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ABSTRACT

The phenomenological characterization of the use of non-invasive and passive techniques to
enhance the boiling heat transfer in water has been carried out in this extended study. It provides
fundamental enhanced heat transfer data for nucleate boiling and discusses the associated physics
with the aim of addressing future and next-generation reactor thermal-hydraulic management. It
essentially addresses the hypothesis that in phase-change processes during boiling, the primary
mechanisms can be related to the liquid-vapor interfacial tension and surface wetting at the solid-
liquid interface. These interfacial characteristics can be significantly altered and decoupled by
introducing small quantities of additives in water, such as surface-active polymers, surfactants,
and nanoparticles. The changes are fundamentally caused at a molecular-scale by the relative
bulk molecular dynamics and adsorption-desorption of the additive at the liquid-vapor interface,
and its physisorption and electrokinetics at the liquid-solid interface. At the micro-scale, the
transient transport mechanisms at the solid-liquid-vapor interface during nucleation and bubble-
growth can be attributed to thin-film spreading, surface-micro-cavity activation, and micro-layer
evaporation. Furthermore at the macro-scale, the heat transport is in turn governed by the
bubble growth and distribution, macro-layer heat transfer, bubble dynamics (bubble coalescence,
collapse, break-up, and translation), and liquid rheology. Some of these behaviors and processes
are measured and characterized in this study, the outcomes of which advance the concomitant
fundamental physics, as well as provide insights for developing control strategies for the
molecular-scale manipulation of interfacial tension and surface wetting in boiling by means of

polymeric reagents, surfactants, and other soluble surface-active additives.

This DOE-NEER study has three prominent parts to the investigation, namely, (a) interfacial
characterization of aqueous reagent solutions, (b) bubble dynamics in isothermal liquid pools,
and (c) nucleate boiling in aqueous polymeric and surfactant-laden solutions. The present report,
while summarizing the outcomes of the entire DOE-NEER study, gives extended details of the
boiling experiments as well as discusses the results thereof (part (c)). Prominent aspects of part
(b) are also discussed, while the work of part (a) is embedded in that of part (c) reported here;

two previous reports [1, 2] document more details for parts (a) and (b) of this work.
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MOLECULAR-TO-MACRO-SCALE CONTROL OF INTERFACIAL BEHAVIOR IN

EBULLIENT PHASE CHANGE IN AQUEOUS SOLUTIONS OF REAGENTS

Introduction

Nucleate boiling has found increasingly new applications because considerably high heat
transfer rates can be sustained in the liquid-vapor phase-change process with relatively small
driving temperature differences. In fact, it is encountered in a wide spectrum of engineering
systems of different spatial scales (very large to very small) that include, among others, energy
conversion, refrigeration and air-conditioning, chemical thermal processing, heat treatment and
manufacturing, microelectronic cooling, and numerous emerging miniaturized devices (MEMS,
MTMS, u-TAS, micro heat pipes, lab-on-chips, etc.). The attendant research that has attempted
to unravel many fundamental as well as applied issues has spanned more that two centuries [3-6],
and the current imperatives for sustainable energy consumption and production are expected to
add new dimensions to this work [5].

While mechanistically characterizing the phase-change process in nucleate boiling is quite
complex [5, 7-10], a set of primary controls and determinants can essentially be related to the
transient micro-scale transport mechanisms at the solid-liquid-vapor interface schematically
depicted in Fig. 1. For instance, the surface wetting at the liquid-solid interface influences
micro-cavity activation, nucleation of embryonic vapor bubbles, thin-film spreading, and micro-
layer evaporation [11-16]. Similarly, the changing liquid-vapor interface is affected by the
surface tension behavior that determines post-nucleation bubble dynamics (bubble size, shape,
frequency, coalescence, break-up, and translation) and lends to Marangoni flow or micro-

convection [9, 17-20]. In the post-departure bubble dynamics, besides the interfacial tension, the



shear forces at the liquid-vapor interface characterized by liquid viscosity or rheology also play a
role [14, 21, 22].
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Figure 1. Schematic representation of the impact of liquid-vapor-solid interfacial properties on
ebullient dynamics in saturated nucleate pool boiling.

The ability to passively control surface wetting (liquid-solid interface) and dynamical
interfacial tension at the liquid-vapor interface is attractively offered by the molecular-scale
adsorption-physisorption dynamics and electrokinetics of surface-active additives or reagents,
such as surfactants, polymers, soluble nanoparticles, etc. [21, 23-26]. In pure liquids, interfacial
or surface tension and wetting are conjoined, i.e., a low surface tension liquid has high wetting
and vice versa. By adding reagents in water, however, and depending upon their molecular
structure and electrokinetics, these two interfacial properties can be passively decoupled to the
extent that low surface tension and yet low wetting can manifest [25, 27-30]. Such a control
strategy has revolutionary implications for thermal management by nucleate boiling in a diverse
spectrum of applications that range from micro-scale devices to large-scale terrestrial and space-

based heat exchange systems.
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Figure 2. Reagent-dynamics-based interfacial phenomena in aqueous surfactant solutions: (a)
surfactant molecule and concentration-based structure, (b) physisorption at solid-liquid interface,
and (c) adsorption at liquid-vapor interface.

Reagent Molecular Dynamics

A variety of different surface-active agents (surfactants, polymers, electrolytes, etc.) can be
added in small concentrations to alter the interfacial properties of liquids [5, 6, 26, 31-34].
Among these, surfactants are particularly effective additives as they have a unique long-chain
molecular structure composed of a hydrophilic head and a hydrophobic tail (Fig. 2a) [27, 33].
Based on the nature of the hydrophilic part of the molecule that is ionizable, polar, and
polarizable, surfactants are generally categorized as anionics, nonionics, cationics, and
zwitterionics [33]. They all have a natural tendency to adsorb at surfaces and interfaces when

added in water, and, depending upon the reagent concentration, their solution forms an



association colloid where the reagent molecules form aggregates or micelles; the concentration at

which this occurs is referred to as the critical micelle concentration or CMC. When nucleate

boiling or ebullient phase-change occurs in such solutions, the reagent molecular dynamics

significantly alters the interfacial properties in the vicinity of a forming and translating bubble

that are schematically highlighted in Fig. 1.

The dynamic surfactant-concentration-based changes that can be incurred at the two primary

interfaces in the ebullient phase-change process are illustrated in Fig. 2(b)-(c), and can be

summarized as follows:

(1

)

Surfactant adsorption-desorption at the vapor-liquid interface alters the interfacial or
surface tension, which decreases continually with increasing concentrations till the
critical micelle concentration or CMC is attained. This interfacial tension relaxation is
caused by both a diffusion-rate-dependent and a surface-age- or time-dependent process.
They are typically affected by the type of surfactant, its diffusion-adsorption or
molecular kinetics, micellar dynamics, level of ethoxylation, and bulk concentration in
solution [33, 35, 36].

The physisorption of surfactant molecules at the solid-liquid interface changes the
surface wetting behavior. With increasing concentration, in many aqueous surfactant
solutions, the resulting adsorption behavior and surface state can be categorized into four
different regimes [30]: (a) low-concentration adsorption as individual ions ; (b) sharp
increase in the adsorption density due to self-association of adsorbed surfactant ions and
the formation of hemimicelles; (c) adsorption as reverse hemimicelles, with their polar
heads oriented both toward the surface and liquid, to render the surface increasingly

hydrophilic; and (d) as the CMC is approached, the adsorption becomes independent of



the bulk concentration, and the surfactant molecules form a bilayer on the surface to
make it strongly hydrophilic.
Furthermore, and as also pointed out by Hoffmann and Rehage [37] and observed in some recent
experimental studies [23-25], dilute solutions of both ionic and nonionic surfactants usually
behave as Newtonian liquids, and their viscosity is generally close to that of the solvent.

In the case of polymeric additives, on the other hand, the solvent viscosity can increase
substantially. Most polymers are large molecules, macromolecules, or agglomerates of smaller
chemical units called monomers, and are broadly classified as biological or non-biological
macromolecules. The higher viscosity of their aqueous solution tends to increase with
concentration as well as the molecular weight of the polymer, and often displays a shear-rate-
dependent rheology [38, 39]. With the exception of some surface-active polymers (or polymeric
surfactants) such as hydroxyl-ethyl cellulose (HEC) and polyethylene oxide (PEO), most
polymer solutions do not show any significant change in surface tension o [21, 35, 40]. The
viscosity of the polymer solution, however, can considerably influence the measurement of
surface tension, especially in higher viscosity solutions and at higher bubble frequency [21, 35,
41].

Surface tension relaxation in reagent-laden aqueous solutions is largely brought about by the
molecular adsorption of the additives to the vapor-liquid interface [25, 27, 33, 42]. The time
scales of this process vary from order of seconds to minutes, depending upon the surfactant (or
polymer, or electrolyte) chemistry (as described by molecular weight, ionic character, molecular
structure, etc.), and its concentration in solution [27]. As a result of this transient molecular
adsorption characteristic, which lends to temporal variations in surface tension and surface

wetting, and the typical time scales of the order of 10-to-100 ms for boiling-bubble dynamics in



water [25, 43], a rather complex interfacial behavior manifests in ebullient phase-change heat

transfer.

Gas-Liquid Interfacial Behavior

In an equilibrium solution of a surfactant, when the bulk is disturbed either by surface
expansion or contraction, as in the case of nucleate boiling, reagent molecules naturally adsorb at
the newly formed and expanding gas(vapor)-liquid interface; some desorption may also occur,
depending upon their ionic and molecular structure. This is a transient two-step process [44]: (1)
molecular exchange between the surface layer and sub-surface layer or sub-layer by adsorption-
desorption, and (2) molecular exchange between the sub-layer and bulk solution by diffusion.
The sub-surface is the “boundary layer” that separates the bulk fluid domain, where only
diffusion occurs, and the domain where only adsorption-desorption occurs. This process
primarily reduces interfacial tension, and its time-dependent nature manifests in a dynamic
surface tension behavior at an evolving vapor-liquid interface of a bubble; a finite time is
required for complete interfacial relaxation and to reach equilibrium.

As seen in Fig. 3, surface tension o of aqueous solutions of different surfactant decreases
with increasing concentrations till CMC, when the reagent molecules agglomerate to form
micelles; with C > CMC, o remains unchanged. The adsorption behavior of all reagents changes
significantly around their respective CMC, and the micellization is a property of each solute.
Different shapes, sizes, and ionic orientation of micelles can be formed, depending upon the type
of reagent, its packing, concentration, temperature, presence of other ions, and water-soluble

organic compounds in the solution [27, 33, 43, 45]. Also, o is temperature dependant, dictated

by reagent adsorption-desorption behavior. This is evident form the data for o — C variations



graphed in Fig. 3 for the three surfactants, namely, anionic SDS, cationic CTAB, and non-ionic
Triton X-305 [25, 43, 46] at bulk temperatures of 23°C and 80°C. While o is generally lower at
the higher temperature, in both cases, o also decreases with increasing C and asymptotically

attains a minimum constant beyond CMC.

90 T T T TTTTT] T T T T TTTTT] T T T TTTTT

i —o— SDS —-— 1

L —O0— CTAB —— i

80 - ——  Triton X-305 —¥%— —

—— T=23C ]

I =~ “‘——.\ -

70 i \‘\ = ]

B Ny o} \\ i

E & 1

Z

= 60 [~ 1

) L i

50 [~ ]

40 [~ -]

| = Razafindralambo et al. (1995), CTAB ]

30 Lol Lol Lol L1
10° 10t 10? 10® 10*

C [wppm]

Figure 3. Variation of equilibrium interfacial tension o with concentration C and bulk
temperature in different aqueous surfactant solutions [25, 46].

Furthermore, the reagent adsorption at the newly created vapor-liquid interface of a nucleated
and growing bubble is temporally characteristic. It requires a finite time period to attain an
equilibrium condition between the adsorbed concentration at the interface and the bulk

concentration. This gives rise to the dynamic surface tension (DST) behavior, or a o — 7



variation at a given bulk concentration where eventually the equilibrium interfacial tension
relaxation is attained after a long time period [27, 35]. The data graphed in Fig. 4 clearly
illustrates this fundamental characteristic. The time-dependent interfacial tension relaxation is
also related to the molecular mobility of the reagent; a lower molecular mass surfactant diffuses
faster than its higher molecular mass counterpart. All this gives credence to the contention that o
relaxation with time, or the DST, is perhaps the more critical determinant, instead of the
equilibrium or static value, of the altered ebullience in nucleate boiling of reagent-laden aqueous

solutions.
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Figure 4. Time-dependent or dynamic surface tension behavior of aqueous surfactant solutions
at room temperature (23°C; Zhang and Manglik, 2005a).



Figure 5. Reagent molecular transport at an evolving liquid-vapor bubble interface during
nucleate boiling (not to scale).
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Figure 6. Dynamic surface tension effects on pre-departure shape and size of bubbles [43, 47].

The time scales for equilibrium at a new interface are typically of the order of 50 — 300 ms
(see Fig. 4), whereas those for bubble formation and departure in nucleate boiling ~ 10 — 100 ms
[19, 24, 43]. As a consequence of the o— 7 characteristic depicted by the data in Fig. 4, when a
bubble starts to form at a nucleating site, the initial gas-liquid interfacial tension is or close to
that of the solvent. It then reduces continually with 7 as reagent molecules migrate to and adsorb
at the interface; desorption may also occur at the evolving interface till an equilibrium condition
is reached and surface tension becomes constant. This time-dependent adsorption-desorption
around a nucleated and growing bubble is illustrated in Fig. 5. Additionally, DST effects on
bubble formation and departure are demonstrated and clarified by the single-bubble experiment
results of Fig. 6. Here a larger bubble is seen in aqueous SDS (sodium dodecyl sulfate) solution
in comparison to that in a pure liquid (DMF or N,N-Dimenthyl Formamide), even though the

two test fluids have the same bulk equilibrium o value (~ 37 mN/m).
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Figure 7. Equilibrium and dynamic surface tension data for aqueous HEC-QP300 and Carbopol
934 solutions [21].

Varying surface tension relaxation is also found in aqueous solutions of some types of
polymer additives, as is evident from the data in Fig. 7 for different bubble frequencies and
concentrations of HEC QP-300 and Carbopol 934.  Furthermore, a critical polymer
concentration, CPC or Cgp, also known as the “overlap concentration,” which is akin to the
critical micelle concentration (CMC or Cgyc) in surfactant systems, is observed, such that o
relaxation attains a near constant value at or around Cepc [21, 33, 48]. The nominal dynamic o or
DST, represented by the data for a bubble surface age of 50 ms, at both temperature conditions
(23°C and 80°C) and at all C > 0, is seen to be greater than the corresponding equilibrium values

for both HEC and Carbopol solutions. Also, the higher temperature results indicate overall
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reduction in o due to increased polymer diffusivity with increased temperature [33]. HEC
solutions show significantly higher o relaxation, relative to Carbopol solutions, both under
dynamic and equilibrium conditions, with a rather sharp change in slope or surface tension
gradient near Ccpe. This is because HEC is a surface-active polymer, and thus its adsorption
behavior tends to be similar to those of surfactant solutions [33, 35]. Both equilibrium and
dynamic o values decrease with increasing concentration, and asymptotically become constant
beyond C¢,e. Because of their molecular kinetics in water, in solutions with lower than overlap
concentrations or Cgp, the polymer molecules remain in the bulk solvent as isolated
macromolecules with little intermolecular interactions. At overlap or “semi-dilute”
concentrations, the polymer molecules “touch” each other, and, with increasing concentration,
the frequency of collisions between the polymer coils eventually causes overlapping and

entanglement of their chains.

Wetting and Electrokinetics

The reagent molecular physisorption at the solid-liquid interface or electrokinetics and
micellar dynamics, as depicted in Fig. 2(b), alters surface wettability. This change with
concentration, measured by the liquid-solid interface contact angle, is graphed in Fig. 8.
Notably, ionic surfactants (anionic SDS and cationic CTAB) undergo a different adsorption
process than that for nonionic surfactants (Triton X-305) due to the latter’s lack of charge. The
contact angle reaches a lower plateau around CMC where bilayers start to form on the surface.
Nonionic surfactants, on the other hand, make the contact angle attain a constant value in
solutions with concentrations much below CMC. In principle, direct interactions of their polar

chain are generally weak, and it is possible for them to build and rebuild adsorption layers below
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CMC [49]. The low contact angle trough at concentrations C < CMC can also be attributed to
the absence of any electrical repulsion that could oppose molecular aggregation unlike that
associated with ionic surfactants [50]. Furthermore, the continuous decrease in contact angle in
solutions of nonionic Triton X-305 prior to reaching a constant value is brought about by the
presence of 30 ethylene oxide (EO) groups in its molecular chain. The number of EO groups
increases the overall size of the polar head, and controls the hydrophilic-hydrophobic balance on

the surfactant molecule [33].
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Figure 8. Variation of contact angle # with concentration in different surfactant solutions [25].

Also displaying an increasing wetting behavior, different grades and anilide derivatives of
polyethylene carboxylic acid (PEO or PE-CO2-OH) in aqueous solution show a remarkable
change in the advancing contact angle 6, or cosé, (which is proportional to the interfacial free
energy as governed by Young’s equation) with the pH of the solution, as graphed in Fig. 9 [51].
Selective grades and derivatives of this polymer are seen to promote large hydrophobicity (8 >

90°) compared to others that contrastingly make the aqueous solutions more hydrophilic (8 <

12



90°). Most interestingly the anilide derivatives (ortho, meta, and para) of PE-(ONH)-CO2H are
seen (Fig. 9) to bring about dramatic changes in coséd, — from large hydrophobicity to
hydrophilicity — with varying pH of its water solution. This in essence provides a mechanism of

controlling the solid-liquid interfacial tension or wettability, and delinking it from any changes in

gas-liquid interfacial tension or surface tension.

4 o
FE-OS{CH3iy /‘ pE-{
-0.5 ( NH_O )_ 120
.'.-.*.‘.\. ( pEH [
0
° ™ rE—{

0.0 PE—‘(NH_Q \ NH—Q . 90

H;0
£

Bs

100:04.
00\0\0

cosg,

-
w

W

@

S

<

L]

T
m
L+)
8
x
—=
4
/-.
-
|

\
s} Yok \Q . L
PE—{ N \
NH-‘( >—CO;H ‘So::g:a;a-:-ﬁ 30
1-0 1 T T ] T L) 1 I T T T I_I_I : D
2 4 6 8 10 12 14
pH

Figure 9. Variation of advancing contact angle cos &, with pH in different water-polymer
(anilide derivatives of PE-CO2-OH) solutions [51].

Furthermore, electrokinetic effects manifest when one phase is caused to move tangentially
past another phase. In a colloidal system of finely dispersed reagent in solution, many different
interfaces can exist, depending upon which state (gas, liquid, or solid) is finely dispersed in
another [36], and the interaction between two phases generally develops a potential difference

between them. With the presence of ions, or excess electrons, or ionogenic groups in one or both

13



phases, there is a tendency for the electric charges to distribute themselves in a particular
direction at the interface [36, 52, 53]. An electrokinetic boundary layer, or an electric double
layer (EDL), develops when a solid surface containing immobilized electrical charges comes in
contact with an aqueous solution of mobile ions. For solid-liquid interfacial interactions, the
consequent forces can be typically characterized in terms of the electrostatic potential that can
fundamentally be quantified by the average potential in the surface of shear or what is often
referred to as the streaming zeta potential £ [52]. Thus, the electrokinetics and physisorption of
ionic surfactants at the solid-liquid interface alters the surface wettability behavior considerably,
and this can be correlated by the ionic exchange in the EDL that is directly reflected in the
change in &

As indicated earlier, the surface wettability of colloidal systems, which is a manifestation of
molecular interactions between the liquid and solid in direct contact at the interface, can be
represented by the liquid-solid contact angle [54]. In correlating it by the change in zeta
potential ¢ (which is an electrokinetic control parameter for the stability of hydrophobic
colloids), distinct regions of change in adsorption and corresponding wetting variations are seen
that are associated with the aggregation mode of adsorbed ions at the solid-water interface. This
is evident in Fig. 10, for example, where the variation in zeta potential and measured contact
angle with concentration in aqueous SDS (anionic) and CTAB (cationic) solutions are graphed.
As seen from this graph, SDS displays a stronger adsorption than CTAB, which is reflected in
the magnitude of zeta potential and the larger changes in contact angle. After the point of zeta
potential reversal (PZR) [30, 52], also referred to as the isoelectric point (IEP), the slope of the £
curve becomes negative for the anionic SDS and positive for the cationic CTAB because of the

opposite charges they carry. This suggests that some adsorption may take place in reverse

14



orientation to form reverse hemimicelles [30], to render the surface increasingly hydrophilic. A
bilayer is formed near CMC, and the contact angle tends to be constant as the surface becomes

highly hydrophilic.
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Figure 10. Correspondence between streaming zeta potential and liquid-solid contact angle in
typical cationic CTAB and anionic SDS surfactant solutions [43].

Nucleate Boiling Heat Transfer

The altered pool boiling behavior over a cylindrical heater, where both enhanced heat
transfer and suppressed boiling are seen, is represented by the variation in the relative heat
transfer coefficient h in Fig. 11. Here data (relative to that of de-ionized distilled water) for
aqueous solutions of three different surfactants (anionic SDS, cationic CTAB, and nonionic
Triton X-305) are graphed [23-25, 55]. The heat transfer coefficient increases with

concentration (0 < C < CMC), and an optimum enhancement is seen in solutions at or near CMC,

15



or (C/Cemc) = 1, where the additives are characterized by micelle formations [33]. But with C >
CMC, the enhancement decreases and the heat transfer even deteriorates below that in pure
water, particularly at low heat fluxes. Furthermore, as reported by Zhang and Manglik [43],
there was early ONB (onset of nucleate boiling or bubble incipience) with C < CMC, but delayed
incipience when C > CMC. In fact, a thermal hysteresis was seen in the latter case, which is
characteristic of high wettability [56], and a much larger temperature overshoot was observed in
SDS solutions with very high concentrations (C > CMC) than that in corresponding Triton X-
305 and CTAB solutions, and in that order. This performance correlates very well with the

contact angle (or surface wetting) variations depicted in Fig. 8.
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Figure 11. Boiling heat transfer performance of aqueous surfactant solutions.
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Figure 12. Ebullient signatures in saturated nucleate boiling of distilled water, aqueous SDS,
CTAB, and Triton X-305 solutions.

That the primary boiling control is directly related to nucleation site activation and density
(influenced by wetting) and bubble dynamics (growth through departure, influenced by
interfacial tension) can be surmised from the photographic presentation of ebullience in Fig. 12.
Compared to pure water, boiling in SDS and CTAB solutions is more vigorous with activation of
smaller-sized, more regularly-shaped bubbles that nucleate in a cluster of sites. They have a
significantly higher departure frequency, with virtually no coalescence of either the neighboring
or sliding bubbles when C < CMC. However, when C > CMC, foaming patches begin to occur,
the area of liquid-only-coverage on the heater surface increases, and slightly larger bubbles are
formed. This is indicative of a change in surface wetting and it is more evident in the SDS
solutions. Boiling with Triton X-305, on the other hand, shows much smaller-sized bubbles in

pre-CMC solutions, and considerably fewer and larger-sized bubbles are formed with increasing
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concentrations. This behavior contrasts from not only that of water but also of SDS and CTAB,
and is predicative of the continuous increase in wetting (or decrease in contact angle & as seen in
Fig. 8) with increasing concentration of this surfactant.

The observed ebullience in reagent-laden aqueous solutions and concomitant boiling heat
transfer data cannot be explained simply by the reduced dynamic surface tension effects alone.
If this were so, then the smallest-sized bubbles would be seen in C > CMC solutions, where o
reaches the lowest possible value. Instead, because of the adsorption of surfactant molecules and
their different orientations in the adsorption layer (Fig. 2), the heater surface has higher wetting
with increasing concentration and larger nucleation cavities get flooded. Fewer bubbles are thus
nucleated, and they tend to have relatively larger departure diameters, which is typical of
ebullience in wetting liquids [9]. These variations in the bubble nucleation and its growth-
departure dynamics, inter-relationship with reagent-induced wetting, and dynamic interfacial
tension changes, clearly scale and correspond with the reagent’s molecular dynamics
(adsorption-physisorption and electrokinetics; schematically shown in Fig. 2).

The effects of heat flux and concentration on the nucleate boiling heat transfer in typical
aqueous polymer (HEC-QP300) solutions are graphed in Fig. 13. A maximum enhancement of
22.9% in 600 wppm aqueous solution is obtained, and the improved performance tends to be
rather weakly dependent upon the wall heat flux. Enhanced heat transfer in boiling of dilute (C <
Cc.p.c. ~ 500 wppm) aqueous HEC-H solutions on a plate heater is also evident from the
Kotchaphakdee and Williams [57] data. Furthermore, the decrease in boiling heat transfer
enhancement in HEC solutions with C > Cg,c (700 wppm, 1000 wppm, and 3000 wppm) is
evident. In the 3000 wppm solution, up to 7.5% degradation in the heat transfer coefficient is

seen for g; < 70 kW/m2 when compared to that in water; the degradation also tends to be
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strongly dependent upon wall heat flux. On the other hand, a different polymer, Carbopol 934,
and as seen in the ensuing, promotes no enhancement in heat transfer [21] and, in fact, there is

significant deterioration in the boiling performance.
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Figure 13. Variation of the relative boiling heat transfer coefficient of HEC-QP300 aqueous
solutions with heat flux and polymer concentration [21].

The photographic records presented in Fig. 14 are typical of the nucleate boiling behavior of
aqueous HEC-QP300 and Carbopol 934 solutions; a sample for deionized distilled water is
provided for reference. The bubbling process in HEC solutions, distinct from that in Carbopol, is
more vigorous, with smaller-sized and more regularly shaped bubbles that have a reduced
tendency for coalescence when C < Ccye. There is an early inception of bubbles with a faster
covering of the heating surface and a higher bubble-departure frequency, which is essentially the

outcome of reduced surface tension at the liquid-vapor interface. Also, molecular adsorption on
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the heating surface may contribute to the formation of new sites [58], which in turn would
explain the increase in number of bubbles as there was no change in the measured surface
wettability [59]. However, at very large concentrations (C > Ccp), the bubbles that originate at
the underside of the cylindrical heater tend to coalesce and form bigger bubbles as they slide
along the cylindrical periphery of the heater surface at departure. At the same time, there are

some small patches that are covered by liquid, and no bubbles formed underneath these patches.

20 KW/m? 50 KW/m?

Figure 14. Ebullient behavior in nucleate boiling of water, and aqueous HEC-QP300 and
Carbopol 934 solutions of different concentrations at different heat fluxes [21].

This behavior is quite contrary to that seen in boiling of surfactant solutions, in which
foaming begins to occur or surface wetting condition significantly changes when C > CMC [24,

25, 60]. Perhaps the significantly increased viscosity of higher concentration polymer solutions



tends to suppress the bubble nucleation process and growth of vapor bubbles. As a result, some
nuclei do not get activated at all, and this also then leads to the deterioration of boiling
performance in aqueous solutions with C > C¢yc. In the case of Carbopol 934 solutions, on the
other hand, ebullience that is entirely different from that in water as well as HEC solutions is
evident. There is considerable bubble suppression, along with dispersed vapor explosions (bright
white spots captured in the picture; Fig. 14) in some regions of the heater surface. This kind of
bubbling activity was also observed [61] in boiling of dilute polyethylene oxide (PEO) solutions.
Moreover, there is delayed incipience, or ONB, and the sparsely formed bubbles have a slower
departure frequency. This is essentially due to the increased viscosity of Carbopol 934 solutions,

which lends to a higher drag resistance for the nucleating and departing bubbles to overcome.
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Figure 15. Effect of dynamic surface tension, represented by De, on the boiling heat transfer
coefficient in aqueous polymer solutions [21].
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In general, the reduction in dynamic surface tension (which decreases the required superheat
for the onset of boiling), and the macromolecular adsorption on the heating surface (which could
contribute to the formation of new nucleation sites and increased bubble frequency) are perhaps
the two main factors for the enhancement of boiling heat transfer in low-concentration (C <
Cecpe), surface-active HEC solutions. On the other hand, the decreases in the nucleate boiling heat
transfer coefficients in HEC solutions with concentrations C > C¢yc), and pure shear-thinning
Carbopol 934 solutions are possibly associated with the substantial increase in the liquid
viscosity that tends to suppress micro-convection in the bubble boundary layer as well as retard
the growth of vapor bubbles.

Finally, Fig. 15 provides further insights on the role of dynamic surface tension or surface-
active effects on the heat transfer performance. While their respective concentrations are
different, their apparent viscosities 77 are comparable, and heat transfer enhancement is seen in
HEC solutions, whereas, contrastingly, there is only heat transfer deterioration in Carbopol
solutions. The ability of a reagent to reduce surface tension under dynamic conditions can
perhaps be characterized by a balance between the molecular diffusion time scale 7y of the
additive, and the typical time scale t of boiling in aqueous polymeric solutions. This can be

generalized in terms of what could be considered as a modified Deborah number (Reiner, 1964)

and defined as (De =17, /t) " to delineate the dynamic surface tension effect. It then follows that

smaller values of De lend to more surface-active effects. This is seen from the data for 600

wppm HEC solution in Fig. 15, where De = 3.2 represents a much larger dynamic surface

! Contrary to expectations in the scientific literature, it is interesting to note that according to Wikipedia (URL:
http://en.wikipedia.org/wiki/Deborah_number), the Israeli civil engineering professor Markus Reiner (1964) named
this dimensionless time scale (ratio of a flow “relaxation time” and an “observed time”) after a biblical prophetess
Deborah. In most cases, however, dimensionless groups in fluid mechanics and heat transfer have been customarily
named after the originators of the respective scaling, and are not coined on the basis of one’s religiosity.
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tension reduction compared to that in the larger De values of the other three solutions, and
thereby a higher heat transfer performance. Considering that the only drastic physical property
change in these four solutions is the dynamic surface tension relaxation, and that the surface
wettability (or solid-liquid interface contact angle &) for both HEC and Carbopol are close to that
of water (77°), the results in Fig. 15 clearly suggest that the dynamic surface tension (inherent in

Deborah number De) is perhaps one of the more significant predictive parameters.

Conclusions

Interfacial properties at the liquid-vapor (dynamic and equilibrium surface tensions) and
solid-liquid (surface wetting or contact angle) interfaces characterize the adsorption behaviors of
additives in their aqueous solutions. Surfactants lower the surface tension of water considerably,
and their adsorption-desorption process at the liquid-vapor interface is time-dependent. This
manifests in a dynamic surface tension behavior, which eventually reduces to an equilibrium
value after a long time span. Also, the reagent physisorption process and electrokinetics tend to
follow a characteristic adsorption isotherm at the solid-liquid interface, and the consequent
changes in surface wetting or contact angle correlate well with the adsorption characterization or
zeta potential.

Reflecting the altered interfacial properties, saturated nucleate pool boiling in aqueous
surfactant solutions is altered significantly, with enhanced heat transfer in solutions with C <
CMC, which decreases and even deteriorates below that of pure water when C > CMC. Besides
the heat flux (or wall superheat) levels, the surfactant interfacial phenomena at both the liquid-
vapor and solid-liquid interfaces govern the boiling bubble dynamics. The faster diffusion of

lower molecular weight surfactants tends to reduce the surface tension faster in a short period of
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time, which results in the better heat transfer performance of their solutions. Accordingly,
because of the highly dynamic, small-surface-age-interface nature of the bubbling activity in
nucleate boiling, the dynamic surface tension relaxation becomes a more effective scaling
parameter rather that the equilibrium value. The altered wettability of heater surface due to the
physisorption of surfactant molecules at the solid-liquid interface can be fundamentally
decoupled from the change in gas-liquid interfacial tension, and thereby provides a critical
mechanism for controlling (enhancing or suppressing) on demand the nucleate pool-boiling
behavior of water-based solutions.

In aqueous polymer solutions, the boiling behavior is altered essentially due to the changes in
rheological and interfacial characteristics. While they are generally more viscous than water,
and can also exhibit a distinct shear-rate dependent non-Newtonian shear-thinning rheology,
surface-active nature and molecular adsorption at the vapor-liquid interface in HEC-QP300
solutions shows greater relaxation of both dynamic and equilibrium surface tension in
comparison with Carbopol 934. As a consequence, in HEC solutions with C < C¢p¢ (or C < the
critical polymer or overlap concentration) there is considerable heat transfer enhancement,
characterized by an ebullient signature that has larger number of smaller bubbles that have much
higher departure frequencies than that in pure water. The reduced surface tension, along with the
molecular adsorption on the heating surface (liquid-solid interface) perhaps also contributes to
the formation of new nuclei, and smaller Deborah number De lends to higher surface-active
effects. In post-Cepe solutions, however, there is a decrease in the heat transfer coefficient from
the maximum value obtained at Ccpe. This is perhaps due to the retardation of vapor bubble
growth and suppression of micro-convection in the boundary layer because of the high viscosity

of high concentration solutions. Some vapor explosions are also observed on the heater surface
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in Carbopol solutions, akin to the boiling behavior normally found in highly viscous liquids.
Finally, the results suggest that the dynamic surface tension (as in the case of surfactants) and
apparent viscosity are the primary performance predictors, and their “designed” variations can

lend to the control of nucleate boiling heat transfer in aqueous solutions.

Nomenclature

C concentration [wppm]

Cemc  critical micelle concentration or CMC [wppm]

Cepe  critical polymer/overlap concentration or CPC [wppm)]
g gravitational acceleration [m/s’]

h boiling heat transfer coefficient [W/m’K]

(v heater wall heat flux [W/m?’]

t time or time scale [s]

n apparent viscosity of a polymeric solution

0 contact angle [°]

6; advancing contact angle [°]

o surface or gas-liquid-interfacial tension [N/m] or [mN/m]
T surface age and/or time [s]

it diffusion time scale [s]

Ty bubble growth time [s]
Tw waiting time for a nucleating bubble [s]

4 streaming zeta potential [mV]
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NUCLEATE POOL BOILING IN AQUEOUS POLYMERIC SOLUTIONS

Introduction

The ability to enhance and perhaps even control boiling, given its high heat removal
efficiency, presents an exceptional thermal management opportunity for a broad spectrum of new
and emerging applications [62, 63]. An attractive method of altering nucleate pool boiling in
water systems is to add reagents and/or polymers in controlled concentrations [6, 21, 23, 25].
The associated heat transfer and phase-change bubble dynamics are governed by a complex
interplay of interfacial behavior (vapor-liquid interfacial tension and liquid-solid surface
wetting), and rheological properties of the solution. Reagents or surfactants primarily alter the
surface tension and wetting of the solvent. Certain types of polymers, on the other hand, besides
being surface active also render the solution a non-Newtonian viscous property.

There has been growing interest in the literature in using polymers in semi-dilute aqueous
solutions to enhance or alter nucleate boiling heat transfer, as pointed out in a recent review [21].
The reported results span a wide spectrum of phase-change characteristics, which are sometimes
contradictory. For instance, Kotchaphakdee and Williams [57] found the boiling heat transfer
from a plate heater to be enhanced in shear-thinning HEC-H and PA-30 solutions, of which
HEC-H also reduces surface tension. Contrarily, in experiments with platinum wire heaters,
Wang and Hartnett [64], and Paul and Abdel-Khalik [65], a deterioration in heat transfer was
found in very dilute aqueous polymeric solutions when compared to that in water. To complete
the quorum of dissimilar results, Yang and Maa [66] report that the boiling heat transfer
performance for dilute aqueous HEC solutions is independent of heater shape (plate or platinum

wire). The data of Shul’man et al. [67], and Levitsky et al. [58] with a plate heater and HEC-H
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solutions in water indicate enhanced boiling heat transfer in dilute solutions (C = 0.015x10™ to
0.5x10” mol/cc), but decreased heat transfer in higher concentrations (C = 10x10™ mol/cc).

The addition of some polymers in water primarily alters the solution rheology, which
increases with concentration and also has a shear dependent viscous behavior [38, 68].
However, depending upon their molecular chains, such polymers may also have surface-active
properties, and hydroxyethyl cellulose (HEC) and polyethylene oxides (PEO) are good examples
[21, 35, 40]. In such cases, due to their molecular adsorption at the vapor-liquid and liquid-solid
interface, there is some relaxation of the interfacial tension and increase in wetting of the
solution [21, 33], which varies with polymer chemistry and its concentration. This significantly
changes the ebullient behavior, or the bubble nucleation and departure dynamics, during boiling
when compared to that in pure water [21, 58]. Higher surface wetting delays incipience [7, 9]
but interfacial tension relaxation tends to aid smaller bubble departure and enhanced heat transfer
[6, 25]. The increased viscosity of the solutions, on the other hand, tends to counter this and has
an adverse impact on boiling heat transfer [21, 65]. The bubble growth rate and departure
frequency tends to get impaired due to higher viscous drag, especially in the incipience and
partial boiling regime [21]. Nevertheless, it may be hypothesized that the shear-thinning
character of some polymeric solutions would tend to mitigate this effect during higher heat flux
boiling of the fully-developed regime, where higher shear rates are exerted at bubble interfaces
due to their substantially higher departure frequencies. This suggests a multifarious inter-
relationship, which could range from countervailing to collaborative effects of the non-
Newtonian viscous behavior, surface wetting, and dynamic interfacial tension relaxation.

The objective of the present study is to parametrically explore the effects of shear-dependent

viscosity, along with those due to the changes in dynamic vapor-liquid interfacial tension and
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liquid-solid surface wettability of aqueous solutions of a surface-active polymer on their nucleate
pool boiling heat transfer performance. A nonionic soluble polymer, hydroxyethyl cellulose
(HEC) and its grade QP-300 (molecular mass ~ 600 kg/mol), is used as the control additive in
deionized distilled water solutions. The rheological and interfacial properties of the HEC QP-
300 solutions in different concentrations are recorded, which exhibit viscous shear-thinning,
dynamic surface tension relaxation, and increased wetting (reduced contact angle) behaviors.
Saturated pool boiling heat transfer at atmospheric pressure is measured in a controlled set of
experiments with an electrically heated, horizontal cylindrical heater by mapping the variation of

the applied wall heat flux q with wall superheat ATs. The presented results characterize

ebullient phase-change heat transfer from incipience or ONB to the fully developed nucleate
boiling regime, and highlight the effects due to the pseudoplasticity, dynamic interfacial tension
relaxation, and altered wettability of the aqueous solutions at different polymer concentrations.
Furthermore, the associated bubble generation activity is photographically recorded to provide

additional mechanistic insights to the vapor generation process.

Experimental Method and Materials
Polymer solutions

The grade QP-300 of hydroxyethyl cellulose (HEC), a nonionic cellulose polymer, which is
used in this study, has an idealized molecular structure shown in Fig. 1. It has a molecular mass
of ~ 600 kg/mol, and it not only renders aqueous solutions with a non-Newtonian pseudoplastic
(or shear thinning) rheology but also exhibits properties of a surface-active reagent (reduces
surface tension). The required aqueous solutions for the experiments were prepared by adding

precise quantities of HEC QP-300 powder, measured using an electronic weighing scale with
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+0.01 g accuracy, to deionized distilled water in a beaker. The homogeneity of the solution was
assured by stirring it sufficiently on a magnetic stirrer so as to keep the mass moving
continuously. To achieve this, approximately four hours of gentle stirring was required for
complete hydration of HEC powder, and the solution was then allowed to age overnight by

continuing to stir it at very slow speeds.
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Figure 1. Schematic representation of the idealized molecular structure of the polymer hydroxyl
ethyl cellulose (HEC QP-300).

Pool boiling experiment

Figure 2(a) provides the schematic (not to scale) of the apparatus used in this study for
conducting nucleate pool boiling experiments. It consists of two large corning glass vessels,
where the inner glass tank, which holds the polymer solution and the cylindrical heater, is
incased in the outer glass tank. Silicon oil (50 c¢St), fed from a constant-temperature re-
circulating bath (not shown in the figure), is circulated in the outer vessel in order to maintain the
test pool at its saturation temperature. To ensure this, the oil was maintained at a temperature (~
135°C) greater than the saturation temperature of the test fluid, so as to form a thermal jacket
around the pool; NESLAB’s RTE-221 oil bath circulator was used for heating and circulating the
silicon oil. An auxiliary electrical cartridge heater, immersed in the pool, was used to heat up the
pool quickly to its saturation temperature (using the oil bath alone takes much longer time). A

water-cooled reflux condenser, along with an additional coiled-tube water-cooled condenser,
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were used to condense the generated vapor and maintain an atmospheric-pressure, constant level
pool. A U-tube manometer is mounted on top of the inner vessel, and it monitors the pool
pressure with a 0.001 atm (5 mm of water column) visual accuracy throughout the pool boiling
experiments.

The heating test section (described in Fig. 2b) consists of a horizontal, gold plated, hollow
copper cylinder of 22.2 mm outer diameter that encapsulates a 240 V, 1500 W cartridge heater,
which has insulated and sealed (to prevent any water encroachment short-circuit) lead wires.
The 0.0127-mm thick gold plating on the copper sleeve mitigates surface degradation and
oxidation from the test fluids. The heater is press-fitted inside the hollow cylinder with
conductive grease so as to provide good heat transfer contact with the inner walls of the outer
sleeve, and the end gaps on either side are filled with silicone rubber to prevent direct water
contact. Extended details of the heater test section construction and its surface characterization,

which has surface roughness ranging from r.m.s. values of 0.076 um to 0.347 um, as measured

by an atomic force microscope, are given elsewhere [23, 69].
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Figure 2. Experimental apparatus: (a) schematic of pool boiling set up, and (b) constructional
details of cylindrical heater assembly.
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The heater-wall and pool-bulk temperature measurements were made with precision (£0.5°C)
copper-constantan thermocouples, connected to a computerized data acquisition system with an
in-built ice junction and calibration curve. A variac-controlled AC power supply, a current shunt
(0.15 Q with 1% accuracy), and two high-precision digital multimeters for current (+2.5%
accuracy) and voltage (+£1.5% accuracy) were used to record the input electric power and thus
determine the heat load. At each incremental value of power input or heat load, the dissipated
wall heat flux g was computed from the measured voltage V, current I, and heater surface area
A (=2nroL; where L is the length of heated heater) as,

o, =(VI/A) (1)
In these calculations, the actual voltage drop across the heater and the actual current flowing
through it (measured directly across the precision shunt resistance in series with the heater) were
recorded directly to provide the actual heat load, which inherently calibrates for any temperature-
dependent variations in resistance [70, 71]. The wall superheat ATsy for this heat flux was
determined from the heater-wall temperature Ty, taken as the average value of four wall-
temperature thermocouples reading (Ti,) that are embedded in the heater surface, and the

saturation temperature Ty of the liquid pool as follows:

T, = li{T”—(q\xro/k)ln(ro/r)} 2)

45
ATsat = (TW _Tsat ) (3 )
where r is the radius of wall thermocouple location, I, is the cylinder heater radius, and K is the
thermal conductivity of heater material. The maximum experimental uncertainties were
calculated by the single-sample propagation of error method [72] were +2.92% and +0.33%,

respectively, for g, and AT,
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Figure 3. Nucleate pool boiling data for de-ionized distilled water and comparison with
predictions of several correlations (Note: 1! and U indicates, respectively, data for increasing and
decreasing wall heat flux).

Before the start of any experimental measurements, the pool was thoroughly degassed by
first heating it to the saturation temperature by using the auxiliary heater, and then boiling it at a
low heat flux while constantly maintaining it at Tsy. Power to the auxiliary heater was then cut
off and the system was allowed to attain stable, saturation conditions; this entire process took
about two-to-three hours to complete [69]. For the first set of experimental measurements,
nucleate pool boiling with distilled, de-ionized water was recorded, with multiple runs over a
period of six months so as to establish repeatability and the effects of aging of the heater surface.
These results [69] are presented in Fig. 3, where the pure water boiling data are seen to be in
good agreement with some previous data [23, 25], and are also within the envelope of
predictions given by the much cited Rohsenow [73], Borishanskii [74], Cooper [75], and

Cornwell-Houston [76] correlations. These data and the comparisons provide not only the
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necessary validation of measurements and data acquisition methods, but also form the essential
baseline water results for evaluating and contrasting the boiling performance of aqueous

polymeric solutions.

Photographic record of boiling

A PULNiX TMC-7 series high-speed CCD camera was used to capture the visual dynamics
of bubble generation, growth, and motion during boiling. It has a digital resolution of
768(horizontal) x 494(vertical) pixels, with eight different shutter speeds that go up to 1/10,000
sec. The camera is also fitted with FUJI 12.5 mm x 75 mm zoom lens for capturing close-up
photographs during different stages of boiling. The camera was interfaced with a PC using a
USB-based digital image capture and processing system (DQP-A4 Premier), which records

consecutive frames of video in real-time images at 60 frames/s.

Viscosity measurement

Viscosity measurements were made using a rotating cup-and-cylinder rheometer (AR-2000,
TA Instruments, Inc.) and a set of five Cannon-Fenske capillary-tube viscometers of different
capillary diameters. The test solution were prepared by carefully adding a precisely weighed
(0.1 mg accuracy on an electronic scale) quantity of polymer powder to de-ionized distilled
water. The mixture was then stirred at a constant speed on a magnetic stirrer till the powder
dissolved completely, and the solution was then aged over a period of 10-12 hours before making
viscosity measurement. Using the concentric cylinder assembly in the AR-2000 rheometer,
apparent viscosity data in the shear-rates range of 10 s™' to 400 s were obtained, where the

temperature control was maintained by the built-in Peltier heating system in the rheometer. The
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higher shear rate data were obtained from the set of capillary-tube viscometers; note that the
shear rate in these instruments is a function of their respective capillary diameters. Furthermore,
a capillary-tube viscometer was also used for the measurements with weak concentration
aqueous solutions so as to obtain the intrinsic viscosity, or the limiting viscosity number of the
polymer [33, 77, 78]. Once again, the maximum single-sample error propagation method based

uncertainty [72] in viscosity and temperature were +1.4% and £0.5%, respectively.

Surface tension measurement

Both the equilibrium and dynamic surface tension, or the gas-liquid interfacial tension,
measurements of the polymer solutions were made using a tensiometer (SensaDyne QC6000;
Chem-Dyne Research Corp.) that operates on the maximum bubble pressure method. It has two
glass capillary-tube orifices of unequal diameters that are immersed in the test fluid pool in a
beaker. The test fluid is maintained at a constant temperature, which is measured using a well-
calibrated thermistor (+0.1°C precision) attached to the orifice probes. When dry air is bubbled
through the orifices, a differential pressure signal is produced, which is proportional to the gas-
liquid interfacial tension. Also, the time interval between the newly formed interface and the
point of bubble break-off at the orifice mouth is referred to as the surface age 7 of interface. It
gives the measurement of bubble growth time that corresponds to the dynamic surface tension
value at a given operating bubble frequency. Thus, by altering the air-bubble frequencies
through the probes, both equilibrium and dynamic surface tension can be measured; the
equilibrium data are obtained with very low bubble frequencies that lead to static or unchanging
conditions. Extended details of the calibration techniques, data-acquisition methods, and

measurement validation procedures are given in [35]. Furthermore, the maximum uncertainties,
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ascertained from a single-sample error-propagation method [72], in the measured solution
concentration, temperature, and surface tension were found to be +0.4%, £0.5%, and +0.7%,

respectively.

Contact angle measurement

The static contact angle was measured with a sessile-drop goniometer. A small drop of the
test solution was carefully deposited on a stainless steel specimen substrate that was placed under
the goniometer lens. A precision micro-syringe was used to produce a droplet of desired liquid
volume (~ 2-3 pl; drop volume < volume of a spherical drop with a radius equal to the capillary
length® 1), which was carefully placed on the specimen substrate. The contact angle was
measured for several new droplets placed at different surface locations on the substrate after
allowing a one-minute settling time in each case. The goniometer radius line was aligned
tangentially to the edge of the droplet touching the substrate specimen, and the contact angle was
then directly measured from the angular scale engraved on the eyepiece. The minimum

precision in this measurement was £0.5°.

Results and Discussion

Aqueous solutions of hydroxyl ethyl cellulose (HEC) QP-300, except in low concentrations,
generally display a viscous pseudoplastic behavior. This non-Newtonian characteristic is pointed
out by Fig. 4, where the variations in shear-rate dependent apparent viscosity (7 = shear stress /

shear rate) are graphed for HEC QP-300 solutions in there different concentrations. At low shear

? This is the characteristic length scale for a liquid droplet that represents the balance between gravitational and
surface tension forces. Thus, a sessile drop volume with an equivalent spherical radius less than |, would have
negligible influence of its weight and its spread on any substrate would be dominated by surface tension and
consequent wetting alone.
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rates the solution rheology tends to be Newtonian, with a significantly higher viscosity than the
solvent, and the shear-thinning non-Newtonian flow manifests only at high shear rates. The
consequent apparent viscosity behavior can be represented by the modified cross model [79-81].
This constitutive relationship, for the case of a negligible infinite shear-rate asymptote, in

essence, is functionally the same as the modified power-law model [82], and can be expressed as

-1

n=n,[1+(n,/K)7"" ] (4)
For the rheology of three HEC QP-300 solutions graphed in Fig. 4, the range of the characteristic
parameters are 1.35%x107 < o [N-s/m?] < 3.25x107, 0.42 < K [N-s"/m?] < 7.45, and 0.12 < n <
0.6. The low values of flow-behavior index n are indicative of the highly shear-thinning or

pseudoplastic property of these solutions.
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Figure 4. Shear-rate dependent apparent viscosity variation for different concentrations of
aqueous HEC QP-300 solutions.

A more fundamental measure of the ability of a polymer to alter the solvent viscosity in

solution, is the intrinsic viscosity [7] of the polymer [78, 83]. Also referred to as the limiting
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viscosity number, and as Staudinger’s index in older literature [84], the intrinsic viscosity [ 7] for
HEC QP-300 was determined by measuring the viscosity 7 with several different weak-
concentration aqueous solutions using a capillary viscometer. From these measurements and
knowing the solvent viscosity 75 (water in this case), the specific viscosity 755, and relative

viscosity 7, respectively, for each dilute concentration solution can be determined as follows:
7759 - [(77 115 )/US:I > and e = (77/775)

Thus, by extrapolating the graph of (nsp / C) versus C to zero concentration, the intercept of the

consequent Huggins plot gives the value for [7]; this can also be obtained from the intercept of

the Kraemer plot through the graph of 1n[77rel / C]Versus C. The two plots are given in Fig. 5,

and the average value of [77] for HEC QP-300 was determined to be 5.29 dl/g. This limiting
value at infinite dilution is a direct measure of the molecular properties of the polymer, and it
essentially quantifies the volume occupied by a unit mass of the macromolecule. Higher [7]
suggests increased capability of a polymer to enhance the solution viscosity, and in general it is
related to the molecular weight or degree of polymerization [77, 85, 86].

The variation in equilibrium surface tension, or the liquid-vapor interfacial tension, with
different bulk concentrations of the polymer HEC QP-300 in water is graphed in Fig. 6. The
surface tension is seen to continually decrease from that of the solvent (water; oy = 72.4x107
N/m) to a minimum asymptotic value of 66.8x10~ N/m. The concentration that demarcates the
lower inflection point in the o — C isotherm, i.e., the point of transition to the minimum surface
tension asymptote, often coincides with the critical polymer concentration (cpc) or overlap
concentration C* [21, 85, 87, 88]. At cpc or C*, polymer agglomeration or coil entanglements

begin to form in solution, which would then be in the semi-dilute regime. This interfacial
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tension relaxation is a diffusion-rate dependent behavior, which is generally governed by the
bulk concentration and diffusion-adsorption kinetics of the polymer-solvent systems [50]. The
critical polymer concentration, as discerned from Fig. 6, is estimated to be ~ 1.0x10” mol/cc (~

600 wppm).
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Figure 5. Intrinsic viscosity [ 77] of HEC QP-300.
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Figure 6. Equilibrium gas-liquid interfacial tension (surface tension) and its variation with
polymer concentration in aqueous solution.

38



The critical overlap concentration can also be determined from the intrinsic viscosity [77, 83,
85, 86], because [#7]" approximately represents the concentration within the polymer, or its
overlap concentration in a solvent, exceeding which molecules will touch and interpenetrate to
form a semi-dilute solution. According to the Einstein model, which considers dilute dispersions
of unsolvated spherical particles, when the volume fraction ¢ of the spherical particles is small

the relative viscosity is given by the following function [83]:

T _1425¢+ke +... ()

s
From the limiting condition of Eq. (5) it can be shown [83, 86] that as ¢ — 0 the overlap
concentration can be approximated as C* ~ 0.25[;7]". Thus, from the intrinsic viscosity given by
the plots in Fig. 5, the critical polymer concentration is obtained as C* ~ 0.79x10” mol/cc. This
value is the same order of magnitude as that obtained from the gas-liquid interfacial tension
adsorption isotherm of Fig. 6, and corroborates the latter results.

Furthermore, that the liquid-vapor interfacial tension relaxation is a time-dependent process
is demonstrated by the o versus 7 plots of Fig. 7. Here, the change in surface tension o with
surface age 7, or the time period of a newly formed bubble from inception to departure, is
graphed for aqueous solutions of HEC QP-300 with bulk concentrations of 1.0x10” < C <
4.0x10” mol/cc. Tt is seen that a finite time is required for complete interface relaxation, or to
attain an equilibrium between the surface and bulk concentrations. Generally a surface age of 7
> 1.0 s is needed for this condition, and for 7 < 50 ms, the interfacial tension essentially
corresponds to that of the solvent (water); the interim period of 50 ms < 7< 1.0 s is characterized
by sharp gradients in o. It may be noted here that the values for o at very small surface age are

extrapolated from the time-dependent adsorption isotherm fit through the data by the method
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outlined by Hua and Rosen [89]. Also, there is little difference between the data for 2.5x10” and
4.0x10° mol/cc solutions, suggesting micelle agglomeration or coil entanglements of the
polymer at these concentrations. This dynamic surface tension behavior, which is facilitated and
governed by the molecular mobility of the polymer in solution and its interfacial adsorption [35,
42, 50, 89] at an evolving gas-liquid interface, lends to the modification of ebullience that

characterizes the attendant boiling heat transfer.
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Figure 7. Temporal variation of dynamic surface (gas-liquid interfacial) tension for different
polymer concentration aqueous solutions.

The change in wetting, manifest at a liquid-solid interface, can be ascertained by the contact
angle 6, and its variation with concentration C of HEC QP-300 in aqueous solutions is graphed
in Fig. 8. The measurement is for a metallic substrate (stainless steel), and & is seen to decrease
with increasing C till a lower constant-value asymptote is attained. The minimum contact angle

plateau is further seen to be attained when C > C* (the overlap concentration), where molecular
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agglomeration of the polymer begins to form in solution. This is representative of typical
physisorption behavior of surface-active solutes at liquid-solid interfaces, and where wetting is

influenced by the kinetics of interfacial molecular adsorption [54, 90].

1 1 1 1 1 1 LI 1 1 1
B HEC QP-300, T =23°C
0, = 77° Surface: Stainless Steel
77 N . N _
D 76 _
3 76
(O]
S
(@) - |
[}
=,
o 5[ ]
— 0
Oc s cpe = 74
74 A—h—k
73 ! ! ! ! [ | ! ! !
0.1 1.0

C [x 10° mol/cc]

Figure 8. Change in contact angle with concentration of aqueous HEC QP-300 solutions.

In general, the boiling behavior of a liquid is altered by the changes in its surface tension,
rheology, and heater surface wettability. While wetting of the heater surface controls nucleation
and the site density thereof, gas-liquid interfacial tension and shear-dependent viscosity of a
polymeric solution alters the post-nucleated bubble dynamics [6, 21, 25]. The pool boiling
curves presented in Fig. 9 for different concentrations of aqueous HEC QP-300 solutions, along
with that for distilled and deionized water, quantify this ebullient heat transfer behavior. The

substantial leftward shift in the g/ ~ AT, curve for C = 1.0x10” mol/cc (~ C* or cpc) relative to

that for water is indicative of the heat transfer enhancement over the entire range of heat flux
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considered in the experiments. This specific case represents the largest overall enhancement,

which is consistent with the previous finding that the highest boiling performance is attained

with critical or overlap concentration of the polymer [21]. However, an anomalous boiling

behavior is seen in solutions with higher concentration (C = 2.5%10” and 4.0x10” mol/cc).
There is a significant rightward shift in the boiling curve where the heat transfer is even less than
that in water in the low-heat-flux partial-boiling regime, followed by much larger enhancement,

relative to that with C*, at higher hear fluxes ( > 100 kW/m?) or the fully-developed boiling

regime.
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Figure 9. Nucleate pool boiling data for different concentrations of aqueous HEC QP-300
solutions, along with that for distilled, de-ionized water.

A much clearer and quantitatively amplified delineation of the boiling performance of the

three different concentration solutions of HEC QP-300, relative to that in distilled water, is
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presented in Fig. 10. The variation of the enhanced heat transfer coefficient, quantified by the

dimensionless ratio [(h -h,) / hw} with the heater-wall heat flux ¢ is graphed. The consistent

and virtually constant enhancement of about 20% in the 1.0x10° mol/cc (~ C") HEC
concentration aqueous solution is evident in Fig. 10, along with the agreement with previous data
[21]. As indicated earlier, the more curiously unexpected set of results are those for solutions
with C = 2.5x10™ and 4.0x10™ mol/cc. In these cases, there is a reduction (or degradation with

respect to pure water) in heat transfer when g, < 30 kW/m?, but much larger enhancement than
that with C* when q; > 100 kW/m?. The higher of the two concentrations lends to about 6%
decrease in heat transfer when compared with water for 7 < @/, < 30 kW/m®. This is a direct

consequence of the higher polymeric solution viscosity (2-to-3x water, as seen in Fig. 4) at low
shear rates and the consequent drag effects at the liquid-vapor interface of ebullient transport in
the partial boiling regime. With increasing heat flux and hence larger vapor generation, the
interfacial shear rate increases and thereby the viscosity of the shear-thinning solutions
decreases; at very high shear rates the higher concentration solution even becomes less viscous
than the lower C ones (see Fig. 4). As a result, the retarding viscous forces at the bubble-liquid
pool interface become less significant and the low-surface-tension-driven enhancement,
characterized by smaller and higher frequency bubble generation, is re-established with peak

heat transfer performance attained when g > 100 kW/m®,

The nucleate boiling performance can further be characterized by the respective ebullient
signatures in the three solutions at different heat fluxes. Photographic records of the vapor

production that characterize the boiling history for increasing heat flux (q; = 20, 40 and 115

kW/m?) are presented in Fig. 11. The bubble generation features, described by their relative
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shape, size, coalescence activity, and surface density and distribution in the polymer solutions
are seen to be very distinct from that in water. The boiling is more vigorous in C ~ C* (=
1.0x10” mol/cc) solutions, which is distinguished by smaller bubble production, spread over a
wider portion of the heater surface with the entire range of heat fluxes considered in the
experiments. There is reduced coalescence of bubbles that have a higher departure frequency,
both outcomes of reduced liquid-vapor interfacial tension. Also, molecular physisorption of the
polymer on the heater surface may contribute to the formation of new sites [21, 58, 67], which
would perhaps account for the increase in number of nucleation sites despite a slight increase in

the surface wettability (as indicated by the small reduction in contact angle shown in Fig. 8).
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Figure 10. Variation of enhancement in boiling heat transfer coefficient with wall heat flux in
different concentrations of aqueous HEC QP-300 solutions.
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Figure 11. Ebullient or bubbling behavior during boiling of pure water and aqueous solutions of
HEC QP-300 in different molar concentrations.

However, in the larger concentration solutions (C > C*, or C = 2.5x10” and 4.0x10 mol/cc)
and at low heat fluxes (g, = 20 kW/m?, or the partial boiling regime), the extent of bubbling
activity decreases substantially (Fig. 11). This is possibly due to the increased viscosity of the
higher concentration polymer solution, as seen in Fig. 4, where the zero-shear rate viscosity 7,
increases as 1.35x10° — 2.1x10~ — 3.2x10” N-s/m” or about ~ 1.6x-to-2.4x that at C*. The
consequent higher viscous drag at the dynamic vapor-liquid interface tends to suppress or retard
the post-nucleation growth of vapor bubbles. This then leads to increasing deterioration of
boiling performance with polymer concentration C at lower heat fluxes. The relatively higher
shear rate associated with greater vapor generation when ¢ > 40 kW/m?, on the other hand,
lowers the viscosity of the shear-thinning or pseudoplastic solutions. With the attendant

reduction in viscous retardation at the vapor-liquid interface re-establishes the dominance of
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interfacial tension relaxation of higher concentration polymeric solution, and the bubbling
activity again increases. The shear thinning behavior is more pronounced in the C = 4.0x10”

mol/cc solution, thereby further intensifying the ebullience and the boiling heat transfer.

Conclusions

That different bulk concentrations of the polymer additive HEC QP-300 in water
anomalously alter the nucleate boiling heat transfer performance is evident from the results
presented in Figs. 9-11. The primary controlling influence is rendered by the rheology of the
solution, which ranges from a highly viscous behavior to shear-thinning characteristics with
increasing shear rates. Both the viscous nature and pseudoplasticity in turn increase with the
polymer concentration, and this diversely affects the different boiling regimes; in the partial
boiling, low-frequency bubble-generation regime the viscous behavior dominate, whereas in the
fully developed, high-frequency bubble-generation regime the shear-thinning behavior of the
polymeric solution has greater influence. Furthermore, the reduction in dynamic surface tension
(which alters the required superheat for the onset of boiling and post-departure bubble
frequency), and possibly the macromolecular physisorption of the polymer onto the heating
surface (which perhaps aids the formation of new nucleation sites) are also the controlling factors
for the boiling heat transfer enhancement in lower the concentration (C ~ C*) solution.

Improvements in the boiling performance, varying from 19% — 22% increase in the heat
transfer coefficient relative to that in pure water, were obtained with C = 1.0x10™ mol/cc over
the entire heat flux range of the experiments. On the other hand, the reduction in nucleate
boiling heat transfer coefficients with higher concentrations (C > C*) at low heat flux levels is

caused by the retardation of vapor-bubble growth and post-departure bubble frequency, possibly

46



due to the viscous suppression of micro-convection in the bubble boundary layer. This
decreased ebullience, observed in the partial boiling regime, is reversed and augmented at higher

heat fluxes (q,, > 40 kW/m?) where the higher shear rate at vapor-liquid interfaces of bubble that
are more vigorously produced lends to a shear-thinning viscous behavior in the solution. The
enhancement in the fully developed boiling regime produces a peak performance when ¢ > 100
kW/m?, and up to 45% increase in the boiling heat transfer coefficient, compared to that in pure

water, is obtained with C = 4.0x10” mol/cc.

Nomenclature
A cylindrical heater surface area, 2 7oL [m’]
C concentration [mol/cc]

Cc* critical polymer concentration or overlap concentration [mol/cc]

g gravitational acceleration [m/s’]

h heat transfer coefficient [W/m?*K]

hw heat transfer coefficient of water [W/m*K]
| current [A]

K consistency index, Eq. (4) [N-sn/mz]
ki constant in Einstein’s viscosity model, Eq. 5 [-]

L heated length of cylindrical heater [m]

Ic capillary length, \/o/pg [m]
M molecular weight [kg/mol]
n flow behavior index, Eq. (4) [-]

p pressure, [N/m’]
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n

O

Tw
Tsat

ATsat

[77]
Mo
Trel
s

Msp

heat flux [kW/m?]

average surface roughness of heater, Fig. (3), [um]

radius of embedded thermocouple location in cylindrical heater, Eq. (2) [m]
outer radius of cylindrical heater surface [m]

temperature of heater surface [K]

saturation temperature of test liquid pool [K]

wall superheat or wall-to-pool temperature difference, (TW —Tsat) K]
voltage [V]

volume fraction of spherical particles in dilute dispersions [-]
shear rate [s™]

viscosity and/or apparent viscosity of polymeric solution [N-s/m’]
intrinsic viscosity [dl/g]

zero shear-rate viscosity of polymeric solution [N-s/m’]

relative viscosity, (17/7,) [-]

viscosity of solvent [N-s/m’]

specific viscosity, (7-7,)/n, [-]

liquid density [kg/m’]

surface tension [N/m]

surface age of bubble [s]

48



EFFECTS OF INTERFACIAL PROPERTIES ON NUCLEATE POOL BOILING

IN WATER-SURFACTANT SOLUTIONS

Introduction

Pool boiling is an efficient mode of heat transfer in which a relatively small temperature
difference results in high heat transfer rates [62, 63, 91, 92]. Several reviews have documented
the use of active and passive techniques for enhancement of nucleate boiling heat transfer.
Among these, the use of surface active additives, which include surfactants and polymers that
alter the surface tension of the boiling liquid even at very low concentrations, has been the focus
of some current research [5, 6, 23-25, 93-95]. Much of the changes in boiling behavior have
been attributed to the dynamic variations in surface tension, wetting or contact angle, and
viscosity that influence and control the bubble dynamics in phase change [6].

Of the many different reagents considered in the literature for altering boiling heat transfer,
surfactants are perhaps the most effective. They are long-chain molecules with a structure that is
made up of a hydrophilic head and a hydrophobic tail. They adsorb at the liquid-vapor interface
with their polar head towards the aqueous region and the hydrocarbon tail directed towards the
vapor [27]. They are broadly classified on the nature of the hydrophilic part of the molecule as
anionics, nonionics, cationics, and zwitterionics. Their adsorption at liquid-vapor interfaces
causes local surface tension relaxation, and that at liquid-solid interfaces alters wetting. These
are diffusion rate dependent processes, which are controlled by the reagents’ diffusion-
adsorption kinetics, micellar dynamics, ethoxylation, and bulk concentration levels [27, 35]. The
change in interfacial tension and heater surface wetting can significantly alter the bubble

dynamics (inception, growth, and frequency of departure) and thereby the heat transfer in
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nucleate boiling [6]. Most often, with a characteristic range of concentrations of a given
surfactant, the heat transfer has been found to be enhanced considerably when a characteristic
range of concentration of a given surfactant is used in the solution [43]. The optimal or peak
enhancement tends to occur at the critical micelle concentration of the reagent.

This critical micelle concentration or CMC is a unique concentration of the reagent or
colloid-size clusters above which micelles are spontaneously formed in solution. The surface
tension of the solution decreases continually with increasing surfactant concentration till CMC,
beyond which an asymptotic constant surface tension is attained. This is driven by the
adsorption-desorption dynamics at the gas-liquid interface, and is functionally dependent upon
the bulk concentration and surface age of the interface [6, 25, 35, 42, 43]. Much of the
increment in boiling heat transfer has been attributed to the surface-age and concentration
dependent surface tension relaxation; surface wetting alters nucleation and liquid quenching of
the heater surface. It is hypothesized that dynamic surface tension effects and the reagent’s
molecular dynamics perhaps scale the heat transfer coefficient in nucleate pool boiling.

The objective of this study is to explore the effects of changes in dynamic vapor-liquid
interfacial tension on nucleate pool boiling performance of aqueous surfactant solutions. An
amphoteric fluorosurfactant FS-50 (product of DuPont) is used in distilled, de-ionized water
solutions, which produces very low surface tension in micellar and higher concentrations. The
interfacial properties of FS-50 solutions in various concentrations are recorded to establish the
interface adsorption kinetics of this relaxation behavior. Saturated pool boiling heat transfer at
atmospheric pressure is measured in a controlled set of experiments with an electrically heated,

horizontal cylindrical heater, by the variation of the applied wall heat flux gq" with wall superheat

ATsa. The presented results characterize ebullient phase change heat transfer from incipience or
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onset of nucleate boiling (ONB) to the fully developed nucleate boiling regime, and the effects of

dynamic interfacial relaxation on the heat transfer are delineated.

Experimental Methods and Materials
Boiling experiments

Figure la shows the experimental apparatus for nucleate pool boiling measurements. It
consists of two large glass vessels, of which the inner tank holds the surfactant solution and the
heater while the outer tank provides an insulating casing where silicon oil (50 cSt) is circulated
to reduce heat loss and maintain the test pool at saturation temperature. Neslab’s RTE-221 oil
bath, which was heated to ~135°C, well above the saturation temperature of water, so as to form
a thermal jacket around the test pool. Also, to ensure a constant liquid pool level at atmospheric
pressure, the generated vapor was condensed over a water-cooled reflux condenser, mounted
atop the pool; an additional coiled-tube condenser was used at high heat fluxes and much greater
vapor generation. An auxiliary heater was used to quickly heat the pool to saturation
temperature. A simple U-tube manometer, mounted on the top of the inner vessel, monitored the
pool pressure with a £0.001 atm (or 5 mm of water column) accuracy throughout the pool
boiling experiments.

The heating test section (shown in Figure 1b) consists of a horizontal, gold plated, hollow
copper cylinder of 22.2 mm outer diameter; the 0.0127-mm thick gold plating mitigates any
surface degradation and oxidation from chemicals in the test fluids. A 240 V, 1500 W cartridge
heater, with hermetically insulated lead wires, is press fitted in the hollow cylinder with
thermally stable conductive grease to fill any remaining air gaps and pockets of thermal

resistance. It is centrally located inside the copper tube, and the gaps at each end are filled with
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silicone to prevent water contact. The heater-wall and pool-bulk temperature measurements
were made with precision (+0.5°C) copper-constantan thermocouples, connected to a
computerized data acquisition system with an in-built ice junction and calibration curve. A
variac-controlled AC power supply, a current shunt (0.15 Q with 1% accuracy), and two high-
precision digital multimeters for current (£2.5% accuracy) and voltage (£1.5% accuracy) were

used to record the input electric power and thus determine the heat load.
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Figure 1. Experimental apparatus: (a) schematic of pool boiling set up, and (b) constructional
details of cylindrical heater assembly.
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At each incremental value of power input or heat load, the dissipated wall heat flux was
computed from the measured voltage V, current |, and heater surface area A (= 2nr,L; where L is

the length of heated heater) as,

a"=(V-1/A) (1)

In these calculations, the actual voltage drop across the heater and the actual current flowing
through it (measured directly across the precision shunt resistance in series with the heater) were
recorded directly to provide the actual heat load, which inherently calibrates for any temperature-
dependent variations in resistance [70, 71]. The wall superheat ATss for this heat flux was
determined from the heater-wall temperature AT, taken as the average value of three wall-
temperature thermocouples reading (Ti,) that are embedded in the heater surface, and the

saturation temperature Ty of the liquid pool as follows:

T, = %i{ﬂ,r—(q”ro/k)ln(ro/r)} 2)

i=1
ATsat = (TW _Tsat ) (3 )

In Eq. (2), r is the radius of wall thermocouple location, I, is the heater’s outer radius, and K is
the thermal conductivity of heater material. The maximum experimental uncertainties in (" and
ATsat were calculated by the single-sample propagation of error method [72] to be £2.92% and
1+0.33%, respectively.

At the start of every experiment, the pool was thoroughly degassed by first heating it to the
saturation temperature by using the auxiliary heater, and then boiling it at a low heat flux while
constantly maintaining it at Tsy. The auxiliary heater was then shut off and the system was

allowed to attain equilibrium. The whole process took about two to three hours to complete.
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Once the pool was thoroughly degassed, the boiling experiments were carried out by increasing
the voltage across the cylindrical heater in incremental steps, and measuring the power along
with the temperature of the pool and heated surface after equilibrium was attained. Photographic
records were taken at every increment of voltage to observe any changes in the ebullient
behavior. Multiple boiling runs were taken with distilled water to ensure accuracy and
repeatability. These results are presented in Fig. 2, where the pure water boiling data are seen to
be in good agreement with some previous data [25], and are also within the envelope of
predictions given by the much cited Rohsenow [73], Borishanskii [74], Cooper [75], and
Cornwell and Houston [76] correlations. This validates the data acquisition methods and
provides the baseline water results for evaluating and contrasting the boiling performance of

aqueous surfactant solutions.
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Figure 2. Nucleate pool boiling results for de-ionized distilled water and comparison with
several correlations.
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Photographic Record of Boiling

A PULNix TMC-7 series high-speed CCD camera was used to capture the visual dynamics
of bubble generation, growth, and the motion during boiling. It has a digital resolution of 768
(horizontal) x 494 (vertical) pixels, with eight different shutter speeds that go up to 1/10,000 sec.
The camera is also fitted with FUJI 12.5-mm x 75-mm zoom lens for capturing close-up
photographs during different stages of boiling. The camera was interfaced with a PC using a
USB-based digital image capture and processing system (DQP-A4 premier), which records

consecutive frames of video in real-time images at 60 frames/s.

Surface Tension Measurements

A SensaDyne QC6000 tensiometer was used to measure the equilibrium and dynamic surface
tension of surfactant solutions which operates on the maximum bubble pressure method. Two
glass capillaries of unequal diameters are immersed in the test fluid pool in a beaker. The test
fluid is maintained at a constant temperature, which is measured using a well calibrated
thermistor (£0.1°C precision) attached to the orifice probes. When dry air is bubbled through the
orifices, a differential pressure signal is produced, which is proportional to the gas-liquid
interfacial tension. Also, the time interval between the newly formed interface and the point of
bubble break-off at the orifice mouth is referred to as the surface age 7 of the interface. It gives
the measurement of bubble growth time that corresponds to the dynamic surface tension value at
a given operating bubble frequency. Thus, by altering the air-bubble frequencies through the
probes, both equilibrium and dynamic surface tension can be measured; the equilibrium data are
obtained at very high surface ages that lead to static conditions. Details of the calibration and

measurement validation procedures are given in [35]. The maximum uncertainties in solution
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concentration, temperature, and surface tension measurements were found to be £0.4%, +0.5%,

and +0.7%, respectively.

Results and Discussion

The fluorosurfactant FS-50 in aqueous solution produces a very large interfacial tension
relaxation with increasing concentrations. The variation of equilibrium surface tension, or
liquid-vapor interfacial tension, with varying concentration is graphed in Fig. 3. It is seen to
decrease continually from that of water (o= 72.5 mN/m) to a minimum asymptotic value of o=
18.4 mN/m. The concentration that corresponds to the lower inflection point in the o — C
isotherm gives the critical micelle concentration or cmc of the surfactant [35]. This
concentration marks the onset of spontaneous formation of miscelles in the solution, and beyond
which surface tension does not show any further decrement. From Fig. 3 the cmc of FS-50 is

estimated to be around 1400 wppm.
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Figure 3. Equilibrium gas-liquid interfacial tension (surface tension) and its variation with
surfactant concentration in aqueous solution.
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Figure 4. Temporal variation of dynamic surface (gas-liquid interfacial) tension for different
concentration of FS-50 in aqueous solutions.

Furthermore, the liquid-vapor interfacial tension is a time-dependent process, and the graph
for oversus 7in Fig. 4 depicts this time dependence of the interfacial tension. It can be seen that
a finite time (7> 8-10 s, depending upon C) is needed for complete interface-tension relaxation,
or to attain equilibrium at the gas-liquid interface with the bulk concentrations. For 7< 30 ms,
the interfacial tension is essentially the same as that of the solvent. The time-scale region 30 ms
< 7 <8 s, however, is marked by very sharp decrease in o. It is this gradient that characterizes
the dynamic surface tension behavior at the evolving liquid-vapor interface [6, 50, 89], and has
been attributed to the modification of ebullience and boiling [6, 25]. It may be noted that the
time-dependent adsorption isotherm fit through the data in Fig. 4 has been graphed by the
method outlined by Hua and Rosen [89].

Nucleate pool boiling is fundamentally a complex process involving the interplay of various

interfacial forces associated with surface tension, heater surface wetting and liquid rheology.
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The wetting of the heater surface controls nucleation and its site density, while surface tension
alters the post-nucleated bubble dynamics [6, 25]. In aqueous surfactant solutions, these
properties vary with additive concentration and with time, and the consequent effects on nucleate
pool boiling are described by the boiling curves of Fig. 5. The leftward shift in the curves for
different aqueous solutions shows the extent of heat transfer enhancement with varying
surfactant concentration. The heat transfer enhancement is seen to increase with surfactant
concentration, and a peak or maximum improvement is attained when C = cmc, i.e., with the
critical micelle concentration. However, with concentrations higher than cmc, boiling
augmentation decreases considerably. This behavior concurs with the findings in some other
studies with anionic, cationic, and non-ionic surfactants [23-25]. In fact, in the later case, the
boiling performance has been found [23-25] to even deteriorate below that of the solvent in

aqueous solutions with C > cmc.

4000 wppm Decreasingq -2 ¢ *
Water va O *

vao oo .3

200 | T T T I T I T T I LU I T I LI I T
i Soet ]
150 o 500 wppm va O S -
B a 1000 wppm va 0O * ]
B v 1400 wppm . - ]
100 b 4000 wppm Increasingq =~ <= ° L -

va O t

q", [KW/m?]
1

.
I I I 1 [ I T EENE B N EE

6 8 10 12 14 16
AT [K]

Figure 5. Nucleate pool boiling data for different concentrations of aqueous FS-50 solutions,
along with that for distilled de-ionized water.
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The variation of the enhanced heat transfer coefficient, quantified by the dimensionless ratio
[(h = hy)/hy] with surfactant concentration C in solution, for the heater wall heat flux of 150
kW/m? is graphed in Fig. 6. It gives clear evidence of the peak enhancement in heat transfer
with C = cmc, which can be perhaps related to the sharp decrease in o with respect to both C and
7in FS-50 solutions. Up to 45% increase in boiling heat transfer coefficient is obtained, which is
comparable to the 25% to 65% peak enhancement reported in previous studies [23, 24]. The
photographic records of boiling at the comparable wall heat flux of 110 kW/m? presented in Fig.
7, provide additional insights and depict the differences in the ebullience at different solute
concentrations. Compared to bubble generation in pure water, increasingly smaller bubbles and
in much higher surface density are seen to be produced as C = 500 wppm — 1400 wppm (=
cmc). In a solution with C > cmc (4000 wppm), though the extent of bubbling activity appears to
be more vigorous, it is accompanied with vapor blanketing of swaths of heater surface. This

reduces the heat transfer considerably, as is also reflected in the quantification of Fig. 6.
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Figure 6. Variation of boiling heat transfer coefficient with concentration of FS-50.
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Figure 7. Ebullient or bubbling behaviour in boiling of deionized distilled water and different
concentration aqueous FS-50 solutions.

Conclusions

Boiling behaviour of water is altered considerably by the addition of FS-50 fluorosurfactant
as evident by Figs. 5-7. The controlling feature is rendered by the interfacial tension change of
the solution, which ranges from a very low value of equilibrium surface tension to the surface
tension of water (solvent). This is both a solute bulk-mass- and time-dependent process. The
surface tension relaxation increases with concentration of the surfactant in solution. This affects
the different boiling regimes. In the partial boiling, low frequency bubble-generation regime, the
equilibrium values of surface tension play an important role; whereas in high heat flux boiling
with greater bubble frequencies, the dynamic changes in surface tension dominate. Thus, the
dynamic behavior of interfacial tension perhaps controls the boiling performance in FS-50
fluorosurfactant aqueous solutions.

Improvements in the boiling performance, varying from 40% — 45% increase in the heat
transfer coefficient, relative to that in boiling of pure water, were obtained with C = 1400 wppm
(~ cmc of FS-50 in water) over the entire heat flux range in the experiements. On the other hand,
the reduction in the enhancement of nucleate boiling heat transfer with higher concentrations of

C > cmc at low heat flux levels is caused by the retardation of vapor-bubble growth and post-
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departure bubble frequency. This altered boiling behavior is found to relate well with the
observed changes in interfacial tension. Peak performance in boiling is obtained at lower heat
fluxes where a lesser (equilibrium) surface tension plays a more dominant role than the dynamic
surface tension. At higher heat fluxes, the heat transfer coefficient relative to water decreases

when the dynamic behaviour of surface tension plays a more important role.

Nomenclature

A heater surface area (= 2mroL) [m?]

C concentration [wppm]

cmc  critical micellar concentration [wppm]

h boiling heat transfer coefficient [kW/m?>K]

| current [A]

k thermal conductivity of heater material [kW/m-K]
L length of heated cylinder [m]

q" heater-wall heat flux [kW/m?]

I capillary length [m]

r radius of wall thermocouple location [m]
ro cylindrical heater outer radius [m]
T temperature [K]

ATy  wall superheat (T — Tsat) [K]
Vv voltage [V]

o surface tension [mN/m]
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Subscripts

0 at outer surface

r at radial location

sat at saturation condition

surf  pertaining to aqueous surfactant solution
w at heater wall

water pertaining to pure water
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SINGLE-BUBBLE DYNAMICS IN ISOTHERMAL LIQUID POOLS: EFFECTS OF

FLUID PROPERTIES, ORIFICE DIAMETER AND FLOW RATE

Introduction

Adiabatic single bubble dynamics provides a fundamental basis for understanding variety
of thermal and hydrodynamic transport processes with ebullient gas-liquid interfaces. These
include aeration, fermentation, waste-water remediation, bio-chemical transformation, and
ebullient phase-change, among others. The rather complex gas-liquid interactions in bubble
formation at the tip of an orifice in a liquid pool are primarily governed by a balance of several
lifting (aiding) and restraining (retarding) forces. As schematically represented in Fig. 1, and for
a system in a gravitational environment, the bubble growth is aided by gas momentum, pressure
and buoyancy forces, which are in turn constrained by the forces due to inertia, viscous drag, and
surface tension. These forces that govern the dynamic behavior of bubbles are dependent on the
volumetric flow rate of the gas, orifice size, and physicochemical properties of the fluid, which

essentially influence the contact time between the two phases [22, 96].

Surface tension or gas-
liquid interfacial force

ﬁx \l,g

GAS

BUBBLE Drag or
viscous
force

Capillary-tube

orifice

LIQUID
POOL

Buoyancy ﬁ
force

Pressure force

Gas momentum force

Figure 1. Schematic of interfacial force balance that governs the dynamics of an evolving gas
bubble in a liquid pool.
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Single-bubble dynamics has received considerable attention in literature [22, 96-98], and
numerous experimental as well as theoretical or computational investigations have explored the
effects of various parameters on the behavior of adiabatic gas- bubbles that are formed at the tip
of a submerged orifice in isothermal liquid pools. Kulkarni and Joshi [96] provide a more recent
and extended review documentation of this body of work. In one of the earliest investigations
dating back to 1941, Eversole et al. [98] used nitrogen gas and a glass orifice in water and
alcohol, and found the bubble size to be dictated only by gas flow rate. Later, in 1950, van
Krevelen and Hoftijzer [99] applied the simple Tate’s law [100] to balance buoyancy with
surface tension to estimate the bubble departure diameters in an air-water system. With a series
of parametric experiments, Datta et al. [101] suggested two regimes of bubble formation that are

determined by flow rate and orifice diameter. At low flow rates and for a given orifice size, the
bubble size is constant and independent of Q though the bubbling frequency changes

proportionally. With higher flow rates, on the other hand, the bubble size was found to first
decrease, reach a minimum, and then increase. They also observed that I in both the bubble
regimes the hydrostatic head had little influence on the interplay between bubble formation rate
and its size.

Benzing and Myers [102] subsequently characterized these two bubble-formation regimes on
the basis of the formation frequency as static and growth regimes. Furthermore, they found the
bubble departure diameter to be independent of gas properties and liquid viscosity in the static-

bubble regime, and could predict their own data by the following correlation:

d,=1.82(cd /gp,)" (1)
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Davidson and Amick [103] also observed the two-regime bubble-formation behavior in

experiments with water and mineral oil using a number of different orifice plates. For higher

flow rates they proposed a correlation for predicting the bubble volume (Qb =7zd; / 6) that can

be restated

d, =0.59(Qd, /2 )0'289 2)

It was also found that the container width and submerged depth of orifice had no effect on the
bubble size. Calderbank [104] has reported that above a certain gas flow rate, the frequency of
bubble formation was nearly constant and independent of gas flow rate, slot dimensions, and
physical properties of both liquid and gas. Based on another set of air-water experiments,
Davidson and Schuler [105] suggested that the bubble volume depended only on the flow rate
and was independent of the surface tension in the static bubble regime.

There have been limited efforts to develop generalized equations to predict bubble departure
diameters, which is not surprising given that large parametric variability in data and their
determinants. One of the more frequently cited correlation [96] is that reported by Tadaki and
Maeda [106]. Based on data for different fluids, orifice diameters, and gas flow rates which
were scaled by Weber and Froude numbers, the following two equations are given for the static

and growth regimes, respectively:

- 13
d, = Zi‘) (6+2.5%ﬂ (We/VEr)<16 3)

r 1/3 1/9
d, = 1730(“d°ﬂ (E} (We/VEr)<16 )

g9p We

Interestingly, a potential-flow-theory-based model for the calculation of departure bubble

volume and bubbling frequency from a submerged orifice was proposed by Kupferberg and
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Jameson [107]. This was supported by limited experiments with air-water and air-ethanol
ebullience. However, under similar operating conditions, the volume of bubble formed in water
was larger than that in ethanol, and this discrepancy was attributed to the effect of the liquid
inertia (deviation from potential flow) on the bubble growth rate. To support yet another two-
stage, inviscid-fluid, potential-flow-theory-based model, Wraith [108] found his own data with
plate orifices made of brass and Perspex in an air-water system at high flow rates to be in fair

agreement with the predictions from

d, =(6.54Q% /g*)" 5)
In a different approach and a semi-empirical analysis, where the bubble neck length at
detachment was assumed to be (dy/4), on the basis of experimental data reported by Rabiger
[109] to evaluate the bubble centerline velocity, Gaddis and Vogelpohl [110] have proposed the

following rather cumbersome and implicit correlation.

I 6d,o ( Wej 81.Q 1_1/3
1- + —
(A -ry)g 4 7(p—p,) | d

d, = _ (6)
135 27p, nQ’ 1
+ > T F
i 7 )(a-n)e) @

The review by Kulkarni and Joshi [96] has compared the results of different models and

correlations with experimental data to suggest that the Gaddis and Vogelpohl [110] is perhaps
the most suitable for predicting bubble departure diameter. However, as shown later in this
paper, this as well as the correlation by Tadaki and Maeda [106] fail to adequately predict bubble
growth at low flow rates from smaller diameter orifices.

Though gas-bubble formation in isothermal liquids is influenced by several variables, not all

of them influence the ebullient behavior to the same extent [111]. As discerned from the
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previous literature, there are many gaps in our understanding of the influence and scaling of
different parametric determinants. Furthermore, not much attention has been focused bubble
formation transients (frequency or bubble interval, and the time taken to grow from inception to
departure or growth time). Because the interfacial area, which is influenced by the contact time
between gas-liquid phases, significantly controls the mass-transfer process, characterizing the
hydrodynamics of bubble departure diameter, growth time, and bubbling interval are critical to
the development of generalized scaling and correlation. This work addresses these issues with a
systematic experimental study of adiabatic air-bubble ebullience, where the effects of fluid
properties, orifice diameter, and air-flow rate on the dynamics of bubble formation has been
examined. Five different test liquids (water, ethanol, propylene glycol, and glycerol, which
represent a broad spectrum of liquid surface tension and viscosity, but nearly the same density)
were employed, along with three different submerged capillary-tube orifices (d, = 0.32, 1.0, and

1.76 mm) and a range of air-flow rates (2 < Q < 20 ml/min) in the static-bubble regime. The

results for temporal variations of bubble volume with flow rate and time (growth time from
inception to departure, and bubble interval or frequency) as well as photographic images of
bubble growth dynamics are presented. A scaling analysis is also presented in an effort to

correlate the bubble departure diameter with flow rate, orifice diameter, and fluid properties.

Experimental Setup and Method

The experimental setup for generating air bubbles from a submerged capillary orifice in an
unheated, isothermal pool of water and recording the ebullient dynamics in real time is
schematically depicted in Fig.2. A quiescent pool of distilled and de-ionized water was

maintained at room temperature (23°C) in a circular 4000 ml glass tank of 161.4 mm diameter.
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Bubbles were generated by blowing controlled amount of compressed air through a hypodermic
needle submerged vertically at the bottom of the pool; capillary needles of three different
diameters (d, = 0.32 mm, 1.0 mm, 1.76 mm) were used. Air at constant flow rate was supplied
and controlled through a syringe pump. The needle orifice tips were submerged to a depth of 80
mm for all experiments. A high-speed high-resolution digital camera with a computer interface

was used for real-time image capture, and the videography was analyzed digitally.
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Figure 2. Schematic diagram of the experimental set up

Data for bubble shape, size, time of growth (period between embryonic nucleation and
detachment), and generation frequency were acquired through precision, high-speed, high
resolution flow visualization and digital image processing. The digital camera system (Hi-DCam
IT version 3.0 - NAC Image Technology) was set normal to the orifice tip so as to obtain a frontal
view of the growing and departing bubble. The frame rates were varied from 3000 fps and 4000

fps (corresponding shutter speed was 1/frame speed), and the 8x optical zoom lens of the camera
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was focused at the orifice tip at a focal length of 1.75 ft. A focusing, single-ended, daylight PAR
(parabolic aluminized reflector) lighting system along with a glossy white reflector was used for
providing continuous lighting so as to obtain clear and sharply contrasted images of the bubble.
Sequential images of were recorded and analyzed frame-by-frame in image processing
software (Image-Pro Plus 4.0; Media Cybernetics). The bubble interval was determined from the
frame speed and recording the time elapsed between two consecutive photo frames for identical
bubble detachment events at the orifice tip. Similarly, the bubble surface age was determined by
calculating the time elapsed between photo-frames of bubble appearance at orifice tip to its
departure. The equivalent diameter of the bubble at any stage of its growth was measured as the
average of angular diameters measured at every 2° angle (i.e., 180 different diameter
measurements). These were based on a grey-scale (black and white contrast) saturation intensity
calibration in the image processing software. The image of the capillary orifice and its outer

diameter was used as the reference length for calibration which has a precision of 0.026 mm.
The air flow rate was varied over a broad range (2 < Q < 20 ml/min) to obtain a range of bubble

formation rates or bubble intervals and air-flow Reynolds number spanning both the static and
growing bubble regimes.

As stated earlier, the air-flow ebullience was observed in an isothermal, room temperature
(23 £+ 1°C) pool of distilled and de-ionized water with physical properties as listed in Table 1.
The precision in measuring bubble-interval and growth times was +0.33ms and +0.25 ms,
respectively with 3000 fps and 4000 fps. Likewise, the bubble diameters could be measured to a
+0.026 mm precision based on the saturation intensity pixel density. Thus from a propagation
error analysis, the maximum uncertainty in the measurement of the bubble diameter was found to

be +£1.04% and that for air flow rate was +1.0%.
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Table 1. Physical properties of test liquids @ 23°C.

Liquid  p[kg/m’] [ml\?/m] 1 [kg/m:-s]

Water 1027 72.1 0.911x103
Ethanol 789 22.7 1.08x10
Propylene 3
1036 350 49.96x10
glycol
Glycerol 1261 65.0  749.3x107

Results and Discussion

The formation of single bubbles can be identified to fall into two regimes depending on the
flow rate and orifice diameter. For a given orifice diameter and at low flow rates, the volume of
bubble produced generally tends to be constant and independent of the gas flow rate [96, 101-
103]. This is the static-bubble regime where the bubble size is depended only on the liquid
properties and orifice size. At higher flow rates or in the growth-bubble regime, on the other
hand, the bubble size increases with flow and is directly proportional to the gas flow rate and
fluid properties. Only the static conditions are considered in this study. In this case, besides
bubble departure diameter dy, incipience, growth, and necking at departure from the tip the
submerged orifice are also critical determinants and are characterized by the growth time 7 and
bubble interval Bl. Growth time is the time elapsed between the initial bud formation to the final
necking and departure, and bubble interval is the time period between two successive departures
(or the inverse of bubble frequency or rate of formation). Furthermore, the difference between

the bubble interval and the growth time is the waiting time. As one bubble departs, a new
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interface is formed at the tip of the orifice. The gas flows continuously through the orifice
causing pressure build up under the tip-liquid-film so as to overcome the retraining forces at the
interface (surface tension and hydrostatic pressure). This causes the interface to bulge convexly
to form the initial embryonic bubble, and the time taken for the gas pressure to achieve this is the
waiting time.

The spatial-temporal evolution of air bubbles from the tips of submerged capillary-tube
orifices in a quiescent isothermal pool of water is photographically depicted in Fig. 3. Typically
the gas-bubble embryo initially grows rather slowly from a hemispherical shape to that of a
spherical segment. Depending on the orifice size, almost 15% — 40% of the growth time is
expended in this stage, where the gas flow to the interface essentially tries to overcome surface
tension and inertial forces. This stage is followed by a rapid increase in rate of bubble formation
as the buoyancy force begins to influence the interface more dominantly, and a mushroom-like
profile is attained. With increasing gas supply the bubble shape extends to that of an inverted
tear-drop at the orifice tip as necking and subsequent departure occurs. Viscous drag becomes
significant in this stage and the bubble growth is retarded as it gets sheared at the neck above the
orifice tip. Furthermore, the effective bubble diameter (volume-averaged) at departure is seen to
be an increasing function of orifice size, and larger diameter orifices produce larger bubbles for
the same gas flow rate in a given liquid.

That the ebullience considered in this study is in the static-bubble regime is clearly evident

from Fig. 4. The shape and size of air bubbles at departure in water from a 0.32-mm orifice at

different flow rates (2 < Q < 16 ml/min) are depicted, and it is seen that dy = 2.51 — 2.52 mm.

Also, the growth time from embryonic inception to departure was constant (7g = 19 ms), though

the bubble interval decreased (or bubble frequency increased) with air-flow rate, and, as a
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consequence, the gestation period or waiting time decreased considerably. This is seen in Fig. 5,

where the change in the relative bubble diameter (d/d,) with growth time 7, normalized with

the bubble interval is graphed for several different air-flow rates in water from d, = 0.32 mm. A

larger percentage of BI is vested in 7y with increasing flow rate, while dy remains about 0.8d,.

.,OOQOE

0.12 0.227  0.427 0.733 /14

(a) do =0.32 mm, dp = 2.56 mm, 75y =34 ms

.0090
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(b) do = 1.0 mm, d, = 3.96 mm, 7y = 143 ms

.09903

0.15 0.424  0.795 0.921 T/14

(¢) do=1.76 mm, dp = 4.27mm, 7y = 160 ms

Figure 3. Stages of bubble formation (nucleation to detachment) in water from different orifice
sizes with an air-flow rate of 20 ml/min.
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Figure 4. Flow-rate independent constant departure-bubble diameters — static bubble regime in
water; do = 0.32 mm.
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Figure 5. Temporal and spatial evolution in the static bubble regime in water with different air-
flow rates and a capillary-tube orifice of d, = 0.32 mm.

The interfacial properties of the liquid, particularly surface tension and viscosity, as would be
expected from the force-balance depicted in Fig. 1, have a profound effect on the bubble
dynamics. This is quantitatively depicted in Fig. 6, where the growth of single bubbles in four
different liquids (ethanol, propylene glycol, water, and glycerol, which represent a spectrum of o
and u values) are graphed. With an air flow rate of 12 ml/min through a 0.32-mm orifice in low
o ethanol, a smaller bubble is produced with almost negligible waiting time. In a pool of highly
viscous glycerol, on the other hand, significantly larger bubbles with considerable waiting time
(almost equal to the growth time) were produced as a result of higher viscous drag forces. A
more balanced interplay of low o and high y, relative to water, is seen in the bubble evolution in
propylene glycol. A comparative picture of departure size of bubbles generated in the four

different liquids, as captured via high-speed digital videography, is presented in Fig. 7.
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Figure 6. Temporal and spatial evolution in the static bubble regime with Q = 12 ml/min and d,
= 0.32 mm in different liquids.
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Figure 7. Departure bubble sizes in the static bubble regime with Q = 12 ml/min and d, = 0.32
mm in different liquids.

The highest growth-time fraction of the bubble interval for ethanol (Fig. 6), which in turn
implies a lower waiting time, can be attributed to its low surface tension characteristic. Ethanol
has the lowest surface tension of the four liquids considered, and because in the initial stages of
bubble formation, when the diameter is small, the predominant force that impedes bubble growth

is due to surface tension, and hence its takes lesser time for the pressure force to overcome the

74



consequent resistance. This also explains the nearly zero initial slow-bubble-growth-regime for
ethanol. The combined influence of o and x is seen the bubble-growth behavior in propylene
glycol and glycerol with the same (7y/BI) fraction. Despite a lower surface tension, a relative
high viscosity of propylene glycol and its restraining force lends to an almost equal initial slow-
growth-regime for bubble evolution (~ 10% of BI) in the two liquids. Subsequently, however,
the larger viscous drag effects of glycerol produce a substantially larger diameter bubble at
departure.

The relative effect of orifice size on bubble formation in different fluids is illustrated in Fig.
8, where the spatial-temporal data for ebullience in water and glycerol with two different orifices
(do = 0.32 and 1.76 mm) and air flow rate of 20 ml/min are graphed. An interesting feature is
that while the departure bubble diameter is larger with a bigger orifice, (d/d,) decreases in both
fluids. The growth time to bubble interval fraction also decreases, suggesting a larger waiting
time for bubble production in a larger orifice. This again is due to the dominance of surface
tension forces in the early stages of bubble growth, and a larger pressure force is needed to
overcome the initial resistance for the air-bubble embryo to be formed. As in the case of water
(Fig. 5), in both ethanol and glycerol the decrease in waiting time and increase in growth-time to
bubble-interval ratio with air flow rate is seen in Figs. 9 and 10. Also evident is constant dy, of
the static bubble regime in the recorded ebullience in both low-o ethanol and high-u glycerol.
Though not presented here, similar results were obtained in propylene glycol as well. The
largest bubbles are formed in glycerol, which is the most viscous of the four fluids considered,
whereas the smallest bubbles are produced in ethanol, which has the lowest surface tension; the

departure-bubble sizes in water and propylene glycol lie within these two extremes.
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Figure 8. Effect of orifice diameter on bubble size and growth time in the static bubble regime
with Q =20 ml/min in water and glycerol.
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Figure 9. Temporal and spatial evolution in the static bubble regime in ethanol with different
air-flow rates and a capillary-tube orifice of do = 0.32 mm.
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The experimental data has also been compared with the predictions from the correlations
proposed by Tadaki and Maeda [106] and Gaddis and Vogelpohl [110]. In both cases, when
compared with typical data for water and d, = 0.32 mm (Fig. 11), the bubble departure diameters
are seen to be over predicted; the later correlation has considerably larger deviations particularly
at higher flow rates. Also, contrary to the expectations, the Gaddis and Vogelpohl [110]
predictions suggest a growing bubble diameter even when the air flow rate is essentially in the
static regime. The results of a theoretical model developed by Kalaikadal et al. [112], based on a
first-order balance of aiding and restraining forces depicted in Fig. 1, however, show an excellent
agreement with experimental data in Fig. 11 for this case. Similar agreements are seen with data
for other orifice sizes and fluids, and a limited set of such comparisons for air-water data of this

study as well as those of others in the literature have been presented elsewhere [112]. A simple
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dimensionless representation of the force balance suggests that the departure bubble diameter is
functionally scaled as follows:

dp ~ (do, Lc, We, Bo) (7)
Devising an effective and generalized predictive correlation on the basis of this mechanistic
scaling, and extending it over both the static and growing bubble regimes, is the subject of an

extension of this study.
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Figure 11. Comparison of present single-bubble (departure diameter dp) data in the static bubble
regime in a water-air system with predictions of correlations given by Tadaki and Maeda [106],
and Gaddis and Vogelpohl [110].

Conclusions
The transient interfacial behavior of a growing bubble was experimentally observed to
establish the determinants of ebullience in air-liquid systems. There exists a threshold value of

flow rate below which the bubble diameter is constant (static bubble regime) which in turn is
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unique for each orifice size. The single bubble formation in this regime is found to be dependent
on the orifice size, and the surface tension and viscosity of the liquid; the latter two providing a
rather complex interplay of controlling forces. In essence, for same flow rate, the departure
bubble diameter increases with increase in the orifice diameter, surface tension and viscosity. A
first-order phenomenological analysis suggests that dy is scaled by the orifice diameter d,,

capillary length I, Weber number We, and Buoyancy number Bo.

Nomenclature
Bl bubble interval [ms]
d diameter [mm]

dp bubble departure diameter [mm]
Fr Froude number, (ng / gdo) [-]

g acceleration due to gravity [m/s’]
Q volumetric Flow Rate [ ml/min ]
Qo bubble volume [mm’]

Re  Reynolds number, (pVd, /4 ) [ -]
Vg gas velocity [m/s]

We  Weber Number, ( PV, d, / p,) [-]
y7, viscosity [kg/m-s]

P density [kg/m’]

o surface tension [mN/m]
T time [ms]
Subscripts
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bubble

at departure

gas and/or pertaining to growth
liquid

orifice
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