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Abstract—Heat transfer in scraped-surface heat exchangers processing turbulent flowing media has been
modelled by combining a regular model for turbulent pipe flow with penetration theory to account for the
disturbance of the thermal boundary layer by the scraper action. Comparison of the model with experi-
mental data obtained with a bench scale unit revealed that the heat transfer coefficient depends more
strongly on the rotational frequency of the scrapers than the model predicts. This phenomenon could be
ascribed to the generation of vortices due to the scraper action, as has been confirmed by computer
simulation as well as experimental flow visualization. Correction of the model for the occurrence of these

vortices yielded a satisfying agreement between predicted and experimentally determined heat transfer

coefficients.

1. INTRODUCTION

Scraped-surface heat exchangers are usually applied
for (i) processing of viscous materials, where the
scraper action serves to increase heat transfer, and (it)
processing crystallizing media, where the scraper
mechanism is installed in order to prevent scaling, i.e.
undesired growth of a crystal layer on the heat ex-
changer wall.

The application underlying the investigation de-
scribed in this paper is the isolation of paraxylene.
Industrial separation of paraxylene from its isomers
(orthoxylene, metaxylene, ethylbenzene) is largely per-
formed by crystallization, Technically occurring feed-
stocks usually contain about 20-25% paraxylene,
Upon cooling such a mixture, crystallization initiates
at & —35°C. In general, cooling can be continuated
down to —60°C. At lower temperatures, metaxylene
cocrystallizes.

The process we have studied uses two crystalliza-
tion stages (—45 and —60°C). Each stage consists of
an adiabatic crystallizer and a cascade of scraped-
surface heat exchangers in a recycle loop. In order to
reduce the temperature difference between heat ex-
changer inlet and outlet temperatures, high flow rates
are applied (Re =~ 10%). The walls of the scraped-
surface heat exchangers are the coldest spots in the
process and, because of the relatively high supercool-
ing present there, undesired crystal growth phe-
nomena like scaling and dendritic growth occur. Also,
superfluous nucleation might occur as a result of the
high temperature drop near the walls.

All these crystal growth events have a negative
influence on process economics and/or product qual-
ity. Scaling seriously hinders heat transfer because the
scale layer introduces an additional resistance in the
overall-heat transfer coefficient. Uncontrolled crystal
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growth often leads to inclusion of impurities and too
high nucleation rates would result in a fine product,
which causes difficulties at the solid-liquid separation
stage. It will be obvious that control of the wall
temperature in order to reduce or eliminate the un-
desired crystal growth events mentioned above would
greatly contribute to improve product quality and
process economics. Because, for a fixed production
capacity, the heat flux through the walls and the bulk
temperature are invariable, the only possibility of
controlling the temperature at the heat exchanger
wall is by manipulating the heat transfer coefficient.

The scope of this investigation can, therefore, be
defined as to determine how the heat transfer coeffi-
cient depends on hydrodynamic conditions that, for
given pieces of equipment and process medium, are
fully defined by the volumetric throughput and rota-
tional speed of the scraper. The objective is to obtain
a useful tool for controlling the wall temperature and,
hence, nucleation and growth behaviour at or near
the wall. In order to achieve this, a mathematical
model taking the influences of axial flow rate and
scraper rotational speed into account has been
developed. For experimental support, heat transfer
cocflicients were measured on a bench scale model of
a scraped-surface heat exchanger using a C8 aromatic
mixture as a test medium. Temperatures were kept
between 0 and —20°C such that crystallization of
paraxylene did not occur. Visualization of the flow
pattern was carried out in an other device that repres-
ents a cross-sectional segment of a scraped-surface
heat exchanger.

2. THEORY
2.1. Literature survey
Huggins (1931) was the first to use scrapers in
vessels instead of stirrers. He found a strong enhance-
ment of the heat transfer coefficient when viscous
media were used. For non-viscous media, the effect of
the scraper action on the heat transfer coefficient
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proved to be less pronounced. Houlton (1944) invest-
igated heat transfer between two water flows in
a scraped-surface heat exchanger. The influence of
flow and scraper frequency were measured. The over-
all heat transfer coefficients were in the order of
3000-7000 Wm~ 2K~ !. Skelland (1958) derived a
correlation for the heat transfer coefficient based on
dimensional analysis. The exponents were derived
from experimental data. He used floating (i.e. not
spring-loaded) scraper blades, which implies that
there is no contact between the blade and the wall
because of a stagnant layer in between. The presence
of this layer may have a dramatic influence on the
heat transfer coefficient when viscous media are being
processed. Nearly all experiments have been per-
formed in the transition region from laminar to turbu-
lent flow, which complicates a theoretically based
evaluation of the exponents. He found « oc N®!7 and
a oc 8%* for viscous media (oils, glycerol).

Only for water Skelland found «oc N®* and
a oc v%% The rotational Re number for water indi-
cates turbulent flow. The difference in exponents
found for water and for the other media indicates the
existence of different flow regimes. Latinen (1958) de-
rived an expression for the heat transfer coefficient
based on penetration theory, assuming a stagnant
liquid layer to be present at the wall that completely
mixes up with the bulk after being scraped off. Hence,
no temperature gradient is left after passage of the
scraper blade. This resulted in

2
%, = —=(ApCpnN)°®5. 6

N

This result will be used in the following section, where
a model is developed for our purposes. The author
underlines that eq. (1) can only be valid in a limited
range of Re numbers. At low Re numbers, when using
viscous media, incomplete mixing of the film layer
with the bulk decreases the heat transfer coefficient.
At high Re numbers, the heat transfer coefficient will
increase as a result of turbulent eddies disturbing the
film layer. He compared his model with the experi-
mental data of Houlton (1944) and Skelland (1958}
and concluded that the data of Houlton agreed well
with eq. (1), but the data of Skelland did not. The
discrepancy between the data of Skelland and eq. (1)
was in first instance ascribed to the complex hydro-
dynamics prevailing in the experiments of Skelland.
However, in a later publication Skelland (1962) re-
ported a more reliable correlation which was in satis-
factory agreement with eq. (1). Penny and Bell (1967)
suggested that axial dispersion probably has played
an important role in the data of Skelland because of
the low axial flow rates used.

Harriot (1959) also confirmed that liquids having
a low viscosity can be described adequately by the
penetration model. Viscous media resulted in lower
values as predicted by Latinen (1958).

Trommelen (1971) studied flow patterns and heat
transfer properties in a scraped surface heat ex-
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changer. He used viscous media (water—glycerol mix~
tures). He concluded that in the case of Couette flow
(Re, <t 300) no mixing of'the film layer and the bulk
takes place after scraping. Also in the transition re-
gion (Re, > 1000), where Taylor vortices occur, there
is hardly any mixing because of the low penetration
depth. His model for heat transfer is based on three
steps:

(1) Penetration of heat in a thin stagnant liquid
layer between two scraper actions.

(2) Partial equalization of the temperature in that
liquid layer remaining temporarily stuck on the
scraper blade after it has been scraped off the
wall.

(3) Radial transport by convection of the cooled
liquid layer into the bulk. This is enhanced by
turbulence.

An empirical model was developed based on penetra-
tion theory:

2
Jr
in which @ is the empirical factor that accounts for
axial dispersion and incomplete temperature equal-
ization and mixing (steps 2 and 3). From experimental

data he correlated ® with the Péclet number
(Pé = Re. Pr), resulting in

@ = 1— 2.78(Pé + 200) ~°-18

(ApC ,nN)*3® ()

o=

(400 < Pé < 6000).
&)

In the region where Taylor vortices occur @ turned
out to be constant (0.5).

Nearly all investigations in the literature cited here
deal with laminar flow or with the transition region
between laminar and turbulent flow. Only Houlton
(1944) and Skelland (1958) have reported data with
turbulent flow due to high tangential velocities
(Res > 10*). When scraped-surface heat exchangers
are used for crystallization of paraxylene, the flow is
fully turbulent due to the high axial velocity and low
viscosity. For this application, no models have been
found in the literature. An extension of the model
based on penetration theory [eq. (1)] has been derived
for our purpose in the next section.

2.2. Turbulent pipe fiow

As has become clear from the literature survey, no
models are available for the heat transfer coefficient in
a scraped-surface heat exchanger in which flow is
turbulent because of high axial velocities. In our case
we are dealing with a high throughput of a process
medium having a low viscosity, resulting in a Re
number in the order of 105, where Re is defined as

_ vy Dy
L)

where p is the density of the liquid (kg m™3),  is the
viscosity (N sm™2), D, is the hydraulic diameter (m)
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(defined as 4 x cross-section/wetted perimeter) and
{v> is the mean axial velocity (m/s).
Generally, flow is fully turbulent for Re > 10,000.
A strongly simplified description of turbulent flow
is based on a division of the cross-sectional area of the
pipe into two domains:

(1) A turbulent core, with uniform velocity, temper-
ature and concentration profile, which implies
that no radial gradients are present in the core.

(2) A boundary layer between the turbulent core
and the wall, the thickness of which is depend-
ent on the Re number. In this boundary layer,
the radial velocity, temperature and concentra-
tion gradients, being the driving forces for
transport in radial direction of momentum, heat
and mass, respectively, are constant.

For the mathematical description of the presented
model for turbulent flow it is necessary to define the
boundary layer as that part of the flowing medium
where transport by conduction dominates convective
transport by turbulent eddies. Because conductive
transport of momentum, heat and mass, all have their
own characteristic rates expressed in terms of viscos-
ity, thermal conductivity and diffusion coefficient, it
will be obvious that the thickness of the boundary
layer will be different for each mechanism. The thick-
nesses of the boundary layers for transport of mo-
mentum, heat and mass will be denoted by 8,,d,, and
JOm, TESpectively. In this paper, only the transport of
momentum and heat will be considered. Mass trans-
port will be treated in a subsequent paper.

Conductive transport of heat can be described by
Fourier’s law:

0, = —A— (5)

where 0, is the heat flux (W m~2), A is the thermal
conductivity (W m~"' °C~ '} and d7/dy is the temper-
ature gradient (°Cm™1).

In steady-state conditions, the heat flux in radial
direction is constant throughout the thermal bound-
ary layer, which implies that the temperature depends
linearly on y. Integration of eq.(5) with boundary
conditions y=0, T=17, and y=286u4, T= Thux
yields
(TB — Tw)

S

In eq. (6), A/, is defined as the heat transfer coeffi-
cient, a.

In the absence of scraper blades, the values of the

heat transfer coeflicients are estimated by the equa-
tion developed by Gnielinski (1975):

_ &/8(Re — 1000)Pr D, \*?
Nu = T 127¢R) 5 (Pre® = 1) [1 + (T) ]

P 0.11
«(7.) ?

0. =24 (6)

1395
with
& = (1.821og Re — 1.64)2. ®)

This equation is recommended because it takes inlet
and outlet effects into account as well as heat produc-
tion due to friction. It has proven to be capable of
sufficiently accurate predictions in the transition re-
gion and turbulent flow.

Corrections for flow through an annular space are
proposed by Petrukov and Roisen (1964). For heat
transfer to the inner tube these authors arrive at

da 0.16
Nu:Nutub:(d*) (9)
b

assuming no heat exchange to take place between

environment and the outer tube, and for heat transfer
to the outer tube:

Nu = Nu,pn.[1 — 0.14(d, /d,)°°] ((10)]

assuming the inner tube to be perfectly insulated. In
these equations d, represents the inner diameter of the
outer tube and d, the outer diameter of the inner tube.

The presence of the scraper blades mechanism is
counted for by including the wetting of the blades in
the hydraulic diameter, being defined as 4 times the
cross-sectional area divided by the wetted perimeter.

2.3. The influence of the scraper action on the heat
transfer coefficient

The steady state is disturbed by the presence of
rotating scraper blades, wiping off the boundary
layer with a certain frequency. Complete mixing be-
tween the removed boundary layer and the bulk is
assumed. Hence, right after the passage of a scraper
blade, the temperature of the liquid attached to the
wall equals the bulk temperature Tp. From this
moment on, a velocity gradient builds up in radial
direction, according to the well-known penetration
theory (Beek and Mutzall, 1977). A necessary condi-
tion for the modelling of heat transfer by penetration
theory as well is that the penetration of heat can be
regarded as proceeding in a stagnant medium, This
situation is approached for penetration of heat in
laminar flow, because no disturbance of the temper-
ature profile by turbulent eddies is allowed. In order
to fulfill this requirement, the laminar boundary layer
has to develop at least as fast as the penetration of
heat proceeds. During this penetration period, the
ratio of the penetration depths of momentum and
heat can be calculated from

ﬁ=\/‘(ﬂvr) =Pr”2 (11)
Om  \/(nat)
and for completely developed boundary layers,
é
= Prin, (12)
Sen

From eqs (11) and (12) it appears that the laminar
boundary layer, J,, is always thicker than the thermal
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boundary layer, 8,,, when Pr > 1. The difference be-
tween the exponents of the Pr number in eqs (11) and
(12) indicates that, after the blade has passed, the
laminar boundary layer develops faster than the ther-
mal boundary layer does. As the condition of Pr > 1
is met in our case, as it is in general when the process
medium is a liquid, the mathematical description of
the development of the temperature profile with
penetration theory turns out to be justified.

It will be assumed now that the transport of heat by
a temperature gradient in axial direction may be
neglected. In this case, the temperature profile across
the boundary layer results from solving the well-
known equation of Fourier:

or i o:T

ot pC,dy?
with boundary conditions y =0, T= T, and y — o0,
T = Ty for ¢t > 0 and initial condition t =0, T'= Ty
for all y. Solution of eq. (13) with the boundary condi-
tions yields

(13)

T—T, 2 J‘y/(zﬁ)
TB - Tw B .\/1_'[ [}
The development of the temperature profile has been
illustrated in Fig. 1.
Combination of egs (5) and (14) expresses the heat
flux through the wall as a function of time:

0.5
Q'.v=—/195 =(TB—TW)(’1’1’f") . (15)

Oy

According to eq. (6) the heat transfer coefficient can be
expressed as

e Y dy. 14)

y=0

a(t) = nt

When the heat transfer mechanism between two
scraper actions can be described with penetration
theory, the time-mean value of the heat transfer coef-
ficient can be calculated from

P =%J‘" () dt.

s JO

17)

|
1
}
Vra t‘ V'n:atz Vnut3

— X

Fig. 1. Development of the temperature profile according to
penetration theory.
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Combination of eqs (16) and (17) results in

pC,p

=2 .
T,

(18)
Expressing the time between two scraper actions in
terms of the number of blades and the rotational
frequency N,

1
Iy = n_ﬁ . (19)
Equation (18) combined with eq. (19) yields
~ 2 0.5
o= —\/_—‘“ (ﬂ.pCpnN) . (2)
n

This expression has already been derived by Latinen
(1958).

So far, the result of the theoretical description for
turbulent flow is the same as for laminar flow. This is
due to the assumption that the heat transfer process
can be described by penetration theory during the
entire time interval between two scraper actions. This
assumption is only met if the time between two
scraper actions is less than the time required for com-
plete penetration of the thermal boundary layer. This
means that, for turbulent flow, penetration theory can
only be used for rotational frequencies of the scraper
above a certain value, so that the time between the
scraper blade passages equals or is smaller than the
time needed for penetration of the thermal boundary
layer. From Fig. 1, it appears that the penetration
depth, &,,, equals /wit/pC,. Conversely, the time
required for full development of the thermal boundary
layer equals

_ 84pC,
ts _—_—7[1 .

(20)

In the case of turbulent flow the thickness of the
thermal boundary layer, J,,, can be expressed as
b, = Afa. Now, eq. (20) can be converted into

4Gy

ts .
o2

(21)
With t, = 1/nN the following expression for the
minimum rotational speed results:

7o

nipC,’

For the xylene mixture with 1 = 0.15Wm™!°C™1,
p=900kgm™3, C,=1600kJ kg ' K™ the scraper
containing two rows of scraper blades and
o, (®,) ~ 1000 Wm~2K™! eq. (22) gives Npn = 8
revs 1

In the process we studied rotational speeds of
1revs™! are common, which implies that the math-
ematical description of heat transfer under these cir-
cumstances requires an extension of the model treated
so far. Therefore, a second assumption is made that
after the penetration of heat through the thermal

N, min = (22)
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boundary layer has been completed, the situation is
the same as with turbulent pipe flow, until the scraper
passes again. The time-mean value of the heat transfer
coefficient is expressed by eq. (17) by splitting the
integral into two parts:

(1) The first part from ¢t = 0 until t = 1, when heat
transfer is governed by penetration theory.

(2) The second part between ¢; and t,. During this
period, the heat transfer coefficient equals that
for turbulent pipe flow under the same condi-
tions without any scraper action.

The time-mean value of the heat transfer coefficient
is a function of rotational speed and flow rate, because
the heat transfer coefficient for turbulent pipe flow
depends on the flow rate. Expressed in mathematical
terms,

#N, 60) = T [ _f ECL I ) a,(«ﬁ.,)dt] 23)

with a,(t) being the time-dependent heat transfer coef-
ficient during the penetration period and a,(¢,) being
the flow-dependent heat transfer coefficient for turbu-
lent pipe flow.

Evaluation of the integrals in eq. (23) using eq. (16)
and elimination of #; by eq. (21) and ¢, by eq.(19)
results, after rearranging, in:

nipC,
na,(Py)

Equation (24) predicts a linear relationship between
@&(N, ¢,)and N in the region N = 0 — N, for a given
value of o,(¢,). Using eq.(22), it appears from eq.
(24) that &(N, ¢,) = 2,(¢p,) when N equals Np;,.
For N> Ng, eq.(1) is valid, which implies
&N, ¢,) < /N. The relationship between &(N, ¢,)
and N, with a,(¢,) being treated as parameter, is
presented in Fig. 2(a).

The relationship between x(N, ¢,) and a,(¢,), with
N being the parameter, is presented in Fig. 2(b). The
diagonal line represents the value of N,,,, where
a(¢., N) = 204/(¢p,). The entire region on the left side of
this line is governed by eq. (1), which means that
&@(¢., N) depends only on N. The region on the right
side is described by eq. (24). All lines that represent
a(¢,, N) at constant N will approach the line with
N = 0 when a, goes to infinity. Furthermore, it ap-
pears that the influence of a,(¢,), and thus of ¢,,
decreases with increasing rotational speed. This can
be seen immediately by differentiation of eq. (24) with

respect to ¢,
da(N, ¢v)] [ nipC, ]dat(¢v)
Pl =] 1= N . (@5
[ 3. In @) | a, - *
From eq. (25) it appears that [0x(N, ¢,)/d¢,]1n
< do(¢,)/do,, the difference being more pro-
nounced at increasing values of N.

Figure 2(c) represents eq. (24) by using &(N, ¢,) as
parameter. The region at the left side of the line

a(N, ¢,) = N + ad,). (24)
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Fig. 2. Graphical representation of eq. (24).



1398

N = Npia again is governed by penetration theory
only. Each line represents a set of combinations of
a,(¢,) and N that result in the same value of a(¢,, N).

2.4. The influence of the scraper action on the flow
pattern

So far, it has been assumed that the scraper only
removes the boundary layer and that the flow pattern
is completely identical to that for turbulent pipe flow.
In principle, this treatment is valid only for scraper
blades with an infinitely small height. Real scraper
blades will influence the flow pattern because of the
force they exert upon the surrounding liquid.

To obtain an impression of the disturbance of the
flow pattern, a two-dimensional computer simulation
has been performed using the PHOENICS-program
for the geometry of the bench scale scraped-surface
heat exchanger. This procedure involves the numer-
ical solution of the Navier—Stokes equation. The
energy dissipation due to turbulent forces is cal-
culated with the k, e-model (Launder and Spalding,
1974). The results of these calculations are presented
in Fig. 3(a) and (b).

These calculations predict the development of a
vortex between the scraper blades. It should be noted
here that the results have to be interpreted very care-
fully because the validity of the prediction for the
three-dimensional case is questionable. The restric-
tion to two dimensions and, thus, ignoring the effect of
the axial velocity has a strong impact on the turbulent
properties, which makes the model loose its relevance
to a certain extent. A further assumption, which is
quite unrealistic, is that of a uniform tangential velo-
city profile at the entrance of the simulated portion of
the two-dimensional scraped-surface heat exchanger.
A more realistic simulation was beyond the scope of
this paper, but the subject deserves more attention in
future. Nevertheless, the results indicate the possible
formation of a vortex street in the three-dimensional
case. For the modelling of the heat transfer coefficient,
the deformation of the boundary layer due to these
vortices should be taken into account along the entire
surface but, for simplicity, the influence of the vortices
shall be treated as additional surface renewal events
because each vortex results from a release of the
hydrodynamic boundary layer. So, the original sur-
face renewal frequency, nN, should be multiplied by
two to take the effect of vortices into account.

3. EXPERIMENTAL

3.1. Visualization of the flow pattern
Chemicals. The chemicals required for the visual-
ization of the flow pattern are (all weight percentages):

—a solution of glycerol in water, 90%,

— a mixture of 10% 0.3 N NaOH solution in water
and 90% glycerol,

— a mixture of 10% 0.3 N H,S0, solution in water
and 90% glycerol,

—a 1% solution of phenolphtalein in ethanol.

R. b GoEepE and E. J. DE JONG,

Equipment. The experiments were carried out in
a cell that simulates a cross-section of the original
scraped-surface heat exchanger. A schematic drawing
with the main dimensions is presented in Fig. 4.

Both bottom and top of the cell are made of glass.
THumination is performed with a 1000 W lamp having
a colour temperature of 2800 K. The light is reflected
by a mirror above the cell to obtain a better distribu-
tion of the light falling through the cell. The trans-
mitted light is reflected again by another mirror that is
mounted beneath the cell. The normal of the mirror
makes an angle of 45° with the axis of the cell. Photo-
graphs were taken with a Nikon camera with a two-
dimensional lense using a Kodak T-max Professional
400 ASA-film.

Procedure. The scraper cell was filled with 350 ml
of the water-glycerol mixture. To this mixture, 10 ml
of the NaOH-glycerol mixture and 5ml! phen-
olphtaleine solution were added. The scrapers are put
into action and the colour of the liquid slowly gets
pink. During this colouring, the flow pattern is visible.
The experiment can be repeated by adding 10 mi of
the H,S80,—glycerol mixture, making the liquid
gradually colourless again. The experiments were
performed at a scraper rotational frequency of
0.5 revs~ . At higher rotational speeds, the colouring
proceeded too fast.

3.2. Measurement of heat transfer coefficient

Chemicals. The C8-aromatic mixture used for the
experimental work was prepared by mixing reformer
feed from the EXXON plant (reformer feed is the
remaining C8-aromatic mixture after partial removal
of p-xylene) with pure p-xylene. Analysis with gas
chromatography using a bentonite column revealed
the following composition: p-xylene 31.78%, metaxy-
lene 38.69%, orthoxylene 981%, ethylbenzene
19.45%., toluene 0.27%.

The criterion for choosing a coolant was a max-
imum value of its heat transfer coefficient at such
a flow rate that the uptake of heat could be measured
with acceptable accuracy. Methanol, ethanol, pen-
tane, hexane, aceton, chloroform, methylenechloride
and trichlorocthylene were compared. Due to its low
viscosity and high density, resulting in a relatively
high Re number, methylenechloride appeared to be
the best choice for our purposes. The methylenechlor-
ide used was purchased from Vos Chemproha, tech-
nical pure grade.

Equipment. The scraped-surface heat exchanger
consists of two cylindrical stee! tubes with a centre
shaft on which the scraper blades are mounted. The
coolant flows through the annular space between the
cylindrical tubes, while the xylene flows counter-
currently through the inner cylinder. Teflon scraper
blades are pressed against the wall by springs. These
scraper blades are mounted in pairs, the blades differ-
ing 180° in angular position. Each pair is rotated 90°
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in position with respect to the “~regoing—following A schematic representation of the complete config-
pair. An illustration with the dimensions of the uration is presented in Fig. 6. The coolant circulates
scraped-surface heat exchanger used for our experi- Wwith a flow rate of 2 m?® h™*. The xylene flow could
ments is presented in Fig. 5. be varied between 1-6.6 m® h™!. The flow rates were

(a) Scraped surface heatexchanger l PHOENICS

L.,

Fig. 3(a) and (b). Cross-sectional flow pattern calculated with the PHOENICS-program for two different
positions of the scraper blade.

—: 50 .

(b) Scraped surface hest sxchanger ]:mlﬂ
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Fig. 4. A schematic representation of the device used for visualization of the flow pattern.
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Fig. 5. Cross-section of the bench scale scraped-surface heat

exchanger. The length amounts 1 m.
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cooling
machine
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Fig. 6. Schematical drawing of the experimental set-up.

.
A

measured with rotameters. The xylene is heated in
a stirred vessel, on which the xylene flows through
a spiral. Water was used as the heating medium. The
temperature of the heating bath was kept at 0-1°C.
Temperatures at the inlets and outlets of the scraped-
surface heat exchanger were measured with Pt-100
elements, except for the inlet temperature of
the coolant. This value was determined by a

chromel-alumel thermocouple measuring the differ-
ence between the inlet and outlet temperatures of the
coolant. This allows for a more accurate determina-
tion of the temperature rise and, hence, of the heat
flux. The heat flux is always calculated at the coolant
side because the temperature drop of the xylene flow
becomes too small at high flow rates. All piping and
the scraped-surface heat exchanger were insulated in
order to minimize heat exchange with the environ-
ment.

Procedure. After the cooling bath had reached the
desired value, circulation of coolant and xylene was
started. The temperatures were monitored. After hav-
ing reached a steady state, the temperatures and flow
rate of the xylene were registered. This procedure was
repecated 5-10 times with a time interval of 3 min in
order to weigh out fluctuations. Then the flow rate of
the xylene was adjusted to another value and, after
a steady state was reached again, another measure-
ment was done.

The first series of measurements was performed
without scraper blades, in order to check whether our
system obeys the predictions of heat transfer coeffi-
cients for turbulent flow through an annulus by em-
pirical correlations from the literature.

The second series of measurements was performed
with non-rotating scraper blades in order to in-
vestigate the influence of the presence of the blades.
After these series, measurements were performed with
rot{ltional speeds of 0.5 and 1 revs™ 1.

3.3. \Data deduction

From the measured values of the temperatures and
flow rates, the value of the overall heat transfer coef-
ficient can be calculated from

9.
V=an.

(26)



Fig. 7. (a)—(b).
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Fig. 7. Photographs of the flow-pattern at ¢t = 15, 30 and 120 s, respectively.

The heat flux was calculated from the temperature rise
of the coolant and the outer surface of the inner steel
tube:

Qw - ¢u.h Pk Cpk( ﬁt,om - n.in) . (27)

The logarithmic mean temperature difference is de-
fined as

A Tmnx —A Tmin
lll (A Tmax/A Tmin )

and AT =

AT), = (28)

with AT,..=
7;(ylene, in — T::oolanl.out-

From the overall heat transfer cocfficient the heat
transfer coefficient at the xylene side can be calculated
using

xylene,out ~ 7’coolam, in

L_dl 1 dined/d)

U die, o 24 @9)

where d; and d, are the inner and outer diameters of
the pipe, a, and «, the heat transfer coefficients of
xylene and coolant, respectively, and 4 the thermal
conductivity of steel. In the case of removed scraper
blades, the heat transfer coefficients at both sides are
estimated with Gnielinski’s equation, presented in
Section 2.2.

4. RESULTS AND DISCUSSION

4.1. Visualization of the flow pattern

In Fig. 7, three photographs of the flow pattern
have been presented at ¢ = 15, 30 and 120s (t =0 is
the moment at which the scraper is put into action).

On the presented photographs, the scrapers rotate
clockwise and the results clearly indicate the forma-
tion of a vortex between the two scraper blades. The
motion of the scraper blade presumably causes the
frictional forces at the wall in front of the scraper
blade to be very high. This resulis in a release of the
laminar boundary layer from the wall. Although the
viscosity of the water—glycerol mixture is much higher
than that of the xylene mixture, the experimental
results agree very well with the prediction presented in
Section 2.4. Both procedures indicate that the scraper
action induces two “surface renewal events”: one due
to the scraper blade itself and the other due to the
vortex between the scraper blades, resulting from the
force exerted upon the boundary layer by the scraper
blade.

4.2, Heat transfer coefficients

The measured values of the overall heat transfer
coefficients with removed scraper blades are presented
as a function of the Reynolds number in axial direc-
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Fig. 8. Measured values of the overall heat transfer coeffi-
cients in case of removed scraper blades, compared with
calculated values according to Gnielinski’s equation.
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Fig. 9. The heat transfer coefficients at the scraped side as
calculated from the measured overall heat transfer coeffi-
cients with N = O, N = 0.5and N = 1 revs ™ !. The solid lines
are calculated with eq. (24), using Gnielinski’s equation for

a(.).

tion in Fig. 8. The solid line represents the overall heat
transfer coefficients calculated with Gnielinski’s equa-
tion, adapted for annular flow. Physical properties are
summarized in the Appendix.

From Fig. 8 it appears that the system with re-
moved scraper blades can be adequately described
by Gnielinski’s equation. For this reason the calcu-
lated value of the heat transfer coefficient of the cool-
ant was chosen for further data reduction
(e =920Wm~2K™1).

The heat transfer coefficients calculated from the
overall heat transfer coeficients for N =0, 0.5,
1revs~! are presented in Fig. 9. The solid lines rep-

CES 48:8-D
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resent eq.(24), with a,(¢,) calculated according to
Gnielinski’s equation.

From Fig. 9 it becomes clear that although scraper
blades are present the heat transfer coeflicient cal-
culated from experimental data is still in good agree-
ment with the values calculated with Gniclinski’s
equation. The enhancement of the heat transfer coef-
ficient by the scraper action, however, is significantly
larger than predicted by the model derived in Sec-
tion 2.3. At a rotational speed of 1 revs™!, the heat
transfer coefficient increases by 200% at Re = 5000 to
30% at Re = 20,000, with respect to the situation
without any scraper action. This is probably due to
the fact that the movement of the scraper blades
generates vortices and, hence, decreases the thickness
of the laminar boundary layer, which in turn results in
a further enhancement of the time-mean value of the
heat transfer coefficient. Multiplication of the surface
renewal frequency by two, as was proposed to ac-
count for the influence of vortices, gives a much better
agreement between theory and experiment. This ob-
servation indicates that vorticity contributes signific-
antly to the enhancement of the heat transfer coeffi-
cient. For this reason, an extensive study on flow
phenomena, by numerical simulation as well as ex-
periments, is recommendable.

5. CONCLUSIONS

From the foregoing results the following con-
clusions can be drawn:

—In the absence of scraper blades, experimental
heat transfer data match sufficiently well with
predicted values according to Gnielinski’s equa-
tion, applying corrections for the geometry pro-
posed by Pethukov and Roisen.

— The first conclusion is also valid for the situation
with non-rotating scraper blades. This proves
that adaption of the Re number for the presence
of the blades has not been superfluous; ignoring
this influence would result in Re numbers that
are 10% higher and, hence, the agreement be-
tween theory and experiment would be worse.

— The enhancement of the heat transfer coefficient
due to the scraper action can be predicted well
with our model. However, the model has to be
extended to take the influence of the scraper
blades on hydrodynamic properties into ac-
count.

— Application of scrapers to increase heat transfer
has proven to be very useful for the Re number
region we have studied.

NOTATION

a thermal diffusivity, m?s~!

A surface, m?

C, heat capacity at constant pressure, Jkg™*
K -1

d, D diameter, m
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n number of rows of scraper blades, dimen-
sionless

N rotational frequency, s}

() heat flux, Wm~?g™!

t time, s

T temperature, °C, K

v velocity, ms ™!

¥ distance from the wall, m

Greek letters

heat transfer coefficient, Wm~—2°C~!
thickness of the boundary layer, m
viscosity, kgm~!s~!

thermal conductivity, Wm !°C™!
density, kg m 3

volume flow, m3*s~!

empirical correlation factor, dimensionless

68D I MR

Subscripts

a b refer to inner tube and outer tube
bulk
coolant
hydraulic
inside
penetration
scraper
turbulent
wall

xylene

HE ™y oy
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APPENDIX: RELEVANT PHYSICAL PROPERTIES
Coolant

The relevant physical properties of methylenechloride at
—30°C were taken from Gallant (1968) :

p=14026kgm™3, C,=1141.1Jkg ' K!

A=01589Wm 'K}, 2=074x10"3Nsm™2
Process medium

The relevant physical properties of the C8-aromatic mix-
ture were calculated with the program “Process”, and fitting

as a function of temperature resulted in the following equa-
tions (T in K):

p = 1100.4 — 0.8807T (kgm~?)

C, = 3.5882T + 616.2 (Jkg ' K™Y)
n =exp(—10.738 + 988.67) (Nsm~2)
A =0.1943 — 0.000213T (Wm™1K™1).



