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Nucleate boiling characteristics of aqueous solutions of hydroxyl ethyl cellulose
(HEC QP-300; M ~ 600 kg/mol) in different concentrations (1.0 X 1072 < C <40
x 1072 mollcc) are reported. These are viscous non-Newtonian, shear-thinning solu-
tions that also display interfacial tension relaxation, which has both a concentration-
dependent and temporal behavior; surface wetting increases as well, as measured by
the reduction of contact angle. The measured pool boiling heat transfer from an elec-
trically heated horizontal cylinder in C = 1.0 x 10~2 mollcc aqueous solution is found
to be enhanced by ~20% over the entire heat flux range (4.0 < qIV/V < 200 kWin?). In
higher concentration solutions, however, heat transfer degrades at low heat fluxes
(incipience and partial boiling) with subsequent enhancement (~45% maximum) at
high heat fluxes or in the fully-developed nucleate boiling regime. This anomalous
boiling behavior in the two regimes, characterized by respectively different ebullience
signatures, is shown to be scaled with changes in the liquid-solid interface wetting,
vapor-liquid interfacial tension, and shear-thinning viscosity of the polymeric solu-
tions. © 2011 American Institute of Chemical Engineers AIChE J, 58: 668-677, 2012
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Introduction

The ability to enhance and perhaps even control boiling,
given its high heat removal efficiency, presents an excep-
tional thermal management opportunity for a broad spectrum
of new and emerging applications.l’2 An attractive method
of altering nucleate pool boiling in water systems is to add
reagents and/or polymers in controlled concentrations.®™®
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
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and wetting of the solvent. Certain types of polymeric addi-
tives, 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 semidilute aqueous solutions to enhance or alter
nucleate boiling heat transfer, as pointed out in a recent
review.’ The reported results span a wide spectrum of phase-
change characteristics, which are sometimes contradictory.
For instance, Kotchaphakdee and Williams’ found the boil-
ing 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 Har‘mett,8 and Paul
and Abdel-Khalik,” 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'® report that the boiling heat transfer
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Figure 1. Schematic representation of the idealized
molecular structure of the polymer hydroxyl
ethyl cellulose (HEC QP-300).

performance for dilute aqueous HEC solutions is independ-
ent of heater shape (plate or platinum wire). The data of
Shul’man et al.,!' and Levitskiy et al.'? with a plate heater
and HEC-H solutions in water indicate enhanced boiling
heat transfer in dilute solutions (C = 0.015 x 10~ to 0.5 x
107° mol/cc), but decreased heat transfer in higher concen-
trations (C = 10 x 10~ 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.'*'* How-
ever, depending upon their molecular chains, such polymers
may also have surface-active properties, and hydroxyethyl
cellulose (HEC) and polyethylene oxides are good exam-
ples.5’15’16 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,>'” 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.>!?
Higher surface wetting delays incipience'®'? but interfacial
tension relaxation tends to aid smaller bubble departure and
enhanced heat transfer.*® The increased viscosity of the sol-
utions, on the other hand, tends to counter this and has an
adverse impact on boiling heat transfer.> The bubble
growth rate and departure frequency tends to get impaired
due to higher viscous drag, especially in the incipience and
partial boiling regime.’ 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 substan-
tially higher departure frequencies. This suggests a multifari-
ous and rather complicated interrelationship, which could
range from countervailing to collaborative effects of the
non-Newtonian viscous behavior, surface wetting, and
dynamic interfacial tension relaxation in aqueous polymeric
solutions on their pool boiling heat transfer characteristics.

The objective of this 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
liquid-solid surface wettability of aqueous solutions of a sur-
face-active polymer on their nucleate pool boiling heat trans-
fer performance. A nonionic soluble polymer, 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
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pressure is measured in a controlled set of experiments with
an electrically heated, horizontal cylindrical heater by map-
ping the variation of the applied wall heat flux q:V with wall
superheat AT,. The presented results characterize ebullient
phase-change heat transfer from incipience or onset of nucle-
ate boiling (ONB) to the fully developed nucleate boiling re-
gime, 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.

Materials and Methods
Polymer solutions

The grade QP-300 of HEC, a nonionic cellulose polymer,
which is used in this study, has an idealized molecular struc-
ture shown in Figure 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 weigh-
ing scale with £0.1 mg 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, ~4
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.

Pool boiling experiment

Figure 2a 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 cSt), fed from a constant-tempera-
ture recirculating bath (not shown in the figure), is circulated
in the outer vessel to maintain the test pool at its saturation
temperature. To ensure this, the oil was maintained at a tem-
perature (~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 car-
tridge 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 con-
denser, along with an additional coiled-tube water-cooled
condenser, 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 Figure 2b) consists of
a horizontal, gold plated, hollow copper cylinder of 22.2 mm
outer diameter that encapsulates a 240 V, 1500 W cartridge
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Figure 2. Experimental apparatus: (a) schematic of pool boiling set up, and (b) constructional details of cylindrical

heater assembly.

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 degrada-
tion and oxidation from the test fluids. The heater is press-fit-
ted 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 to 0.347 pm, as measured by an atomic
force microscope, are given elsewhere.**°
The heater-wall and pool-bulk temperature measurements
were made with precision (£0.5°C) copper-constantan ther-
mocouples, 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 multi-
meters for current (+2.5% accuracy) and voltage (£1.5% ac-
curacy) 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 q:;,
was computed from the measured voltage V, current /, and
heater surface area A (= 2mr,L; where L is the length of
heated heater) as,
dy = (VI/A) (1)
In these calculations, the actual voltage drop across the heater
and the actual current flowing through it (measured directly
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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.”!'*> The wall superheat AT, for this heat flux
was determined from the heater-wall temperature T, taken as
the average value of four wall-temperature thermocouples
reading (7;,) that are embedded in the heater surface, and the
saturation temperature T, of the liquid pool as follows:

1 ,
T, = Z; {Tir — (qlro/k) In (ro/r)} )
ATsat - (Tw - Tsat) (3)

where r is the radius of wall thermocouple location, r, 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® were +2.92% and +0.33%, respectively, for q:v
and AT,

Before the start of any experimental measurements, the
pool was thoroughly degassed by first heating it to the satu-
ration temperature by using the auxiliary heater, and then
boiling it at a low heat flux while constantly maintaining it
at Tg,. Power to the auxiliary heater was then cut off and
the system was allowed to attain stable, saturation condi-
tions; this entire process took about two-to-three hours to
complete.”® For the first set of experimental measurements,
nucleate pool boiling with distilled, deionized water was
recorded, with multiple runs over a period of six months so
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Figure 3. Nucleate pool boiling data for deionized dis-
tilled water and comparison with predictions
of several correlations (Note: f} and || indi-
cates, respectively data for increasing and
decreasing wall heat flux).

as to establish repeatability and the effects of aging of the
heater surface. These results” are presented in Figure 3,
where the pure water boiling data are seen to be in good
agreement with some previous data,>* and are also within
the envelope of predictions given by the much cited Rohse-
now,?* Borishanskii,? Cooper,26 and Cornwell and Hous-
ton®’ correlations. These data and the comparisons provide
not only the necessary validation of measurements and data
acquisition methods, but also form the essential baseline
water results for evaluating and contrasting the boiling per-
formance 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) and a set
of five Cannon-Fenske capillary-tube viscometers of different
capillary diameters. The test solution were prepared by care-
fully adding a precisely weighed (£0.1 mg accuracy on an
electronic scale) quantity of polymer powder to deionized
distilled water. The mixture was then stirred at a constant
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speed on a magnetic stirrer till the powder dissolved com-
pletely, 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 rhe-
ometer. The 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 limit-
ing viscosity number of the polymer.'”*** Once again, the
maximum single-sample error propagation method based
uncenainty23 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 capil-
lary-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-cali-
brated thermistor (40.1°C precision) attached to the orifice
probes. When dry air is bubbled through the orifices, a dif-
ferential 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 alter-
ing the air-bubble frequencies through the probes, both equi-
librium and dynamic surface tension can be measured; the
equilibrium data are obtained with very low bubble frequen-
cies that lead to static or unchanging conditions. Details of
the calibration and measurement validation procedures are
given in."”> The maximum uncertainties® in solution concen-
tration, temperature, and surface tension measurements 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 microsyringe
was used to produce a droplet of desired liquid volume (~2
to 3 ul; drop volume < volume of a spherical drop with a
radius equal to the capillary length” [.), which was carefully
placed on the specimen substrate. The contact angle was
measured for several new droplets placed at different surface
This is the characteristic length scale for a liquid droplet that represents the bal-
ance 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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Figure 4. Shear-rate dependent apparent viscosity vari-
ation for different concentrations of aqueous
HEC QP-300 solutions.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

locations on the substrate after allowing a one-minute set-
tling 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 HEC QP-300, except in low con-
centrations, generally display a viscous pseudoplastic behav-
ior. This non-Newtonian characteristic is pointed out by
Figure 4, where the variations in shear-rate dependent appa-
rent viscosity (y = shear stress / shear rate) are graphed for
HEC QP-300 solutions in there different concentrations. At
low shear 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.***? This consti-
tutive relationship, for the case of a negligible infinite shear-
rate asymptote, in essence, is functionally the same as the
modified power-law model,** and can be expressed as

n=n, 1+ (n,/K)y" ™" )

For the rheology of three HEC QP-300 solutions graphed in
Figure 4, the range of the characteristic parameters are 1.35 X
1072 < 5o [N s/m?] < 3.25 x 1073, 042 < 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.

A more fundamental measure of the ability of a polymer
to alter the solvent viscosity in solution, is the intrinsic vis-
cosity [n] of the polymer.”’34 Also referred to as the limiting
viscosity number, and as Staudinger’s index in older litera-
ture,> the intrinsic viscosity [7] for HEC QP-300 was deter-
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mined by measuring the viscosity n with several different
weak-concentration aqueous solutions using a capillary vis-
cometer. From these measurements and knowing the solvent
viscosity 1, (water in this case), the specific viscosity 7,
and relative viscosity 7., respectively, for each dilute con-
centration solution can be determined as follows:
e = [(n=ny)/ng, and ne = (n/ny)

Thus, by extrapolating the graph of (14,/C) vs. C to zero
concentration, the intercept of the consequent Huggins plot
gives the value for [5]; this can also be obtained from the
intercept of the Kraemer plot through the graph of In[#,./C]
vs. C. The two plots are given in Figure 5, and the average
value of [n] 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 [n] suggests increased capability of a
polymer to enhance the solution viscosity, and in general it is
related to the molecular weight or degree of polymeriza-
tion.28:36:37

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 Figure 6.
The surface tension is seen to continually decrease from that
of the solvent (water; g, = 72.4 X 1073 N/m) to a mini-
mum asymptotic value of 66.8 x 10~ N/m. The concentra-
tion that demarcates the lower inflection point in the ¢ — 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*.-%3-9 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 tension relaxation is a diffu-
sion-rate dependent behavior, which is generally governed
by the bulk concentration and diffusion-adsorption kinetics
of the polymer-solvent systems.*” The critical polymer
concentration, as discerned from Figure 6, is estimated to be
~1.0 x 1072 mol/cc (~600 wppm).

10 T T T T ! T !
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g [#]=529dlg — -

(7,/C) or (in7,,/C) [dlfg]
] \
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Figure 5. Intrinsic viscosity [;7] of HEC QP-300.

March 2012 Vol. 58, No. 3 AIChE Journal



75 _

e | HEC QP-300
T=23C,1=90s

i G, =72.4x10° N/m N

72 | .

A Present data

v Zhang & Manglik®

& [x10° N/m]
3
1

67 L Ocsope=66.8x10° Nim

66 |- | epe, -

0.05 1
C [x10° molfcc]

Figure 6. Equilibrium gas-liquid interfacial tension (sur-
face tension) and its variation with polymer
concentration in aqueous solution.

The critical overlap concentration can also be determined
from the intrinsic viscosity,?®**3%37 because [17]™" approxi-
mately represents the concentration within the polymer, or
its overlap concentration in a solvent, exceeding which mol-
ecules will touch and interpenetrate to form a semidilute so-
lution. According to the Einstein model, which considers
dilute dispersions of unsolvated spherical particles, when the
volume fraction ¢ of the spherical particles is small the rela-
tive viscosity is given by the following function*:

D11 25¢p 4 kP + .. )
s
From the limiting condition of Eq. 5 it can be shown*” that

as ¢ — 0 the overlap concentration can be approximated as C*
~ 0.25[]"". Thus, from the intrinsic viscosity given by the
plots in Figure 5, the critical polymer concentration is obtained
as C* &~ 0.79 x 10~? mol/cc. This value is the same order of
magnitude as that obtained from the gas-liquid interfacial
tension adsorption isotherm of Figure 6, and corroborates the
latter results.

Furthermore, that the liquid-vapor interfacial tension relax-
ation is a time-dependent process is demonstrated by the
o vs. 7 plots of Figure 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 1.0 x
1077 < C < 4.0 x 1072 mol/cc. It 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 T > 1.0 s is needed for this con-
dition, and for T < 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
0. It may be noted here that the values for ¢ at very small
surface age are extrapolated from the time-dependent adsorp-
tion isotherm fit through the data by the method outlined by
Hua and Rosen.*' Also, there is little difference between the
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Figure 7. Temporal variation of dynamic surface (gas-
liquid interfacial) tension for different polymer
concentration aqueous solutions.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

data for 2.5 x 107° and 4.0 x 10~? mol/cc solutions, sug-
gesting 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 interfa-
cial adsorption'>***? at an evolving gas-liquid interface,
lends to the modification of ebullience that characterizes the
attendant boiling heat transfer.

The change in wetting, manifest at a liquid-solid interface,
can be ascertained by the contact angle 0, and its variation
with concentration C of HEC QP-300 in aqueous solutions is
graphed in Figure 8. The measurement is for a metallic sub-
strate (stainless steel), and 0 is seen to decrease with increas-
ing C tll a lower constant-value asymptote is attained. The
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Figure 8. Change in contact angle with concentration
of aqueous HEC QP-300 solutions.
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[Color figure can be viewed in the online issue, which is
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minimum contact angle plateau is further seen to be attained
when C > C* (the overlap concentration), where molecular
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.****

In general, the boiling behavior of a liquid is altered by
the changes in its surface tension, rheology, and heater sur-
face 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 solu-
tion alters the postnucleated bubble dynamics.*® The pool
boiling curves presented in Figure 9 for different concentra-
tions 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 ¢,
~ ATy, curve for C = 1.0 x 1072 mol/cc (~C* or cpe) rel-
ative to that for water is indicative of the heat transfer
enhancement over the entire range of heat flux 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.” However,
an anomalous boiling behavior is seen in solutions with
higher concentration (C = 2.5 x 107 and 4.0 x 10~ 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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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 presented in Figure 10. The variation of the enhanced
heat transfer coefficient, quantified by the dimensionless
ratio [(h — hy)/h,,] with the heater-wall heat flux qi;, is
graphed. The consistent and virtually constant enhancement
of about 20% in the 1.0 x 10~ mol/cc (~C") HEC concen-
tration aqueous solution is evident in Figure 10, along with
the agreement with previous data.’ As indicated earlier, the
more curiously unexpected set of results are those for solu-
tions with C = 2.5 x 107" and 4.0 x 10~? mol/cc. In these
cases, there is a reduction (or degradation with respect to
pure water) in heat transfer when q'\; < 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 <
q:;, < 30 kW/m?. This is a direct consequence of the higher
polymeric solution viscosity (2-to-3x water, as seen in
Figure 4) at low shear rates and the consequent drag effects
at the liquid-vapor interface of ebullient transport in the par-
tial 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 Figure 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 ¢,, > 100 kW/m>.
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Figure 10. Variation of enhancement in boiling heat
transfer coefficient with wall heat flux in dif-
ferent concentrations of aqueous HEC QP-
300 solutions.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 11. Ebullient or bubbling behavior during boiling of pure water and aqueous solutions of HEC QP-300 in dif-

ferent molar concentrations.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

The nucleate boiling performance can further be character-
ized by the respective ebullient signatures in the three solu-
tions at different heat fluxes. Photographic records of the
vapor production that characterize the boiling history for
increasing heat flux (q:v = 20, 40 and 115 kW/m?) are pre-
sented in Figure 11. The bubble generation features,
described by their relative 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* (= 1.0 x 1077 mol/cc) solu-
tions, 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 forma-
tion of new sites,”"""'? 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 Figure 8).

However, in the larger concentration solutions (C > C¥*,
or C =25 x 1072 and 4.0 x 10~° mol/cc) and at low heat
fluxes (q:V = 20 kW/m?, or the partial boiling regime), the
extent of bubbling activity decreases substantially (Figure
11). This is possibly due to the increased viscosity of the
higher concentration polymer solution, as seen in Figure 4,
where the zero-shear rate viscosity 7, increases as 1.35 X
1077 — 2.1 x 107 — 3.2 x 107? 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 postnucleation 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 q/\; > 40 kW/mz, on the other hand, lowers the viscos-
ity of the shear-thinning or pseudoplastic solutions. With the
attendant reduction in viscous retardation at the vapor-liquid
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interface re-establishes the dominance of interfacial tension
relaxation of higher concentration polymeric solution, and
the bubbling activity again increases. The shear thinning
behavior is more pronounced in the C = 4.0 x 10~° 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 pre-
sented in Figures 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 concentra-
tion, and this diversely affects the different boiling regimes;
in the partial boiling, low-frequency bubble-generation re-
gime 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 ten-
sion (which alters the required superheat for the onset of
boiling and postdeparture 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 boil-
ing heat transfer enhancement in lower the concentration (C
~ C*) solution.

Improvements in the boiling performance, varying from
19 to 22% increase in the heat transfer coefficient relative to
that in pure water, were obtained with C = 1.0 x 10~ 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 postdeparture bubble frequency, possibly due to
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the viscous suppression of microconvection 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 re-
gime produces a peak performance when q:v > 100 kW/m?,
and up to 45% increase in the boiling heat transfer coeffi-
cient, compared to that in pure water, is obtained with C =
4.0 x 107 mol/cc.

Notation

cylindrical heater surface area, 27r,L (m?)
concentration (mol/cc)
critical polymer concentration or overlap concentration (mol/cc)
gravitational acceleration (m/s?)
heat transfer coefficient (W/m? K)
= heat transfer coefficient of water (W/m> K)
current (A)
= consistency index, Eq. 4 (N s"/m?)
= constant in Einstein’s viscosity model, Eq. 5 (-)
= heated length of cylindrical heater (m)
= capillary length, \/o/pg (m)
= molecular weight (kg/mol)
= flow behavior index, Eq. 4 (-)
= pressure, (N/m?)
q,, = heat flux (kW/m?)
R, = average surface roughness of heater, Figure 3, (um)
r = radius of embedded thermocouple location in cylindrical heater,
Eq. 2 (m)
= outer radius of cylindrical heater surface (m)
T,, = temperature of heater surface (K)
Tsar = saturation temperature of test liquid pool (K)
AT, = wall superheat or wall-to-pool temperature difference, (T, —
Tsa) (K)
V = voltage (V)
¢ = volume fraction of spherical particles in dilute dispersions (-)
14
n

O T R T G
Il

y = shear rate (s™')
= vigcosity and/or apparent viscosity of polymeric solution (N s/
m°)
[n] = intrinsic viscosity (dl/g)
1o = zero shear-rate viscosity of polymeric solution (N s/m?)
el = relative viscosity, (/1) (-)
ns = viscosity of solvent (N s/m?)
Nep = specific viscosity, (1 — 1)/ (-)
p = liquid density (kg/m?)
o = surface tension (N/m)
T = surface age of bubble (s)
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