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Model development

Of the six ODEs describing the climbing film evaporator system,
the two strongly coupled, nonlinear equations requiring numeri­
cal solution were those resulting from the overall enthalpy
balance and the momentum balance. These equations can be
presented in the following general mathematical form:

It should be noted that these complex functions F and G depend
not only on enthalpy flow (h) and pressure (p), but also on the
independent variable of the model, the distance (z) traveled up
the evaporator tube. This is a result of the changes in the two
phase flow and heat transfer characteristics which take place as
the fluid to be concentrated moves up the tube. Moreover, as
different heat transfer correlations are used in each of the
individual heat transfer regimes in the evaporator tube (non­
boiling zone, subcooled nucleate boiling zone and saturated

analytically, the remaining two equations were strongly coupled
and nonlinear, requiring numerical solution. A shooting method
based on the Newton-Raphson technique was used to solve the
resulting two point boundary value problem, using empirical
correlations to describe the two phase hydrodynamic and heat
transfer phenomena occurring within the evaporator tubes.
Verification of the complex model using experimental data from
the FX pilot plant evaporator indicated that the model under­
predicted the heat transfer actually occurring in the pilot
evaporator. In order to rectify this problem, an attempt was made
to modify appropriately the nucleate boiling heat transfer
correlation in the model to yield more accurate results by fitting
it to the experimental data from the pilot plant evaporator.
However, because of the complexity of the model and the
extensive computational time required for solution, this process
was found to be extremely difficult. In order to circumvent these
difficulties, it was decided to develop a simplified model of the
climbing film evaporator based on linearisation of the original
ODEs, which could be integrated analytically.

Although the original intention behind the idea of a simplified
evaporator model was to apply it to the modification of the
saturated nucleate boiling correlation, there are some simple,
but still important, applications as well. Three of these are
discussed in this study.

dp .
dz = G(z,h,p)

dh
dz = F(z,h,p)

In recent years, much work has gone into the study of climbing
film evaporators in the South African sugar industry, in terms
of both mathematical modelling and experimental study. Most
of the experimental work has focussed on the FX pilot plant
climbing film evaporator (Walthew et al., 1995; Walthew and
Whitelaw, 1996) and is discussed elsewhere. It is the mathe­
matical modelling of climbing film evaporators which is of
concern here.

Abstract

Introduction

A complex mathematical model of a climbing film evaporator,
based on rigorous material and heat balances, was developed
by Peacock and Starzak (1996). Empirical correlations were
used to describe the heat transfer and hydrodynamics within
the evaporator tubes, taking account of the different regimes of
heat transfer and fluid flow encountered during evaporation.
The model was used to modify the existing nucleate boiling
heat transfer correlation by fitting experimental data from the
Felixton (FX) pilot plant climbing film evaporator. Because of
the complexity of the model and the extensive computational
time required for solution, the amount of data correlated had to
be severely limited. In order to overcome this difficulty, a new
simplified model is proposed. This was found to be an acceptable
approximation of the complex model, giving very similar solu­
tions under all of the process conditions tested. The simplified
model was used in the study of three useful practical applications:
determination of the effect of juice flow rate on the overall heat
transfer coefficient in a climbing film evaporator, influence of
juice recycle on evaporator performance, and optimal evaporator
tube configuration for the performance of a given heat transfer
duty. The results of these studies suggest that, while the model
cannot accurately predict evaporator performance, it can be used
to predict the general trends in evaporator behaviour. Further
work will need to be done to discover the reason for the discrep­
ancies between the model predictions and experimental results.

Keywords: climbing film evaporator, modelling, Felixton

Recently, Peacock and Starzak (1996) developed a complex
mathematical model of a climbing film evaporator. Using
rigorous material and heat balances, six ordinary differential
equations (ODEs) were developed to describe the climbing film
evaporator system. While four of these ODEs could be solved
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nucleate boiling zone), some of the changes in F and G at the
transition points between these zones are discontinuous. Thus
the characters of the two functions, F and G, changeas the tube
is traversed. It was decidedto emphasise the discontinuities in
thesefunctions by usingpiece-wise representations of F and G,
with individual segments being valid in each of the respective
zones of boiling. In other words, each of the two functions can
be represented by three sub-functions, each beingapplicable in
only one of the three heat transfer zones and independent of
distance, z. This conceptcan be expressed mathematically as:

F1(h,p), 0 < z < Z12, non-boiling zone
Fir.h.p] =F2(h,p) , Z12 < z < Zn, subcooled boiling zone

F3(h,p), Zn < z< L , saturated boiling zone

where ZIZ and ZZ3 are the transition points between zones. A
similarrepresentation can be given to G(z,h,p). Obviously, this
piece-wise nature of the governing ODEs complicates the
processof their linearisation, witheachof the threeheat transfer
zones requiring separate treatment.

The non-boiling zone

With the application of some generally acceptable simplifying
assumptions, such as:

• negligible heat transfer resistance on the condensate side

• negligible heat transferresistance due to the tube wall

• constant wall temperature Twin this zone, being the same
temperature as the condensing steam T, (this is, in fact, a
direct result of the two above assumptions)

• negligible acceleration term in the momentum balance

• constantphysicalproperties of the juice

the twofunctions characterising thenon-boiling zone,Fl(z,h,p)
and Gl(z,h,p), become linear without the requirement of any
speciallinearisation technique. Fl andG1can then be indepen­
dentlyintegrated to givean exponential distribution of the local
juice temperature:

and a linear distribution of the local pressure:

1 _ dp
p (z) - Po - (PL·g - tz ljrictioll) . Z

While theexactmathematical results of thisanalytical integration
are not important to thisdiscussion, theyare presented heredue
to their usefulness in studying suchphenomena as the effectof
feed juice temperature on the length of the non-boiling zone.

The subcooled and saturated nucleate boiling zones

TheF andG sub-functions for the two boilingzones(subcooled
andsaturated nucleate boiling) aremuchmorecomplicated than
those for the non-boiling zone, and simplephysical arguments
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likethoseusedaboveareinsufficient to linearise them. A purely
formal linearisation technique, such as a truncated Taylor
expansion aboutanarbitrarily chosen point(h*, pO), canbe used.
Alternatively, as F andG are functions of two variables, linear­
isation can be performed by approximating some actualknown
values of thefunction witha planarrepresentation overa certain
range of hand p values (the three dimensional equivalent of
fitting a straight line to a set of points in two dimensions). In
this study, this second method of linearisation was used, as it
predicts more realistic values of F and G over the entire (h, p)
domain of interest, rather than just about an arbitrary (h*, P*)
point.

Examples of the surfaces representing F and G for both the
subcooled and saturated nucleate boiling regimes have been
numerically generated and are displayed in Figures 1 and 2.
The surfaces F2 and G2, shown in Figure 1, are fairly planar
and can be well represented by their linearised planarcounter­
parts. On the other hand, inspection of the surfaces F3 and G3
in Figure 2 shows that G3 is highly nonlinear over a certain
regionof the graph,exhibiting a largedegreeof curvature near
theedgeof thegraphrepresenting the transition fromsubcooled
boiling to saturated boiling. However, by performing some
numerical experiments, it was found that this initial phase of
saturated nucleate boiling hada negligible impacton theoverall
performance of the evaporator, and that a good linearapproxi­
mationof this surface could be obtained.

Model solution

Once the linearised forms of F and G have been obtained, it
becomes possible to solve the linearised system of ODEs
analytically, yielding explicit relationships for enthalpy flow
(ortemperature, in thecaseof thenon-boiling zone) andpressure
in eachof the threeheat transferzones. Fulldetailsof themodel
formulation andsolution willbecomeavailable (Peacock, 1997­
98, in preparation).

Comparison withthe complex model

The simplified model was validated by comparing the results
ofseveral testsunder differing operating conditions against those
obtained from the complex model under the same conditions.
Someselected graphical resultsfromtwosuchcomparative tests
are displayed in Figures 3 and 4, with the results from the
complex model being shown as the solid lines in the figures
and the results of the simplified model being displayed as the
broken lines.

Theplotslabelled(a)in Figures3 and4 showthejuice tempera­
ture profile as the evaporator tube is traversed. Under the
conditions used in theseexamples, thejuice reached its boiling
point very rapidly upon entering the tubes. Once saturated
nucleate boiling hasbeeninitiated, thejuice temperature remains
fairly constant, decreasing slightly as the tube is traversed due
to the reduction of hydrostatic head with height up the tube.
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Figure 1. Examples of the F and G surfaces for the subcooled nucleate boiling regime.
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Figure 2. Examples of the F and G surfaces for the saturated nucleate boiling regime.
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Figure3. Selected graphical results from model simulations. Figure 4. Selected graphical results from model simulations.
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The plots labelled (b) show the brix profile of the juice as it
moves through the evaporator tubes. It can be clearly seen that
the simplified model better approximated the complex model
under the conditions prevailing for the example in Figure 3. A
slight error in the predicted syrup brix is evident in Figure 4(b).

The plots labelled (c) in Figures 3 and 4 display the liquid phase
flow rate through the evaporator tube. As vapour is formed, the
liquid phase flow rate drops proportionately. As the liquid phase
flow rate and brix are intimately related, the error evident in
Figure 4(b) is also apparent in Figure 4(c).

Plots 3(d) and 4(d) show the local pressure profiles along the
evaporator tubes. Once again, it is clear that the example in
Figure 3 was more accurately approximated by the simplified
model than that in Figure 4.

While minor differences between the results are apparent, it
can be seen that the simplified model is a good representation
of the more exact, complex model.

Application 1: The effect of juice flow rate

The feed juice flow rate to climbing film evaporators is of critical
importance to their efficient operation. Tests performed using
the FX pilot plant evaporator have described the effect of juice
flow rate on evaporator performance (Walthew and Whitelaw,
1996) and the results of some of these tests are shown in Figure
5. In order to confirm the experimental observations, the
simplified evaporator model was used to study the effect of feed
juice flow rate on the overall heat transfer coefficient of a
climbing film evaporator. The operating conditions used in the
study are shown in Table 1. Three different tube diameters
(38,40,48,36 and 71,60 mm inner diameters) were used, with
feed juice flow rates varying between 0,5 and 3 kg/min/tube.
The results of the model simulations are shown in Figure 6.

source. As expected, the flow rate at which the step increase in
overall HTC occurs increases with tube diameter. This is due to
the increase in cross sectional area available for flow within the
tube with increasing tube diameter; in a small diameter tube, a
lower flow rate is required for good wetting of the tube surface
than in a large diameter tube. The step change in heat transfer
coefficient is not visible on the curve for the 71,60 mm internal
diameter (ID) tube, as it probably occurs at a flow rate higher
than those studied here. Using the model to determine the effect
of tube diameter on HTC showed that, for each feed juice flow
rate, an optimal tube diameter exists which maximises the HTC.
At the typical feed juice flow rates used in the South African
sugar industry, tubes of inner diameter 48,36 mm would appear
to be a good choice.
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Figure 5. Experiment observations of the effect of juice flow rate on
HTC.
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Figure 6. Effectof juice flow rate on evaporator performance.
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Walthew and Whitelaw (1996) showed that a low feed juice
flow rate limits the maximum attainable HTC for a climbing
film evaporator by limiting the water available for evaporation.
They also showed that the asymptotic fouling factor decreased

Number of tubes 5 000

Tube length(m) 6,73

Feed brix (%) 12

Feed purity (%) 85

Feedjuice temperature (0C) 110

Stearn pressure (kPa[a)) 200

Vapour pressure (kPa[a)) ISS

Table 1
Operating conditions for the study of feed juice flow rate.

Figure 6 confirms the general trend of the experimental data
(obtained using 48,36 mm inner diameter tubes in the FX pilot

. plant evaporator - refer to Figure 5). However, the feed juice
flow rate at which the step increase in overall heat transfer
coefficient (HTC) occurs, as predicted by the model, is different
to that obtained experimentally. The reason for this difference
is not yet known, and more work will be required to identify its
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with increasing feed juice flow rate. These factors, along with
the experimental data and the results of this study, indicate that
climbing film evaporators should be operated so as to achieve a
consistently high feed juice flow rate.

Application 2: The effect of juice recycle

Problem formulation

In general, a conflict of interests exists in the process of heat
transfer within a climbing film evaporator. A relatively low
liquid feed flow rate per tube is desirable to ensure a reasonable
juice residence time within the evaporator. This allows for a
high degree of evaporation to take place. By contrast, low liquid
flow rates result in laminar flow conditions within the evaporator
tubes, leading to very poor convective heat transfer coefficients I .

In the subcooled and saturated nucleate boiling zones, the
nucleate boiling mechanism dominates the heat transfer, with
very little contribution to the overall heat transfer coefficient
due to convection. As nucleate boiling is not very sensitive to
flow rate, the effect of low flow rates on heat transfer in these
zones is small. However, laminar flow conditions dramatically
affect the length of the non-boiling zone, where convective heat
transfer dominates. As any increase in the length of the non­
boiling zone results in a shortening of the length of the tube
available for the more efficient boiling zones, overall heat
transfer is negatively affected.

Two techniques can be used to eliminate this conflict of interests.
The first of these is adequate preheating of the feed juice to the
evaporator to ensure the onset of nucleate boiling as soon as
possible after the juice enters the evaporator tubes, thus effec­
tively eliminating the poor heat transfer non-boiling zone. A
preliminary mathematical study of the effect of preheating on
the length of the non-boiling zone has been performed (Peacock,
1996). The second technique involves the recycling of a portion
of the liquid phase leaving the evaporator back to the feed inlet
in order to improve the system hydrodynamics.

While increasing the flow rate per tube results in more efficient
convective heat transfer, the overall effect of recycling on evapo­
rator performance is more complex. As a result of the addition
of higher brix juice from the evaporator outlet, the physical
properties of the juice stream fed to the evaporator, such as
density and viscosity, increase, negatively affecting overall
performance. The combined result of these effects can not be
intuitively determined for any given system. It was.thus decided
to apply the simplified evaporator model to study the effect of
recycling on evaporator performance more closely.

'Very low juice flow rates to:climbing film evaporators can also result in
partial tube 'dry-out' at the top end of the tubes, with the consequences of a
significant decrease in the overall heat transfer and greatlyaccelerated tube
fouling. In this study, the effect of dry-out on evaporatorperformancewas not
studied, and the evaporator operating conditions used were chosen so as to
avoid the occurrence of dry-out at the end of the tube, while still being
representative of generalproc~ss conditionsin theSouthAfricansugarindustry.
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Recycling for process stability

Recycling of juice during evaporation results in more than just
enhanced convection, with benefits also achieved in terms of
process stability. The damping effect of recycling enables minor
feed juice fluctuations to be eliminated easily, resulting in more
steady evaporator operation. The benefits of steady operation
and consistent juice flow, in terms of the elimination of the
possibility of tube 'dry-out' and the mitigation of evaporator
fouling, are significant and it is predominantly for these benefits
that some South African sugar mills have installed juice recycle

lines in their climbing film evaporators, not for the enhancement
of convection. Nonetheless, it is important to be able to evaluate
the effect of recycling on evaporator performance, regardless
of the reasons for its use.

Model application and results

For this study, the operation of a specific evaporator was
simulated at a given set of feed conditions, at several fixed values
of the recycle fraction (defined as the fraction of the liquid phase
from the outlet of the evaporator which is returned to the inlet).
A diagram of the evaporator system used is displayed in Figure
7. The outlet brix of the product stream from the evaporator
was used as the measure of system performance. The operating
conditions used for the study are shown in Table 2, and the
results of the investigation are shown in Figure 8.

Table 2
Operating conditions for the study of evaporator recycling.

Tube inner diameter (mm) 48,36

Tube outer diameter(mm) 50,80

Numberof tubes 5000

Tube length (m) 6,73

Throughput (mvh) 400

Feed brix (%) 12

Feed purity (%) 85

Feedjuice temperature (0C) 110

Steampressure(kPa[a]) 200

Vapour pressure(kPa[a]) 155

It can be seen that optimisation of the recycle fraction per se is
not possible. As predicted, the effect of recycling on syrup brix
is a complex combination of the enhanced system hydro­
dynamics and the negative effects of the higher average density
and viscosity in the tubes. At low recycle fractions, the negative
physical property effects and the positive hydrodynamic effects
appear to balance each other, with no.real effect on evaporator
performance being observed due to recycling. At higher recycle
fractions, the hydrodynamic advantages of the recycling start
to affect the evaporator performance, improving the outlet syrup
brix. It must be noted that the recycle fractions required to confer
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Figure 7. Diagram of the evaporator system for the study of juice
recycling.

significant performance enhancement benefits are high (of the
order of 60-70%), and someexperimental work will be needed
to confirm this result.

The results of this study confirm the general opinion that
recycling in climbing film evaporators shouldbe performed for
process stability andfouling control reasons, notforheattransfer
performance enhancement. It is clear that recycle fractions of
50%or lesswillhavenoobservable effectonevaporator perfor­
mance (excluding considerations of 'dry-out'). Athigherrecycle
fractions, a small performance benefit may be obtained, but at
the expense of recycling large quantities of liquid.

Application 3: Tube configuration optimisation

For the purposes of climbing film evaporator design, it is desir­
able to know the required surface areafor the performance of a
specific heat transfer duty under a given set of operating
conditions. A problem of particular currentinterestto the South
African sugar industry is the effect of different tube diameters
onevaporator performance. Thesimplified climbing filmevapo­
rator model was thus used to evaluate the effects of different
tube diameters and numbers of tubes on the required surface
areafor the achievement of a specific heat transferduty (in fact,
with a fixed tube diameterand numberof tubes,evaluating the
required surfaceareafor heat transferreducesto the problemof
evaluating the required evaporator tube length, as this is the
only surface area parameternot already specified).

The operating conditions used in this application are displayed
inTable3.Threedifferent tubediameters wereevaluated (38,40,
48,36 and 71,60 mm inner diameters), with numbers of tubes
rangingfrom 3 000 to 8 500 tubes per evaporator. A summary
of the modelresultsis displayed in Figure9. Witha fixed volu­
metricthroughput for the evaporator, as in this case, specifying
the tube diameterand numberof tubes uniquely fixes the juice
flow velocity per tube. As the juice flow velocity allows more
meaningful comparisons between evaporators of differing tube
sizes than the numberof tubes per evaporator, this parameter
has been used along the x-axis in Figure 9. Detailed results of
the model simulations are shownin the Appendix. When inter­
preting the results of this application, it must be remembered
that the syrup brix from the evaporator remains fixed, with the
tube length being variedto obtain this desired syrup brix.This
makes comparison ofthe resultswithclassical wisdom (relating
to evaporators of fixed tube length) difficult.
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Table 3
Operating conditions for the study of tube diameter effects.
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Figure 8. Effect of juice recycling on outlet syrup brix.

60 70

Throughput (mlfh) 400

Feed brix (%) 12

Required syrup brix (%) 25

Feedjuice temperature ("C) 110

Steampressure (kPa[a)) 200

Vapour pressure (kPa[a)) 155

Feed purity(%) 85

From Figure 9, it can be seen that the required surfacearea for
the performance of a given heat transferduty is fairly sensitive
to the juice flow velocity. The results in Figure9 imply that, in
thedesignofclimbing filmevaporators, it is notonly theoverall
surface area required which is important, but also the actual
dimensions of the evaporator. It is better, in terms of
minimisation of installed heat transfer area, to utilise many
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Figure 9. Required evaporator surface area for a given heat transfer
duty as a function of tube size and number of tubes.

(relatively) short tubes in a climbing film evaporator, thereby
keeping the juice flow velocity near the optimal point, than to
use fewer, long tubes- .

Whilethegraphshowsa monotonic decreasein requiredsurface
area with decreasing juice flow velocity, this trend cannot
continueunabated, and it is expected that an optimaljuice flow
velocity will exist for each tube size which results in a mini­
misationof the required surfacearea for the performanceof the
given heat transfer duty.

The optimal juice flow velocity can be seen to decrease with
increasing tube diameter. This result is not unexpected in that
the larger the tube diameter (and, consequently, the larger the
volume of liquid within the tube not in close contact with the
tube wall), the longer the residence time required by the juice
for good evaporation. However, it would appear that tube dia­
meterdoes not playa major role in the performanceof properly
designedclimbingfilmevaporators, as theoptimalsurfaceareas
whichcan be obtained for each of the three tube diameters are
similar. More work will need to be done to confirm this
conclusion.

Most climbing film evaporators in the South African sugar
industryuse 48,36mminternaldiameter(10) tubes,and operate
at juice flow velocitiesof around I crn/s.Figure 9 demonstrates

'With reference to the table in the Appendix, it can be seen that 'short tubes'
refer to tubes of 6-9 m in length, while 'longer tubes' refer to tubes with lengths
greater than 9m. The typical climbing film evaporator configurations used in
the South African sugar industry conform to this recommendation.

3As the model tends to under-predict the heat transfer actually occurring in
climbing film evaporators (Peacock and Starzak, 1996) the required surface
area predicted by the model under these conditions is higher than that actually
used in the industry.

4DC Walthew, Sugar Milling Research Institute, Durban (1997).
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the reason for this choice of operating conditions-. However,
the results of the simplifiedclimbingfilm evaporatormodel do
not take into account the effects of evaporator operating con­
ditions on fouling, nor the effects of fouling on heat transfer.
These effects are critical to the operationof industrialevapora­
tors. Tests using the FX pilot plant evaporator, as discussed in
Application 1, have shown that it is important that climbing
film evaporators be operated above a specific flow rate (about
1,2 kg/s/tube for 48,36 mm ID tubes) in order to avoid tube
dry-out and decreasedperformance due to high rates of fouling
(4personal communication). This fact should be borne in mind
when designing climbing film evaporator systems and steps
should be taken to ensure that the juice flow to the evaporator
never drops below this critical value (possibly using juice
recyclingto achievea consistentflow rate throughthe tubes).It
may thus be safer to err on the side of highjuice flow velocities
when designing a climbing film evaporator, sacrificing some
heat transferperformancein the interestsof fouling mitigation.

Conclusions

A new simplified model of a climbing film evaporator is
proposed. The simplifiedmodel was found to be an acceptable
approximation of the morecomplex model, described previously
by Peacock and Starzak (1996), under all of the process con­
ditionstested.The application of the model to the studyof three
useful practical problems was discussed.

In Application1, the model was used to study the effect of feed
juice flow rate on the overall heat transfer coefficient of a
climbing film evaporator. The results obtained were found to
corroborate the general trends observed experimentally, using
the FX pilot plant evaporator, although showing quite large
discrepancies with the actual numerical results of the experi­
ments. More work is required to evaluate the causes of these
discrepancies.

Studying the effect of juice recycling on climbing film evapo­
rator performance in Application 2 confirmed that, at recycle
fractions of 50% or less, recyclinghas no significanteffect. At
higher recycle fractions a performance benefit was observed,
but practical considerations may make the use of such high
recycle ratios undesirable.

In Application 3, the simplifiedmodel was applied to the study
of the effects of tube diameter and numbers of tubes on the
performance of climbing film evaporators. The surface area
required for the achievement of a specified heat transfer duty
was evaluated at three different tube diameters, with differing
numbers of tubes.It wasfoundto be betterto usemanyrelatively
short tubes than fewer, longer tubes in the design of climbing
film evaporators. The resultswerefound to confirmthe conven­
tional wisdom of the South African sugar industry with regard
to evaporator tube configuration.
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NOMENCLATURE

Average specific heat capacity of the juice in the non-boiling zone of the tube [J/kg.K].

(dp/dz)friction Pressure drop per metre of tube due to wall friction [Palm].

F

FI

F2

F3

g

G

GI

G2

G3

h

h*

L

P
*p

p'(z)

Po

T1L(z)

TLO

Ts

Tw

z

PL

224

Inner diameter of the evaporator tube [m].

Complex function representing the right hand side of the ordinary differential equation resulting from the overall
enthalpy balance in the evaporator tube.

Sub-function representing F in the non-boiling zone of the tube.

Sub-function representing F in the subcooled nucleate boiling zone of the tube.

Sub-function representing F in the saturated nucleate boiling zone of the tube.

Gravitational acceleration [m/s-].

Complex function representing the right hand side of the ordinary differential equation resulting from the momentum
balance in the evaporator tube.

Sub-function representing G in the non-boiling zone of the tube.

Sub-function representing G in the subcooled nucleate boiling zone of the tube.

Sub-function representing G in the saturated nucleate boiling zone of the tube.

Enthalpy flow in the evaporator tube [W].

Enthalpy flow at the arbitrarily chosen (h*, p") point of a truncated Taylor expansion [W].

Tube length [m].

Pressure [Pa].

Pressure at the arbitrarily chosen (h*, pO) point of a truncated Taylor expansion [Pa].

Local pressure at point z within the tube, in the non-boiling zone [Pa].

Local pressure at the bottom of the evaporator tube (where z =0) [Pa].

Local temperature of the juice at point z within the tube, in the non-boiling zone [QC].

Temperature of the juice entering the bottom of the evaporator tubes (at z =0) [QC].

Steam temperature [QC].

Inner tube wall temperature in the non-boiling zone [QC].

Distance in the evaporator tube, measured from the bottom of the tubes lml.

Distance in the tube at which the non-boiling zone ceases and the subcooled nucleate boiling zone begins [m].

Distance in the tube at which the subcooled nucleate boiling zone ceases and the saturated nucleate boiling zone
begins [m].

Convective heat transfer coefficient in the non-boiling zone [W/m2.K].

Average juice density in the non-boiling zone [kg/m'].
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APPENDIX
Detailed results of the model simulations for Application 3.

SD Peacock and M Starzak

Inputdata Model results

Inner tube Outer tube Number of Juice flow Surface area Average HTC Tube lengthdiameter diameter velocity
(mm) (mm) tubes (crn/s) (m') (kW/m2.K) (m)

5500 1,74 10 762 1,33 16,2

7000 1,37 9322 1,54 11,0

7500 1,28 9048 1,59 10,0

38,40 42,40 7750 1,24 8928 1,61 9,6

8000 1,20 8819 1,63 9,1

8250 1,16 8719 1,64 8,8

8500 1,13 8627 1,66 8,4

4000 1,51 11713 1,21 19,3

5500 1,10 8767 1,64 10,5
48,36 50,80

6000 1,01 8444 1,70 9,3

6500 0,93 8 188 1,75 8,3

3000 0,92 11 753 1,22 17,4

4000 0,69 10 012 1,43 11,1

71,60 76,10 4500 0,61 9557 1,50 9,4

5000 0,55 9220 1,56 8,2

6000 0,46 8746 1,64 6,5
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