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The paper presents the results of an experimental study on the efficiency of the heat transfer
process in a jacketed, unbaffled agitated vessel of different slenderness, equipped with eccentrically
located HE 3 impeller or propeller. The efficiency of the process was evaluated on the basis of the
measured values of the heat transfer coefficient and power consumption. The measurements were
carried out in the turbulent flow of a Newtonian liquid. Liquid aspect ratio of the agitated vessel
was varied from 0.5 to 1.5 and the eccentricity of the impeller shaft was in the range from 0 to 0.53.
The measured quantities were approximated analytically.

Vertical shaft with an impeller is usually located in
a centric position inside the cylindrical agitated ves-
sel. Sometimes the shaft can be displaced to a certain
distance e from the vertical axis of the vessel. Eccen-
tric location of the impeller in the agitated vessel can
be useful in some cases. Agitation of viscous liquid in
the agitated vessels without baffles can be given as
an example. In the case of liquid agitation in the cas-
cade of large vessels, single construction of the drive
can be used for mounting of two impeller shafts in the
neighbouring vessels.

In comparison with the unbaffled agitated vessel
with the centrally located impeller shaft, the depth
of the free surface vortex around the shaft decreases
in the unbaffled agitated vessel with the eccentrically
located shaft. Moreover, the effects of the agitation ob-
served in the agitated vessel of such geometry are par-
tially similar to those, which were found in the baffled
agitated vessel with centrally located impeller [1—4].

An effect of the eccentricity e/R of the impeller
shaft on the power consumption was studied by Dylag
and Brauer [5], King and Musket [6], and Paszek [7].
Medek and Fort [8] experimentally analyzed the effect
of the parameter e/ R on the efficiency of the agitator,
which was defined as the ratio of the pumping capac-
ity to the power consumption. Rzyski [9] studied the
efficiency of the high-speed impellers within the tran-
sitional range of the fluid flow. The dependence of the
mixing time of the liquid on the eccentricity of the
impeller shaft was investigated by Seichter et al. [10].
Cavitation effects in eccentric-cylinder flows of New-

tonian and non-Newtonian liquids were analyzed by
Ashrafi et al. [11]. Karcz and Cudak [12, 13] studied
the effect of the eccentricity of the shaft with the pro-
peller agitator on the heat transfer coeflficient in the
jacketed agitated vessel.

The purpose of the studies presented was to in-
vestigate the efficiency of the heat transfer process in
the jacketed, unbaffled agitated vessel of different slen-
derness, equipped with the eccentrically located HE 3
impeller or propeller. The efficiency of the process was
analyzed on the basis of the measurements of the heat
transfer coefficients and power consumption obtained
for the agitated vessel.

EXPERIMENTAL

The studies of heat transfer process and power con-
sumption were carried out in the jacketed agitated
vessel equipped with the eccentrically located shaft
of impeller. The vessel of inner diameter D = 0.45
m was filled with liquid up to the height H equal to
0.5D, D or 1.5D. Eccentricity e/R (where R = D/2)
was varied within the range of (0;0.53). The measure-
ments were conducted for the centric position of the
shaft in the unbaffled vessel (¢/R = 0) and for the
four eccentric positions of the shaft (e/R = 0.13, 0.27,
0.4, and 0.53). The liquid was agitated using the im-
pellers of the diameter d = 0.33D with Z = 3 blades,
generating the axial circulation of the fluid in the ves-
sel. The HE 3 impeller working at the down-pumping
mode and propeller with the pitch S = d acting as
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the up-pumping agitator were used. Maximum width
of the propeller blades was equal to b = 0.2d. The
distance between the impeller and flat bottom of the
agitated vessel was equal to h = 0.33D. The experi-
ments were carried out within the turbulent regime of
the Newtonian liquid flow in the agitated vessel. Ma-
chine oil, with the viscosity of about 4.5 x 1073 Pa s
at temperature of 70°C, was agitated.

Mean heat transfer coefficients a were measured
under steady-state conditions. The agitated vessel was
equipped with a jacket, a flat nonheated bottom,
and an eccentrically located agitator. Vertical wall
of the vessel of thickness 5 mm was made of cop-
per. The driving system of the agitator consisted of
the belt transmission and an electric motor coupled
with a steering unit. Agitator speeds were measured
by means of the electronic counter, which was con-
nected with the potential source and reed relays as
sensors being placed above the magnet.

The liquid circulated in the system wvia an over-
flow of the agitated vessel, an intermediate vessel,
liquid cooler, circulating pump, a rotameter, and a
pipe in the flat bottom of the agitated vessel. Heat-
ing jacket was filled with steam of temperature about
102°C and a condensate was collected in the condenser
pots. All temperatures in the agitated vessel were mea-
sured with the accuracy +0.1°C with the thermocou-
ples connected to a point recorder.

Torque, needed to calculate the power consump-
tion was determined by means of the strain gauges
method. Measuring system consisted of a torsional
sleeve with the strain gauges, a converter, and Hot-
tinger’s amplifier.

Heat transfer coefficient « on the side of the ag-
itated liquid was determined from the thermal resis-
tance equation which relates overall heat transfer co-
efficient k£ with the wall thermal conductivity A and
film heat transfer coefficients on both sides of the heat
transfer surface area. The coefficient k& can be calcu-
lated when heat flux @, heat transfer surface area F,
and driving difference of temperature At,,, are known.
Heat flux ) was determined from the thermal bal-
ance equation, which was formulated for the circulat-
ing flow G of the liquid, heated in the agitated vessel
from the inlet temperature t; up to outlet temperature
to. Difference between mean bulk temperature ¢, of
the agitated liquid and steam temperature ¢, was cal-
culated as mean difference of temperature At,,. Ther-
mal equilibrium at a given measurement was reached
after 30—40 min.

RESULTS AND DISCUSSION

The effects of the shaft eccentricity within the
range e¢/R € (0;0.53) and the liquid aspect ratio
within the range H/D € (0.5;1.5) on the heat trans-
fer coefficient o were evaluated on the basis of 560
experimental data. These data were obtained in the
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turbulent regime of the Newtonian fluid flow (Re €
(10%; 3 x 10%)) in the jacketed agitated vessel without
baffles. For the comparative purposes, the results of
the measurements of the heat transfer coefficient in
the baffled vessel with the centrally located impeller
were also used. The results of the studies were de-
scribed by means of the equation

D
<Nu::g;—=(7&/R,H/D)ReAPW33VﬂJ4 (1)

where

d2
MR pr=21 oy (2)
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The dependences Nu/(Pr%33Vi%14) = f(Re) for
a given position of the HE 3 impeller (e¢/R = const)
and varying liquid aspect ratio (H/D # const) are
presented in Fig. 1. The results obtained show that the
heat transfer coefficient decreases with the increase of
the parameter H/D.

The dependences Nu/(Pr%33Vi%14) = f(Re) for
a given liquid aspect ratio equal to H/D = 0.5 and
various positions of the HE 3 impeller in the agitated
vessel (e/R # const) are presented in Fig. 2. As the
data in Fig. 2 show, heat transfer coeflicients reach the
greatest values for the most eccentric position of the
impeller shaft in the agitated vessels without baffles.

All the results of measurements of the heat trans-
fer coefficients for the agitated vessel without baffles
were approximated by means of eqn (1), in which sta-
tistically evaluated exponent A = 0.67 +0.1 was used.
Assuming mean value of the A = 0.67 in eqn (1), the
following equations were proposed for the agitated ves-
sel equipped with the HE 3 impeller
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Fig. 1. The dependence Nu/(Pr933Vi0-14) = f(Re) for the
unbaffled agitated vessel with the HE 3 impeller;
H/D # const; J = 0; filled squares — ¢/R = 0,
H/D = 0.5; squares — ¢/R = 0.13, H/D = 0.5; trian-
gles — e/R = 0.13, H/D = 1; diamonds — e¢/R = 0.13,
H/D = 15.
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Fig. 2. The dependence Nu/(Pr033Vi0-14) = f(Re) for the
baffled and unbaffied agitated vessel with the HE 3 im-
peller and constant H/D = 0.5: diamonds — J =4, ¢/R
= 0; squares — J = 0, ¢/R = 0; triangles — J = 0, ¢/R
= 0.27; circles — J = 0, e/R = 0.53.

and for the agitated vessel equipped with the propeller

D H —0.16
Nu = 22 = 0.217Re%57 03317014 (-) :
) D
e\? e
: [1.628 (}_z) ~0.189 (Tz) + 1} (4)

Eqns (3) and (4) approximate the experimental
data with the mean relative error of 9 % and describe
these data in the turbulent regime of the liquid flow
(Re € (1 x 10%;3 x 10%)), the eccentricity of the im-
peller shaft e/R € (0;0.53), and liquid aspect ratio
H/D € (0.5;1.5).

An analysis of the experimental data shows that
the intensity of the heat transfer process depends
strongly on the shaft eccentricity e/R in the jack-
eted unbaffled agitated vessel, equipped with the pro-
peller or HE 3 impeller. Assuming H/D = const,
heat transfer coefficients increase by about 36 % or
26 % in both agitated vessels, respectively, with the
increase of the eccentricity within the range of the
e/R € (0;0.53). These coefficients decrease by about
18 % or 25 %, respectively, within the range of the pa-
rameter H/D € (0.5;1.5) and for a given eccentricity
(e/R = const).

Experimental studies of the power consumption for
the agitated vessel without baffles revealed that power
number Ne strongly depends on the eccentricity e/R
of the impeller shaft. Power number Ne increases with
the increase of the parameter e/R reaching for the
most eccentricity the value comparable with the data
ascribed to the baffled vessel.

An efficiency of the heat transfer process in the
jacketed agitated vessel with the eccentrically located
impeller was analyzed on the basis of the equation
proposed by Strek and Karcz [14]

aD_

N:
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A/3
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The coefficient K in eqn (5) defined as

H\A/3 C
K_<5) [Ne(D/d)A/?’] (6)

where Ne = P/n3d’p denotes power number, depends
only on the geometrical parameters of the agitated
vessel. In eqn (5), the modified Reynolds number de-
pending on the power consumption per volume P/V
is expressed as follows

RepV: - 2 (7)

The dependences Nu/(Pr033Vi%4) = f(Repy)
for the agitated vessels of the liquid aspect ratio
H/D = 0.5 and H/D = 1, equipped with the cen-
tric or eccentrically located impellers, HE 3 or pro-
peller, are presented in Figs. 3 and 4. The function
Nu/(Pro33Vi%14) = f(Repy) reaches the greatest
level for the most eccentric position of the impeller
shaft in the agitated vessel without baffles. The data
for the baffled vessel of the liquid aspect ratio H/D
= 0.5 with the shaft at the centric position, are lying
above the experimental points representing correlation
for the vessel without baffles.

The results of the measurements of the heat trans-
fer coefficient o completed with the data of the power
consumption P were approximated in the form of eqn
(5), in which the value A/3 = 0.67/3 = 0.22 was as-
sumed. The following correlations were obtained for
the agitated vessel equipped with the HE 3 impeller

D 0.22
Nu=22=0197(3) (Repy)* 2P0

A
v (Bal) o
where
#(5) 2 () -
= [—0.211 (%)2 +0.423 (%) +1

: [1.276 (%)2 ~0.195 (}%) + 1} (9)

and for the agitated vessel equipped with the propeller

_ab m\ 022 0.22
Nu =2 =0.205 (4> (Rep.v)

. pr0-33y0-14 p (%) o (%) (10)
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Fig. 3. The dependence Nu/(Pr033Vvi014) = f(Repy) for
the liquid aspect ratio H/D = 0.5: diamonds — J = 4,
e/R = 0; squares — J = 0, ¢/R = 0; triangles — J =
0, e/R = 0.53. Opened symbols — HE 3 impeller; full
symbols — propeller agitator.
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Fig. 4. The dependence Nu/(Pr033vi014) = f(Repy) for
the liquid aspect ratio H/D = 1 and HE 3 impeller:
diamonds — J = 4, ¢/R = 0; filled triangles — J = 0,
e/R = 0; opened triangles — J = 0, e/R = 0.4; filled
squares — J = 0, e/R = 0.53.

where
() (3)-
:l_4wx102<%)2+aw7<%)+1
-PQGS(%)Q—OAGG(%)ﬁ—q

Eqns (8) and (10) approximate the results of
the measurements with the mean relative error of
5.5 % and 4 %, respectively. The dependences Nu/
(Rep,y)22Pr033vi%14 = K(e/R,H/D) described
by means of eqns (8) and (10) show that the crite-
rion K depends strongly on the impeller eccentricity
e/R. Liquid aspect ratio H/D affects the coefficient
K only slightly. Comparing the systems with the ec-
centrically located HE 3 impeller working at down-
pumping mode, and propeller (up-pumping mode), it
can be stated that the direction of the liquid circula-

(11)
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tion in the agitated vessel affects the efficiency of the
heat transfer process insignificantly.

On the basis of the experimental data obtained,
the jacketed vessel of the liquid aspect ratio H/D =
1 in which HE 3 impeller is located at the position
e = 0.53R can be proposed as the best for the effec-
tive realization of the heat transfer process (Fig. 4). If
the HE 3 impeller in this agitated vessel will be substi-
tuted by propeller agitator, the efficiency of the heat
transfer would decrease only slightly.
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SYMBOLS

A exponent in eqn (1)
b width of impeller blade m
c constant in eqn (1)
Cp specific heat capacity J kg™t Kt
D inner diameter of the vessel m
d diameter of the agitator m
e eccentricity of the impeller shaft m
F heat transfer surface area m?
G liquid flow kg s~ 1
H liquid height in the vessel m
h off-bottom clearance of the impeller m
J number of baffles
K optimization criterion
k overall heat transfer coefficient W m~2 K—!
n agitator speed s1

P
Ne Ne = HTJSP; power number

D
Nu Nu = aT; Nusselt number
P power consumption w
Pr Pr = %; Prandt]l number
Q heat flux w
R radius of the agitated vessel (= D/2) m

2

d
Re Re=" ; Reynolds number

P/V) D*p?
Repy Repy = w; modified Reynolds
n
number
S pitch of the propeller
t temperature K,°C
1% volume of liquid m3
Vi vi=
Nw
Z number of agitator blades
a heat transfer coefficient Wm2K!
n dynamic viscosity Pas
A thermal conductivity Wm! K!
P liquid density kg m—3
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