HTC h, through
hx|nb = hx\nb—microa hx|cb = hx|cb—anna and hy, = hx\nb—micro + hx|cb—ann'

3.1.2 Flow Condensation
Known results from flow-condensation experiments that are cited here assume that
the mean wall temperature T, along with some key problem defining variables are
known and Nu, values that can be correlated in the structural form (or its equivalent)
indicated in Eq. (11).

Table 3 shows several “local” heat transfer coefficient h, correlations (that
included consideration of annular regime in the flow-condensation experiments
from which data were used) considered by Kim and Mudawar (2013a) before they

Table 3 Previous annular flow-condensation heat transfer correlations or data considered by Kim
and Mudawar (2013a) involved experiments that employed macro- and mini-/micro hydraulic
diameter straight ducts of circular and rectangular cross-sections - and experienced annular flows
as the dominant flow-regime. The parenthetical notation (V/V-u/V-d, H; C/R) under “Remarks,”
respectively, represents considered flow directions (V vertical-up or vertical-down not stated, V-u
vertical-up, V-d vertical-down, H horizontal) and following the semicolon (C/R), respectively,
represent considered cross-sections (C circular and/or R rectangular)

Author (s) Remarks

Recommended for macro-channels

Akers and Rosson D = 19.05 mm R12, propane
(1960) w (o)

rey (E) (E) > 20,000, e > 5000 — (H; C)
Cavallini and Zecchin R12, R22, R113, 7000 < re;o < 53,000 — (V; C)
(1974)

Dobson and Chato D = 3.14-7.04 mm; R12, R22, R134a, R32/R125 — (H; C)
(1998)

Haraguchi et al. (1994) | D = 8.4 mm; R22, R123, R134a — (H; C)

Moser et al. (1998) D = 3.14-20 mm; R11, R12, R125, R22, R134a, R410a — (H; C)
Shah (1982) D = 7-40 mm; water, R11, R12, R22, R113, methanol, ethanol,

benzene, toluene, trichloroethylene (V, H, I; C)
Recommended for micro-channels
Bohdal et al. (2011) D = 0.31-3.30 mm; R134a, R404a — (H; R)

Huang et al. (2010) D = 1.6, 4.18 mm; R410a, R410a/oil — (H; C)
Koyama et al. (2003) D= 1.46 mm; R134a; multi-channel — (H; C)
Park et al. (2011) Dy,= 1.45 mm; R134a, R236fa, R1234ze (E); multi-channel — (V-d; R)
Wang et al. (2002) D= 1.46 mm; R134a; multi-channel — (H, R)

The experiments mostly employ straight ducts and annular flows are the dominant flow-regimes.
Both circular and rectangular cross-section ducts have been considered.
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proposed their own order of magnitude curve fit correlation given below in Egs. (35),
(36), (37), and (38):

hyD @
Nuy = ” " — 0.048Rel®Pr) (N—g) (35)

L tt

where )N(n, turbulent-turbulent Lockhart-Martinelli parameter, is used merely as a
known function and defined as:

0.1 0.9 0.5
=~ 1-X
w=() (5) () 6
Hv X PL
The parameter @, in Eq. (35) is the two-phase multiplier defined as:

®; = 1+ CXn + X, 37

where C is a Lockhart-Martinelli coefficient defined in Kim and Mudawar (2013a)
and in Table 6a of this review and X, is a Lockhart-Martinelli parameter defined as:

X, [(dp/dx)ﬂ .

(dp/dx)y

where (dp/dx).. and (dp/dx)y represent the frictional pressure gradients of liquid and
vapor phases, respectively, flowing alone in the pipe and are computed using the
following equations:

—2£; G*(1 — X)? G(1 — X)D
(@), = 2CUZH Ry, = SLXD
pLD Ho
—2fyG*X? GXD 38
@,=—Y0"  Rev= o
pyD Hy
fL = BRGEH fv = BRC;H

The friction factor f; and fy are defined as above for vapor and liquid phases, with
laminar flows’ (Rep y < 2000) values of B = 16 and n = 1 and turbulent flows’ (Rey
> 2000) values of B = 0.0079 and n = 0.25.

Computational fluid dynamics (CFD) which becomes a direct numerical simula-
tion (DNS) approach for laminar/laminar case has been recently used by Narain et al.
(2015), Naik et al. (2016), and Naik and Narain (2016) (also see Sect. 5 for further
discussions) to propose local heat transfer coefficient h, correlations for annular
flow-condensation cases (Fig. 3b) that involve sufficiently thin laminar liquid flows
and low values of both heat-flux q_ (x) and mass-flux G.

A sample Nu, correlation, presented in Eq. (39) below, is for laminar/laminar
channel flows (of gap “h” and reference length Dy = 4 h), and its validity range
extends to reasonably turbulent vapor phases (Rey < 40,000) as well. The
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Table 4 Range of raw fluid variables and flow conditions considered for the development of the
correlation given in Eq. (39)

Working fluids FC 72 R113 R113 R134a

Inlet pressure (kPa) 100 25 225 150
Saturation temperature (°C) 55.94 11.1 73.86 —17.15
Hydraulic diameter 4h 4h 4h 4h

(h = 0.001-0.003 m in Fig. 3b)

Transverse gravity, g, (m/sz) 0<lg)<g0<|gl<g |0<|g|<g |0<|gl<g
Mass flux, G (kg/m?s) 4.55-127.4 | 4.2-1153 5.51-154.1 4.1-113.5

Temperature difference, AT (°C) |2.93-12.30 | 8.69-36.50 2.25-9.45 3.45-14.45

correlation is for “method of cooling” specified by known wall temperatures, with
the parameter space restrictions given below, immediately following Eq. (39):

w5 Ja\ 03 -0.73 0.069
Db | = 00271 — X)~*Rel:122 (_) (P_V) <&> (39)
k, Bh Prp PL B

where 3200 < Re;, < 92,000, 0.0058 < Ja/Prp < 0.021, 0.0013 < py/pL < 0.011,
and 0.012 < py/p < 0.034. These parameter restrictions arose from considering the
range of flow conditions given in Table 4.

It was shown by Narain et al. (2015) that, for low heat-flux q‘;, and mass-flux G
cases, the channel flow DNS yields h, values much higher than the corresponding
predictions from the Kim and Mudawar correlation in Egs. (35), (36), (37), and (38).
The in-tube (as opposed to channel) shear-dominated condensing flow predictions
for h, from Naik et al. (2016) and Naik and Narain (2016) yield values closer to the
one in Kim and Mudawar (2013a), whereas the channel predictions yield much
higher values. This suggests that high curvature effects associated with mm-scale
in-tube flows may degrade the heat transfer performance relative to condensing
flows in channels (i.e., high aspect ratio rectangular cross-sectional ducts).

As discussed in Sect. 5 of this review, the CFD/DNS approach can be extended to
yield reliable h, values for a higher range of parameters (particularly mass-flux G
values, etc.) than those indicated in Table 4.

3.2 Flow-Regime Maps/Correlations

Flow-regime maps are needed, and recommendations exist (see Ghiaasiaan 2007,
Kim and Mudawar 2013a) for identifying flow-regimes associated with traditional
operations of boiling (Fig. 1) and condensing (Fig. 2) flows.

3.2.1 Annular Adiabatic Cases
Flow-regime maps also exist for adiabatic flows (Carey 1992; Ghiaasiaan 2007)
which may also be applicable and useful in the inlet region, just past the splitter
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plates in the innovative annular operations shown in Fig. 3. In this region, the flow
behavior will approach adiabatic flows because it would not have been exposed to
significant amounts of externally imposed heating/cooling (see Fig. 3).

Precise nondimensional transition maps, as suggested by correlations of the type
indicated in Egs. (17) and (18), currently do not exist — even for adiabatic two-phase
flows. For the adiabatic case, following certain earlier larger diameter (>5 mm)
studies (Baker 1953; Hewitt and Roberts 1969), a map employing raw variables was
proposed by Mandhane et al. (1974). This map uses superficial velocities of vapor
and liquid phases but covers a significant range of the parameter space, which
includes conditions of interest to this review (i.e., millimeter-scale horizontal ducts
with cocurrent flows).

3.2.2 Annular Flow Boiling

This regime is of primary interest here (Fig. 3a), and it occurs at locations further
downstream of the plug-slug regime as quality X increases in the traditional satu-
rated flow-boiling cases (Fig. 1). For known uniform heat-flux values specifying the
“method of heating,” Harirchian and Garimella (2012) recommended the following
criteria for micron-scale Dy,:

Bo *5.Re > 160

CXPyop—py “0

Bl .
D? Pv

——\ —0.258
> 96.65 (B00'5R6>

where Py; = heated perimeter, D = /A, Bo = g(p. — pv)D*/o, Bl is as defined in
Eq. (9), and Re = G.D /p- They assume heating levels and flow rates as discussed
for Fig. 1 realizations, and therefore annular flows are expected only over down-
stream distances “x” satisfying:

Py A

— (41)
PL — Py Pu

—— —0.258
X > Xa = 96.65 (BoO'SRe) BI-!

or quality X satisfying:

X > X =X(x =xa) (42)

where X (x) has been obtained from the approach described in Sect. 2.4 along with
use of an appropriate Nuy correlation, such as the one in Egs. (27), (28), (29), and
(30), and estimates being approximate (as in Eq. (31)). The parameter ranges for
validity of Eq. (41) are as given in Harirchian and Garimella (2012), but it does not
include sufficient experimental data (even in nondimensional terms) that would
cover the larger mm-scale Dy, values of interest to this review. For identifying critical
transition quality for annular flow boiling, Kim and Mudawar (2013a) also recom-
mend another criterion. This criterion is similar to the one for flow condensation and,
therefore, is described instead in Sect. 3.2.3. The effectiveness of these empirical
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correlations is limited and may provide only some order of magnitude estimates.
More accurate, nonlinear stability analysis based transition quality (plug-slug to
annular) correlations for Egs. (17) and (18) can also be obtained by a synthesis of
CFD/DNS approach (see Ranga Prasad et al. 2017) and new especially designed
experiments — but such estimates are currently limited to low mass-flux and heat-flux
cases of annular flow boiling in channels under hypothetical pure convective boiling
scenarios (i.e., suppressed nucleation cases - real or assumed, as in Eq. (32)).

3.2.3 Annular Flow Condensation

This regime is of interest here (Fig. 3b), and it occurs upstream of the slug and plug
regimes (Fig. 2), as quality X decreases, in traditional flow-condenser operations.
For “method of cooling” being specified by known/assumed wall temperatures, Kim
and Mudawar (2013a) recommend the following criteria:

We' > 71X, 43)

where Xy is as defined in Eq. (30) (or Eq. (36)) and:

2.45Rey (x)"*
We' = ev(x~)0039 — for Reg (x) < 1250 (44)
sugj(l +1.09X, )
or
~ 0.157 2 0.084
. 0.85Re, X e\ /p
We* = - “~0‘039 - [(pz) p]\:)‘| for Re (x) > 1250 (45)
sul (1+1.09%,")

Note that in Eqgs. (43), (44), and (45), Suyo = pyoDp/p%, and the range of
parameter space for these correlations is as given in Kim and Mudawar (2013a). By
plotting the above criteria on an X — Rer plane, the results in Egs. (43), (44), and
(45) can be presented in the form of Eq. (17). Again, effectiveness of the above-
described type of correlations is expected to be limited and, at best, is meant only to
provide order of magnitude estimates for circular and rectangular cross-sections (of
aspect ratio near unity) tubes. For specific fluids and parameter ranges (inlet pres-
sure, etc.), the correlations in Egs. (43), (44), and (45) can be compared with
flow-regime maps of Coleman and Garimella (2003), etc. For low mass fluxes
(G) and channel flow condensation in Fig. 3b (aspect ratio ~ 0), the correlation in
Egs. (43), (44), and (45) can even be compared with accurate nonlinear stability-
based transition quality (annular to plug-slug) correlation given by Naik et al. (2016)
and Naik and Narain (2016).

The correlation proposed by Naik et al. (2016) and Naik and Narain (2016) for
flow condensation in a channel yields the distance from x = 0 (where X(0) = 1) to
the onset of plug-slug regime (X = Xa|jg) in the horizontal channel flow configura-
tions of Fig. 3b. Replacing Dy, by Dy, = 4h (instead of “h” used as characteristic
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length in Naik et al. 2016 and Naik and Narain 2016), it is recalled here that (see
Narain et al. 2015):

Ja —2.17 p 1.03 1.64
Rally 2 0.237 (ReT)O‘BS(—> <—V> <“—V> (46)

Prp PL By

Xor = X(f‘)|

£=Ral\y

073 064 Ja 1.02 p —0.33 M —0.86
=1 | SALR[L,), (Rer) ™ (PrL> (pv> (uv> @
L L

The parameter ranges over which Egs. (46) and (47) are valid are the same as the
ones given for Eq. (39). These low heat and mass-flux parameter ranges are more
limited than the ones given in Kim and Mudawar (2013a) for Eq. (43). There is an
order of magnitude agreement in the flow-regime transition boundaries obtained
from Egs. (43), (46), and (47), (see Narain et al. 2015) for 16,000 < Ret < 32,000.
Note that there is no surface-tension dependence in Egs. (46) and (47) for modest
mass-flux thin-film annular flows (unlike Suratman number Suyo dependence in
Egs. (43), (44), and (45)), and this is consistent with the specific physics of channel
flows. Eq. (43), being a curve fit, loses accuracy but gains in the parameter space
ranges over which order of magnitude estimates are valid.

33 Void Fraction (¢) and Quality (X) Correlations

Void fraction (€) can be defined “locally” (Carey 1992; Ghiaasiaan 2007), i.e., as a
variable whose value depends on the location of a point and the instant of time in a
given two-phase flow field. However, for the “steady-in-the-mean” in-tube flows of
interest (such as the ones in Figs. 1, 2, and 3), void fraction € definition simplifies
(Ghiaasiaan 2007) to:
Av(x)
A

€

(48)

where Ay(x) is the cross-sectional area occupied by the gas phase at any location “x”
(see Figs. 1, 2, and 3) for two-phase flows in a tube of cross-sectional area “A.”

It is expected that dependence of void fraction €, on quality X(x) (= My (x)/Mi),
density ratio py/py, viscosity ratio py/p, etc., need to be correlated. This is important in
assessing the significance of actual mean gas-phase speed Uy(x) and the mean liquid-
phase speed Uy (x) — as opposed to uniform superficial speeds (Carey 1992) jyv = G/py
and j_ = G/p.. This is because Uy (x) = My(x)/(py.Av(x)) = G.X(x)/(py-€(x))
and Up(x) = ML (x)/(pL.AL(X)) = G.(1 — X(x))/(p.-(1 — €(x))). As a result of
this importance, several such correlations have been developed and are used in

developing correlations for total pressure gradient <— %) , interfacial shear
T
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correlations, film thickness correlations, and heat transfer rate correlations for high
mass-flux annular flows (Cavallini et al. 2006; Kosky and Staub 1971; Thome 2004).
The acceleration component of the total pressure gradient is very important in high
heat-flux boiling because Uy /(x) rapidly increases with “x” (Kim and Mudawar 2014;
Thome 2004).

Most of these void-fraction correlations have been developed by considering
adiabatic flows and using various homogeneous, separated, and drift-flux modeling
hypotheses (Ghiaasiaan 2007) — suitably correlated for agreement with adiabatic flow
experiments in limited contexts. These correlations are not to be taken, however, as
ones that model the “physics” of the phase-change flows. For example, for low mass
flux laminar/laminar flows in a channel, € — X relationships can be obtained by a
combination of exact analysis or equivalent, DNS, for: annular adiabatic, certain
suppressed nucleation annular flow-boiling (see Ranga Prasad et al. 2016), and for
annular flow-condensation cases (Naik et al. 2016; Naik and Narain 2016; Narain
et al. 2015). The comparisons of exact results for a representative situation (involving
pv/pL = 0.086, py/pp = 0.0235, Ja/Pr;, = 0.034, Ret = 4 . Rey, = 9616) are plotted in
Fig. 7 — along with results from some well-known correlations in literature — on an
€ — Xplane. Clearly, laminar liquid/laminar vapor nearly exacte — X relationship of
adiabatic flows does not match similar exact CFD-/DNS-based accurately modeled
“flow physics” results obtained for flow condensation and flow boiling.

Despite the “physics” issues associated with using € — X adiabatic correlations for
phase-change flows, two such popularly used engineering correlations are also plotted
for laminar/laminar situations in Fig. 7. These popular correlations are as follows:

. Zivi (1964):

1
€= (49)
1X(m>”
l+——1|—
X PL
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* Rouhani and Axelsson (1970) (with Steiner 1993 modifications for horizontal tubes):

65{[1 L 012(1 - X)) <§+ 1 X) Jr% {M}'“(l —X)}l

Pv Pv PL pL2
(50)

Besides quality X, adiabatic flow € — X curve depends on py/py, pv/piL, and Rer.
Condensing and boiling flows additionally depend on Ja/Pry (or Bl).

The main value and use of adiabatic flow correlations, such as the ones in
Egs. (49) and (50), for flow boiling and flow condensation are not their ability to
capture flow physics. It lies in the fact that their order of magnitude correctness (see,
e.g., comparisons in Fig. 7) are used over a large range of parameters (G values,
liquid-vapor Reynolds numbers, etc.) that are not currently accessible by proper
flow-physics based analyses. Also correlations such as Egs. (44) and (50) allow
development of other “curve fit” correlations for HTC and pressure-drop that cover a
similarly large range of parameters in their experimental data — such as those in Kim
and Mudawar (2013c¢) and Kim and Mudawar (2013d).

34 Pressure-Drop Correlations

The engineering approach (as opposed to CFD simulations approach) is to use
results obtained from an integrated momentum balance (see Carey 1992) for the
control volume between any two arbitrary locations “x” and “x + Ax” in Fig. 6 for
an a priori decomposition of the total pressure gradient (—-92)|  for two-phase
flows into three parts (frictional, gravitational, and acceleration/momentum) as:

Op\| _(_op 9p 9p
(_a) T a (_&>fric N (_&>g - <_ &>acc (51)

The subsequent step consists of defining/modeling the three parts on the right
side of Eq. (51) separately and then assembling the three terms over the tube
length (0 < x <L) of interest. Denoting the total pressure-drop, or rise, as
Apt (= Pin — Pout = P(0) — p(L)) — and allowing Apr to be negative (as pressure
rise is possible for some condensing flow cases) — one obtains:

L P L ap L ap
_ P
ApT - J <_ ax) fric'dX - 4[ <_8X)g.dx " J (_ ax) acc'dX
0 0 0
= (Ap)fric + (Ap)g + (Ap)acc (52)

For each of the three pressure gradient terms, particularly the frictional pressure
gradient, there are several modeling approaches (Ghiaasiaan 2007; Kim and
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Mudawar 2014; Thome 2004). For the acceleration and gravity terms, the following
definitions arise from adding 1-D form of vapor and liquid momentum balance
equations (see derivation and definitions in Carey 1992):

) e d X (1-X()
( 8X>acc =0 dx Pv.€ * pL*(1 - 6) (53)
(_ gf:) = [epy + (1 —€)p.].gsing (54
g

In obtaining Eqgs. (53) and (54), mass-balance equations and definitions of void
fraction €, mass-flux G, and quality X are also used. In Eq. (54), “@” measures the

angle between the tube axis and the horizontal, and hence (—% >~ (0 for
g
horizontal tubes, as ¢ = 0.

For integrating Eq. (53), one may choose a void-fraction model — such as Zivi’s in
Eq. (49) or the one in Eq. (50). For the frictional pressure gradient in Eq. (52), one
may choose any one of several adiabatic pressure gradient calculating models by
replacing “X(x)= constant” situation for the adiabatic cases with genuine X(x)
variations with x — as obtained by integrating the ODEs (Egs. (23) and (24) of
Sect. 2.3) under use of appropriate flow-boiling or flow-condensation Nu, correla-
tions. Samples of such Nu, correlations are given in Egs. (27), (28), (29), and (30) of
Sect. 3.1.1 or in Egs. (35), (36), (37), and (38) of Sect. 3.1.2.

Two well-known frictional pressure gradient models for Eq. (51) are as follows.

Lockhart-Martinelli Model

Ip _ _@ 2
( aX) fric B ( 8x> LOL (55)

where @y is one of the several two-phase multipliers which depends on a certain
Martinelli factor Xy through the following relationships:

(_ %) _ 2fLGP(1 - X(x))°

pr.Dn
(_ @> _ 20yG2X(x)?
ox v Pth (56)
C 1
Xmr  XME
g (op/o0),

(Op/0x)y
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The following quantities, with subscript “k” — where “k = L” or “k = V,” are
needed for evaluating the terms in Egs. (55) and (56). These quantities include
Rer(x) = G(1 — X(x))Dy/pr and Rey(x) = G . X(X)Dy/py-

For phase “k” to be laminar, Re, < 2000, and for it to be turbulent, Re,, > 2000.
The constant C in Eq. (56) is given in Table 5.

The friction factors in Eq. (56),_, are:

fy = 16Rel;1~ - -for- - -Rex < 2000,
fi = 0.079Re, "% - for-- 2000 < Rex < 20,000, and
f, = 0.046Re, *2- - for- - -Rey > 20,000

Friedel Model

9p 9p
(_ax i = _g Lglz:riedel (57

where while retaining the remaining definitions in Eq. (56), QIZ-Triedel is defined (see
Friedel 1979) as:

3.24 FH

2 —
QFriedel =E+ W (58)
The terms in Eq. (58) are:
2 » pL fv
E = (l — X) + X —
v fL
F _ (1 X)O 224 o X0_78
091 0.19 0.7
H= (& Bv _ kv
% "\ : iy
G? 5
S (59)
gDpjy
— | X L 1=X
Pu = |:Pv + PL }
G’D
WCL = h
(o2 'pH
Table 5 Values of C for Liquid Gas C
Lockhart-Martinelli model Turbulent Turbulent 20
Laminar Turbulent 12
Turbulent Laminar 10
Laminar Laminar 5
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Table 6 Values of C for (a) adiabatic and condensing flows; (b) boiling flows

(@
quuld Gas Cnon — boiling
0.3:
Turbulent Turbulent 0.39Re?33Sudd (pr./py)*
Laminar Turbulent 0.0015Re3Su% (pr. /py)
Turbulent Laminar 8.7 x 10~*Re{{"Suld (p./ pv)o.29
Laminar Laminar 3.5x 107 Re%“SuQ,‘é(pJ pv)0'48
(®)
Cboiling

Re, > 2000 078

eL = Cron—boiling |:1 + 60Weg-82 (BO 113_;') :|
Re; < 2000

1.09
Cnon—boiling |:1 + 530W68(§2 (BO Il;;{) :|

Kim and Mudawar (2014) report poor comparisons of experimental pressure-
drop (considering a large set of data) for flow boiling and flow condensation with
those obtained from the above-described procedures employing correlations by
Lockhart and Martinelli (1949) and Friedel (1979).

Kim and Mudawar (2013d), after introducing Rejo(= GDy/pp) and
Suyo (E pyoDy/ p%,) , recommend continued use of Lockhart and Martinelli model
in Egs. (55) and (56) with replacements for the constant C (appearing in Eq. (25)) in
Table 5 being given, for adiabatic and condensing flows, as in Table 6a below. For
boiling flows, calculation of constant C = Cyyjiing involves use of Cpon — poiling
(calculated for adiabatic and condensing flows) in Table 6a through relationships
given in Table 6b.

Gronnerud Model This popular pressure gradient model, available in Grénnerud
(1972), is used here — but not reviewed for brevity.

3.5 Available CHF Considerations and Correlations

As discussed in the Introduction and a subsection (Flow and CHF-Related Instabil-
ities) of Sect. 2.2, crossing certain threshold values of critical heat-flux while
progressively increasing the values of a uniform heat-flux impositions on the
flow-boilers (most conservative “method of heating” for identifying this phenom-
ena) leads to vapor blanketing of certain downstream parts of the boiling
surface. This is followed by sustained unsteady instabilities and subsequently — in
some cases — runaway unsteady rise in the temperature of the vapor-blanketed
boiling surface. There are several mechanisms for such flow-boiling instabilities —
with only a qualitative relationship to the extensively studied CHF mechanisms for
pool boiling.
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The pool-boiling CHF, as discussed for the boiling curves in the “q; — AT” plane
(Collier and Thome 1994; Dhir 1998), relates to emission of bubbles with increasing
and then plateauing bubble departure diameters, significantly increasing bubble
departure frequency as well as nucleation site density with increasing heat-flux
(see, e.g., McHale and Garimella 2010). At certain limiting values of these
millimeter-scale departure diameters and plateauing bubble departure speeds, the
bubbles ram into one another and coalesce — creating both vertical and lateral
“connected vapor zones.” Thus, the heated surface loses direct contact with liquid
(except for a solid-like adsorbed liquid layer) and develops, instead, a poor but direct
thermal contact with the vapor of much lower thermal conductivity. This pool-
boiling CHF threshold has been studied from the point of views of instability
(Kelvin-Helmholtz) of vapor columns of jets — issuing in the direction normal to
the boiling surface — as CHF heat-flux level is approached from lower values of heat-
flux (Dhir 1998; Dhir and Liaw 1989; Haramura and Katto 1983, etc.). This has also
been studied from the point of view of instability (Rayleigh-Taylor) of vapor film
blankets as post-CHF heat-flux values are reduced (Linehard and Dhir 1973; Zuber
1959). These and other related studies (Katto 1994) have been reviewed, and their
relationship to ebullition cycle of nucleating bubbles below CHF and nucleation site
density growth have been and are being explored/studied (Dhillon and Buongiorno
2017; Gerardi et al. 2009; McHale and Garimella 2010; Phan et al. 2009; Zeng et al.
1993a, b; Jones et al. 2009, etc.). Such investigations need to be better related to
CHF. These pool boiling works relate to flow-boiling CHF only for the limited G 2 0
zone in Fig. 5.

The flow-boiling CHF mechanisms at higher G values — as discussed through
Figs. 1, 4, and 5 — and associated dry-out heat-flux and dry-out-related CHF values
(Fig. 1b) are available in Kim and Mudawar (2013b). Other correlations such as
Wojtan et al. (2006), Katto and Ohno (1984), Bowring (1972), and Zhang et al.
(2006) can also be used with discrimination — as discussed in Basu et al. (2011).
These are the CHF estimates (CHF1 in Fig. 1b) that are of interest to this chapter.
This is because the onset of inverted annular flows related CHF (CHF2 of Fig. 4 and
Fig. 5) are typically higher for the innovative designs of interest — which involve
millimeter-scale ducts, controlled liquid film thickness annular boiling, and avoid-
ance/minimization of liquid entrainment up to the exit.

If the heat-flux relative to mass flux is higher than a certain threshold (Fig. 5), at
lower qualities — through departure from nucleate boiling (DNB) and associated
inverted annular flows — CHF is achieved (Fig. 4), and its value can be estimated.
The estimates can be based on CHF for subcooled flows at the inlet in the limit of the
subcooling going to zero. Such CHF results are available in Collier and Thome
(1994) and Qu and Mudawar (2004). In the subsection (Flow and CHF-Related
Instabilities) of Sect. 2.2, it was argued that inverted annular flow CHF typically
begins somewhere in the macro-nucleate boiling region I or plug-slug region II of
Fig. 1b. However, there are exceptions. For example — at the connected inlet of
multiple parallel channels — the instability may begin right at the inlet (Qu and
Mudawar 2004), or for microscale ducts, it may begin at large local qualities
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associated with the wispy annular regimes (see experimental photographs in Kuo and
Peles 2009). Also, for microscale ducts — which are not of primary interest here — CHF
values get affected by surface tension and surface texture (reentrant cavities, etc.) in a
different way than the larger-scale ducts (see Kuo and Peles 2009). Also, for micro-
scale duct flow boiling, CHF mechanisms get affected when vapor bubbles grow to
the size of the micron-scale ducts (see Kumar and Kadam 2016).

Since the threshold defining critical curves in Fig. 5 have not yet been established
with any degree of consensus, it is not uncommon for researchers to report that, at
moderate mass flux, CHF could manifest itself through either of the two mechanisms
discussed above (Shah 2015a).

As conjectured in Das et al. (2012), CHF arises from interactions between
macroscale instability far (in the normal direction) from the heated surface and a
more universal microscale phenomena near the heated surface. Near the heated
surface, at CHF, replenishment of fluid into the micro-layer (see Raghupathi and
Kandlikar 2016 and Sect. 6) present on the wetting surface — between the wet and
dry sides — is not allowed from the wet side. With the macro-layer instability and
micro-layer, phenomena working together, a dynamic CHF process is often trig-
gered. Therefore, this CHF process has as many quantitative characterizations as
there are varieties of macroscale flows (see multitudes of CHF characterizations in
Katto 1994). The dynamic CHF process results in a situation where only an adsorbed
layer of fluid in the vapor-blanketed domain is allowed while the time-averaged area
associated with this vapor blanketing becomes larger and sustained.

In low mass-flux and low heat-flux cases, the dry-out instability as heat-flux
values are increased for the annular flow in Fig. 1b is also indicated by a large surplus
of mechanical energy that is supplied from the liquid film to the adjoining vapor
flow, while the thin liquid film near dry-out zone consumes less and less viscous
dissipation energy — see CFD studies of Ranga Prasad et al. (2017). This surplus of
mechanical energy, typically, has to go to the vapor flow near the dry-out zone (see
streamline patterns in Ranga Prasad et al. 2017). As higher heat-flux values are
approached, this surplus energy can no longer be absorbed by either the steady flow
of the vapor or the steady flow of the liquid (on the wetting surface) near the dry-out
zone — and this is likely one of the contributing reasons that lead to dry-out
instabilities. This is also a likely reason as to why dry-out instabilities can often be
delayed (i.e., CHF values increased) by enhancing the liquid retaining wetting
characteristics near the exit zone of the flow-boiler in Fig. 3a. These liquid retaining
or liquid supplying techniques require sustaining the liquid flow in the liquid micro-
layer in a way that it resists formation of nearby dry adsorbed layer through passive
material alteration leading to super-hydrophilicity of the surface near the boiler exit or
use of a porous and wetting exit zone boiling surface with additional and independent
liquid supply into the pores or by active enhancement of wettability by use of suitable
electric field impositions underneath a dielectric (near the exit) boiling surface, etc.

For design purposes of flow-boilers in Fig. 3a (as discussed in the next section),
one can tentatively use a relevant and existing CHF threshold value estimates and/or
simply ensure — by flow control (also see Sect. 6, as this is possible through proper
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design of innovative annular flow-boilers) — that the exiting liquid layer is kept
sufficiently thick (>10-20 pm or so).

4 Above-Reviewed Two-Phase Flow Correlations
in the Context of their Use in the Design of Innovative
Devices Experiencing Annular and Steady Flow Boiling
and Flow Condensation

The correlation structure discussed in Sect. 2 supported the specific correlations
reported in Sect. 3. The specific correlations in Sect. 3 were either developed with the
help of data obtained from experiments (often flow-regime transition and pressure
gradient correlations used adiabatic flow-regime maps) or computational/analytical
solutions or by a combination of the two. The structure of correlations reported in
Sect. 2 were developed with the aid of theory underlying nondimensionalization
processes and some understanding of the physics that underlie these phase-change
flows. Design of new experiments or new systems for a given working fluid and
results obtained for a range of operating conditions can help develop such correla-
tions. This, in turn, requires preliminary — but mutually consistent — “order of
magnitude” estimates for values of variables (such as liquid and vapor flow rates,
wall heat-flux or wall temperature values, inlet pressure, length and hydraulic
diameter of the device, heat transfer coefficient values, pressure-drop values, liquid
film thickness values, etc.) which will make device operations possible. To begin
with, until better correlations or experimentally obtained refinements for the existing
correlations become available, correlations that are presently available need to be
judiciously used to define the experimental and/or design operating conditions and
associated instrumentation requirements.

Need and use of existing correlations are motivated here with the help of two specific
examples. The first example is that of a preliminary design of a millimeter-scale flow-
boiler — operating in a steady annular/stratified regime with thin liquid film flows
(Fig. 3a) — either in the presence of nucleation (at submicron-scale bubble diameters,
as in regimes III and IV of Fig. 1b) or under suppressed nucleation conditions (as in
regime Vof Fig. 1b). The second example is that of a preliminary design of a millimeter-
scale flow-condenser for a steady annular/stratified film-wise condensation on a hydro-
philic surface (see Fig. 3b). In both examples, it is assumed here that the fluid flows
through a horizontal duct of rectangular cross-section with high aspect ratio (adequately
modeled as a channel) — with the heat-exchange surface being the bottom plate.

4.1 Design of Millimeter-Scale Annular Flow Boilers: An Example
lllustrating Use of the Reviewed Correlations

The next subsection discusses some of the desired specifications and constraints for
the design of an innovative flow-boiler operating in the annular flow-regime.
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4.1.1

(¥
(i)

(iif)

(iv)

Desired Specifications, Constraints, and Information/Knowledge

Needed for Meeting the Requirements
A pure working fluid should be chosen such that it has a saturation temper-
ature in 30-90 °C range for operating inlet pressures in 100110 kPa range.
The inlet quality (at x = 0 in Fig. 3a) should be higher than the critical quality
of transition from non-annular to annular flow-regimes — ensuring annular
flow realization. For this, it is important to know, approximately, the quality at
which the flow-regime transition occurs with estimates coming from different
flow-regime transition maps. The required scientific structures for this have
been discussed in Sect. 2, and the status of available knowledge has been
discussed in Sect. 3. These estimates are sought to be within a reasonable
range of values that would suffice, with trial-and-error experimental adjust-
ments, for present purposes. It is hoped that, in the future, such estimates could
be further improved (i.e., made more accurate) through a proper synthesis of
experiments and modeling.
The inlet film thickness Aj,, the liquid film thickness just downstream of the
splitter plate in Fig. 3a, is desired to be around 300 pm. This is, presumably,
neither too thin nor too thick, and it is important for subsequent and possible
transitioning of the steady operations to pulsatile operations — the benefits of
which have been alluded to through curves I;_ ;) and I,_; in Fig. 1b and are
further discussed in Sect. 6 (see experimental results given by Kivisalu et al.
2014). The control of inlet liquid film thickness by adjusting the recirculating
vapor flow rate is essential because, otherwise, the liquid film thickness may
change abruptly — as it exits the splitter plate in Fig. 3a — to an undesirable
range of values. Thickness, at or below 300 pm, is needed to keep the films
very stable — with or without micron/submicron diameters nucleating bubbles
— even when large amplitude standing waves are superposed on the interface.
For such a design, a correlation for inlet film thickness with dependence on
inlet quality is required as input. Since this is a stratified/annular flow through
arectangular channel, with nearly adiabatic self-seeking free-surface locations
immediately downstream of the inlet splitter plate (see Fig. 3a), a set of void-
fraction correlations for adiabatic flows (as discussed in Sect. 3) could be used
to obtain a good range of appropriate inlet quality and associated inlet film
thickness values.
To avoid dry-out-related CHF instabilities at or near the exit, the exit quality
should be less than 1 and the heat-flux at the exit should be less than the
available order of magnitude estimates for CHF associated with dry-out
instability (q\;,‘exit < qéHFl dry_Om). For this, an estimate of a dry-out-related

CHF, obtained from correlation(s), such as the ones presented by Qu and
Mudawar (2004), may be used. However, instead, the following more con-
servative constraint is utilized here. As a safety measure, it is required that the
film thickness at the exit, estimated in different ways, be equal to or greater
than 20 pm or, alternatively, one-fifth of the inlet film thickness (i.e., Ay >
Ai, /5 > O (10 pm)). This constraint is also helpful in ensuring that inlet vapor
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(vii)

(viii)
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speeds (or qualities X;, ) are not too large, as entrainment of liquid into the
vapor needs to be avoided/minimized.

Some of the important information that are required for this design are the
Reynolds numbers: Reynolds numbers based on total mass-flux Rer (=Gh/
py), liquid Reynolds number Rep (= G(1 — X)h/pp), and vapor Reynolds
number Rey (= GXh/py). The first Reynolds number is typically used in
evaluating Nusselt number correlations for saturated flow boiling covering
annular regimes (over appropriate range of qualities). Meanwhile, the second
and third Reynolds numbers are often needed for assessing whether the liquid
and vapor flows are laminar or turbulent and, accordingly, for selecting
constants in sub-correlations (either directly for Nusselt number correlations
or indirectly for related pressure-drop correlations). The knowledge of the
laminar/turbulent nature of liquid and vapor flows are also useful in choosing
appropriate correlation(s) that are available for different void-fraction models.
Since there are separate inlet channels for liquid and vapor, and a splitter plate is
used (as in the experiments of Kivisalu et al. 2014) to ensure that the liquid and
vapor do not mix before they enter the test section (as shown in the Fig. 3a), the
cross-sectional area for vapor flow just before the inlet (locations x < 0) is
different from the cross-sectional area for the vapor flow within the test section
(locations x > 0). Furthermore, because of nonzero vapor inflow rate at the inlet
and its subsequent acceleration associated with flow boiling, the vapor speed at
the exit of the test section would be higher (much higher for higher heat-fluxes)
than it is at the inlet of the test section. To avoid compressibility-related choking
effects (see Ghiaasiaan 2007), it is required that the vapor speeds at both the inlet
and the exit be, approximately, less than one-third of the speed of sound for
saturated vapor operating at pressures that are at or below the inlet pressure value.
The inlet pressure p;, is required to be above atmospheric pressure such that,
despite the pressure-drop along the length of the channel, the exit pressure is
also higher than the atmospheric pressure (i.e., Pout > Parm)- This requirement
is to make the design simpler, so that the system does not have to exhibit
stringent and prolonged tolerance to vacuum pressures. For systems operating
below atmospheric pressure, even small leaks of air can, over time, lead to
substantial buildup of non-condensable air into the system, and then this
system design, based on pure vapor and pure liquid flow-physics assumption
and associated correlations, as proposed, will fail.

Further, despite the pressure-drop between the inlet and the exit of the channel,
mechanical power in the vapor at the exit is likely to be much more than the
incoming power at the inlet—i.e., for exiting vapor speeds relative to the inlet, it
is expected that Py ou(= Pout - Vviout - Aout) > Py, in(= Din - Vviin - Ain)- The
net power out (Py oy — Pv.in) has to be maximized for high heat-flux cases.
This is to ensure that no compressor is needed for steady operations and for
start-up, shutdown, and other transients, only minimal additional power is
needed for the recirculating vapor flow compressor shown in Fig. 3a. Note
that the liquid pump and pulsator options (discussed in Sect. 6) already
consume insignificant power.
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(ix) For a known uniform heat-flux specifying the “method of heating,” Eq. (24)
yields linear quality variations, and, subsequently, order of magnitude esti-
mate of the heat transfer coefficient h, can be obtained from a Nusselt number
correlation — which is only needed for assessing wall temperature
Tw(x) variations associated with the boiling surface. It is required that the
design be such that the mean wall temperature T, be not too high and remain
below a certain threshold value specified by the application (e.g., T,, < 85 °C
for electronic cooling applications).

(x) The key parameters whose desired ranges need to be recommended, or
chosen, to propose a design that satisfies the above conditions are mass-
flux G, length of the channel L, height of the channel h, inlet pressure pj,,
and inlet quality Xj,.

4.1.2 Implementation of a Sample Design Methodology: Meeting
the Requirements Given in “Section 4.1.1” and Obtaining
Results for Steady Annular Flow-Boiler Operations
A range of inlet pressures p;,, total mass fluxes G, and mean heat-flux q;'v (or mean
wall temperatures Ty,, depending on what is known or preferred assumption about
the “method of heating”) are initially chosen and considered. They are then opti-
mized to satisfy most of the constraints mentioned in the above-described design
requirements. Note that the length L of the flow-boiler may also be adjusted to satisfy
remaining constraints. This is a reasonable approach because of the flexibility to
stack these flow-boilers in series and/or in parallel arrangements toward a feasible
solution for a new high heat-flux system design that can remove heat from a
designated cooling area of interest.

Toward achieving a high heat-flux design, to begin with, one particular combi-
nation of inlet pressure, total mass-flux, a selected channel height h, and mean heat-
flux (or mean wall temperature), is defined as a specific initial choice of operating
condition for a single flow-boiler element (Fig. 3a) of the required system design.
For example, if one is interested in achieving a steady heat removal capability at
1 kW/cm? from each of the flow-boilers in a new system design, one can investigate
and attain an acceptable steady annular operation (say, at a lower imposed heat-flux
value of about 20 W/cm?) and a design restriction of Ty(x) < 85 °C over the length
of the boiler. This can be achieved for suitable initial operating conditions specified
for steady operations in Fig. 3a. Next by superposing pulsatile or other innovative
operations, on the initial steady annular operating conditions indicated by points A
and B and curves I, _;, and I,_ in Fig. 1b, ¢, and controlling the range of external
impositions (e.g., pulsation amplitudes at a given frequency, see Sect. 6), different
phenomena (e.g., different levels of large amplitude standing waves on the interface)
can be realized to obtain a range of very high local heat transfer coefficient hy for the
innovative operations. It can be shown that the initial steady design’s q;v (= 20 W/em?)
handling capability can be further increased in two steps by shifting to pulsatile
(or similarly new) operations and increasing the local heat transfer coefficient h, by a
factor of about 10-30 (over the initial steady realization), provided a good strategy is
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followed. In the first step, pulsatile (or equivalent) operations’ increasing values of
imposed controlling variable (e.g., amplitude at a certain frequency, see Sect. 6) can
lead to aq, (=200 W/em?) and Ty, (x) < 85 °C operations by only slightly adjusting
the initial mass flux for the chosen length L. In the second step, pulsatile (or
equivalent) operations’ imposed controlling variable’s values are further increased
(e.g., amplitudes at the same frequency for pulsation impositions) with concurrent
increases in q\;, (to 1 kW/cm?) and inlet mass-flux G while retaining the inlet quality
from the second step. The second step also requires simultaneous suitable vapor
bleeding flow rates from a set number of locations on the top dry plate in Fig. 3a.
This is for satisfying incompressible vapor (Mach number < 0.28) and wall tem-
perature Ty (x) < 85 °C restrictions.

However, the purpose of this review is not to propose a high heat-flux system
design. Its focus is limited to elucidating the importance of a steady design meth-
odology for the initial annular steady flow realization — as an enabling component of
a high heat-flux system design.

For this illustration, toward meeting the design requirements elucidated in
Sect. 4.1.1, an example case is chosen for which the channel height is 5 mm, the
working fluid is R-123, and wall temperature restriction is Ty (x) < 150 °C. Addi-
tional tentative choices are inlet pressure p;, = 120.1 kPa, total mass-flux
G = 300 kg/m? s, and mean heat-flux q; = 50 W/em? = 500 kW/m?. The flow-
boiler length L is to be chosen in a way that the requirements given in Sect. 4.1.1 are
met by following the steps given below:

(i) Forany chosen operating conditions, the first step is to find the critical quality for
transition from non-annular to annular flow-regimes (Xcna—a) through avail-
able maps for traditional Fig. 1a operations, so an inlet quality Xj, > Xcyna—a
can be chosen for Fig. 3a operations. This is accomplished by using approximate
flow-regime transition maps. A few appropriate flow-regime transitions maps
should be chosen, based on hydraulic diameter Dy, fluid, orientation (horizontal,
in this case) of the channel/tube, etc. Since the flow-regime transition maps are
semi-empirical in nature (i.e., correlated using data from either existing exper-
iments or modeling/simulations), as a conservative measure, it is recommended
that the critical quality for transition from non-annular to annular flow-regime
Xerna—a be obtained from at least three different flow-regime transition maps
and the highest of those qualities be used. For the flow-boiler design under
consideration, flow-regime transition maps proposed by Harirchian and
Garimella (2012), Kim and Mudawar (2013a), and Mandhane et al. (1974)
were considered here to be approximate and relevant ones for further evaluations.
Even though the map by Mandhane et al. (1974) was developed for adiabatic
flows, its use in the present scenario is justified because the flow will be approx-
imately adiabatic immediately after it exits the splitter plate at the inlet (Fig. 3a).
The transition qualities obtained using the correlations are tabulated in Table 7. It
can be noticed that the critical transition qualities obtained from correlations
proposed by Kim and Mudawar (2013a) and Harirchian and Garimella (2012)
are quite low and less likely to be applicable to the present design estimates. It was
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Table 7 Critical transition qualities from non-annular to annular flow-regime obtained using correla-
tions for the channel height (h = 5 mm; fluid, R-123; and operating conditions, p;, = 120 kPa;
G = 300 kg/m” s; —q,, = 50 W/cm?)

Flow-regime transition correlations Transition quality, Xerjna — a
Harirchian and Garimella (2012) 0.028

Kim and Mudawar (2013a) 0.0283

Mandhane et al. (1974) 0.307

(i)

(iii)

further noticed that, for low values of mass-flux (G < 30 kg/m” s), Kim and
Mudawar (2013a) correlation provided higher values of critical transition quality,
while the critical transition qualities obtained from correlation by Harirchian and
Garimella (2012) and flow-regime map by Mandhane et al. (1974) were quite low
(<0.1). For the initial conservative estimate, it is then decided to set X;, > 0.3
(as implied by flow-regime map of Mandhane et al. 1974). It should be noted that,
typically, there is also an experimentally determined upper bound on X, so one
can avoid entrainment and wispy annular flows.

For approximately realizing the assumed inlet film thickness A;, of around
300 pm, first the vapor Reynolds number Rey (=GXh/p,) is calculated with
XerNa — A as the initial guess of inlet quality Xj,. This is to check if the vapor
flow is laminar or turbulent. If the vapor flow is turbulent (and it is ensured that
the liquid flows are still laminar), the adiabatic void-fraction correlations
proposed by Zivi (1964) and Rouhani and Axelsson (1970) (with modifica-
tions for horizontal flows proposed by Steiner 1993) are used to calculate film
thickness (note that €igjcorrelation = (h — Ajp)/h). If the vapor flow is also
laminar, void-fraction correlation proposed by the authors (Ranga Prasad
et al. 2017) may be used along with the ones mentioned earlier. Although all
the abovementioned void-fraction correlations were originally proposed
for adiabatic flows, their use in this case is, once again, justified since the
flow is approximately adiabatic immediately after the splitter plate at the inlet
(Fig. 3a). Using X na—a as the first guess, the corresponding film thickness
values are calculated using the abovementioned void-fraction correlations.
Next, the inlet quality value is typically increased to values higher than
XerNna—a until the mean film thickness calculated from the chosen correlations
gives a value of around 300 pm or less. However, since these are
semi-empirical correlations with large uncertainties, the mean of the different
film thicknesses obtained from the three different correlations above is actually
considered the final film thickness value from this void-fraction approach. The
final inlet film thickness value, for this example, is estimated to be 299.9 pm,
and the corresponding inlet quality is found to be 0.405 (>X na—a)-

For this inlet quality, using the space available for the vapor flow above the
splitter plate (3.7 mm for the current case), the vapor velocity and its ratio
relative to the speed of sound are calculated. For the current case, it is found to
be 0.17. If the ratio of inlet vapor speed to the speed of sound is more than 0.28
(conservatively chosen to be less than 0.33), it is suggested that, initially, the
mass-flux G be reduced (which essentially means changing the initially
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guessed operating condition) and steps (i) to (ii) be repeated. If that is not
feasible, the height of the channel may also be increased so that the ratio of the
vapor speed to sound speed is reduced.

If the compressibility effect constraint (i.e., Mach number <0.28) is satisfied at
the inlet, assuming an arbitrarily high exit quality (say, 0.98) for a sufficiently
long boiler and then using Nusselt number correlation(s), the heat transfer
coefficient values for a linear range of qualities (as in Fig. 8, which is implied
by Eq. (24) and uniform heat-flux assumptions) are calculated, along with their
nucleate boiling (h,,) and convective boiling (h¢,) components. For the current
design problem, the correlation proposed by Kim and Mudawar (2013c), as
discussed in Sect. 3, is used. The total heat transfer coefficient h, for the full
range of quality is calculated. The film thickness values for these qualities can
be estimated by neglecting micro-nucleation effects on mean film thickness
(these effects are, presumably, included in hy () of Kim and Mudawar 2013¢
correlations) and ignoring macro-nucleation effects (modeled by h,,, in Kim
and Mudawar 2013c¢) by using the formula:

ki
hx\cb (X)

A(x) = (60)

provided hy¢, values in Eq. (29) can be trusted (see Ranga Prasad et al. 2017
for better estimation of hy.,). However, it should be noted that this correlation
(in fact most correlations) is semi-empirical in nature and obtained from curve-
fitting available data for the total h, values. So, while the total heat transfer
coefficient h, value might be approximately correct to within a certain per-
centage, the nucleate boiling and convective boiling term decomposition
making up the total is arbitrary and (as discussed in Ranga Prasad et al.
2017) in all likelihood not correct. See Fig. 9a where such an initial decom-
position from Kim and Mudawar (2013c) is denoted as hyjcp,—; and hyppp—;
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Fig. 9 Variation of heat transfer coefficients with quality — calculated using correlation proposed
by Kim and Mudawar (2013c) along with the decomposition of h,. The decomposition of h, using
the correlation are given as hyjqp = hyjnp—1 and hyjep = hyje—1. The component terms of h, after the
introduction of correction factor o are hyjnp—» and hyj,—>. The actual values of the hy,p, are
expected to lie between hyjnp—1 and hypnp—2, while hye, actual values of hy ., are expected to lie
between hyjc,—; and hyjep—2

(whose order of magnitudes are probably more meaningful for regions I-III in
Fig. 1a but likely incorrect for regions IV-VI). Therefore, a correction factor
is introduced to obtain an improved hyjc,—> = @, * hyjep—;. The correction
factor a. is defined as the ratio of inlet film thickness calculated using void-
fraction models (as in step (ii)) and the inlet film thickness calculated using
convective boiling heat transfer coefficient term hy, (as in Eq. (60),
i€, - = Ajn_njx—cb/Ain—void—fraction—method)- 1his is done because it is
assumed that the void-fraction models provide more reliable estimate of film
thickness value at the inlet because of the presence of adiabatic type
conditions. For the present case, the correction factor a. was found to
be 0.132. It is then assumed that this can be used to better evaluate
the convective component of heat transfer coefficient at the inlet (through
hyjeb,in—2 = Ki/Ain_void—fraction—method) Decause this is a more reliable order
of magnitude estimate. Therefore, the convective boiling term hyjc,—; in Kim
and Mudawar (2013c) is only approximate, and it can vary within a range
bounded by this and the second estimate of hy|e,—> = @, * hyjep—1 — as obtained
by correcting the Kim and Mudawar (2013c¢) values by simply multiplying it
by a correction factor a.. The nucleate boiling contribution term is calculated
using the total heat transfer coefficient, which is experimentally known to be of

reasonable accuracy, through relations such as hyjn,—2 = hy — hyep—2 or
hypp—2 = h? — h)2(|cb72 depending on whether n = 1 or n = 2 was originally

used in Eq. (44) to decompose hy between hyj,, and hyep,.
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Using the new corrected convective boiling hy|,—» term in Eq. (60) given in
step (iv), the new corresponding film thickness values, denoted as A,(x), are
calculated as a function of quality X over the range of quality values in step
(iv). Further, using the vapor height above the exit film thickness (Aej =
A,(L)), the vapor speed and its ratio with respect to the speed of sound are
calculated for the exit location x = L. Now with the knowledge of film
thickness available as a function of quality and quality variations available
along the length of the channel, this step is iterated until an exit quality and a
corresponding length L are found such that the Mach number at the exit is
equal to or less than 0.28 and the exit film thickness is greater than or equal to
20-60 pm or one-fifth of inlet film thickness (A;,/5). The restriction A;,/5 was
chosen for this example. The corresponding exit quality is considered as
maximum exit quality, and the corresponding channel length is considered
the maximum possible length L. The exit quality and maximum length thus
calculated for the present design problem are 0.89 and 0.24 m, respectively.
The variation of quality along this length of the channel is plotted in Fig. 8. The
heat transfer coefficient values, for the range of qualities between the inlet and
the exit, along with the two estimates of their component terms (hy,, and
hy|ep), are plotted in Fig. 9. The film thickness values along the length of the
channel (for the same quality range), calculated using convective boiling heat
transfer coefficient hyc,_» term and as obtained by the void-fraction correla-
tion, are plotted in Fig. 10. Using total heat transfer coefficient values, wall
temperature values are calculated using Eq. (4) and are plotted in Fig. 11.
A few important points to note are as follows:

(a) Itis first assumed that the pressure-drop may be significant to affect sound
speed, and therefore the sound speed at the exit is first calculated using the
inlet pressure.

Film thickness calculated from hy|cp_
2501 1
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150 | / Probable range of A | |
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ol / /
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(b) The length calculated here is the maximum permissible length that would
satisfy the constraints. However, as a conservative measure, it is
suggested that the length of the channel could be a fraction (say, 0.7) of
the maximum length L, calculated earlier and that fraction should be
further reduced if a different range of mean heat-flux (q;) values are
required for steady non-pulsatile operations.

(vi) For the calculated/identified quality variations between the inlet and the exit,
both acceleration and frictional pressure-drops are calculated along the length
of the channel. Acceleration pressure-drop is calculated using Eq. (53) and is
dependent on the choice of void-fraction correlation (Zivi 1964 in this case)
and does not depend on Nu, correlation, as this case involves uniform heat-flux
— and hence linear X(x) variations. The frictional pressure-drop is calculated
using three different correlations, viz., Friedel (1979), Gronnerud (1972), and
Lockhart and Martinelli (1949). This is done to get a range of possible
frictional pressure gradient values which, as seen in Fig. 12a, have wide
variations despite the fact that they are based on the easier correlations of
experimental data obtained from adiabatic two-phase flows. The reasons are
(1) simplifications in the implicit nondimensional parameter space used by
these correlations (they do not explicitly use the nondimensional approach of
Sect. 2, which is a more desirable approach if additional physics or modeling is
not well established), (ii) the range of nondimensional parameters considered
are not specified, and (iii) the data used in different correlations likely empha-
size data in different zones of the underlying nondimensional parameter space.
For present purposes, it is assumed that using flow-boiling-based X(x) values
in these frictional pressure gradient correlations for adiabatic flows will suffice
for order of magnitude estimates in Fig. 12a. However, for further calculations,
as a conservative measure, the highest of the frictional pressure-drop values is
chosen. The total and their corresponding frictional pressure-drop values
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Fig. 12 (a) Variation of a x10*
frictional pressure gradient
along the length of the
channel — calculated from
Gronnerud, Friedel, and
Lockhart and Martinelli
pressure-drop correlations. (b)
Both frictional pressure
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with distance x are plotted.
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Eq. (52). The three curves

Friedel
6L Gronnerud
— Lockhart & Martinelli

. (Pa/m)

fric

Frictional Pressure gradient, (-dP/dx)

from the three models are 0 . . . .
closer together than in part (a). 0 0.05 0.1 0.15 0.2 0.25
This is because of dominance Distance along the length of the channel, x (m)
of acceleration pressure-drop
in Eq. (52). 122

120 Frictional Pressure-drop

118 ................. 1
116

112

Pressure variation, pfric(x) and p(x) (kPa) T

110 1
— Friedel N
108 | |~ — Gronnerud AN p
-------- Lockhart & Martinelli AR
106 : : : : >
0 0.05 0.1 0.15 0.2 0.25

Distance along the length of the channel, x (m)

(relative to the inlet pressure) along the length of channel are shown in Fig. 12b,
and the final exit pressure (including momentum/acceleration pressure-drop)
is, for this example, 107.93 kPa.

(vii) Using the chosen inlet pressure and the exit pressure, along with vapor
velocities (calculated in steps (iii) and (v) for the inlet and the exit, respec-
tively), and the corresponding cross-sectional areas, net output power per unit
channel width for the test section (as discussed in constraint (vi) of Sect. 4.1.1)
is calculated and is found to be 8.97 kW/m. The vapor compressor power per
unit width of the section is conservatively estimated as 1.2 X [pin — Pout] °
vin - h = 1.82 kW/m. Since the net mechanical power input from the com-
pressor is less than the mechanical power output, the flow-boiler design
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operation is considered energy efficient — and for most steady operations in
Fig. 3a, the recirculating vapor can use the route that bypasses the compressor.

4.2 Design of Millimeter-Scale Annular Flow Condensers: An
Example lllustrating Use of the Reviewed Correlations

Design of the steady annular innovative operation of condenser shown in Fig. 3b is
discussed in this section. Because of factors such as absence of nucleation and CHF
phenomena, inlet quality of vapor flows being X = 1 and reducing at downstream
locations, etc.; the number of constraints in the design of steady annular flow-
condenser operations is relatively less as compared to that of steady annular flow-
boiler operations.

4.2.1 Desired Specifications, Constraints, and Information/Knowledge
Needed for Meeting the Requirements

This section discusses some of the constraints involved in the design of flow-

condensers that may be required to operate in the thin liquid steady annular flow-

regime. Such condensers can, in principle, be converted to high heat-flux compact

devices by superposing a pulsatile flow physics and this is described in Sect. 6:

(i) Itis important to know the transition quality from annular to non-annular flow-
regimes so that the exit quality can be adjusted and kept above the transition
quality. This is done with the help of the passively recirculating vapor arrange-
ment in Fig. 3b. Using this strategy, non-annular flow-regimes (associated with
high pressure-drop and poorer heat transfer rates) can be avoided all the way up
to the exit of the condenser in Fig. 3b. For this, some appropriate flow-regime
maps, as discussed earlier in Sect. 3.2.2, are used.

(i) The total inlet Reynolds number (Re;, = Rer = Gh/py) needs to be computed
for the chosen mass-flux G. This number is directly or indirectly required to
evaluate any of the suitable Nusselt number correlations for flow-condensers
and obtain quality X’s variations along the length of the channel for, say, a
known wall temperature case as specification for the “method of cooling.”
Further, for the known temperature specifying the “method of cooling,” appro-
priate local Nusselt number correlation(s) would be required and should be
used to get an order of magnitude estimate of the local heat transfer coefficient
hy, local heat-flux q,, (x), and the quality X(x) variations along the length of the
channel (obtained from using Eq. (23) in Sect. 2).

(iii) Unlike the earlier case of flow boiling, the mechanical power in the vapor flow
at the exit is, typically, lower than the mechanical power available in the vapor
flow at the inlet. This is because of reduction in velocity along the length of the
channel. However, the design should be optimized such that the reduction in
velocity is minimal, and, consequently the loss in mechanical power in vapor is
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also reduced — which is a relatively easy task for these millimeter-scale steady
annular operations.

(iv) The length L of the condenser should be chosen such that exit liquid film
thickness A(L) is less than say, 200 pm.

(v) Some of the parameters that are to be initially chosen and then varied to
optimize the design are as follows: mass flux G, height of the channel h, length
of the channel L, inlet pressure pi,, wall temperature T, = T, etc.

4.2.2 Implementation of a Sample Design Methodology: Meeting

the Requirements Given in “Section 4.2.1” and Obtaining

Results for Annular Flow-Condenser Operations
For a chosen working fluid, a range of inlet pressures p;,, mass fluxes G, and mean
wall temperatures T,, are to be initially considered. These can later be optimized,
based on constraints mentioned above or based on other specific and additional
design requirements. However, similar to the flow-boiling design methodology, a
particular combination of inlet pressure, total mass flux, and mean wall temperature
is initially chosen as a specific operating condition around which all variations are to
be considered. For the present case, the following parameters are chosen: fluid is
R-123, channel height is h = 5 mm, inlet pressure is p;, = 120.1 kPa, total mass flux
is G = 300 kg/m?s, and the mean wall temperature is T,, = 382 K, which corresponds
to a cooling temperature difference of AT = 60 K.

(1) For the chosen operating condition, the critical quality of transition from
annular to non-annular flow-regimes (X na—a) is calculated from available
flow-regime maps, some of which have been discussed in Sect. 3.2.2. Here
again flow-regime transition maps should be appropriately chosen with the
working fluid, the orientation (horizontal, vertical, or inclined) of the channel,
and mm/pm hydraulic diameter scale of the channel considered for selecting
relevant maps in the literature. For the present case, flow-regime transition
criterion proposed by Kim and Mudawar (2013a) and flow-regime map pro-
posed by Mandhane et al. (1974) have been used. The critical transition
qualities obtained from these flow-regime criteria are 0.048 and 0.307, respec-
tively. Again, as in the design of innovative flow-boilers (in Sect. 4.1.2), the
value obtained from the criterion proposed by Kim and Mudawar (2013a) is
unacceptably low for this high mass-flux case even though the same correlation
was found to have yielded reasonable estimates for the lower mass fluxes
(G < 50 kg/m? s). The highest of the qualities obtained from these two criteria
is tentatively considered as the critical quality of transition from annular to
non-annular flow-regime. Furthermore, as a conservative measure, since the
exit quality should be more than the critical transition quality, an even higher
value (say, by AX = 0.05 to 0.1) than the estimated critical value of transition
quality is chosen to be the exit quality (say, Xou = Xena—a T 0.1). The
chosen exit quality for the present case, at this step, is 0.407.

(ii)) Assuming an inlet of 1 (or slightly less, say, 0.99) and using the knowledge of
the exit quality calculated/identified from step (i) above, the local heat transfer
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coefficient values for qualities between the inlet and exit qualities can be
obtained by using Nusselt number correlation(s) of Kim and Mudawar
(2013a) — which is of the type Nu,(X) and given in Egs. (35), (36), (37), and
(38). This correlation, for this case, can be directly evaluated and plotted (see
Fig. 13) with values of X varying between the inlet and the exit qualities. The
kink in Fig. 13, which in reality will be a gradual smoothed curve, is due to
reduction in vapor quality from its inlet value of 1 — and is associated with thin
liquid film flow transitioning from laminar to turbulent. The associated drop in
h, at the “’kink,” as the condensate moves from the higher-quality inlet values to
the lower-quality downstream values, is unrealistic and is likely due to very
approximate nature of Eqs. (35), (36), (37), and (38); part of the reason being
that the correlation combines data from very different flow-physics realms of
gravity-driven and shear-driven flow condensation. Such order of magnitude
Nusselt number correlations, along with inlet and exit qualities, can also be
used to calculate the length of the channel L, by obtaining quality versus
distance X(x) variations by integrating Eq. (23) subject to the inlet value of
X(0) = Xj,. For the chosen exit quality X(L) = X,y L is found to be 0.57 m.
However, it should be noted that this would be the maximum possible length of
the channel, and considerations should be given to the fact that it is to operate in
the annular flow-regime, preferably with negligible entrainment. In addition, the
test section might have to operate for multiple operating conditions, and all of
the conditions should be taken into consideration before finally deciding on the
length of the channel. For the chosen operating condition, however, the variation
of quality along the length of the channel, as obtained from integrating Eq. (23),
is shown in Fig. 14. The heat transfer coefficient values calculated above
(see Fig. 13) can also be used to calculate the local wall heat-flux (q,, (x)) values,
by using Eq. (4). This is done and the results are plotted in Fig. 15. Again, drop in
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quality — calculated using £ 9000}
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Fig. 14 Variation of quality
X along the length of the
channel calculated using

Eq. (23)

Fig. 15 Variation of wall
heat-flux q_, (x) along the
length of the channel —
calculated from total heat
transfer coefficient using
Eq. 4)
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heat-flux at the “kink” in Fig. 15 is unrealistic and is due to reasons discussed for

the “kink” in Fig. 13.

(iii) Using the inlet and the exit qualities, the pressure-drop/rise can be calculated
using appropriate correlation(s). For this design, to get an estimate of changes in
pressure along the length of the channel, frictional pressure-drop correlations
proposed by Friedel (1979), Gronnerud (1972), and Lockhart and Martinelli
(1949) were chosen and used. The acceleration pressure variation is calculated
using Eq. (53). The reasons for the variations in frictional pressure gradient
estimates of different models, as shown in Fig. 16a, are the same as those
discussed for Fig. 12a. The frictional and total pressure variations along the
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Fig. 16 (a) Variation of
frictional pressure gradient
along the length of the
channel — calculated from
Gronnerud, Friedel, and
Lockhart and Martinelli
frictional pressure-drop
correlations. (b) Frictional
pressure pric(X) =
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contributions from Eq. (53)
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length of the channel, calculated using the three chosen correlations for fric-
tional pressure, are respectively plotted in Fig. 16b and Fig. 16c. The final exit
pressure, for L = 0.57 m, is found, by choosing the lowest absolute pressure
(Gronnerud correlation), of the three total (frictional + acceleration) pressure
values, shown in Fig. 16c, and is approximately 107.9 kPa. However, it can be
seen in Fig. 16¢ that at least one of the other two frictional pressure-drop models
(Lockhart-Martinelli) predicts pressure rise. Such rise in pressures (given p;, =
120.1 kPa) is possible in condensing flow operations due to vapor deceleration
effects. However, as mentioned in Sect. 4.2.1, the design calculations should be
done for different operating conditions, and pressure-drop (or rise) may be
optimized, if needed, to minimize the reduction in mechanical power in the
vapor (along with any other specific design constraint (s) that may also need to
be imposed).

5 Improved CFD-Enabled Correlations (Current Status
and Future Trends) Toward Developing Better Design
Tools and Improved Understanding of Flow Physics

As discussed for the sample design methodologies presented in Sect. 4, the approx-
imate order of magnitude prediction capability of available correlations and their
strong empirical nature — for both annular flow boiling (because of the significance
of microscale nucleate boiling contribution to the annular boiling heat transfer
coefficient, in regions IV and V of Fig. 1b) and flow condensation — need to be
improved for better understanding of flow physics as well as improved accuracy of
the correlations. The basic approach for such improvements is illustrated through the
concept diagram in Fig. 17.

Current status of correlations for annular flow boiling and flow condensation, as
reviewed in Sects. 2 and 4, is predominantly empirical (with limited exceptions) and
is characterized by the methodologies indicated in the experiments box (blue-
bordered) of Fig. 17. The sought-for improvements require development of first
principles (feasible for laminar/laminar annular flows) or minimal ad hoc modeling
assumptions based (particularly for turbulent vapor and laminar liquid annular flows
for the devices in Fig. 3) on computational simulations and accurate processing of
such simulation results in the form of correlations — as indicated by the methodol-
ogies in the simulations box (red-bordered) of Fig. 17 — and their subsequent
improvements with the help of proper synthesis with experiments. Therefore,
such computational simulations need to be done in an environment where there is
an active bidirectional information sharing with appropriately planned experiments
for obtaining relevant data — towards enabling good synthesis of data from both
the methodologies/activities (i.e., the experiments and the simulations boxes in
Fig. 17).

In the following subsection, current status of simulation activities and their much
needed evolutions, expected in the near future, are discussed separately for annular
flow boiling and annular flow condensation.
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Fig. 17 Currently popular correlations employ, predominantly, the methodologies indicated in the
experiments (blue-bordered) box. Modeling tool improvements require a bidirectional synthesis
with the methodologies in the simulations (red-bordered) box

5.1 Annular Flow Boiling

As seen in estimates of heat transfer coefficient h, in Sect. 4 (see empirical estimates
for high heat and mass-flux cases, as shown in Fig. 9), experimental data underlying
such correlation-based h, estimates (and its convective and macro-/micro-nucleate
boiling components) — supplemented by reasonable assumptions with regard to
innovative annular flow-boiling approach in Fig. 3a — indicate a significant but
reducing component of macroscale nucleate boiling over convective boiling (though
hynb > hyep) over regions I-1II of Fig. 1b, although the accuracy of estimates of
hyjep and hyjnp, is more arbitrarily approximate than hy in Eq. (31). However, as
discussed in Sect. 4, the decomposition approach of h, into macroscale nucleation
component h,j,, and the convective component hy s, either through Eq. (33) in
Sect. 3 with n = 2 or other similar ones (e.g., Steiner and Taborek 1992, with n = 3)
which use other values for “n,” is arbitrary and can be significantly improved — in
relation to what was already done in Fig. 9 — by a superior physics-based definition
of what hy ¢, is and how it can be obtained. This improved n = 1 approach is
explained in Ranga Prasad et al. (2017), and a sample result has already been
reported here in Eq. (32). Since the film thicknesses are small in Fig. 10 for
Fig. 3a operations and the liquid film flows are laminar, these nucleate boiling-
dominated high heat-flux shear-driven flows will typically have very small bubble
diameters (microns to submicron scales) whose density and ebullition cycle (growth
and departure durations) related frequencies — which increase with increased heat-
flux, as in pool-boiling (Ghiaasiaan 2007) or macroscale nucleate boiling regime I in
Fig. 1b — are at present poorly understood. This is because these mechanisms, unlike
pool-boiling, are dictated by significantly weakened transverse gravity
(or buoyancy) forces competing with other significantly weaker “inertial pinning
force” and “viscous/pressure forces” at the time of bubble departure (when the
pinning “surface-tension force” at the effective “contact line rim” goes to zero; see
Phan et al. 2009; Zeng et al. 1993a, b). Though some studies in related areas exist
(Zeng et al. 1993a, etc.), it is quite likely that the existing pool-boiling-based
knowledge for mechanisms underlying the models for nucleation phenomena with
regard to bubble diameters (Egorov and Menter 2004; Gerardi et al. 2010; McHale
and Garimella 2010), activated nucleation site densities, and ebullition cycle fre-
quencies (which are typically 0.5-3 mm in bubble diameters, 10°~107 activated
sites/m”, and 40-200 Hz for refrigerants experiencing pool boiling under
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relevant pressure and AT conditions considered for Figs. 6, 7, 8, 9, and 10) are not
entirely applicable to thin-film microscale nucleate boiling associated with regions
II and IV in Fig. 1b. This is likely because the relationship between changed
microscale and nucleation controlling forces in the thin liquid film — along
with submicron and adsorbed layer contact-line physics (Kandlikar and Grande
2003) — is different.

Furthermore, for low heat-flux and mass-flux cases (q;, <0.2 W/em?, G < 20 kg/
mZs, and refrigerants considered here), preliminary annular flow-boiling experi-
ments (Gorgitrattanagul 2017 and Narain et al. 2012) and theoretical/computational
hy|ep estimates (Ranga Prasad et al. 2017) do indicate that the thinner downstream
liquid flows (indicated by region VI in Fig. 1b, e.g., with A(x) in 1-10 pm thickness
range) exhibit suppressed nucleation convective boiling (i.e., hyjcb > hynb—micro)-
Since total heat transfer coefficient h, (in equations such as Eq. (33)) can
be experimentally assessed through relations such as q\;lExpt(x) = h,*AT(x),
where AT(X) = Tw(X) — Tsar(pin) and Ty(x), like wall heat-flux q\;,‘EXPt(x), is also
experimentally measured, one can use computational simulations under the assump-
tion of suppressed nucleation (as discussed in Ranga Prasad et al. 2017) and obtain
superior hy|¢, estimates for experimentally measured boiling surface temperatures
T, (x). With h, known experimentally and hy ., known from proper physics-based
CFD, hyjnb—micro can be accurately estimated through the defining relationship
given as:

hy = hx\nbfmicro + hx\cb (61)

Therefore, to make use of Eq. (61), the computationally obtained correlations for
hyjep for different wall temperature values — obtained in the structural format of
Eq. (11) — one must use those experimentally measured values of Ty(x) appearing in
AT(x) that are associated with the corresponding experimentally measured values of
q;‘EXpl(x). Thus, as in Ranga Prasad et al. (2017), this recommendation for estimat-

ing hy|, does the following: (i) it defines what hys, is for suppressed (real or
hypothetical) nucleation annular flow boiling under identical flow-determining
boundary conditions, and (ii) it realizes that though nucleation will actually impact
convective boiling’s thermal boundary layers, it puts all such effects (including
direct nucleation effect) in the definition of hy,, through Eq. (61).

The above CFD-enabled hy |y, estimate has another advantage; such hypotheti-
cally suppressed nucleation assumption CFD results when compared with experi-
ments, where an actual nucleation suppression occurs (typically at low mass and
heat-flux values conducive to CHF avoiding stable dry-out, and at thin-film down-
stream locations), can help identify the location where suppression of nucleation
begins. This approach is being used (Gorgitrattanagul 2017; Sepahyar 2018) toward
locating (and eventually developing a criterion/correlation) and obtaining a priori
information about conditions under which nucleate boiling contributions to h, can be
considered to be effectively suppressed (see zones V and VI in Fig. 1b).
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5.1.1 Low Heat-Flux and low Mass-Flux Cases and h,c,, Estimates
First principles-based accurate estimates of hy., under the assumption of hypothet-
ically suppressed nucleation are fairly recent (Ranga Prasad et al. 2017) and are
currently available only for limited low range of heat-flux and mass-flux values, as in
Eq. (32). The development and implementation of CFD algorithm in Ranga Prasad
et al. (2017) are similar to the ones proposed for annular flow condensation (Naik
and Narain 2016; Naik et al. 2016). These include algorithm development, which, in
turn, are based on analytical approaches — covering both modeling and numerical
methods (also see Chap. 3, “Numerical Methods for Conduction-Type
Phenomena”).

A sample annular flow-boiling simulation for FC-72 (under the assumption of
suppressed nucleation and laminar vapor/laminar liquid cases) on the bottom plate
of a rectangular cross-sectional horizontal channel, as in Fig. 3a, is considered
here for exhibiting its potential — including prediction capability for hyp. The
assumption of no nucleation is made, not necessarily to say that the annular flow
is actually occurring in the suppressed nucleation mode but to accomplish the
following:

(i) Obtain hy = hyc, values as a function of quality X (see Fig. 18) for uniform
temperature (or heat-flux) prescription at the wall over 0 < x < L (see Fig. 3a)
and use such results to propose correlations (see Eq. (32) in Sect. 3).

(i) Obtain key flow-physics details — such as film thickness versus distance
variation (Fig. 19a), liquid-vapor velocity, temperature, pressure profiles
(Fig. 19b-d), flow streamlines (Fig. 19e), etc.

(iii) Obtain and correlate, using nonlinear stability approach (see Naik and Narain
2016; Naik et al. 2016), the criteria for transition from non-annular to annular
flow-regimes as applied to suppressed nucleation flow boiling (Ranga Prasad

Fig. 18 Plot of hy = hy 500 T T T T
versus quality X as -
computationally obtained. SE450 1
The saturated annular flow E
boiling in Fig. 3a is for a %x 400 F
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inlet quality X, =2 0.65, mass- é
flux G = 13.98 kg/mz.s, and 8 300 |
O
po = 105.1 kPa =
=
£ 250t
e
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between two adjacent (unequally spaced) streamlines is the same

etal. 2017) —and seek, in future, its appropriate modifications by comparing the
results with experimental results for nucleate boiling dominant flows.

(iv)

Compare hy, results with low heat-flux and low mass-flux annular boiling

experiments (Gorgitrattanagul 2017; Narain et al. 2012) to obtain and correlate
the estimates for locating the “points/zones” of onset of growing, diminishing,
and suppressed nucleation annular flows. These are likely to occur (as in
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regions III-V in Fig. 1b), for a given fluid across a certain surface in the

parameter space of confinement number Co = \/ c/ (g(pL - pV)A(x)z), liquid

film Reynolds number Rey (x) (=G(1 — X(x))/p), and, possibly, one or two
other parameters.

(v) By obtaining experimental values of h, for annular flow-regimes, along with
theoretical/computational values of hy = hys, propose more reliable decom-
position of hy in the form of Eq. (61).

(vi) Use laminar liquid/laminar vapor or laminar liquid/turbulent vapor simulations
(discussed in the next section) to obtain better pressure-drop versus boiler
length (L) curves; compare the results with experiments as well as with results
from existing pressure-drop models (see Sects. 3 and 4) to improve and propose
new more accurate pressure-drop correlations for annular boiling.

5.1.2 Moderate to High Heat-Flux and Mass-Flux Cases and h,c,
Estimates

As per currently available estimates shown in Fig. 9a, b, the hy|, estimates have
additional uncertainty than those of h, itself (Eq. (31)). The planned estimation of
hyje by CFD, under the hypothetical assumptions of negligible/suppressed nucle-
ation, laminar liquid, and turbulent vapor flows in the structure of Eq. (61) is
feasible, though it is expected to be more approximate as compared to laminar/
laminar approach described in Sect. 5.1.1. This is because of the need to use
appropriate turbulence models for the vapor phase that is also consistent with the
correct interfacial shear and vapor-side components of interfacial velocity — which
can be inputted and indirectly assessed with the help of a synthesis between
experiments (involving measured values of pressure-drop and exiting liquid flow
rate) and simulations. Even for the hypothetical absence of nucleation, with vapor
streamlines (see Fig. 19¢) suggesting the existence of a thin “near interface” laminar
layer in the vapor phase that will always be present adjacent to the thin laminar liquid
flow, there is a possibility that — at high vapor-phase Reynolds numbers Rey(x) —
there will be a more significant interaction between the typical indeterminate inter-
facial waves (or laminar turbulence; see Naik and Narain 2016; Naik et al. 2016;
Narain et al. 2015) and vapor-phase turbulence. This may change the interfacial
shear values (from those obtained from laminar liquid flow and near-interface
laminar vapor flow assumptions and new modeling and new synthesis with exper-
iments will become quite important).

Therefore, for accurate estimation of hyq, for such flows, it is proposed that, to
start simulations, it would be appropriate to use initial interfacial shear estimates
(e.g., values obtained from the laminar/laminar algorithm in Ranga Prasad et al.
(2017)) with an appropriate adjustable scalar multiple, and then one should obtain
the scalar multiple in a way that one obtains agreement with experimentally mea-
sured values of pressure-drop with experimentally measured boiling surface temper-
ature values as thermal boundary condition. Note that the ad hoc factor adjusted in
the laminar liquid and turbulent vapor simulations — with vapor turbulence modeled
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by an appropriate Reynolds-averaged Navier-Stokes (RANS) or large eddy simula-
tion (LES) approach, with user-provided and iteratively improved values of interfa-
cial shear — involves an effectively steady interface assumption. The adjusted values
of the ad hoc factor — once they produce consistent agreement with corresponding
measurements/estimates of expected pressure-drop, an interfacial shear estimating
modeling approximation — can be correlated under proper nondimensional structure.

Besides the computational estimate for hyjc,, recall that results from
experiments continue to yield total HTC h, values through q‘;llExpl(x) = hy x AT(x),

where AT(X) = Ty(X) — Tsa(pin) and boiling surface temperature T,,(x), like wall heat-
flux q\ﬁlexpl(x), is also an experimentally measured value. With h, and h,¢, known,

hyjnb — micro €an be estimated — though more approximately than in Sect. 5.1.1 —
through the defining relationship given in Eq. (61).

Also note that actual experimental values of film thickness Apyy(x) in the
presence of nucleation are likely to be somewhat different than the CFD predicted
values of film thickness Acpp(x), obtained under the assumption of no nucleating
bubbles.

Pressure-drop predictions from above-described modeling efforts, in conjunction
with experimental measurements and existing pressure-drop correlations (see
Sects. 3 and 4), can also improve the existing pressure-drop correlations.

The above-described approach for hy ., estimates/correlations, along with further
refined estimates for total h, obtained through proposed new experiments (along
with existing ones, as used in Kim and Mudawar 2013c¢), would again help elucidate
heat transfer mechanisms through the simple, but approximate, model: hy = hyj,;, +

hy|cp — which is an n = 1 version of Eq. (33).

The proposed CFD would also help in providing improved understanding of the
laminar liquid/turbulent vapor flow physics such as the ones shown in the Sect. 5.1.1
for laminar liquid and laminar vapor flows.

5.2 Annular Flow Condensation

As discussed in Sects. 3 and 4, there are several empirical correlations for heat
transfer coefficient h, as well as annular to non-annular flow-regime transition
criteria. For the proposed innovative condenser and its design discussed in Sect. 4,
motion of the liquid film on a wetting (or hydrophilic) condensing surface avoids the
complexities of dropwise condensation. Despite this, correlation for hy and transition
criteria from annular to non-annular flow-regimes are currently lacking in quality
and accuracy and, therefore, need to be made much more accurate for effective
design calculations (such as the ones used in Sect. 4). Again, as discussed earlier
through Fig. 17, such improvements can be accomplished through CFD-and-exper-
iment synthesis approach for improvements in h, and flow-regime maps. The status
and need for such improvements are discussed next.



51 Internal Annular Flow Condensation and Flow Boiling: Context, Results, and. . . 2145

5.2.1 Low Heat-Flux and Low Mass-Flux Annular Cases

First principles CFD-based accurate estimates (e.g., DNS for laminar condensate/
laminar vapor cases in Fig. 3b) is now possible (Naik and Narain 2016; Naik et al.
2016; Narain et al. 2015) — at least for common refrigerants operating at G < 20 kg/m?* s
andq, < 0.3 W/m?. The CFD/DNS for these laminar/laminar cases can accomplish
the following:

(i) Obtain hy values as a function of distance x and quality X (see Fig. 20a, b).

(i) Besides film thickness versus distance variation with x (Fig. 21a), they can
obtain key flow-physics details for velocity, pressure, and temperature profiles
(y-variation) of liquid and vapor phases at a representative x-location
(Fig. 21b), annular to non-annular transition criteria by nonlinear stability
analysis (see Fig. 22 and Naik et al. 2016), streamline patterns for shear-
driven flow versus gravity-driven flow (Fig. 23), etc.

(iii) Use laminar liquid/laminar vapor flow assumptions based on pressure-drop
predictions to improve existing pressure-drop correlations — by comparison-
based modification of the predicted results toward agreement with reliable
experimental data — or propose new pressure-drop correlations.

5.2.2 Moderate to High Heat-Flux and Mass-Flux Annular Flow Cases
The CFD support for laminar liquid turbulent vapor annular condensing flow pre-
dictions in Sect. 4 is complicated for reasons similar to convective flow-boiling cases
discussed in Sect. 5.1.2.

For approximate estimation of h, for such flows, it would again be helpful to
model interfacial shear, to begin with, by some scaling factor multiple of the values
that are associated with some suitable initial estimates (e.g., those obtained from
laminar liquid and laminar vapor simulations-experiments synthesis-based correla-
tions). The assumed factor could subsequently be computationally adjusted in a way
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Fig. 20 (a) Plot of the heat transfer coefficient vs nondimensional distance. (b) Plot of heat transfer
coefficient vs quality (run parameters: fluid — FC-72, U = 1 m/s or G = 13.98 kg/m’s,
po = 105.1 kPa, AT = 5 °C, channel height = 2 mm)
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Fig. 21 (a) Plot of the two steady film thickness profiles shows negligible effects of transverse
gravity. (b) Cross-sectional profiles for x-component of velocity (Uyj), relative pressure “p; — po,”
and physical temperature T; at x” = 0.08 m location in Fig. 3a. The solid black line curve is for the
absence of transverse gravity, whereas the dashed gray line curve represents the presence of
transverse gravity. (Run parameters: fluid — FC-72, U = 1 m/s or G = 13.15 kg/m>s, py =
101 kPa, AT = 20 °C, channel height, h = 2 mm)

that computational predictions of condensing surface’s wall heat-fluxes (in case of
temperature prescription) or wall temperatures (in case of heat-flux prescriptions)
and pressure-drop predictions are in approximate agreement with experimental
results for the flow-condenser — assuming experimentally measured/assessed values
for most of these variables will be available for corresponding experimental runs.
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The above-described approach, if further developed, can be used to obtain
improved h, and pressure-drop correlations as well as improved understanding of
the flow physics.
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6 High Heat-Flux Advantages of Superposing
High-Amplitude Standing Waves on the Interface for
Steady-in-the-Mean Innovative Annular Flow-Boiling
and Flow-Condensation Operations

In recent experimental works dealing with innovative operations of flow boiling and
flow condensation (see Fig. 3 and Kivisalu et al. 2014) at low mass-flux and heat-
flux values, the thinness of the liquid films (see Figs. 3 and 10) and their improved
stability allowed superposition of large-amplitude standing waves on the interface
(see Fig. 24c¢) created by acoustic standing-waves in the vapor-phase (of long wave-
lengths relative to the device length) that, in turn, were created by pulsations
introduced through oscillating flow rates (5-15 Hz) of the incoming vapor (and
liquid, if needed) flows. There are other superior options for creating standing
interfacial waves, but these are not discussed here. Such large amplitude standing
wave realizations, as opposed to Fig. 24a, b realizations associated with steady
non-pulsatile cases, are quite different in their micro-convection capabilities. The
standing interfacial waves are formed over longer duration, as opposed to the short
duration of forward moving interfacial traveling waves, as they result from the
vapor-phase’s long wave-length standing acoustic waves (and associated oscillatory
interfacial shear) which, in turn, result from the fact that the flow-boiler exit is mostly
obstructed in the predominant direction of vapor flow and pulsations-induced vapor-
phase acoustic-waves, in the flow-direction, reflect from the exit (see Fig. 24c and
Fig. 3a). As a result of superposition of such interfacial standing waves on a nearly
steady interface location, as troughs got closer to the wetting surface under increas-
ing amplitude of the waves, local time-varying heat-flux measurements indicated
very high heat-fluxes (see Fig. 25 and Kivisalu et al. 2014). Consequently, both for
annular flow condensation and annular flow boiling, the mean values of the mea-
sured heat-fluxes (at a representative location) increased significantly (see Fig. 26a, b).
Note that experimentally attained local heat-flux enhancement (100-300%) for the
flow-boiling case in Fig. 26a is much lower than the enhancements (up to 800%)
observed for some comparable flow-condensation cases depicted in Fig. 26b.
The above-described pulsatile flow realization approach consists of:

(1) Selecting proper values of: inlet mass-flux, inlet quality, exit quality, film-
thickness range, and length of the flow-boiler — as per design discussions in
Section 4 — and attain a representative steady annular flow realization indicated
by “point” A or “point B” in Fig. 1b, c.

(il)) Employing energy efficient ways to introduce suitable amplitudes of inlet pressure
or flow-rate pulsations imposed on the incoming vapor flow (and liquid flow, if
needed) — ensuring inlet flow rate value (which includes a selected range of
recirculating vapor flow rates) always lies within a suitable range. In case of high
heat-flux boiling, the extra mechanical power available at the exit of the boiler is
used, in the arrangement of Fig. 3a, to maximize the use of by-pass valve and
minimize the need for a recirculation-aiding compressor.
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Fig. 24 (a) Non-pulsatile steady innovative annular flow-boiling operations (Fig. 3a) at high heat
and mass fluxes (under use of common refrigerants) is dominated, as per Sect. 4 estimates, by tiny
nucleating bubbles (of micron to sub-micron diameters, and represented by “dots”) even for the
steady annular regimes involving film thicknesses in the range of 50-300 pm. (b) Non-pulsatile
steady annular flow boiling (arising from controlled recirculating vapor flow-rate at the inlet) at low
mass and heat-fluxes may experience suppressed nucleation at sufficiently low film-thickness
locations realized under conditions of low inlet film thickness Ay ~ 100-300 pm. (¢) Depiction of
long term and large amplitude standing interfacial waves. Large dynamic heat-flux enhancements
are experienced at the “troughs,” see Fig. 25

(iii) Using primarily closed end exit condition (Fig. 3a, b) for the axial direction of
the vapor flow to reflect acoustic signals (associated with vapor flow pulsations)
in the vapor phase to establish standing wave patterns. This is done to trans-
form, over time, forward-moving short duration interfacial waves into standing
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Fig. 25 Time-varying boiling heat-flux without (lower average) and with (higher average)
imposed inlet liquid-vapor pulsations, measured by a flush-type heat-flux meter. The dashed lines
represent long-term (~40 min) averages

interfacial wave patterns shown in Fig. 24c, and such realizations are observed
in the experiments by Kivisalu et al. (2014). For creating large-amplitude
standing waves, alternative and more technology-friendly approaches are pos-
sible and are being explored.

(iv) Using controlled thinness (50-300 pm) of the liquid film flow to stabilize the
wavy film. This allows both large amplitude standing wave formation and,
concurrently, reduced and insignificant chances of liquid entrainment (even for
high mass-flux cases).

Under aforementioned conditions of steady-in-the-mean pulsatile flow realiza-
tions, the heat transfer enhancements shown in Fig. 26a, b are believed to result from
the following hypotheses.

First, it is assumed that the flow-boiling enhancements in Fig. 26a may have,
at higher heat-fluxes, more explosive nucleating micro-bubble (micron or sub-
micron diameters) presence and more significant heat-transfer contributions through
hyinb-micro» Which is already (i.e., for low mass and heat-flux cases considered here)
up to 80% of the total HTC given by Eq. (61) — representative calculations support-
ive this assertion are described in Gorgitrattanagul (2017). Furthermore, the 100-
300% heat-flux enhancements shown by the solid-curve (for low heat-flux cases) in
Fig. 26a may not be realized, as desired and indicated by the dashed curve in Fig. 26a
(or the corresponding red curves in Figs. 1b-c), for cases involving higher heat-flux
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impositions. This is expected due to limitations in bubble-departure mechanisms
available to the flow at the higher heat-flux imposition levels. Note that higher values
of nucleation site densities, increased bubble generation frequencies, and limited
ranges of bubble departure diameters are expected — and, as a result, the micro-
bubbles may not be effectively carried away by the explosive levels of nucleation
expected for heat-flux impositions in the range of 500-1000 W/cm?. Despite this, the
enhancement levels indicated by the dashed curve in Fig. 26a is realizable for high
heat-flux cases by using additional supplementary approaches — which are to be
described elsewhere.

However, at low heat-flux levels, there could be very significant enhancements, as
shown in Figs. 26a and b. This is because classical convective contribution hy,
significantly increases in Eq. (61) for flow boiling and for flow condensation (for
which hy = hy,) considered here. The reason being convective heat-transfer mech-
anisms, associated with the thin film steady flow-physics of flow boiling (or flow-
condensation sans nucleating bubbles) depicted in Figs. 24a-b, significantly changes
to incorporate new mechanisms associated with the new bulk micro-convection
shown in Fig. 24c. The mechanisms present for Fig. 24c are described here with
the help of Figs. 27a-b (which exhibit presence of some of the known mechanisms
present in pool-boiling, which is depicted in Fig. 28 and recalled here for relevant
discussions). The proposed new bulk hych-micro €nhancement phenomena, as
described below, is the sole contributor for the flow condensation (which has no
nucleating bubbles) enhancement case in Fig. 26b. It is hypothesized that contact-
line flow-physics of Fig. 28 (well known for macro-scale pool boiling) appears here
— for the micro-scale thin liquid film’s flow-physics — in a modified way to yield high
heat-fluxes observed in Fig. 26.

For these micron-scale (O(100 pm)) thin liquid film flows, with superposed large
amplitude standing waves (such that the liquid thickness at troughs are O(10 pm)),
consider the following for Figs. 27a-b::

» The three intersecting circles represent effects of interaction zones of nm-scale,
mme-scale, and macro- or mm-scale phenomena.

» Between the liquid-vapor interface (formed by the curve at the juncture of blue
and pink zones) and the solid-like adsorbed liquid layer (marked yellow), the
liquid flow at the troughs experience reduced pressure and slip-like reduced shear
that allow enabling micro-convective motion upstream and downstream of the
troughs — as well as the requisite through flow at the troughs. The low pressure at
troughs is enabled both by the surface-tension and curvature effects near the
vapor-liquid interface as well as by the liquid’s interface with the adsorbed
(marked yellow) layer through negative tensile stresses (disjoining pressure)
between the lower solid-liquid interface and the liquid above. This low pressure
at troughs, besides allowing forward liquid motion (straight arrow in Fig. 27a)
between the upstream crest-region adjacent to the trough, also enables microcir-
culation associated convective heat transfer enhancements within neighboring
crests (recirculation arrows in Fig. 27a). The micro-circulation in the macro-
region of Fig. 28 are also enabled by analogous phenomena. The expected and
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Fig. 27 (a) Near-interface schematic of dynamics of the instantaneous spatial nondimensional film
thickness profile (5 = A/h) associated with pm-scale wavy film flows (over a wetting surface)
encountered in pulsatile flow boiling (or flow condensation). The three intersecting circles in the
figure, respectively, represent zones where nm-scale, pm-scale, and mm-scale phenomena interact
with one another. (b) Time-varying film thickness profile for location x = x* in Fig. 27a. The film
thickness time history at a trough location (x = x™) over an imposed time tp = 1/f,, where, f;, is the
imposed vapor-phase pulsation frequency, is such that the crests and troughs “dwell” times
weighted by instantaneous heat-flux values, are dominated by the contributions of the troughs to
the local time-averaged heat-flux (Fig. 25)

requisite low shear at the troughs in Fig. 27 is also hypothesized here to arise from
mechanisms similar to the low shear (rather stick-slip behavior) expected near the
contact-line rim of the pool-boiling bubbles in Fig. 28. For the pool-boiling case
in Fig. 28, low shear at the contact-line rim possibly arises from the fact that the
micro-region liquid film in Fig. 28b has intermediate slip enabling solid-like
behavior adjacent to the adsorbed liquid region (or, macroscopically, the dry
region) and fluid-like no-slip behavior adjacent to the macro-region. This lubri-
cated slip-like behavior (perhaps assisted by temperatures and phase-change in a
way that is not completely understood) is a key phenomenon that enables
realization of such large bubble departure frequencies (5 — 500 Hz) in the pool-
boiling case of Fig. 28, where the surrounding stagnant liquid pool’s inertia is
large and yet the frequencies keep increasing with increasing heat-flux.

Micro-scale nucleation (of bubbles) in the flows of Fig. 24 and Fig. 27 can be
encouraged, diminished, or suppressed over a range of thicknesses for thin film
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Fig. 28 Reduced pressure (disjoining pressure effects) and reduced shear (slip-like conditions) at
the contact line of nucleating bubbles enable high heat-flux values at the contact line. This is due to
alternating and vigorous recirculating motion — at reasonably high frequency, typically at about
5-500 Hz — of the liquid near the nano-micro-macro layer thick contact-line zone in the presence of
phase-change and solid-liquid and liquid-vapor interfaces. Left and right figures are views obtained
for the same contact-line zone when the smallest resolvable length scales are, respectively, approx-
imately O(100 pm) and O (100 nm)

annular flow boiling on wetting surfaces (or super-hydrophilic surfaces with
nucleation sites) — see regions III-V in Figs. 1b-c. And yet the aforementioned
contact-line physics assisted micro-convection advantages in Fig. 27, as in the
micro-region of Fig. 28 for mm-scale nucleating bubbles, is approximately
retained with the following differences: (i) the wetting surface in Fig. 27 is always
wet (except downstream of stable dry-out points, not shown) with an O(10 pm)
micro-layer of liquid at the trough (which is absent in Fig. 28 where the vapor is in
contact with solid-like adsorbed layer), and (ii) there is continued forward flow
through the “tens of microns” thick “layer formed at the wave-troughs.

The above-described flow physics for pulsatile operations of annular flow-boilers
and flow-condensers — along with suitable design modifications for the non-pulsatile
flows in Sect. 4 and some hardware modifications for the flow-loop design (see
Kivisalu et al. 2014 and Gorgitrattanagul 2017) — enable development of high heat-
flux devices embedded in proper flow loops that are equipped with suitable flow
controls (see, e.g., Fig. 29 for a flow loop being used for science experiments and
Sepahyar 2018) that are capable of removing heat from the boiling surface at the
desired 5001000 W/cm” levels.

7 Summary
This review article accomplishes the following purposes:
* The Introduction (Sect. 1) and the subsection “Flow and CHF-Related Instabil-

ities” of Sect. 2.2 provide a coherent and clarifying review of traditional in-duct
flow-boiling processes (with some emphasis on flow condensation). These cover
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the more complex issues and physics associated with realization of different flow-
regimes, local heat transfer coefficient variations, various instabilities, CHF, etc.

* The review maintains a direction for readers interested in developing science and
technology of high heat-flux thin film (or annular) flow boiling — and flow
condensation — that employ innovative millimeter-scale hydraulic diameter
devices of suitable lengths and stacking arrangements. This is facilitated by
introducing the operating principle of high heat removal innovative devices
early on in the article (Fig. 3) and then selecting the review of pertinent items
(from the broader subject area of boiling/condensing flows) that are relevant to the
physics, modeling, simulations, and experimental issues for such devices. This
review also addresses the narrow “window of opportunity” that exists
(as discussed through performance curves of typical millimeter-scale devices in
Figs. 1, 3, 4, and 5 along with hypotheses and related physics given in Sect. 6), as
discussed in recently published literature, for further development of this
approach.

» Besides the focus indicated above, the other primary purpose of the review was to
elucidate existing knowledge base of correlations, and their relevance to the
proposed innovations. Toward this, Sect. 2 presents the framework within
which current and future knowledge dealing with empirical correlations for heat
transfer coefficient, pressure-drop, void fraction, flow-regime transition, etc.,
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should be structured. Sect. 3 attempts to review and summarize the specifics of
some of the relevant, better established (including latest and accurate) knowledge
that are available in this area.

» Sect. 4 makes the review of some apparently scattered topics reviewed in Sects. 2
and 3 more coherent. This is done by showing how all these approximate, quantita-
tive, and correlation-based knowledge in Sects. 2 and 3 become useful when they
come together in a design tool for new experiments and new systems that involve
innovative flow-boiler and flow-condenser operations, as introduced earlier.

» Even as successful new designs and experimental flow loops can be initiated and
completed with the help of existing knowledge described in Sects. 1, 2, and 4 and
the newer knowledge described in Sect. 6, there remains an ongoing need — both
for steady and steady-in-the-mean (with superposed large-amplitude interfacial
standing waves) cases — for more refined correlations as tools for assisting more
accurate design of innovative systems (such as the one in Fig. 29 or its miniatur-
ized versions) and their flow-and-heating control techniques. The principles and
samples for developing such refined correlations are discussed in Section 5. When
the innovative devices shift their steady operations to the mode of operation with
superposed large-amplitude interfacial standing waves or other enhancement
approaches (to secure operational benefits as indicated by curves I;_g, and
I,_i in Fig. 1b, c), the preliminary experimental design approach for realizing
the underlying steady flows are covered by this review and cited references.
Development of correlations and discussion of system design and flow-control
issues for developing a priori design and assessment tools for this promising
operation mode involving superposed large-amplitude interfacial standing waves
or other approaches are not part of this review — these constitute an active and
developing area of research.

8 Cross-References
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