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Abstract

In the paper, experimental studies of the distributions of heat transfer coefficient along the wall of the slender agitated vessel equipped
with a dual Rushton turbine system are presented. Thermal measurements for liquid and gas—liquid system were carried out by means of the
special heat flux meter. The agitated vessel of inner diameter D=0.3 m, filled with liquid up to height H=2D was used in the studies. The
profiles of the heat transfer coefficient were obtained for different superficial gas velocities and impeller speed within the turbulent regime
of the fluid flow. The distributions were approximated by Egs. (25)—(30) and compared with the analogous profiles obtained for the system
with the single disc turbine. © 1999 Published by Elsevier Science S.A. All rights reserved.
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1. Introduction

Agitation of liquids and gas-liquid systems in the agitated
vessels is a common unit operation in the chemical and
biochemical industries. Mass transfer process in such sys-
tems should be often carried out at conditions of the exactly
determined temperature, then the control of the heat trans-
ferred through the heating/cooling coil or jacket mounted in
the vessel will be required.

Heat transfer coefficient « at the wall of the agitated
vessel depends on the many factors, such as type and
geometry of the vessel and agitator, physical parameters
of the agitated system and operating variables. The coeffi-
cient o depends also on the position at the heat transfer
surface, therefore the distributions of « at the agitated vessel
wall can be found.

The investigations of the local heat transfer coefficient
«; are described in the literature [1-16,18,20], but the
results for gas-liquid system are presented in a few
papers [6,9-14,20] only. The measurements of the heat
transfer process are usually carried out by means of the
thermal method, but other measuring methods based on
the analogy of mass and heat transfer processes (for
example, electrochemical method) are also adopted in
the studies. Different types of the local measuring
elements were used for the measurements: special heat
flux meters [1,5,9-12,18], electrochemical sensors

[2,3,14,15,20], micro foil sensors [4,6—8] or thermister
probes [13].

The limiting effects caused by the developing of the
temperature profile in the liquid laminar boundary layer
can complicate the measurements of local heat transfer
coefficient, which are conducted using the small sensors.
If the size of such a sensor is considered as insufficient to
eliminate the limiting effect then the result of the measure-
ment can be corrected by means of the experimentally
determined calibration factor p.

In the papers [1,5,9,10,18], the distributions of the local
heat transfer coefficients oy along the wall of the agitated
vessel were determined from direct measurements of the
heat flux ¢, and difference of temperature AT; between wall
temperature Ty, and liquid temperature 7,,. Bourne et al.
[2,3], Man et al. [14,15] and Strek et al. [20] used in the
studies an electrochemical method in which the diffusion
current is measured and local heat transfer coefficients are
calculated from analogy of the mass and heat transfer data.
Platzer and Noll [16] evaluated the distributions of the
coefficient oy on the basis of Colburn analogy between
momentum and heat transfer.

Haam et al. [6] used the heat flow sensors and PC data
acquisition system for the study of local heat transfer in a
gas-liquid system agitated by single Rushton impeller in a
baffled vessel of inner diameter D=0.387 m. They measured
the variation of the local coefficients with angular position
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on the vessel wall, especially in the regions close to baffles,
within the range of the agitator speed n (s_1)€<3.33; 14.2)
and superficial gas velocity wee (m s_1)€(3>< 1073
5x1072). The results of the thermal measurements were
approximated by means of the function Nuj=f(Re, Pr, Vi,
Wog/nd), where introduced a gas flow dimensionless number
Wog/nd was used, that improved significantly the correlation
for the single impeller.

Analysing the profiles of the coefficient «; obtained for
gas—liquid system agitated in the standard vessel of inner
diameter D=0.3 m, Man [14] proved that mean heat transfer
coefficients decrease about 15% in comparison with the
results for the liquid phase. As literature data show, pro-
blems of the local heat transfer occurring in the gas—liquid
systems produced in the agitated vessels of nonstandard
geometry have not been studied sufficiently, yet.

The purpose of the experimental study was to investigate
the distributions of the heat transfer coefficient at the wall of
the slender agitated vessel equipped with a dual Rushton
turbine system. The thermal measurements for liquid and
gas—liquid system were carried out by means of the special
heat flux meter.

2. Estimation of an effect of the size of the heat flux
meter on local heat transfer coefficient

Local heat transfer coefficient «; can be calculated from

equation
dQl qw

= = 1
ap AT] dF AT] ) ( )
where index w refers to the wall (y=0). In the zone of the
local heat source, profile of the temperature within thermal
boundary layer has been forming, yet. Namely, part of the
heat transferred from the wall to the liquid is accumulated in

dQL, da Ldy
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the boundary layer, and other part of the heat is transported
to the turbulent stream of the liquid. Heat balance for two-
dimensional fluid element dy dz in the vicinity of the wall
illustrates Fig. 1(a). As Fig. 1(b) shows, the heat flux g
decreases and reaches the value g, ..., for the z—o0.
Introducing the correction factor p defined as
p=Tr @
qw.z

where ¢, is the heat flux measured in the point of z
coordinate, gy, .o is the heat flux for the completely
formed thermal boundary layer, i.e. z—o0, an effect of
the noncompletely formed thermal boundary layer on the
local heat transfer coefficient can be taken into account in
the calculations. Rearranging definition (2)

_ Gwzooo _A(aT/ay)zHoc
p= = : 3)
9w,z _A(aT/ay)z y=0
we obtain the equation
%
Y y=0;z—00
= 4
or “)
oy y=0;z

As the heat flux is measured in the point z=R by means of
the circular local heat source with a diameter of 2R then
correction factor p is determined by

_ y=0;z—00 ) (5)

Assuming identical driving difference of temperature,
correction factor p can be used for the calculation of the
coefficient «; because

qw = Qg - ATh (6)
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Fig. 1. Region of the formation of thermal boundary layer. (a) thermal balance for liquid element dy dz; (b) distribution of the heat flux g,.
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therefore
p — qw,z—>:>o — Oél,z—»oc . (7)
dw.z=R ) z=R

In fact, analysed model describes the heat flux meter with
the rectangular cross-section, however it can be used in the
case of the meter with circular cross-section when heat flux
gy 1s measured in the point z=R.

Distribution of the temperature within two-dimensional
thermal boundary layer describes differential equation

or 0T
Wy pr aﬁ.

Assuming the Eq. (8) linear relationship of the axial
velocity w, on the coordinate y

®)

wWy=c-y=7"Y, 9

where 7 (s™') denotes shear rate, we obtain the following
equation

oT o*T
Y—=a——.
TV, y?
which should be solved with the following boundary con-
ditions
T=T, fory=0,
T=T, fory=4é. (11

(10)

The temperatures within nodes of the rectangular grid,
shown in Fig. 2, can be found from the numerical computa-
tions of Eq. (10). Assuming that

Tw=Tio=--=Tip=---=T,p, (12)
Tm:Tl.,m:"':T}',m:"':Tn,m~ (13)
TW>Tm)

the correction factor p according to Eq. (7) will be defined
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Fig. 2. Nodes of the rectangular grid.

as
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In the k41, j node of the grid the temperature is deter-
mined from the following equation:

Avs
Tip1j = Taj+dT; = Tij + 7" [Tiji1 — 2Tkj + Tej),

(15)
where

a 1 dz v dz
Arj i

(16)

In general, 7, ; depends on the temperature because liquid
viscosity in the boundary layer changes with the tempera-
ture.

Some results of the calculations of the factor p as a
function of the heat source size R (in general, linear
dimension z) are given in Fig. 3. Curves 1 and 2 were
obtained for distilled water, assuming: (1) a;=1000 and
a>,=600 W m 2K, then thickness §,,=Ma=6x10"*m
and 6t2:1073 m, respectively; (2) in both cases
v=1501 s7! at the wall, then velocities
W, 1=76;1=9x 102ms~! and W, ,=0.15m s, respec-
tively. The calculations were carried out for other para-
meters Pr;=7.06; 1/1:10_6 m2s ! (771:10_3 kg ms_l);
m=20; dz<107>. The results for 25% and 50% aqueous
solutions of glycerol, illustrated by curves 3 and 4, were
obtained for the following data: 13=10"°m?*s™'
(773210_3 kg ms V), =10 %m?s7! (774:10_3 kg ms ™)
Pry=14; Pr,=42; in both cases (5,:10_3 m; =150 s
m=20; dz=10>. As numerical data in Fig. 3 show, correc-
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Fig. 3. The dependence of the correction factor p on the radius R of the
thermal measuring element. (a) Distilled water, Siherm=6-10"*m; (b)
distilled water, lehe,m:lO’3 m; (¢) 25% aqueous solution of glycerol,
Siherm=10">m; (d) 50% aqueous solution of glycerol, Siherm=10">m.
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tion factor p~1 for the dimension of the heat source
R=30 mm, within wide range of the liquid viscosity.

3. Experimental

Experiments were carried out in a slender agitated vessel
equipped with flat bottom, baffles and one or two Rushton
disc turbines. Geometrical parameters of the agitated vessel
used in the study are specified in Fig. 4 and Table 1.

Experimental set-up is shown in Fig. 5. Agitated vessel
(1) equipped with baffles (2) was made of organic glass of
thickness 6 mm and consisted of the segments of different
height which were selected in such a way that the location of
a heat source (3) in the wall was possible at various distances
from the bottom of the vessel. Disc turbines (5) were driven
by an electric motor (6) coupled with steering unit (7).
Impeller speeds, determined by means of a photoelectric
method, were measured using a digital counter (8). Air fed
via control valve (10) and a rotameter (11) was dispersed in
the agitated vessel by gas sparger in the form of a ring (9) of
diameter d;=0.7d and with six 2 mm holes symmetrically
placed on the perimeter.

Local heat source (3) [19] was heated by the steam of
temperature approximately 102°C. A manometer (13) and
thermometer (14) were used to control the pressure and
temperature of the steam. The condensate was collected in
the condenser pot (15). The values of the thermal electro-
motive force from thermocouples (16) built in the heat
source were recorded by point recorder (18).
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Fig. 4. Geometrical parameters of the agitated vessel used in the study.

Table 1
Geometrical parameters of the agitated vessel, used in the study
No. Geometrical parameter Value
1 Inner diameter of the agitated vessel D=0.3m
2 Height of the liquid in the vessel H=2D
3 Number of baffles J=4
4 Width of baffle B=0.1D
5 Number of impellers i=2orl
6 Diameter of the impeller d=0.33D
7 Number of impeller blades Z=6
8 Length of the impeller blade a=0.25d
9 Height of the impeller blade b=0.2d
10 Distance between lower impeller and h=0.33D
bottom of the vessel
11 Distance between upper impeller and h,=0.67D
bottom of the vessel
12 Distance between gas sparger and e=0.5h,

bottom of the vessel

Sketch of the local heat flux meter is given in Fig. 6.
Basic parts of the device, a measuring rod (1) of diameter
2R1=0.02m and a conical sleeve (2) of diameter
2R=0.06 m were made of stainless steel. Two thermocou-
ples nickel-nichrome (Ni—NiCr) (3) were inserted into the
holes of the measuring rod (1). The narrow air-gap of the
thickness “c’” between parts (1) and (2) was made in order
to insulate the element (1), additionally. The chambers (5)
and (6) shaped in the flanged housing (4) were fed by a
steam via pipe (10) and a condensate was carried off
continuously into a condenser pot by means of the stub
pipes (8) and (9).
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Fig. 5. Experimental set-up. (1) Agitated vessel, (2) baffle, (3) local heat
flux meter, (4) shaft, (5) disc turbine, (6) electric motor, (7) steering unit,
(8) electronic counter, (9) gas sparger, (10) control valve, (11) rotameter,
(12) valve, (13) manometer, (14) thermometer, (15) condenser pot, (16)
thermocouples, (17) thermostat, (18) point recorder.
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Fig. 6. Local heat flux meter. (1) Measuring element, (2) conical sleeve,
(3) thermocouples, (4) flanged housing, (5), (6) heating chambers, (7)
metal cover, (8), (9) stub pipe of condensate, (10) stub pipe of steam, and
(11) wall of the agitated vessel.

As the steam is used to the heating of the local source then
it is possible to obtain relatively large values of the heat flux
qv (approximately 10°-2x10° W m~?) and large, easy to
measure, differences of temperature, in consequence.

The measurement of the local heat transfer coefficient oy
by means of the local heat flux meter is based on the indirect
evaluation of the heat flux ¢, and driving difference of
temperature A7) between outer wall of the measuring
element Ty, and mixed fluid 7,

dw dw
S LA L 17
NEAT T, - T, an

Heat flux ¢, at steady-state conditions can be estimated
from the following equations:

A

q1 = E(Tl —Ty), (18)
A

Q= T(Tl —Ty), (19)
>

where

q1 = 42 = qw, (20)

[, is the distance between points 1 and 2, and [, is the
distance between points 1 and “‘w” of the measuring ele-
ment.

Wall temperature Ty, can be calculated from Eq. (21)
obtained as a result of the rearrangement of Egs. (18) and
19)

Ty =T [1 - (1—2)} + (Z—Z)Tz. 1)
I I

The measurements were carried out for distilled water
and air as a gas phase.

4. Results and discussion

The distributions of the heat transfer coefficient along the
wall of the agitated vessel were obtained on the basis of the
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Fig. 7. The profiles cy=f(z/H) for distilled water (w,g=0).

experimental data. Some results are presented graphically in
the form of a function o;=f(z/H), where coordinate z
denotes a distance between measuring point and the bottom
of the vessel. The data for distilled water (without gas,
Woe=0) at different impeller speeds n are shown in Fig. 7.
Experimental profiles in the graph have two local maxima in
the region of the agitator, where heat transfer is the most
intensive. Moreover, the course of these profiles shows that
heat transfer coefficient increases with the increase of the
impeller speeds.

Analogous distributions of the heat transfer coefficient
for air—distilled water system at superficial gas velocity
Wog=3.1x 10~ m s~ ' is illustrated in Fig. 8. From compar-
ison of the data in Figs. 7 and 8§, it can be stated that a value
of the heat transfer coefficient for gas-liquid system
decreases in the region of the agitator with the increase
of the gas flow rate.

Experimental results for slender agitated vessel (H/D=2)
equipped with one disc turbine only are shown in Figs. 9
and 10. Comparison of the distributions of the heat transfer
coefficient in Figs. 7 and 9, obtained for distilled water
(Wog=0), proves that the using of two agitators in the slender
agitated vessel is reasonable because the intensification of
heat transfer process occurs in the region above lower disc
turbine. Moreover, the increase of maximum value of «; is
observed in this zone, since the circulation of fluid in upper
circulating loop is advantageously modified by the second
impeller.

As it can be seen in Figs. 9 and 10, the gas bubbles cause a
decrease of the maximum values of the coefficient oy within
the range of the geometrical parameter z/H<0.5. The reason
why the agitation is not intensive in the zone above disc
turbine (zZH>0.5), especially, in its upper parts, has been
being lower position of the single impeller in the slender
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Fig. 8. The profiles ay=f(z/H) for air—distilled water system (wo=5.1X
103 ms™).
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Fig. 9. The profiles oy=f(z/H) for distilled water (wo,=0); single disc
turbine.

vessel. Therefore, a gas flowing in this zone rapidly inten-
sifies a process of heat transfer at boundary layer of the wall
of the agitated vessel. As Fig. 10 shows, the intensification
of the heat transfer does not depend on the agitator speed
within the range of the geometrical parameter z/H>0.6.
An analysis of the experimental data for system of air—
distilled water presented in Figs. 8 and 10 has proved that
the adding second impeller into the slender agitated vessel
has been necessary to reach the increase of the maximum

I Wog=51-10"m/s l
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Fig. 10. The profiles a;=f(z/H) for air—distilled water system
(Wog=5.1X 103 ms™h); single disc turbine.

value of the coefficient oy and the intensification of the heat
transfer coefficient in the zone above the agitator.

The effect of the gas phase on the distribution of the heat
transfer coefficient can be estimated from comparison of the
experimental profiles of the function ay=f(z/H) plotted for
different values of the superficial gas velocity w,, and
constant value of the impeller speed n. As Fig. 11 shows,
the presence of the gas in the system air—distilled water
affects the decrease of the local heat transfer coefficient

z | o
H \x w,9.10 Pnt
\ m/s
0 )
08 \ 1.97 x
L 39 a
=1
0.6
4
0.4
X
0.2
] ¥
n=671/s
0 I
0 4000 8000
W
X [m'Z K]

Fig. 11. The profiles oy=f(z/H) for air—distilled water system;
n=671s".
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Fig. 12. The profiles ay=f(z/H) for air—distilled water system;
n=6.7 1 s’l; single disc turbine.

along the wall of the agitated vessel, especially, in the region
of the lower impeller.

The distributions of the heat transfer coefficient along the
wall of the agitated vessel equipped with single disc turbine
only are presented in Fig. 12 for air—distilled water system.
The dual effect of the gas phase on the heat transfer process
appears in such system. The decrease of the coefficient o is
observed within the range of the geometrical parameter
z/H<0.6, whereas the values of the «; increase for z/H>0.6.

Local heat transfer coefficient oy for gas—liquid system
can be expressed in the form of the dimensionless equation

Nuy = % — CRMPAVIES, (%) > (Wog ). (22)
where f;(z/H) and f>(w,,) denote dimensionless functions
whereas physical parameters of the continuous phase are
used for the definitions of the dimensionless numbers Nu;,
Re, Pr and Vi.

The effect of the impeller speeds 7 on the local coefficient
oy was estimated, analysing the exponent A, in the equation

thl

z
ooy = € (ﬁ ’ W0g>ReAl’ 23)

where exponents B=0.33 and E=0.14 were assumed on the
basis of the literature data [17]. The sets of the experimental
data for eight different positions z of the heat flux meter at
the vessel wall and five different superficial gas velocities
Wog Were analysed. The results of the A, for a given value of
the wyg (Wog=const) were averaged numerically using tra-
pezoidal rule in order to determine the mean exponent A for
the whole wall of the agitated vessel. Finally, the value
A=0.668+0.015 was obtained. The exponent A is in agree-
ment with the literature data [17] for the turbulent regime of

z [m]H
0.105]
0154
0246
0.431

H

Re

Fig. 13. The dependence Nuy/Pr**? Vi®'*=f(Re) for different positions z
of the heat flux meter; distilled water; wo,=0; two disc turbines.

the fluid flow in the standard agitated vessel equipped with
baffles and Rushton disc turbine. Some experimental depen-
dencies Nuy/Pr'3*Vi®'*=f(Re) for different positions z of
the heat flux meter and different fluids systems are presented
in Figs. 13 and 14. Solid lines in these figures correspond to
Eq. (23) in which an exponent A;=A=0.67 was assumed.
Comparison of the experimental and calculated values in
Figs. 13 and 14 shows that Eq. (23) describes the results of
the measurements with sufficient accuracy.

Distribution of the heat transfer coefficient oy along the
whole wall of the agitated vessel, i.e. within the range of the
geometrical parameter z/H(0; 1), was approximated by
means of the following equation:

D
Nuy = alT — QR OB Y014y (24)

where f=ff, depends on the variables z/H and w,,. Eq. (24)
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Fig. 14. The dependence Nuy/Pr’** Vi®*=f(Re) for different positions z
of the heat flux meter; air—distilled water system; wo,=5.1x 103 m s’l;

two disc turbines.



Table 2

Constant C; and functions f;f> in Eqs. (25)—(30) for air—distilled water system and agitated vessel equipped with two disc turbines; H/D=2

No. JH Nu/Re®S7 P30 =, 111>
6.77 0.92
1 (0; 0.15) 22,97 (%+ 0.5) exp {7542 (%) Fr(g"s} (25)
0
2 (0.15; 0.183) 1.24(%) (1 - 8228F/0%) = 1.24(1 — 82.28F/"%) (26)
3 (0.183; 0.5) 0.1893(5)71'78 2.7287(£)2+0.3187(£) 1£0.1585| x exp —15.34(5)71'271%0'5 @7)
H H H H e
23342 Z\2 z Z\2 z
4 0.5; 0.65 95(= =) —43.76(— . —3238.29(— T1(=) —924. 05
( ) 6.95(7;) {37 (77) —43.76(57) + 13 63} x epr 3238.29 () +3466.71 (1) — 924 52) Fr } (28)
0
5 (0.65; 0.683) 130 (%) (1= 50.66F/2%) = 1.30(1 — 50.66Fr)°] (29)
—7.63 2 2
6 0.683; 1) 0.2581 (é) [17.51 (%) —2412() + 8.57} X exp{<—891641 () +13606.26(%> - 5172.83) Frg's} (30)
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for the slender agitated vessel equipped with two Rushton
disc turbines is presented in Table 2, where Eqgs. (25) and
(30) for a given range of the parameter z/H are shown, in
detail. Eqgs. (25) and (30) approximate the results of the
measurements with the mean relative error +£4%, within the
range of the dimensionless groups variability as follows
Rec(4x10% 10°), Fr,c(0; 8.8x10™°) and Z/HE(0; 1). As it
is seen in Table 2 the function f,=f|(z/H) is expressed as the
exponential monomial or the result of the multiplication of
this monomial and trinomial square. Moreover, the function
f1(z/H)=1 for the region of the impellers. The function f; has
the more complicated form because, except the region of the
impellers, depends on the modified Froude number Fr,
(where Frg:wogZ/Dg), as well as, on the geometrical para-
meter z/H.

Profiles of the heat transfer coefficient for different
superficial gas velocities wo,, calculated on the basis of
the results of the experiments and Egs. (25) and (30), are
shown in Fig. 15 in the form of the dimensionless function
Cif ifo=Nu/Re* " Pr*23Vi®* *=f(z/H). The results in Fig. 15
confirm that Eqgs. (25) and (30) approximate experimental
data with sufficient accuracy.

Integrating Eqgs. (25) and (30) according to the definition

b b

1 Nu1 Z Z
C= b —a/ReO-67PrO-33ViO'14d(E) = /Cuﬁfzd(ﬁ>
1
/leszd (31

0

where a=z/H=0 and b=z/H=1, mean value of the constant
C can be determined within the range of the geometrical

Z
H

08

02 06 10

Ci-fi-fz

Fig. 15. Comparison of the functions C\f\f>,=f(z/H) for air—distilled water
system and two disc turbines, calculated from Eqgs. (25)—(30)) and
experimentally obtained.

parameter z/ZHe(0; 1). The definition (31) is based on the
assumption, that the dependency of the dimensionless
numbers everywhere in the vessel content on the local heat
transfer coefficient is the same. For example, calculating the
integral (31) for liquid (i.e. assuming w,,=0) agitated in the
slender vessel (H/D=2) equipped with two Rushton tur-
bines, the value C=0.769 was obtained, then

D
Nu= 0‘/\ — 0.769Re"%7 prO33 014, (32)

Constant C=0.769 in Eq. (32) is in agreement with the
literature data C=0.76 proposed by Strek [17] for the
standard jacketed agitated vessel (H/D=1) equipped with
baffles and Rushton disc turbine. The value C=0.67 was
obtained from analogous calculations for gas—liquid system
and Fr,=8.8x10 °. Therefore within the range of the
performed studies, heat transfer coefficient in such system
decreases about 12% in comparison with the results for
liquid phase.

The results of the experiments, described by means of
Egs. (25) and (30), show the same general trends that Haam
et al. [6] found for the case of single impeller. However,
inner diameter D of the vessel, a shape of the vessel bottom,
number of impellers and a range of the dimensionless
number wo/nd (wo/nd€(5x107>; 107%) in this work and
wo/nde(3x 107 107") in [6]) were different in both experi-
mental systems, therefore heat transfer coefficients obtained
can be compared approximately only.

5. Conclusions

The experimental distributions of the heat transfer coeffi-
cient along the wall of the slender agitated vessel equipped
with two disc turbines are found to be useful in practice. The
perturbations in the course of the technological processes as
aresult of a superheating of the vessel wall can be explained
on the basis of these profiles.

The results of the experiments have revealed that

e the greatest intensity of the heat transfer occurs in the
regions of the agitators, therefore, the location of the
short jacket or coil is particularly advantageous in these
zones

e heat transfer coefficient decreases with the increase of
the gas flow rate in the agitated vessel

o the axial distribution of the heat transfer coefficient can
be described by Egs. (25) and (30).

6. Nomenclature

mean value of exponent

1 exponent in Eq. (22)
thermal diffusivity (m?s™h
length of impeller blade (m)
baffle width (m)

B

S
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E exponents in Eq. (22)

width of impeller blade (m)

constant in Eq. (31)

constant in Eq. (22)

specific heat J kg~ ' K™")

inner diameter of the agitated vessel (m)

impeller diameter (m)

diameter of the gas sparger (m)

distance between gas sparger and bottom of the
vessel (m)

heat transfer surface area (m?%)

function (=f;f>) in Eq. (24))

acceleration due to gravity (m s~ )

liquid height in the vessel (m)

distance between disc of the lower impeller and
bottom of the vessel (m)

distance between disc of the upper impeller and
bottom of the vessel (m)

number of impellers

number of baffles

distance, meaning of (m) in Eqgs. (18) and (19)
impeller speed (s ')

correction factor

heat rate (W)

heat flux (W mfz)

radius of measuring element (m)

temperature (K)

gas flow rate m>s™

superficial gas velocity (:4Vg/7rD2) (ms™ "

axial velocity (m sfl)

coordinate, perpendicular to the agitated vessel wall
(m)

number of blades of the impeller

axial coordinate (m)

distance between measuring point and bottom of the
vessel (m)

Greek letters

DRI >PBR LR

mean heat transfer coefficient (W m~? K_l)
local heat transfer coefficient (W m~? Kil)
shear rate (sfl)

difference

thermal laminar boundary layer (m)
dynamic viscosity of liquid (kgm ™ 's™")
thermal conductivity (W m! Kil)
kinematic viscosity of liquid (m s—2)
density of liquid (kg m ™)

Dimensionless numbers

Fryg

Nu

Wog
D,
aD

A

Nu| =

Pr

Re

o Ol]D

A
Con

A
nd*p

Indices

w

local value
referred to the wall
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