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MEASUREMENT OF FLOW FIELD AND
WALL TEMPERATURE DISTRIBUTION IN
A SCRAPED HEAT EXCHANGER CRYSTALLIZER

M. Rodriguez Pascual’, F. Ravelet*®, R. Delfos?, G.J. Witkamp*!
'Process & Energy Dept. Delft University of Techrplpthe Netherlands
?Laboratory for Aero and Hydrodynamics, Delft Unisiéy of Technology, the Netherlands
3nstitut de Mécanique des Fluides de Toulouse, d&ran

Abstract

During crystallization the control and effectivestlibution of heat transfer from the solution
to the heat exchanger (HE) plays an important rimleomogeneity in temperature on the HE-
surface limits the production capacity and increatee tendency of an isolating scale layer
formation. To avoid scaling, scraper blades onHkeare commonly used.

In a typical axi-symmetric geometry the scale lafggmation was investigated. We studied
the influence of the flow field on the actual h&ainsfer distribution 1) by directly measuring the
surface temperature field of the HE using LCT ando® measuring the flow field inside the
crystallizer using 3C-PIV.

From Liquid Crystal Thermometry, we can clearly sest, except for the centre region, near
the inside the heat transfer is considerable b#tar near the outside. Stereoscopic PIV velocity
measurements reveal that the central region ofystallizer is in solid body rotation; in the oute
parts there is a strong secondary flow, where alfyzgr solution descends onto the HE-surface,
causing a high heat transfer; near the outer Wwalkblution rises again having a small heat transfe

We conclude that the present design of the stirseraper system in the crystallizer provides
sufficient secondary flow to keep the system mixéowever, near the outer wall and near the shaft
the heat transfer is considerably lower than awerddis is also the zone where during Eutectic
Freeze Crystallization experiments the first nohoged ice-scaling layer is observed. This is thus
not due to a limited scraping function of the sergapbut due to the HE getting the lowest
temperature, hence the highest sub-cooling.

1 Introduction

Several crystallization processes consist of licaatlitions that by the action of heat exchangegs ar
brought into supersaturated regions where crystédlsform. In industrial continuous processes,
where solution is constantly fed into the crystalli control and stability of the bulk solution
temperature is mandatory. For this reason a dedregbulent flow in the crystallizers is necessary
to achieve good mixing of the whole solution. Tleathtransfer rates are directly responsible for the
production rates. The residence times of the swiuth the crystallizer will determine size and
quality of the crystals.

To obtain the desired supersaturation the soluisocooled down (as in Eutectic Freeze
crystallization) or heated up (as in Evaporativeystallization). This action is done by Heat
Exchangers (HE) in direct contact with the solutiNear the HE surface exists a thermal boundary
layer that depends on the crystallizer flow chamastics. Here the supersaturation is higher that i
the bulk solution. Because of the higher superaittr on the HE surface the nucleation and
growth rates of the crystals are faster than inbili& solution. This situation is responsible fbet
formation of a scaling layer of crystals on the slEface. As a consequence produces a decrease of
heat transfer, affecting the stability of the cajyistation process. To avoid this scale layer
formation, it is common to use mechanical acti@ugh as scraping.



The scraping efficiency is directly proportional tloe temperature difference between the bulk
solution and the heat exchanger surface tempertaessen (2002) and Pronk (2005)]. Depending
on our solution and the characteristics of our maaatal scraping action (velocity, shapes and
applied forces), we will have a maximum temperatlifierence between the solution and the heat
exchanger surface where scaling will appear. Ireiotd achieve the desired production rate and
avoid the scaling layer problem we will have to lgghe consequent scraping characteristics. For

these reasons the heat exchanger surface tempehatsito be as uniform as possible to control the
unwanted scaling layer.

2 | ce scaling Experiments

2.1 Setup

The experimental set-up for ice-scaling research 8caling Crystallizer, ISC) consists of a 10klite
scraped surface crystallizer as shown in Figufehg. crystallizer has a 1 mm stainless steel bottom
plate with a heat transfer area of 0.03% which is scraped by four rotating Teflon scraperdels
that are driven by a vertical shaft. Halfway thmsaf, a turbine mixer is installed to keep the isiur
homogenously mixed. The bottom plate is the topside Heat Exchanger (HE), which is cooled
by a 50 wt% potassium formate solution (‘Freeziunit)e coolant follows a spiral channel through
the HE. Height & width of the channel measure 5&mm, respectively. The coolant flow rate is
1000 I/h, resulting in a channel velocity of ovemBs, guaranteeing turbulent channel flow. The HE
inlet temperature is controlled within 0.1 K by@oting machine.

The crystallizer overflows to an ice-melting vessekre the produced ice crystals are molten
and from which aqueous solution is pumped back&drystallizer, such facilitating stationary
flow conditions. To minimise heat leaks to the aembj the experimental system was thermally
insulated wherever appropriate besides some sdlpatts required for (visual) observation.

Temperature of the coolant (at inlet and outlé®, drystallizer liquid (near top and bottom of
the vessel) and the feed flow were measured with B&60 precision thermometer connected to
PT-100 temperature sensors with an accuracy0dd1 °C. The pressure of the coolant in the HE
channel was measured at inlet and outlet by twdogoa pressure sensors with an accuracy of
+0.001 bar. The flow rate of feed solution and coblaere measured with two electro-magnetic
flowmeters with an accuracy afll/h. The five temperatures, the two pressuresthadwo flow
rates were collected every 1 second in a compsiaguhe LabView data acquisition program.
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Figure 1.Scheme for performing continuous crystallising expents

Figure 2. The bad local heat transfer distribution on the HHrface translates into high
temperature differences through the HE surfaceol#served during ice scaling experiments in the
ISC lower temperatures where found in the centréhefHE and in the outer area, forming two
rings with difference on temperature compare with middle ring higher than 2C. Due to this

difference on temperature the nucleation and ctygtawth are higher in the centre and in the
outer ring and is this zones where ice scalingtstar



This same behaviour was observed in the CDCC endlititga damaged outer scraper because of
the impossibility to remove the thick ice layemiied in this area.

2.2 Observations

During all experiments in the ISC, the temperatoiréhe crystallizer liquid constant, i.e. at the
freezing temperature of the water, or at the eittéemperature for a salt water system. With this
system, we have run experiments in which we grdyluatrease the heat flux through the HE by
gradually lowering the HE temperature. Doing so,find that ice scaling (i.e. the formation of ice
that is not removed by the scraper blades) startwa distinct areas of the HE surface: 1) near the
centre of the crystallizer and 2) close to theidetsvall. The net effect is the formation of twogs

of ice. When one keeps the process going anywaysthapers gradually get lifted up, and the
function of the scrapers quickly deteriorates.Xpeximents in the ‘CDCC'’ crystallizer (a scaled-up
version of the ‘ISC’, Genceli (2005)), exactly theame behaviour is observed. As we can see in
Figure 2, continuation of the process ended withatze to the outer scraper.

Possible explanations for this reproducible behaweere as follows:

1) The scrapers function better in the middle secfidnis argument was discarded, because also
when we scraped with arms of three independenpscisections (each with their own spring
loading) we observed exactly the same behaviour.

2) Influence of the feed flow inlet. The feed flow enlis always slightly warmer than the
crystallizer fluid. We have visualized the flow fgh by injecting a blue dye into the feed flow.
There we observed that, when entering the cryagallthe dye is first transported upwards, then
mixed in the top section, before it finally descemato the lower section where it contacts the
HE surface. By that time, it has mixed well, andled down sufficiently.

3) Possibly the local heat transfer varies over tteteplSince we could cross out the first two
mechanisms, we have done a more elaborate stutihedatter process.

We have done in-situ measurements of the heat egehasurface temperature distribution, and
consequently the local heat transfer distributhjch is described in section 3. Also, we have
done quantitative flow measurements, which are rdest in section 4. In Section 5 we will
combine and discuss the results, and consideratfgequences.

3 Heat Exchanger Surface Temperature Measurements

3.1 Experimental Setup
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Figure 3.Sketch for the set-up for surface temperature nreasent.
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The set-up for measuring the HE surface temperasusown in Figure 3. This temperature was
measured using an adhesive thermochromatic liqystal sheet (TLC, Hallcrest R34C1W) glued
directly onto the HE-surface. The TLC changes colith temperature, with a working range
between 34-35 °C (provider-specified). The TLC-sheealluminated using a slide projector with
‘white light’ (320 W halogen lamp, colour tempena8400 K). Its light is passed through a linear
polarising filter, then projected via a mirror oritee bottom of the tank under an angle of incidence
of about 18 with the vertical (‘lighting angle’). The TLC-shiesurface was observed from above
under an angle of t5as well (‘viewing angle’) through a second polarizising a digital photo
camera (Canon Powershot S2 IS). The two polarizeggpress unwanted reflections of the
illuminating light, resulting in more saturated Tit€flected colours. Colour TLC surface
photographic images (jpeg-compressed, 2592*1944wexe recorded and transferred to a PC
every 2 seconds, on which further image processagydone using MatLab, v. 6.0.

Calibration of the TLC-colours was done in situthie same manner as described in Delfos &
Lagerwaard (2003). In short: during a gradual hgatand cool-down procedure when the
temperature on top the TLC and the temperaturd@fcbolant readings were stable at the same
value within 0.01°C, an image was selected for the calibration cufe. Red-Green-Blue (RGB)
data was mapped to Hue-Saturation-Intensity (H&ta dising MatLab's rgb2hsv function. Based
on the Hue values$l, we obtain a one-to-one relationship fbrvs. H. The useful part of the
resulting calibration curve runs is in the range53T < T < 36 °C (Figure 4), as in Delfos &
Lagerwaard (2003) and was shown to depend onlg bih illumination intensity with an accuracy
of £0.03 °C.

To avoid hysteresis effects of the TLC due to tleeking range we decide to study the HE
surface temperature in an inverted experiment, gvlmstead of cooling the solution we heated up
to avoid exposing the TLC sheet to high temperaturais means: the solution is maintained at a
temperature of some 32; it is heated through the HE with ‘coolant’ of %2, the feed flow is
about 28C. After a stationary situation was obtained (mangitl using thermometers), imaging
was started. In Figure 4 we see a typical pictdialf of) the TLC sheet on the heat exchanger as
measured halfway during this time interval. Thenglpart is one of the steel arms that hold the
scraper. This result immediately shows that, ehengh at first glance the process as a whole is
stationary, that there is a strongly non-uniformperature distribution on the HE surface.

3.2 Results - integral heat transfer

To get a view on the energy balance of the systeenapplied the following steps. The total heat
flux through the heat exchanger surface into thestatlizer, Q.. is directly found from the
integral energy balance:

QHE = (wcool |icool EQCV |]s-rcool_ A p)) - Qlos:’ (l)
where @0, Pcool @NACy are the flow rate, density and its specific hdahe coolantATcqo andAp
its temperature and pressure drop in the coolantro#, andQ, .. the heat flux to the surroundings.

The latter was determined experimentally earliar tos HE (Pronk et al (2006)), and is here
estimated as 1.5 W/K. For the experimental conaiétias above, we have an estimated heating of
the crystallizer solution of 220 W. For instatiopdreating as in our case, this net heat flux is
absorbed by the solution and the feed liquid:

QHE = Qfeed + VOlws‘.oI[meTcrys/ dT, (2)
where Q,., is calculated the same as for the HE flux, andstiletion temperature riseTgys/dt is

obtained from the measurements as 0.0Q13.
This give aQ,.., of 120 W average during the measurement time, lwhieans a total heat taken

by the solution of 100 W and an increase of 0G7 whereas the experiment has a measured



increase of 0.4C. Taking into account the limited accuracies, vemsider this a sufficient
approximation.

3.3 Results - local heat transfer

In the previous we have considered the total hemister from coolant to crystallizer solution.
Since we have observed that the HE surface temyperat much dependent on position, we need to
search for the local surface heat flux,and local heat transfer coefficigmtSince we observe that
the TLC colour pattern on the HE surface (so preshlynalso the temperature) is more or less axis
symmetric, we assume further that all profiles farections of the distance to the centrgpnly.
Then we can write in general the local relatiowsetn ¢ andh (Mills 1999):

h(r)=a(r)/(Teo = Teom) 3)

where T, is the average temperature of the coolant, anddheion temperatur@sy already is

assumed to be constant throughout the crystallizer.
The heat transfer coefficient for the systéns found by adding up the individual heat resistamn

1/ h(l') = 1/ hcool + dplate//]plate + dTLC //]TLC + 1/ hcryst(r) (4)

Here the conductive heat transfer coefficientsthar stainless steel plate and the TLC layer are
15*10° W/m?.K and 1.2*16 W/m?.K, respectively. To find the convective heat tfansoefficients

at the coolant channel sidbg., is more complicated: For a flowing liquid, it given by
Moot = NUyor A oo/ d, With d the hydraulic diameter of the duct, which is 7.\hniThe Nusselt
number Nu is of the form as for turbulent duct fIgMills, 1999):

Nu = 0.0241R&°0 PY® )

A result found previously for turbulent flow in oaooling channel (Pronk 2006) is about twice as
large due to the curvature of the channel improtegheat transport in the channel:

Nu = 0.0507JRE&*°0 Pt* (6)
For our typical process conditions, we find Nu =h&iceheoo = 2800 W/NA.K.

Now with the three known heat resistancegoi= hsteer+cool+ L9, We can calculate the local
heat transfer coefficient between crystallizer bittisurface based on the temperature difference
between solution (F) and coolant (do0), and the calculated surface temperatugg Trom the
direct TLC Temperature values under the polyestees(Temp[oC] in Figure 6) as follows:

hcryst = hknown sturf _Tcool) /(Tsol _Tsurf) (7)

To get the numerical values, we process the TLQ@sas described. Visually it looks as below:
From the photographic image of the TLC-surface weout the area in between scrapers (Figure
5a), we convert the RGB values into Hue valueséfablours, Figure 5b), and with the calibration
curve into temperature (Figure 5c).
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Figure 5a.Cut area in between scrapers of the HE surf&igure 5b.Converted into Hue values.
Figure 5cVia the calibration curve converted into temperatr
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As expected, the heat exchanger surface temperaui@ from uniform: with a temperature
difference between coolant and solution of just°C) the HE surface temperature varies with



differences of more than 2C, and in fact even outside the working range & TL.C! We
converted these data into a radial profile of #gragerature distributioif(r), as is shown in Figure
6, together with the related local heat transfeffa@ent, herys(r).
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Figure 6.Radial distribution of temperature T(r) and conwveetheat transfer coefficientx(r) on
HE surface (between scrapers). Note: temperatubes@ 36C are approximate (being outside the
proper calibration range), as commented before.

We now indeed clearly see near the crystallizetreeand close to the outside that the heat transfer
between HE and solutiohgrs(r), is lower than that somewhat halfway the radiysifactor of at
least five. This observation of temperature and treasfer distribution in our opinion completely
explains the observation of ice scaling in the E@eriments: in regions where the heat transfer is
low, the HE surface temperature falls to lower ealuhereby it increases the supersaturation of the
solution, hence in these regions the nucleatiohb&ilmuch stronger and so the tendency of scaling.
The remaining question is however the reason ghy varies so much over the HE plate. For this,
we will investigate the flow pattern and the tudnde present above the HE plate.

4 Ster eoscopic PIV Flow M easurements

To investigate the origin of the so much varyingdioheat transfer coefficient, we decided to try to
get more insight into the flow field and the turBite distribution inside the crystallizer. To do so
part of the field was investigated using Stereosrdfarticle Image Velocimetry, (3C-PIV). A
general description of 3C-PIV, and methods to tsepican be found in Raffelt al. (1998); some
specific details of our 3C-PIV set-up in Ravedetal (2007). The set-up is summarised below and
sketched in Figure 7.

4.1 Experimental Setup

The shaft with scraper and stirrer wz
taken from the original 200 mm IC
geometry to a slightly larger glass cylind
of 240 mm ID, which was well aligned ir
the two-camera stereoscopic PIV set-up
Raveletet al. (2007). With the vertical- Cam? Camil

radial light laser light sheet we were abrigyre 7.Sketch of set-up for PIV measurements.
with a PIV calibration gricimage inside




to capture double-frame PIV images from two diffeérprojections of the particle motion. The 3D
calibration, the laser and camera timing and thé iRlage processing were all done using Davis

7.1-7.2 (www.Lavision.de).

The measuring area measures height 45 mm and &@dthm, starting just above the scraper

and at the outer wall, all as indicated in figure 9
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Figure 8aAverage velocity field Note: the radial and tangahtomponents are depicted as
vectors, the tangential component in false colobirgure 8bRadial profiles of average velocity.

From 500 instantaneous flow fields we obtained #élverage velocities and all six Reynolds
stresses. Here we only consider the average velioeid and its role in the heat transfer.

The average flow field is shown in figure 8a. Alsmce the flow varies only little with
height, we can obtain the axially averaged radrafiles, as shown in figure 8b. The biggest
velocity component is the tangential velocity, whilt is forced directly by the rotating
aerodynamically bluff scraper arms, and frictiothithe smooth outer wall and the free surface top
is small. We can observe, besides a thin undexeddboundary layer at the outer wall, three
distinct regions in the profile:

1) Up to a radius of roughly 50 mm, the tangenligiid velocity (blue) matches that of the
scraper-stirrer shaft (dotted red). Even thougla dat most of this inner part is failing, it only
seems realistic that this whole region, the ‘coig’in solid-body rotation with the scraper-stirrer
shaft, and there is no centrifugal or axial forcatgall; the latter is reflected as well in the #§ma
axial velocity.

2) In the annulus around the core (beyond 60 mime)yvelocity decreases again, and in this region
the interesting transport processes take placeaXiag profile shows a strong secondary flow; near
the outer wall the fluid is flowing upwards, withnaagnitude as much as 15% of the tangential
velocity. This strong secondary flow component @ni\by the rotating scraper arms, which near the
bottom transport fluid outward by centrifugal fargi Arriving at the outer wall, this flow is
deflected upward as we measure it. By continuitg, ftuid has to flow somewhere radially inward
and then downward; here we see a maximum downv@anddccurring at 80 mm from the centre.
When moving radially inward or outward, the flowntis to conserve its angular momentum
(Batchelor 1967); in a frictionless flow the resutbuld be a potential vortex. As a simplified
physical model to the flow, we fitted the measu@tyential velocity profile with the Oseen vortex
solution (Batchelor, 1967), which gradually trasditom a solid-body rotation inside region to a
free vortex flow outside region, as shown in figtf¥®. Here we can see that in our case the picture
matches qualitatively, but that the transition hesw the two regions is more abrupt than in the
model.



The measured flow field completely supports théupee obtained from the heat transfer distribution
on the HE-surface: in the core, the heat transfew because of the absence of a mean flow. In the
annulus, there is the secondary flow, which causash better heat transport. Locally, the heat
transfer is much increased where the solution aelscento the HE-surface; the boundary layer is
thinned here by the stagnation flow. In contrdsé, lbcal heat transfer is reduced where the fluid
temperature has adapted to the boundary temperatgr@scends. This picture of heat transfer is
much similar to that measured in turbulent Benamalvection, where underneath stgantion regions
the heat transfer is enhanced and underneath pdimges reduced (Delfos & Lagerwaard, (2003),
and Petracoet al. (2006)).

5 Conclusions

During experiments of Eutectic Freeze Crystallmative observed that ice scaling was formed in
specific areas on the heat exchanger. Because ritiagd force for ice scaling is the local
supersaturation, and this is related to the solutgnperature, we measured the temperature and
heat transfer on the HE-surface.

The temperature results showed that indeed the eltyye on the HE-surface was not
uniform having temperature differences bigger tdafC, a difference more than sufficient to
explain the local variation in scaling tendencyeTemperature difference could directly be related
to a variation in the local heat transfer coefintiever the HE-surface.

Stereoscopic PIV measurements were carried outhnghiowed that the secondary fluid flow
in this crystallizer geometry is responsible fa& thhomogeneous heat transfer distribution.

When designing cooling crystallizers and heat ergba geometries, it is important to take
flow-induced inhomogeneity in heat trasnfer intea@amt, while this forms a strong limitation in the
crystallizer performance.
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