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The subcooled flow boiling heat-transfer characteristics of water and sugar solutions in
an annulus have been investigated under operating conditions similar to those found in
the sugar mill evaporators. The variations in the effects of heat flux, fluid velocity, and
subcooling on the observed heat-transfer coefficients over a range of sugar concentrations
implied an enhanced contribution of nucleate boiling heat transfer in the partial flow
boiling regime, where both forced convection and nucleate boiling heat transfer occurred.
Increasing the sugar concentration led to a significant drop in the observed heat-transfer
coefficient because of a mixture effect, which resulted in a local rise in the saturation
temperature of sugar solution at the vapor-liquid interface. The reduction in the heat-
transfer coefficient with increasing sugar concentration is also attributed to changes in
the fluid properties (for example, viscosity and wettability) of solutions with different
sugar content. The experimental data were compared with predictions by various flow
boiling models and a modified Chen model incorporating the effect of sugar concentra-
tion. The new model provided a better prediction of heat-transfer coefficients of sugar

solutions in an annulus. © 2004 American Institute of Chemical Engineers AIChE J, 50:
1119-1128, 2004
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Flow Boiling Heat Transfer of Water and Sugar

forced convection

Introduction

Flow boiling takes place in various industrial applications. In
multieffect sugar mill evaporators, juice concentration occurs
via forced convective nucleate flow boiling in vertical ca-
landrias. The performance of these evaporators, which ac-
counts for ~70% of energy consumption in sugar mills, is
important for efficient running of a sugar factory. Thus, the
ability to accurately predict the flow boiling heat-transfer co-
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efficients in sugar mill evaporators is desirable, not only for the
optimal design and operation of equipment, but also as a means
to help analyze and interpret the mechanisms involved in such
heat-transfer processes. This article describes an approach to
correlate the heat-transfer coefficients of sugar solutions during
subcooled flow boiling in a vertical annulus, based on modifi-
cations of existing models developed for pure water.
Analysis of flow boiling heat transfer has been attempted by
many workers (Celata et al., 1993; Chen and Tuzla, 1995;
Muller-Steinhagen et al., 1986) with a widely-recognized Chen
(1966) model, which was developed for saturated flow boiling
but could be conveniently extended to subcooled boiling. The
Chen model assumed that the flow boiling heat-transfer coef-
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ficient was a modified sum of forced convection and nucleate
boiling heat-transfer coefficients. The convective and nucleate
boiling terms were obtained by the Dittus-Boelter correlation
(Winterton, 1998), and the Forster-Zuber (1955) pool boiling
correlation, respectively. An enhancement factor F, represent-
ing the ratio of the effective two-phase Reynolds number to the
liquid Reynolds number, was included into the convective term
to account for the enhanced convection because of bubble
dynamics, whereas a suppression factor S was included into the
nucleate boiling term to account for the reduced thermal
boundary layer because of flowing conditions.

A number of variations on Chen’s additive method have
been tested for water and other organic fluids (Bjorge et al.,
1982; Liu and Winterton, 1991; Steiner and Taborek, 1992).
Liu and Winterton (1991), for example, used an asymptotic-
type addition model for analyzing both saturated and subcooled
flow boiling data. They replaced the Forster-Zuber correlation
with Cooper’s pool boiling correlation (Cooper, 1984) for
deriving the nucleate boiling term. The enhancement and sup-
pression factors were also redefined. Another Chen-type model
was that described by Bjorge et al. (1982), which was an
extension of the Bergles and Rohsenow (1964) correlation to
cover subcooled and saturated regions with pure water. The
authors used a superposition equation similar to that described
by Liu and Winterton, except that an incipient boiling term
suggested by Bergles and Rohsenow was included instead of
the suppression factor. This resulted in good correlation for
both saturated and subcooled boiling data.

Apart from the superposition models derived from mecha-
nistic analysis (such as, those of Chen (1966) and Rohsenow
(1953)), much work has been published on empirical correla-
tions for flow boiling heat-transfer applications. Shah (1983)
developed a model for the quick assessment of subcooled flow
boiling heat transfer in annuli with a wide range of experimen-
tal parameters and a variety of fluids. The model divided the
flow boiling curve beyond the single-phase region into partial
and fully developed regions, where a dimensionless term s,
was introduced to represent the ratio between two-phase boil-
ing heat-transfer coefficient, and the liquid only coefficient as
a function of the Boiling number. The expressions of i, varied
depending on the subcooled boiling region.

A dimensionless group model was developed by Moles and
Shaw (1972) to correlate boiling heat transfer to subcooled
liquids under forced convection, based on the data from various
heating surfaces and geometries. Dimensionless terms such as
the Boiling number, Jacob number, and Prandtl number were
incorporated into the model to account for the effects of heat
flux, liquid velocity, and subcooling. The pressure effect was
considered by the density ratio. Although models of this type
provided a simple and comprehensive approach for evaluating
and predicting the boiling heat-transfer coefficients, their va-
lidity is often limited to the range of fluids and conditions used
to formulate the correlations (Butterworth and Shock, 1982).

Most boiling heat-transfer studies of sugar solutions reported
so far have been based on pool boiling (Garyazha and Ku-
linchenko, 1975; Mayinger and Hollborn, 1977; Quraishi and
Varshney, 1975), and little work has been conducted to apply
the existing models, whether analytical or empirical, to the
estimation of boiling heat-transfer coefficient data relevant to
the multiple effect evaporators in sugar mills. This article,
therefore, characterized the subcooled flow boiling heat-trans-
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Figure 1. Test rig.

fer performance of water and sugar solutions in an annular
arrangement under thermal hydraulic conditions frequently
found in the sugar mill evaporators. In particular, the effects of
operating conditions were evaluated, including fluid velocity,
heat flux, subcooling and sugar concentration on heat-transfer
coefficients. The experimental data were compared with se-
lected models and a modified Chen model proposed to provide
a better fit to measured heat-transfer coefficients for both water
and sugar solutions.

Experimental

Figure 1 shows the experimental set up used in this work.
The test fluid was circulated in a closed loop consisting pri-
marily of a storage tank, centrifugal pump, annular test section,
cooling unit, freshwater makeup tank, and other measurement
and control devices. Details of the test loop and procedures
have been described elsewhere (Yu et al., 2002).

The annular test section is a vertical double pipe heat ex-
changer, where the heating steam flows inside an inner tube
made of stainless steel (19.0 mm O.D., 0.9 mm wall thickness,
and 1.6 m length; Sandvik, Australia P/L), and the working
fluid runs through the outer annulus made of glass (38.0 mm
0.D.; Pegasus, Canada) to allow a visual observation of boiling
surface during the experiment. (As a result, this arrangement is
slightly different from that of a sugar mill where the sugar juice
is inside the inner tube, whereas the steam flows through the
annulus.) All other pipings and fittings in the water systems
were manufactured from stainless steel to prevent corrosion.
Two PID controllers (Spirax Sarco P/L) were used in conjunc-
tion with a magnetic flowmeter (COPA-XE 400®, Elsag
Bailey) to maintain a constant flow rate and heat flux during the
run. An in-line cooling unit (Diecon, Marine Products, Inc.)
was used to obtain the heat balance within the flow loop, and
to keep the bulk temperature of the feed tank constant. Distilled
water was periodically added into the storage tank to make up
the water loss because of evaporation. The data acquisition and
control system (Genie, American Advantech Co.) collected the
inlet and outlet temperatures of both streams and bulk temper-
ature from thermocouples embedded around the system (Figure
1) and the flow rates of the fluid from the magnetic flowmeter,
which were constantly displayed on the computer screen and
recorded into the computer’s hard disk at certain time intervals.
All measurements were taken after the system had stabilized
for a given operating condition. Table 1 shows the range of
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Table 1. The Ranges of Operating Parameters Used in This
Work in Comparison to Those in the Sugar Mill Evaporator
(Doherty, 2000; Lavarack, 2001)

This Work

Sugar Mill
Sugar Evaporator
Condition Water Solution (1st-5th Effect)

Heat flux (kW/m?) 45.6-112.7%  50.7-86.9* 16.7-23.3
Velocity (m/s) 1.0-1.8 0.8-1.6 0.8-2.8

Subcooling (K) 12.0-35.0* 16.0-35.0* 0-17.0

Superheat (K) 4.6-17.4 4.1-24.7 12.0-26.0
Sugar conc. (%(w/w)) 0 25-50 15-68

*Higher ranges used due to flow boiling operation without vacuum system.
#Higher subcooling values used due to limited temperature range of equipments.

variables used in the experiments as compared to those used in
sugar mill evaporators. Before the flow boiling experiment, the
fluid wettabilities were analyzed under room-temperature by
taking photographs of single droplets (>10) of water and sugar
solutions on the heat exchange tube with a CCD camera, and
measuring the static contact angle of each fluid.

The subcooled flow boiling heat-transfer (water-side) coef-
ficient 7 was obtained, based on the resistance equation includ-
ing the system geometry (Kreith 1973)

1 1 8D, D,

— = — 4 —
Uu h ka L D ihxt

&)

where k,, and 8,, are the wall thermal conductivity and thick-
ness, respectively. D; is the inside wall diameter, D, is the
outside wall diameter and D, is the log mean diameter. The
steam-side heat-transfer coefficient hst was calculated assum-
ing film-type condensation of steam (see Appendix B). The
overall heat-transfer coefficient Uo was calculated from the
heat-transfer rate q, the heat-transfer surface area A, and AT,,,
the log mean temperature difference for a countercurrent flow
(Eq. 2).

q
Vo= aar, @
g = mc,AT, 3)

where r is the mass-flow rate ¢, is the specific heat of heating
fluid and AT is the temperature difference of fluid along the
annulus. The measurement uncertainty of temperatures was
*0.3°C and for velocity measurements this was about 0.5%.
The uncertainties involved in heat flux and heat-transfer coef-
ficients were less than 9%, which was a typical range for this
type of experiment.

Results and Discussion
Flow boiling heat-transfer data

Subcooled flow boiling regions. The regime of subcooled
nucleate boiling is known to consist of two sub-regions de-
pending on the levels of heat flux and wall superheat involved
(Shah 1983; Dhir 1998; Prodanovic et al., 2002):

e partial or highly subcooled boiling region; and

e fully developed or low subcooled boiling region
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The former region starts at low to moderate wall superheat
and heat flux values, where heat transfer is controlled by both
forced convection and surface nucleate boiling, because only a
limited number of bubble nucleation sites are available on the
boiling surface. The latter occurs at higher heat flux levels,
where the contribution of forced convection diminishes with an
increase in the number of active nucleation sites. Thus, the
liquid velocity and subcooling are generally found to affect the
heat-transfer coefficient in the partial boiling region, but be-
come negligible in the fully developed boiling region, where
the heat-transfer coefficient is controlled primarily by heat flux
(Shah, 1983; Sivagnanam et al., 1994).

The method used to determine the region of subcooled
boiling data in this work (Figure 2) was that proposed by Shah
(1983), which distinguishes different subcooled boiling regions
based on the ratio between subcooling and wall superheat

AT, JAT,,,, with the transition point characterized by the fol-
lowing equations

AT JAT,, =2 “

AT, /AT, = 6.3 X 10*Bo"* ®)

that is, the region is high subcooling if AT, /AT,, > 2 or
AT, JAT,,, < 2 and AT, JAT,,, = 6.3 X 10* Bo'*%, otherwise
the region is low subcooling. As shown in Figure 2, all boiling
data lay within the high subcooling or partial boiling region
under the current experimental conditions, indicating that both
the thermal hydraulic conditions of fluid, such as velocity and
subcooling, and heat flux are important factors in determining
the flow boiling heat-transfer coefficients of water and sugar
solutions.

Effects of operating parameters

The variations of the heat-transfer coefficients as a function
of fluid velocity and subcooling were evaluated at comparable
superheat levels for water and sugar solutions (Figures 3 and
4). Figure 3 shows that the heat-transfer coefficient of water
and sugar solutions increased with increasing fluid velocity
(Figure 3) and could be described by a power law relation
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Figure 2. Identification of subcooled boiling regions for
water and sugar.
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Figure 3. Effect of fluid velocity on heat-transfer coeffi-
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h~ (v)" (6)

The slope n was found to be 0.49 for water and reduced from
0.38 to 0.17 as the sugar concentration increased from 25 to
50% (Table 2). A value of 0.8 would be expected if the heat
transfer were in the nonboiling region, as indicated by the
Dittus-Boelter equation (Wenzel et al., 1994). Thus, the re-
duced dependence of the heat-transfer coefficient on fluid ve-
locity with increasing sugar concentration signified an in-
creased contribution from the nucleate boiling term of heat
transfer, which might be associated with reduced forced con-
vective heat transfer because of lower Reynolds numbers of
sugar solutions (Bao et al., 2000).

Figure 4 shows that the heat-transfer coefficients of water
and sugar solutions decreased with increasing fluid subcooling,
consistent with results obtained in previous studies with water
and various organic mixtures (Muller-Steinhagen et al., 1986;
Sivagnanam et al., 1994; Sivagnanam and Varma, 1990; Thom
et al., 1965; Wenzel et al., 1994). The variations in the depen-
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Figure 4. Effect of subcooling on heat-transfer coeffi-
cients of water and sugar solutions at 1.2 m/s
velocity and ~ 14 K superheat.
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Table 2. The Dependence of Heat-Transfer Coefficient on
Fluid Velocity and Heat Flux for Water and Sugar Solutions

Exponent
Condition h ~ (v)" h ~ (g™
Water 0.49 0.60
25% sugar solution 0.38 0.60
33% sugar solution 0.32 0.69
40% sugar solution 0.25 0.61
50% sugar solution 0.17 0.72

dence of heat-transfer coefficient on subcooling showed behav-
ior similar to that observed for fluid velocity, with the effect of
subcooling being less pronounced in more concentrated sugar
solutions (Figure 4).

Figure 5 depicts the effect of heat flux on the heat-transfer
coefficients of water and sugar solutions. For a given fluid
velocity and subcooling, a general increase in the heat-transfer
coefficient with increasing heat flux was observed in all solu-
tions tested, as expected for nucleate boiling regime (Thom et
al., 1965). Similarly, the extent of heat flux effect could be
represented with the following relationship

h — (q//)m (7)

It has been reported in the literature (Wenzel et al., 1994)
that exponent values of 0 and ~0.8 are commonly distinguish-
able for forced convection controlled and nucleate boiling
controlled regions, respectively. The values of m obtained in
this work for water and sugar solutions were found to be
between 0.60 and 0.72 (Table 2), consistent with the findings
that all data were extracted from the partial boiling region. An
increase in the effect of heat flux could also be noticed with
increasing sugar concentrations, which again constituted a tran-
sition to more nucleate boiling heat-transfer controlled region.

For a constant heat flux, the heat-transfer coefficients of
sugar solutions were considerably lower than that of water and
decreased with increasing sugar concentration (Figure 5). The
reduction in the heat-transfer coefficients with increasing sugar
concentrations have been reported in the previous studies
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Figure 5. Effect of heat flux on the heat-transfer coeffi-
cients of water and sugar solutions at 20 K
subcooling and 1.2 m/s velocity.
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Figure 6. Variations of the static contact angles of water
and sugar solutions on stainless steal tube as
a function of sugar concentration.

(Cordiner et al., 1969; Mayinger and Hollborn, 1977), and
could be attributed to several factors including mixture effect,
which arised from preferential evaporation of the light compo-
nent (that is, water) from a multicomponent mixture (that is,
sugar-water binary mixture) at the liquid-vapor interface (for
example, bubble interface), and differences in the physical
properties, such as viscosity and wetting characteristics, be-
tween the water and sugar solution. The loss of solvent at the
vapor-liquid interface resulted in a concentration gradient of
solute (that is, sugar) close to the interface, which drove a
counterdiffusion of water molecules to minimize the sugar
concentration at the interface, as well as a local rise in the
saturation temperature. This resulted in a decrease in the avail-
able wall superheat, and, hence, boiling heat-transfer coeffi-
cient in sugar solutions (Vadekar and Hills, 2001). Further-
more, the high viscosities of sugar solutions, particularly at the
vapor-liquid interfacial layer, may impact on the heat-transfer
coefficient by suppressing the bubble growth rate and bubble-
induced turbulence, as well as diminishing heat transport by the
liquid because of an additional mass-transfer resistance in
solution (Mayinger and Hollborn, 1977; Sivagnanam and
Varma, 1990). Also, previous studies (Butterworth and Shock,
1982; Fujita, 1992; Wen and Wang, 2002) have shown that an
increase in the wettability of a fluid could affect the heat-
transfer coefficient during nucleate boiling through its effect on
the active nucleation site density on the surface. The more
wettable fluids, which have smaller contact angles, as has been
observed with increasing sugar concentration in solution (Fig-
ure 6), are more likely to “snuff out” cavities on heating surface
thereby reducing the number of active nucleation sites avail-
able and heat-transfer coefficient (Butterworth and Shock,
1982).

Data correlation

The experimental data were correlated with a number of
subcooled flow boiling models available in the literature, to-
gether with a new model based on a modification of the Chen
model (see Appendix A), which has been widely used in the
design of heat exchangers in the process industry (Butterworth
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and Shock, 1982). Various modified versions of the Chen
model have previously been proposed to improve its predictive
ability for the different heating surfaces and fluids of interest.
Peacock and Starzak (1996) developed a boiling model for
climbing film evaporator system in sugar mill with the Chen
correlation, and found improved model performance when a
Forster-Zuber constant was correlated with heat flux. Bao et al.
(2000) also obtained a better correlation of the data for organic
fluids when the Forster-Zuber equation was replaced with the
Cooper correlation. In our current work, the Chen correlation
was modified by deriving the nucleate boiling components with
the Rohsenow (1951) boiling correlation. This correlation was
developed based on the transient conduction mechanism and
microconvection because of subsequent replacement of the
superheated liquid layer by the departing bubbles from the
surface, expressed in the form of dimensionless groups

RezPr  ¢,AT,,
Nu, hy

®)

or in the final form

AT,.c, q" o Fleu]”
he Sk Ngp—p) L k] @
fo Kig, g(p— p.)

where the exponent n = 1.0 for water and 1.7 for all other
fluids (Rohsenow 1972). The surface coefficient Cgp, which is
a function of a particular heating surface-fluid combination,
takes into account the effects of surface conditions, fluid prop-
erties (for example, viscosity and wettability) and their inter-
actions on nucleate boiling heat transfer (Benjamin and Bal-
akrishnan, 1997). In our current study, the influence of fluid
properties on the values of Cg; was represented by the follow-
ing relationship with nonlinear regression
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Figure 7. Variation of Cg values as a function of sugar
concentration.
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where C is the sugar concentration. Many studies (Nishikawa
and Fujita, 1976; Pioro 1999; Vachon et al., 1968) have found
that the Cg values for water is generally higher than those for
the organic/inorganic solutions, corresponding well with data
obtained in this work (Figure 7).

A revised Dittus-Boelter equation (Eq. 11) was used in
conjunction with the Rohsenow equation to correlate experi-
mental data for water, because it was found that those data did
not compare well with the proposed model based on Chen’s
approach, even when the effect of Cg, was incorporated.

- 0.020 Re-*Pr)*

an

This may be because of a greater contribution of forced
convective heat transfer in water in comparison to those in the
sugar solutions under the partial boiling condition (see Figure
3/Eq. 6), and so an accurate prediction of heat-transfer coeffi-
cient depended strongly on the proper choice of forced con-
vection correlation. In fact, the use of the original Dittus-
Boelter equation in Chen’s correlation has always been
questionable as the flow velocity distribution that normally
occurs under the nonboiling conditions would often be dis-
turbed by the bubble activities during nucleate boiling (Rohse-
now 1953).

Figure 8 shows the comparison of measured and calculated
heat-transfer coefficients for water and sugar solutions with the
proposed model. Comparisons of all model fits to the data

obtained in this work are summarized in Tables 3 and 4. In
addition to modifying the Dittus-Boelter equation, the Gnielin-
ski correlation, which was shown to be more accurate than the
Dittus-Boelter equation (Muller-Steinhagen et al., 1986), was
also tested with slightly better data fits (mean deviation ~10%
for water) than those of the Dittus-Boelter equation. This was,
however, considerably worse than the data fits by the modified
Dittus-Boelter equation proposed. Thus, the authors used the
proposed model with modified Dittus-Boelter equation to ac-
count for flow development under nucleate boiling.

Overall, the model proposed in this work fitted the data
better than the other models tested, with a mean deviation of
3.8% and over 90% of the data points having less than 10%
deviation (Table 3; Figure 8). This was not surprising because
the prediction of nucleate boiling coefficient by the other
models did not account for the mixture effect and variations in
the fluid properties, that is, wetting characteristics and viscosity
because of changes in sugar concentrations, which was shown
to significantly affect nucleate boiling (Figures 3-5). The
above effects were lumped into one surface coefficient Cg in
this study, because the relative contribution of each of these
phenomena in nucleate boiling was still not determined; also,
the contact angles of water and sugar solutions (Figure 6) could
not be corrected for equivalent flow boiling conditions because
of the lack of temperature coefficient data. As a result, the
proposed model was not applicable to media other than water
and sugar solution. For further improvement of the model,
separate terms for viscosity, wettability and mixture effects
may be considered.

The Liu and Winterton model, and the Bjorge et al. model
gave data fits only slightly lower than that obtained for the
proposed model (mean deviation ~7%). A detailed analysis,
however, indicated that the data fits by the Liu and Winterton
model and the Bjorge et al. model were rather unevenly dis-
tributed over different sugar concentrations and appeared to
deteriorate at either the lowest or the highest limit of sugar
concentrations (that is, for water or 50% sugar solution, see
Table 4). The lower model fits for water by these two corre-
lations, as noted earlier, might be the result of an inaccurate
prediction of forced convection coefficient by the Dittus-
Boelter equation. The Chen model and the Shah model were
found to overpredict the flow boiling heat- transfer coefficient
by an average of ~20%, considerably higher than those
achieved for three aforementioned models. The poor perfor-
mance by the Chen model was consistent with results obtained
previously (Campbell et al., 2000; Kandlikar 1983; Prodanovic
et al., 2002), which showed that the Chen model typically
overpredicted the effect of nucleation resulting in a large de-

Table 3. Comparison of Model Fits to Subcooled Flow Boiling Data for Water and Sugar Solutions

Calc. Data % Within

Model Mean Dev.* (%) Avg. Dev.** (%) Max. Dev. (%) *10% Dev. Range
Chen 21.9 21.8 414 9.5
Liu & Winterton 7.3 0.7 19.7 70.2
Moles & Shaw 39.6 —39.6 60.7 0
Shah 17.8 17.6 29.5 13.1
Bjorge et al. 7.1 —-1.7 19.2 77.4
Proposed 3.8 0.2 16.7 91.7

*Mean deviation is calculated as: 1/n,]|[h,.,

= hepl/h
**Average deviation is calculated as: 1/n,[h

| X 100%.

expl

cal
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= heypl/hey, X 100%, where n is the number of data.
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Table 4. Comparison of Mean and Average Deviations in Fitting the Experimental Data to Various Models

Sugar Solutions

Model Water 25% 33% 40% 50%
Chen 15.6/15.5 23.2/23.2 23.4/23.4 23.9/23.9 24.8/24.8
Liu & Winterton 12.3/12.2 4.0/12.8 4.5/-1.2 4.8/—3.7 9.6/—9.6
Moles & Shaw 37.6/36.6 38.8/38.3 38.9/39.6 41.2/40.8 43.5/43.5
Shah 17.7/17.6 22.9/22.9 20.2/20.2 17.6/17.6 10.6/10.1
Bjorge et al. 8.3/5.2 5.2/3.3 52/—1.5 6.3/—4.7 13.0/—12.8
Proposed 3.7/3.1% 3.2/1.0 4.1/-1.2 3.9/0.5 42/-33

*Mean deviation/average deviation.

viation. However, Prodanovic et al. (2002) reported that the
Shah model exhibited good agreement with data in the fully
developed boiling region, but tended to over-predict the heat
transfer rate in the partial boiling region. The Moles and Shaw
model showed the worst data fit with under-predictions by as
much as 61%, demonstrating the limited range of applicability
characteristic of the dimensionless group correlations
(Guglielmini et al., 1988).

Thus, the model proposed in this work based on Chen’s
approach provided the best estimate of subcooled flow boiling
heat-transfer coefficients in sugar solutions for a range of
thermal hydraulic parameters, and may be used for the simu-
lation of heat-transfer performance of sugar mill evaporator
under various operating conditions. Although the efforts of
modifying the existing flow boiling correlations are by no
means exhaustive, they certainly open a perspective to improve
the design and operation of the evaporator system of sugar mill
with well-established methods.

Conclusions

The boiling heat-transfer characteristics of water and
sugar solutions have been examined in an annulus under
subcooled flow boiling conditions. The flow boiling data
were shown to be in the partial subcooled boiling regime,
where forced convection and nucleate boiling occur simul-
taneously. As a result, the flow boiling heat-transfer coeffi-
cient was affected by the thermo-hydraulic conditions of
fluid, such as velocity and subcooling, as well as heat flux.
Increasing the sugar concentration resulted in a gradual
increase in the contribution of nucleate boiling heat transfer,
and a decrease in the heat-transfer coefficient. This could be
ascribed to a local rise in the saturation temperature of fluid
at vapor-liquid interface because of a mixture effect and
variations in the fluid properties including viscosity and
wettability.

The measured experimental data were successfully corre-
lated to a subcooled flow boiling model developed, based on
Chen’s approach. This new model incorporated the Rohsenow
pool boiling correlation and allowed for the variation of a
surface coefficient Cg as a function of sugar concentration.
The Dittus-Boelter equation was also revised to yield a better
fit to boiling data for water. The new proposed model com-
pared favorably with existing models extracted from the liter-
ature under the current experimental conditions, and will assist
future design and optimization of sugar mill evaporator units. It
was demonstrated that the predictive ability of the proposed
model was restricted to water and sugar media but may poten-
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tially be improved by explicitly incorporating viscosity, wet-
tability and mixture effects for use in other fluid systems.
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Notation

A = heating surface area, m?
a = gonstant in Eq. A6
Bo = boiling number, (g/nhy,)
B,, = dimensional constant in Eq. A21
¢, = heat capacity, J/kg °C
C = sugar concentration, % w/w
Cqr = surface coefficient
D = diameter, m
D, = log mean diameter ((D, — D,)/In(D, — D;)), m
F = enhancement factor for the Chen model in Eq. Al
g = gravitational acceleration, m/s?
g, = constant in Eq. A21
hy, = heat of vaporization, J/kg
= heat transfer coefficient, W/m? K
= jacob number, , (C, AT, /hy,
= thermoconductivity, W/m K
heated length of tube, m
= molecular weight
= mass flow rate, kg/s
= constant in Eq. A17
Nu = nusselt number, (hD/k)
P, = reduced pressure, absolute pressure/critical pressure
AP, = saturated pressure difference corresponding to , AT,
Pa
Pr = prandtl number, , (c,u/k)
g = heat transfer rate, W
q" = heat flux, W/m?
r = bubble radius, m
Re = reynolds number, (mD/ )
S = suppression factor in Eq Al
T = temperature, °C
AT = temperature difference, K
AT,,, = superheat (T, - Ty, K
T,. = subcooling (T, - Ty), K
U, = overall heat-transfer coefficient based on outside area, W/m?> K
v = kinematic viscosity (u/p), m*/s
v, = vapor-liquid specific volume, m’/kg
quality

Z3I X~~~
Il

in Eq. A4,

=
Il

Greek letters

I" = constant in Eq. A17/18
8 = wall thickness, m
p = density, kg/m®
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o = surface tension, N/m
w = dynamic viscosity, N S/m?
W, = dimensionless term in Eqn A13-A 16 representing value of W at zero
subcooling and vapor quality,
¥ = q/AT,, h

Subscripts

b = bulk
B = boiling
FC = forced convection
i = inside wall
ib = value at the incipient boiling point
[ = liquid
NB = nucleate boiling
o = outside wall
pool = pool boiling
sat = saturation
sc = subcooling
st = steam
tang = point of tangency
T = total of forced convection and nucleate boiling
v = vapor
w = wall
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Appendix A: Subcooled Flow Boiling Models
Used in This Work

Chen model (1966)

hy = hpc+ hyg = Fh; + Shy (A1)
For subcooled boiling the temperature driving forces for nu-
cleate boiling and forced convection are different, and the
above equation is replaced by

q/A = [Shpool(Tw - TX) + Fhl(Tw - Tb)] (A2)

where F=1 for subcooled boiling (as there is no net vapor
generation, that is, x=0 (Gungor and Winterton, 1986).
h, is calculated with the Dittus-Boelter equation

D
17 = 0.023 ReX*Prd* (A3)

hpoor 18 calculated by the Forster-Zuber correlation

0'00122A70.24Ap0.7500.45p?.49k0.79

sat sat “p,l
O,5h0,24 0.29 0.24 (A4)
O Nyg Ly Py

pool =

where

1
T 14253 %10 °Re"”

S (AS5)

where Re = Re, F'*> = Re; (x = 0 and F = 1).

Proposed model based on Chen’s approach

The nonboiling coefficient £, is calculated using the modified
Dittus-Boelter equation

hD
17 = a Re}*Pr)* (A6)

where a =0.020 for water and 0.023 for sugar solutions. All
fluid properties are determined at the bulk temperature.

The pool boiling coefficient &, is calculated by the Rohse-
now correlation

poo

A Txalcp _

SF

hfg “‘hfg

0.33 n
hPoolATmr o :| |:Cp/.L:| (A7)

() k

where n=1.0 for water and 1.7 for all other fluids. g, values
were obtained by data fitting.

Liu & Winterton model (1991)

q/IA = \[Shpo(T,, — T)F + [Fh(T, — T,) (A8)

where
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S =(1+0.055F""Re)"%)"! (A9)
hy is calculated with the Dittus-Boelter equation and A, by the
Cooper pool boiling correlation

oo = 55(g") " P2 (—log oP,) "M~ (A10)
where M is the molecular weight of fluid.
Moles & Shaw model (1972)
%j = 78.5300'67.1(10‘5P1r0““’(‘:)0.7 (A11)
where h, is determined by the Colburn equation
h’TD = 0.023 Re!*pr¥-* (A12)

The Prandtl number is calculated at the mean film temperature.
All other properties are calculated at the saturation tempera-
ture.

Shah model (1983)

For Bo > 0.3 X 107%, W, =230B0"°  (A13)
For Bo < 0.3 X 1074, W, =1+ 46B0"° (Al4)
If AT:; >2 or AT:; = 6.3 X 10*Bo'
then
glA = h(T,— T, + h(V,— 1)(T,— T,) (Al5)
else
qlA = hWV (T, — T, (A16)

h, is calculated by the Dittus-Boelter equation.

Bjorge, Hall and Rohsenow correlation (1982)

The incipient boiling criterion, AT,,, ;, under subcooled con-
dition is derived by
For rype > 1

max

1
AT = T—n (m - NATSC) (A17)
For rt'(ll'lg < rmaX
1 1/2
AT&'ut,ih = f [1 + (1 + 4FAT\L) ] (AIS)

June 2004 Vol. 50, No. 6 1127



Table Al. Average Values of Steam-Side Heat-Transfer Coefficient for Water and Sugar Solutions’

Sugar Conc. Heat-Transfer Rate h,,, Average SD* (W/ RSD** Repeatability
(%) W) (W/m? K) m? K) (%) (W/m? K)##

0 9078.7 6421.4 61.5 0.96 196.7

25 7784.0 6636.0 24.4 0.37 76.9

33 6858.3 6877.8 112.1 1.63 353.1

40 6163.4 6967.6 61.9 0.89 195.1

50 5506.4 7128.1 113.1 1.59 361.8

Heat flux effect data not included.
*  Standard deviation = V[(h,, — h,, )%/ — 1].
*#* Relative standard deviation = SD + 100%.

st,avg

##+Expected difference between two repeated values (=7 + SDV2, where ¢ is the student f-value at 95% confidence limit).

where
r _ klhfg _ hFCrmax
8a T v hpc’ k,
_ 4O-T\'atvfg
rl&ng B hngTsar,ib
Fmax = 107 (m)
if ATsat < ATsat,ib’
q/A = qdrc = hl(ATsal + ATS(‘) (A19)
else
/A — \/ 2 + 2 |: 1 (ATsar,ib) 3:| : (AZO)
q qrc T 4nB AT,,

h, is obtained by the Colburn correlation and ¢, is determined
by the Mikic-Rohsenow pool boiling correlation

172 17/8 \19/8 1/8

s (L) g KCpiTe e
wih, \g(pi = p,) Ml — p) e T T

(A21)

where B,, is a dimensional constant depending on cavity size
distribution and fluid properties. For comparison with the
model proposed in this work, a single value of 1.89 X 10~ '*
(for water) was used for all fluids tested.

Appendix B: Steam-Side Heat-Transfer
Coefficient (hy,)

The steam-side heat-transfer coefficient was calculated as-

suming laminar film condensation (30 > Re) on a vertical plate
(Kreith, 1973; Incropera & DeWitt 1996)

- p, thr 1/4
gpdpi— pok; fg:| (A22)

hy=0943| — (7
: |: ’J’l(Tm/,sl - Tt)L

where p,, k; and p, are density, thermal conductivity and
viscosity of saturated liquid at film temperature, respectively.

T, is the condensation temperature of saturated steam at
prevailing pressure, 7; is the temperature of inside surface of
tube wall and ', is a modified latent heat of vaporization.

hflcg = hfg + 0‘6861),1(Tsztl,st - Tl) (A23)
where c¢,,; is specific heat of saturated liquid at film tempera-
ture. The condensation rate (condensate mass-flow rate) is
obtained by

q

= (A24)
hfg

m

The assumption of laminar film condensation may be checked
by calculating Re

41

Re =—
b

(A25)

where b is the tube perimeter (inside).

It is found that most of the data were in the wavy-laminar
region (30 = Re = 1800), for which Re and hy are re-
calculated by

i _ b (A26)
AL(Tyy — T)  (1.08 Re'* — 5.2)(v/g)""?
Re k,
hy = (A27)

(1.08 Re'® — 5.2) (1)

where v is kinematic viscosity of saturated liquid at film
temperature.

The average steam-side heat-transfer coefficients for all
working fluids are given in Table Al. The small variations in
h,, observed for each fluid are because of nonuniform steam-
side conditions in the experimental run (that is, variation in the
steam pressure because of inherent fluctuations in the steam
supply conditions). The resistances to heat transfer on condens-
ing steam-side are much smaller in comparison to those on the
fluid-side (see Figure 8) and, as a result, the overall heat-
transfer coefficients will be mainly controlled by the boiling
heat-transfer coefficients in the annulus.
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