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Abstract

The main techniques for the enhancement of heat transfer between a solid wall and a fluid are re-
viewed for both single phase (liquid and gas) and two-phase (boiling and condensation) systems.
First, a brief description of the commonly used passive techniques is given. For each of them, we
report the values of the enhancement factor given in the literature. The principal active methods,
i.e. methods involving the supply of external energy, are then detailed. The physical mechanisms
leading to the heat transfer enhancement are identified from the analyses published to date. The
paper then focuses on the techniques that use periodic deformation of a wall over time. Such
a wall deformation enhances heat transfer by disrupting the boundary layer and simultaneously
setting the fluid in motion. The piezoelectric materials that can be implemented to generate the
channel wall dynamic deformation are reviewed. As deformation of a wall is generally of low
amplitude, the technique is well suited to micro channel systems: i) in single-phase configura-
tion, imposing a deformation traveling wave to a micro channel wall is found to simultaneously
enhance the heat transfer and to set in motion the fluid; ii) boiling in a narrow space is found to
involve both boiling and cavitation phenomena in the nucleation process.
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Nomenclature

A amplitude (m)
ds; longitudinal PZT coupling factor (m.V~')
D diameter (m)
E confinement distance ()
e electric field (V.m™1)
E electric field strength (V.m™")
f frequency (Hz)
F fan width (m)
F; electrohydrodynamic force (N.m™3)
G mass velocity (kg.m™2.s7")
h heat transfer coefficient (W.m2.K~1)
H axial distance nozzle to plate (m)
L exposed blade length (m)
Ly overall blade length ()
Nu Nusselt number
P remanent polarization (C.m™?)
Pe Peclet number
q" heat flux density (W.m™2)
qe free electric charge density (C.m™>)
t time (s)
T temperature (K)
X radial distance from stagnation point (1)
y position along the length of the plate wall deformation ()
z axial distance nozzle to plate (1)
Greek symbols
AP pressure difference (Pa)
6 fluid permittivity (F.m™")
2 wavelength (m)
fluid density (kg.m™>)
5_ electrical conductivity (S.m™")
¢e heat flux density (Wm™?)
Subscripts
EHD electrohydrodynamic
ref reference
sat saturation
Contents

1 The challenges and the different techniques of intensification

2 Passive techniques
2.1 Surface coating at the micronscale . . . . . . ... ... ... . ... 0.,



2.2 Nanoscalecoating . . . . . . . . ... ... e 5

2.3 Hydrodynamic cavitation . . . . . . . . . . . ... 6
2.4 Turbulence and mixing promoters . . . . . . . . . .. ... 7
24.1 Singlephaseflow . . . . .. .. oL oo 8
2.4.2 Boilingandcondensation. . . . . . . . .. ... 8
2.5 Summary ... ... e e 9
2.5.1 Single-phase free and forced convection . . . . . .. ... ... ... .. 9
2.5.2 Convective Boiling/Evaporation . . . . . ... ... ... ........ 10
2.5.3 Condensation . . . . . . . . ... 10
3 Active methods: motionless channel wall 11
3.1 Electrohydrodynamics . . . . . . . ... ... 11
32 JetS .o e 14
3.2.1 Single steady impingementjet . . . . . . .. ... ... ... .. 15
3.2.2 Multiple steady impingement jet heat transfer . . . . . . . ... ... .. 16
323 Unsteady jetheattransfer. . . . . . ... ... ... ... .. ... .. 16
3.3 Spray ... e 17
3.3.1 Effect of nozzle to heating surface distance . . . . . .. ... ... ... 18
3.3.2 Effect of incident angle on heat transfer . . . . . ... ... ... .... 19
3.3.3 Effects of droplet diameter, flux, velocity and density . . . . . . ... .. 19
34 Summary ... ... e 20
4 Active methods: case where a solid wall is periodically moving 20
4.1 Ultrasound waves . . . . . . . . . ... o e 21
4.1.1 Non-boiling configurations . . . . . . ... .. ... ... ... ..., 21
4.1.2 Boiling configurations . . . . . . ... ... 22
4.2 Syntheticjetheattransfer . . . . . . . . ... ... Lo 23
4.3 Heat transfer enhancement using high amplitude vibratory motion . . . . . . .. 23
44 Summary ... ..l e e e e e e e 25
4.5 Means of actuation for heat transfer active methods - The piezoelectric solution . 27
4.5.1 Piezoelectricprinciple . . . . . . ... ... oL 27
452 Actuation principles . . . . . ... L 27

5 Recent works: High amplitude deformation of the wall, compact heat exchanger
integrating the pumping function 31
6 Conclusion and potential perspectives 35

1. The challenges and the different techniques of intensification

The intensification of heat transfer is an important societal challenge in terms of energy sa-
ving and materials, sustainable development, thermal control, compactness, etc. The fields of
application are numerous. Examples include micro and power electronics, nuclear energy, air
conditioning, habitat, transportation, space and aeronautics industries, renewable energy, chemi-
cal engineering and industrial processes, etc.

Heat and mass transfers between fluid and wall are influenced by the thermal, mass and hydrody-
namics boundary layers. During the last century, numerous works have been conducted to better
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control and/or to increase parietal heat transfer. Therefore, an abundant literature has accumu-
lated.

To reduce the boundary layers, intensification techniques have been used but often in a very
empirical manner. Thus, the number of studies (publications and patents) undertaken on the sub-
ject has been constantly growing since the early 1960s. Intensification techniques are numerous
(Webb [? ], for example, has identified 13 of them) and can be classified into two categories:
passive and active.

Passive techniques consist, in most cases, of increasing the exchange surface area. Initially they
were mainly developed to intensify the transfer between a wall and a gas. Indeed, the low con-
ductivity of the fluid in the gaseous state implies a low heat transfer coefficient. This leads to a
requirement for complex surface geometry (surface treatment, fins, etc.) to increase the exchange
surface area, and also to disrupt the boundary layers and thus increase the convective heat trans-
fer coefficient. Nevertheless, compactness is another challenge which is not consistent with the
increase of the heat exchange area.

Another way to enhance heat transfer, which is also the subject of lot of works, is to use the
liquid-vapor phase change. In this case, the complexity of the geometry used to reduce the
boundary layer thicknesses is not only connected to the wall but also to the distribution of the
phases within the fluid. Although it is now generally accepted that the use of phase change is
one of the most effectives way to intensify the heat transfers, the understanding of the phenom-
ena involved remains incomplete and the approaches are mainly empirical. For this reason, the
control of the heat transfers remains rough. Nevertheless, when a fluid changes phase on a wall,
the heat transfers are generally found to be increased significantly. The reason leading to such an
increase in the intensity of heat transfer can be analyzed regarding the boundary layer thickness.
Indeed in the case of boiling, the liquid is overheated near to the wall. This overheated layer is
systematically disrupted or destroyed by nucleation at the wall and the detachment of bubbles.
Intensification of the heat transfer is then observed when the number of nucleation sites and the
frequency of detachment of the bubbles increase due to the inception of thin liquid film. In the
case of condensation, similar mechanisms occur near the wall with high intensification of heat
transfer in the presence of thin liquid films.

The need for intensification is becoming increasingly important both in high-tech and conven-
tional industries. This requires more efficient methods to be addressed. The active techniques
are seen as a solution to respond to the increased need for intensification and need for flow and
heat transfer control with or without phase change. Compared to studies involving passive tech-
niques, very few works have been carried out using active techniques, i.e. requiring the input of
external power.

Whatever the technique used to achieve phase change, works on heat transfer intensification have
often been conducted in an empirical manner. In most of cases, reliable theories allowing predic-
tive results are difficult to obtain owing to the numerous interfering mechanisms and scales. Even
through an improvement of heat transfer is often observed, it remains unpredictable when the ex-
periment is carried out in another configuration. Indeed, results obtained in similar configurations
are strongly scattered, highlighting the dependence on experimental device characteristics.

The aim of this paper is to review heat transfer methods in particular those using electroactive
materials. First, outlines of passive techniques are briefly recalled. The active techniques are then
classified in two categories: active methods with static walls and active methods using dynamic
deformation of a wall. The latter configuration involves mainly microfluidic thermal systems. A
part of this section is so devoted to the techniques most suited to the types of wall deformation
considered in the context of microfluidics. Paths for future works in single-phase configuration
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are proposed in the final section of the paper.

2. Passive techniques

The heat exchange surface area, the physical properties of the surface and/or the fluid can be
modified in order to enhance the heat transfer coefficient. These two effects (increase of exchange
area and enhancement of heat transfer coefficient) can be simultaneous and are briefly discussed
in the folllowing paragraphs. Hydrodynamic cavitation phenomena can also appear In certain
situations (e.g. dramatic reduction of flow cross section),and strongly impact heat transfer as
discussed in the last part of this section.

2.1. Surface coating at the micron scale

Surface roughness at micron scale, which can either be obtained by coating or machining,
increases convective heat transfer because it promotes turbulence, which improves mixing of
the fluid, and reduces the boundary layer thickness. This increase of the heat transfer coeffi-
cient is not significant in laminar natural convection because the roughness does not cause major
disruptions. This technique is widely used for both gases and liquids with slightly different tech-
nologies.Finned plates, tubes with internally fins, externally finned tubes [? ], porous [? ] or
fibrous [? ] inserts are commonly used to enhance heat transfer with or without phase-change
Dalkilc and Wongwises [? ] reviewed condensation heat transfer intensification using extended
surfaces. For instance, Cavallini et al. [? ] achieved an increase of the heat transfer coefficient
of up to 140% with micro-fin tubes while Miyara et al. [? ] achieved an increase of 350% with
herringbone tubes. Khan et al. [? | reported that surface roughness is the most influential factor
for boiling heat transfer, as nucleation sites are closely related to surface topology. Both heat
transfer coefficient enhancement and critical heat flux increase may be obtained, as for example
in the work of El Genk and Ali [? ]. These authors used micro-porous surface layers on a copper
substrate. The critical heat flux is found to be enhanced up to 70% while the heat transfer coef-
ficient is increased by a factor greater than 17 compared to the one obtained on a plain surface.
Another effect of the micro-porous layer is the consequent decrease of the wall temperature at
the onset of boiling. More details on the effect of micro-structuration of the surface are available
in Poniewski and Thome [? ].

2.2. Nanoscale coating

Nanoscale structuration (produced using e.g. coating, etching, directional growth.... ) change
chemical and physical properties of surfaces. Here, the small dimensions (nanometric) of rough-
ness have little effect on the heat transfer surface area. An effect on the heat transfer coefficient
can be obtained, in particular in phase change conditions: the augmentation of the nucleation
site number and/or a change in the wettability of the liquid on the wall may significantly im-
prove heat transfer. Khan et al. [? ] reviewed pool boiling heat transfer enhancement using
surface coating. Numerous ways to make such coatings exist: chemical etching, electroplating,
painting, sintering, spraying, making three-dimensional cavities. Coating a surface with porous
metal is one of the best ways to enhance the heat transfer. The nucleation sites are numerous
and easily activated due to the presence of gas trapped in the coating pores. Phan [? ] reviewed
the effects of surface wettability on boiling heat transfer. Two main ways can be used to change
the wettability of a liquid on a substrate: coating the surface to change the molecular interac-
tions between the fluid and the solid, or changing the nanoscale surface topography to generate
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a Cassie and Baxter state [? ] that can be considered as similar to a bed of nails (a Fakir’s car-
pet [? 1). Increasing the contact angle between liquid and solid reduces the energy needed to
form a nucleus. However, for highly hydrophilic surfaces, the radius of departing bubbles is high
which favors coalescence. This phenomenon should deteriorate heat transfer. For very wettable
surfaces, the liquid microlayer underneath the bubble is larger and thinner which enhances heat
transfer. According to Phan et al. [? ], the competition between these two opposite effects leads
to the highest heat transfer coefficient for a contact angle close to both 0° and 90°, in the case of
water. For a contact angle close to 90°, the enhancement is due to higher frequency of bubble
detachment.

There are many reviews dealing with heat transfer enhancement using nanofluids. Nanopar-
ticles in suspension in a fluid improve the apparent thermal conductivity, and also change the
viscosity and the density of the fluids [? ]. A large proportion of the papers deals with the ther-
mal conductivity enhancement (see for instance the review of Ozering et al [? ]). Kakac¢ and
Pramuanjaroenki [? ] made a review about convective heat transfer with nanofluids. They cited
Heris et al. [? ] who carried out experiments with laminar flow and constant wall temperature.
Intensification results (compared to the case without nanoparticles) in fully developed conditions
with various nanoparticle materials and concentrations were reported versus the Peclet number.
Intensification of about 40% is achieved for a Peclet number of 7000.

Few papers concern convective boiling heat transfer enhancement using nanofluids. An up-
date on the state of the art has been made by Taylor and Phelan [? ]. Some results demonstrate
the effectiveness of this technique in boiling situation: compared to pure water, the wall super-
heat at the onset of boiling is 2-3°C lower and the heat transfer coefficient is increased by about
25-40%, while in subcooled boiling condition the heat transfer coefficient is found to decrease.
Other authors obtained higher enhancements as reported in table x of the review of Taylor and
Phelan [? ].

2.3. Hydrodynamic cavitation

Hydrodynamic cavitation is the vapor (bubble growth) or air (gaseous cavitation) nucleus
development due to local static pressure reduction below a critical value. This situation can ap-
pear, for example, in a dramatically reduced flow section. Peles and coworkers published several
papers dealing with this phenomenon in microchannels [? 2 ? 2 ? ? ? ]. Figure 1 reports

Channel upstream ) Channel downstream
the orifice orifice the orifice
& > L. > L ~
<€ ,l‘ ,l‘ >
|\l 1
I 2
I 3
4

Figure 1: Qualitative pressure profiles in the flow through a micro-orifice for a fixed inlet pressure and several outlet
pressures according to Schneider et al. [? ]

the liquid flow pressure change in a microchannel, upstream, inside, and downstream a micro-
orifice. Curve 1 corresponds to a low pressure difference between the inlet and outlet of the
6



microchannnel. The outlet pressure is then progressively decreased (2 — 4) while the inlet pres-
sure is maintained constant. High static pressure reduction occurs in the zone where the channel
section decreases. When static pressure falls below a threshold value, cavitation is initiated. This
threshold value depends on the quantity of dissolved gas within the liquid. For static pressure
above saturation pressure, the main reason for the growth of nuclei is the presence of dissolved
gas in the liquid which diffuses into these nuclei (gaseous cavitation). Increasing the pressure
difference leads to greater static pressure reduction in the micro-orifice to reach the saturation
pressure considering curve 3. Below this pressure difference value between the ends of the mi-
crochannel, it is not possible to further reduce the static pressure in the micro-orifice (choked
flow). This phenomenon is called supercavitation.

Schneider et al. [? ] studied the effect of hydrodynamic cavitation downstream a micro-orifice
on heat transfer with R-123 as the working fluid. Non-cavitating flow and cavitating flow were
both studied. Non-cavitating flow was obtained by adjusting both inlet and outlet pressures
while cavitating flow was obtained by changing only the outlet pressure. These authors reported
some results (heat flux versus wall temperature) highlighting significant enhancement of the heat
transfer for mass velocities G = 622 kg.m™2.s™! and G = 1368 kg.m 2.s"!. The maximum
enhancement in the heat transfer coefficient was 84 %, obtained at the highest mass velocity
(G = 1368 kg.m™2.s~"). This enhancement was attributed to the presence of bubbles which mix
the fluid and reduce hydraulic diameter and thus the thickness of the boundary layer. When su-
percavitation was reached, decrease of the outlet pressure no longer increased heat transfer any
more.

Thus, the cavitation process appears as an interesting way to enhance heat transfer. It is also
noticeable that the onset of boiling in the presence of cavitation occurred without temperature
hysteresis. This will be discussed in more detail in section 4.3 considering cavitation induced by
a dynamic morphing of the wall in confined pool boiling configuration.

2.4. Turbulence and mixing promoters

IL MANQUE LES CITATIONS POUR LES REFS DE CETTE PARTIE Enhanced surfaces
can create one or more combinations of the following conditions that produce a desirable heat
transfer rate increaseand unfortunatly also increase friction factor : (1) boundary layers devel-
opment interruption as well as increase of turbulence intensity , (2) extension of heat transfer
surface area ,and (3) swirling and/or secondary flows generation. Reverse/swirl flow devices
(rib, groove, wire coil, conical ring, snail entry, twisted tape, winglet, etc.) form an important
group of passive transfer enhancement technique. The major function of such devices is produc-
ing recirculation in an existing axial flow, leading to an improvement of fluid mixing and thus
an efficient reduction of the thickness of a boundary layer. Twisted-tape inserts have been used
since 1896, according to Manglik and Bergles(1993)There are many shapes available and cur-
rently marketed (Thakur et al, 2003) and, impact of such devices -as well as their optimization- is
still under investigation. For decades, lots of the wire coil and twisted tape devices employed for
augmentation of laminar and turbulent flow heat transfers have been reported and an abundance
of data is available see e.g. Bergles, A.E. 1969, Kalinin and Dreitser (1998), Dewan et al. (2004),
Promvonge, 2008, Manglik and Bergles (2002), Uttarwar and Raja Rao (1985), Ravigururajan
and Bergles (1996)[? ] .



2.4.1. Single phase flow

IL MANQUE LES REFERNCES AUSSI The swirl induced heat transfer enhancement, the
shear stress and pressure drag in a tube with the coiled wire or twisted tape insert are accordingly
increased. For this type of enhanced tube, the Reynolds number, the coil pitch ratio and the twist
ratio of twisted tape are the governing parameters to signify the pressure drop and heat trans-
fer characteristics. However, few comparisons between the different geometries are available as
pointed out in Garcia et al (2007), or shoji et al. (2003) and studied by Wang and Sunden.
As reported in several research papers, twisted tapes were combined with several enhancement
devices for further improving heat transfer rate, for example: twisted with spirally grooved tube,
converging-diverging tube, corrugated tube, dimpled tube, conical-ring, wire coil turbulators and
twisted tape with wire-coil. The use of combined wire coil and twisted tape inserts may be fruit-
ful since the continuous swirling flow generated by the twisted tape can help to wash up the
trapped flow in the coil groove leading to higher heat transfer rate. Promvonge and Eiamsa-ard
investigated the effects of compound turbulators (conical-nozzle, conical-ring or V-nozzle to-
gether with a swirl generator) and found an increase in heat transfer rate of about 20/50% when
using a single enhancement device but also substantial rise in pressure losses. They assessed the
results of the heat transfer and pressure drop in a heat exchanger tube fitted with regularly spaced
helical tapes or helical screw-tape with/without core-rod inserts. It was found that at similar op-
erating conditions, the heat transfer rates provided by the helical screw-tape with core-rod were
higher than those given by the tape without core-rod. In addition, heat transfer rate increased
with decreasing spacing.
Mostly, heat transfer rates associated by the combined techniques or the modified twisted tapes
are higher than those given by typical twisted tapes. However, an improvement in heat transfer
is unavoidably accompanied by an increase of pressure drop. It is still a challenge to design op-
timized geometries in order to achieve an excellent heat transfer with reasonable pressure drop
penalty. Studies of modifyied twisted tape geometries to induce more perturbation of longitudi-
nal fluid flow are nowadays numerous, e.g. broken insert (Chang et al. 2007), peripherally cut
(Eiamsa-ard et al. 2010), serrated (Eiamsa-ard and Promvonge 2010), with oblique teeth (Saha
2010), perforated (Thianpong et al. 2012) and many other twisted tape shapes (delta-winglet,
trapezoidal-cut, square-cut), with wire-nail with alternate-axes and variously shaped wings (tri-
angle,rectangle, trapeze).

2.4.2. Boiling and condensation

The usage of helical horizontal micro-fin tubes is the most common passive enhancement
device for condensers in use nowadays due to their high heat transfer performance and moderate
increase in pressure drop. Manglik and Bergles (1993), Shatto and Peterson (1996), Dalkilic
and Wongwises in 2009 or Kanizawa et al. (2011) presented comprehensive reviews concerning
single and two-phase flows inside tubes containing twisted-tape inserts or various shaped fins.
Determinations of the heat transfer and pressure drop have major significance in design practice.
Twisted-tape presents the main advantages of low manufacture and installation costs, easy main-
tenance, and according to the possibility of being installed in heat exchangers already in use
(Thome and Ribatski 2005). According to Agrawal et al. (1982), for the same pumping power
and an optimum heat exchanger design, heat transfer capacity enhancements up to 20% can be
achieved by using twisted-tape inserts. Shatto and Peterson (1996) highlighted the fact that the
negative result of increasing the pressure drop gradient by the use of inserts can be overcome by
a reduction in the heat exchanger size due to the heat transfer enhancement.
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During the last 20 century decades experiments showed that use of twisted tapes as swirl flow
promoters in water-subcooled flow boiling is very effective in flow boiling critical heat flux
(CHF) enhancement, allowing increases in the CHF up to a factor of 2.0 (Nariai et al 1991,
1992, Cardella,1992). CHF correlations developed for simple tubes where adapted to such situ-
ations (e.g. Celata 1995). Although initially formulated for operating conditions typical of the
thermal hydraulic design of fusion reactor high heat flux components, the model is proved to give
a satisfactory answer for the prediction ofthe CHF under more general conditions, provided local
thermodynamic conditions of the bulk flow at the CHF are sufficiently far from the saturated
state.

Bergles et al. (1971) suggested the use of twisted-tape insert also for wispy flows as the effects
of liquid droplets impingement are enhanced by the centripetal acceleration and, consequently,
higher heat transfer coefficients are expected. Based on this phenomenon, Jensen (1985) sug-
gested the use of twisted-tape inserts only in the dryout region, corresponding to high vapor
qualities. In the case of liquid-vapor flows, Shatto and Peterson (1996) suggested that the heavi-
est phase is driven to the tube periphery by the centripetal acceleration; during convective boiling,
increasing the uniformity of the liquid film thickness along the tube perimeter may promote an
increase in the heat transfer coefficient. According to Thome and Ribatski (2005), the centripetal
acceleration also favors the bubble detachment, increasing the heat transfer performance. For
in-tube condensation, the centripetal acceleration acts to segregate the colder parcel of the fluid
near the wall and the hotter in the tube core, increasing the thermal resistance. The twisted-tape
inserts promote a decrease in the convective effects and are not recommended for such applica-
tions, according to Kanizawa et al. (2011).

2.5. Summary

2.5.1. Single-phase free and forced convection

With the exception of the familiar technique of providing extended surfaces, the passive
techniques have little to offer in the way of enhanced heat transfer for free convection. This
is because the velocities are usually too low to cause flow separation or secondary flow. The
restarting of thermal boundary layers in interrupted extended surfaces increases heat transfer so
as to more than compensate for the lost area.
One of the motivations for studying such situations is to assess the effect of an inherent condition
on heat transfer, e.g. roughness produced by standard manufacturing, degassing of liquids with
high gas content, surface vibration resulting from rotating machinery or flow oscillations, fluid
vibration resulting from pumping pulsation, and electrical fields present in electrical equipment.

The promoters produce a sizable elevation in the Nusselt number, or heat transfer coefficient,
at constant Reynolds number, or velocity. However, there is an accompanying large increase in
the friction factor. Surface roughness has been used extensively to enhance forced convection
heat transfer. In view of the infinite number of possible geometric variations, it is not surprising
that, even after several hundred studies, no satisfactory unified treatment is available. In general,
the maximum enhancement of laminar flow with many of the techniques is the same order of
magnitude, and seems to be independent of the wall boundary condition. The enhancement with
some rough tubes, corrugated tubes, inner-fin tubes, various static mixers, and twisted-type in-
serts is about 200%. The improvements in heat transfer coefficient with turbulent flow in rough
tubes (based on nominal surface area) are as much as 250%.
Extended surfaces can be considered ~old technolog” as far as most applications are concerned.
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The real interest now is in increasing heat transfer coefficients on the extended surface. Compact
heat exchangers of the plate-fin or tube-and-center variety use several enhancement techniques:
offset strip fins, louvered fins, perforated fins, or corrugated fins. Coefficients are several hundred
percent above the smooth-tube values; however, the pressure drop is also substantially increased,
and there may be vibration and noise problems.

2.5.2. Convective Boiling/Evaporation

The structured surfaces are generally not used for in-tube vaporization, because of the diffi-
culty of manufacture. One notable exception is the high-flux surface in a vertical thermosiphon
reboiler. Helical repeated ribs and helically coiled wire inserts have been used to increase va-
porization coefficients and dryout heat flux. Numerous tubes with internal fins, either integral
or attached, are available for refrigerant evaporators. Average heat transfer coefficients (based
on surface area of smooth tube of the same diameter) for typical evaporator conditions are in-
creased by as much as 200% and the average evaporation boiling coefficient is increased from 30
to 80% usually with a lower percentage increases in pressure drop. Twisted-tape inserts are also
used to increase the burnout heat flux for subcooled boiling at highimposed heat fluxes (up to
107 — 103W/m?. Increases in burnout heat flux of up to 200% were obtained at near atmospheric
pressure.

2.5.3. Condensation

Surface extensions are widely employed for enhancement of condensation. The integral low
fin, used for kettle boilers, is also used for horizontal tube condensers. With proper spacing of the
fins to provide adequate condensate drainage, the average coefficients can be several times those
of a plain tube with the same base diameter. These fins are normally used with refrigerants and
other organic fluids that have low condensing coefficients, but which drain effectively, because
of low surface tension. The fin profile can be optimized to take advantage of the Gregorig eftect,
whereby condensation occurs mainly at the tops of convex ridges. Surface tension forces then
pull the condensate into concave grooves, where it runs off. The average heat transfer coefficient
is greater than that for an axially uniform film thickness.

The typical applications of in-tube condensation are horizontal kettle-type reboilers, mois-
ture separator reheaters and air-conditioner condensers. Internally grooved or knurled tubes,
deep spirally fluted tubes, random roughness, conventional inner-fin tubes have been shown to
be effective for condensation. As in the case of evaporation, the substantial heat transfer im-
provement is achieved at the cost of an increase in pressure drop