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A positive temperature coefficient thermister is devised as a thermal probe to determine local heat transfer
coefficients in a stirred vessel with a standard Rushton turbine impeller. The effects of aeration and flow patterns
on the value of local heat transfer coefficients are discussed. Under most operating conditions, the highest flux
is found at the impeller discharge region and the front side of the baffle plates. The mean Nusselt number for
jacket and baffle type heat exchange elements is presented in terms of the modified Reynolds number and the
other dimmensionless groups, as the results of the integration of the determind values of local heat transfer coef-

ficients.

Introduction

Heat transfer in aerated stirred vessels is a very
important operation in chemical and biological processes.
Although there are numerous dimensionless correlations
for the overall or integrated heat transfer coefficient for
stirred vessels, the prediction of heat transfer for a given
system is still quite complicated because the correlation are
different from each other due to several factors, such as the
geometry of the system, type and rotational speed of the
impeller, fluid velocity and flow pattern of the fluid etc. In
most large scale gas-liquid reactors, removal of heat
from the reacting medium is usually achieved by internal
heat transfer elements like spiral coil or baffle type heat
exchange elements to acquire sufficient haet transfer area
and also to save on the cost of structures.

In recent years, there have been only a few studies
devoted to local process side heat transfer. Using an elec-
trochemical technique, Man (1985) analogized the results
of local variation of the mass transfer coefficient to heat
transfer. Karcz and Strek (1985) used the same technique
in an aerated stirred vessel with a dual turbine system. They
pointed out in the impeller discharge region, heat transfer
coefficients between liquid system and gas-liquid system
has relation as:

ho-1_ [ Jo-
e 0

For dual impeller system, they proposed

—0.14

Ni=0419Re; 0. pP¥{ 12 )

Their results were 10~20% lower than those for a non-
aerated system.

Using a micro foil sensor, Fasano et al. (1991) and
Haam and Brodkey (1992) also determined local heat trans-
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fer coefficients for side wall and bottom surface. Instead
of correlating the local heat transfer coefficient Nu as a
function of power drawn by an impeller, they correlated Nu
in terms of the dimensionless superficial velocity of gas.

Measurements of the local heat transfer coefficient
are usually carried out by a thermal method or by analogy
of mass transfer data. The conventional thermal method has
the disadvantages of inaccuracy caused by heat loss to the
surrounding area, and the difficuity of estimating the
surface temperature accurately while the estimation by the
analogy principle is limited due its complicate flow field.

To overcome these difficulties in determination of the
local heat transfer coefficient, the Positive Temperature
Coefficient Thermister (PTCT) was adopted in this study
as a probe element to obtain local heat transfer rates in a
stirred vessel with aeration. The effect of aeration on local
heat transfer rate was examined as well as that of fluid flow.

1. Experimental

1.1 Thermister probe

Figure 1 shows a cross section drawing of the PTCT
probe used in this study. The thermister element is a high
temperature sintered product of barium titanate (BaTiO,)
and a trace amount of a rare earth element. The thermis-
ter element has the following merits which make it very
suitable for a thermal probe to determind heat transfer coef-
ficient:

(1) positive and large value of temperature coefficient of
resistance,

(2) higher electrical resistance,

(3) applicable for high voltage,

(4) sensitive to heat and low specific heat.

Therefore, by applying electricity to the thermister
elements under steady or pseudo steady state conditions,
the temperature of the element can be easily controlled at
an equilibrium temperature, which enables us to estimate

JOURNAL OF CHEMICAL ENGINEERING OF JAPAN



" Tank wall -
S Thermo couples
Py
Eec
foamed polystyrene
199166108l & B Ag paste
J_ 3 nt M Ag film
% - [ siticone
Lead wires
%
S
vy
S

Fig. 1 Cross-sectional view of the thermister probe
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Fig. 2 Schematic of the circuit used measure local heat trans-
fer coefficient

heat loss more accurately.

In the structure of the probe, foamed polystyrene was
used as a support basis and as an insulator while the 2mm
thick PTCT element was inlayed at the center of the
surface. A thin silicon layer was applied on the surface of
the element and surrounding area to avoid the dissipation
of heat from the circumference and also for water proof.
A hole of 19 mm diameter was drilled to insert the probe
at each measure point. The probe was fixed firmly by use
of silicone paste.

Figure 2 illustrates the circuit arrangement of the
probe system, where R,, R,, R; and R, are known reference
resistances. This circuit design enables us to keep the volt-
age of electricity entering the AD/DA card below its limit.
From Newton’s law of convection, the heat flux from the
probe surface can be given as

Q'onv=hA(7;_ 7})? (3)

and from the measured values of the current and voltages
in the circuit, one has

L=Y/R-%IR @

and
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Fig. 4 Comparision of measured Local heat transfer coeffi-
cient in a pipe with Kutatelade’s results

_(Y/R)(R +R)
=V IR -ViTR )

Since
Gonv = ész — Goss (6)

substitutuon of Eq. (4) and Eq. (5) into this expression
gives:

Geony = [% - %) (%) (R + Ry) = Goss )

Thus, if g, can be estimated correctly, the heat flux from
the probe surface can be obtained from Eq. (7).
1.2 Estimation of heat loss from the probe

After placing a probe into a vessel containing a fluid
(water), and applying electricity, soon the surface tempare-
ture of the probe will reach an equilibrium value. From the
conservation of energy, the heat generated by the probe can
be given as:

ész = Gonv t Goss ’ (8) ’
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Fig. 5 Measurement positions for local heat transfer at the
side wall of the vessel

Since heat loss to solid surrounding is not much
affected by fluid velocity flowing through probe surface,
q,,,, 18 €stimated by placing the probe vertically in a stag-
nant fluid, and 4 in Eq. (9) is calculated from the formula
given by Churchill and Chu (1975).

Substitution of Eq. (3) into Eq. (8) gives:

Goss (B B T ) = Goss (T. T}) = 'R, — hA(L - T)) &)

In Fig. 3, the measured heat loss for various surface temper-
ature are plotted for two different bulk fluid temperatures.
1.3 Testing the probe

In order assure the reliability of the PTCT Probe
system, the device was used to measure heat transfer coef-
ficients in a fluid flow system in a circular conduit under
various flow velocities. As shown in Fig. 4, if Re is smaller
than 10°, the data determind by this device and the
described method agree very well with Kutateladze’s corre-
lation (Kutateladze, 1957). Details of the method to
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Fig. 6 Variation of local heat transfer coefficient with axial
height under Vs = 0.0 m/s at different 8 locations

determine the local heat transfer rate using a thermister
probe can be found in Lan’s thesis (Lan, 1993).
1.4 The stirred tank

The investigation was carried out in a flat bottomed
tank of the diameter 7 = 0.288m. A standard Rushton
turbine (773) was installed 0.096m high from the bottom
while air was supplied from a ring sparger of 0.092m diam-
eter and having twelve holes of 0.001m diameter. Tap water
and filtered air were used as the liquid and gas phases,
respectively.
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Fig. 7 Comparison of mean heat transfer coefficient at the
different angles between the baffles under Vs = 0.0
m/s

Table 1 Local heat transfer coefficients at both sides of
the baffle plates under non-aerated condtion (N
=6.67 1ps)

Location b, b, 6 = 45° wall £ 1,

ZH=0 6548.7 6514.0 5497.2 70558  6252.2
Z/H =0.625 2692.7 3435.4 3498.6 42837 32295
average 42819 4647.7 4651.8 4959.8  4940.1

unit: [W/(m?-K)], Locations b, b, f; and f, as shown in Fig. 5

In order to examine the effect of the flow field on the
rate of heat transfer in such an aerated stirred vessel,
measurement points were located at different heights
along both the tank wall (3.8°, 45° and 86.2°) and each side
of the baffle plate as shown in Fig. 5. (In total 59 points
were measured.)

2 Results and Discussion

2.1 Heat transfer coefficients in a stirred vessel

under ungassed conditions

Figure 6a ~ 6¢ show how the value of local heat
transfer coefficient varied with height and the speed of
impeller rotation at three different 6 locations under
ungassed condition. Since the rate of heat transfer heavily
depends on the velocity of the fluid sweeping along the
surface, the highest value of the local heat transfer coef-
ficient naturally was found at the impeller discharge
region where fluid impinges on the wall at the maximum
velocity. For a given 0 location and operatiing conditions,
the value of ~ had the maximum at ZZH = 0, and it
decreased on both sides along the change in the height;
however, the change of % along the height was different for
each Olocation. For the case of (6= 86.2°), the change of
h against axial height was more gentle while the decrease
of & along the height at a location just behind the baffle (6
= 3.8°) was rather steeper and became almost flat as the
height exceeded a distance of one diameter of the impeller
(i.e. Z/H 2 0.3).

This fact can be explained from difference in flow
patterns in each location. At the location behind the
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Fig. 8 Variation of local heat transfer coefficient with axial
height under Vs = 5.34 x 103 m/s at different 0 loca-
tions

baffle plate (8 = 3.8°), the flow shows a swirling or vortices
type flow near the impeller discharge region (Ede, 1961),
and the impeller characteristic had less effect on the upper
zone of this location. It is interesting to examine the change
of the values of % at this location under any operating condi-
tions; the 4 measures at Z/H = 0 always had the highest
value if it was compared with the value of / the other 0
locations. This fact can be explained by the fact that the
strong swirling flow can be seen at the discharge region of
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Fig. 9 Effect of gas flow rate on local heat transfer coeffi-
cient at 6 =45°

the impeller at the location just behind the baffle plate, but
the strenght of this swirling flow decays sharply along the
increase in the height, which causes a steep decrease of
vs. Z/H and also results in a flat variation of in the upper
region.

In Fig. 7, the mean value of heat transfer coefficients
for nine different heights for these three different angle
locations are shown for various rotational speeds. For a
given rotational speed, the mean value of 4 at the plane in
front of the baffle (8= 86.2°) is always the highest and the
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Fig. 10 Correlations of the mean heat transfer coefficient
against the modified Reynolds number of the system

Table 2 Correlation of local heat transfer coefficients at
both sides of baffle plates under aerated cond-

tion
Position Z/H c a
b, 0 1.466 0.189
b, 0 1.305 0.192
£ 0 0.325 0.232
1, 0 2.259 0.178
b, ave. of all ZZH 2.841 0.160
b, ave. of all ZZH 4.113 0.152
£ ave. of all ZZH 2.803 0.173
£, ave. of all Z/H 1.829 0.177

Locations b,, b, f; and f, as shown in Fig. 5

difference between it and mean 4 at the 45° middle plane
is approximately 5~7%, which is higher than 2% given by
Bourne et al. (1985) for mass transfer rates. If the mean Nu
at the 45° mid-plane can be correlated in the form of

Nu=cRe - P35 (ﬁﬂ%]— 014 o

it gives a = 0.66, ¢ = 0.729,
i.e.

o 066 p 033 (Hw) 01
Ru=0720RS . PP ()
for 2.1x10°<Re<1.1x10° (11)

where ¢ = 0.729 is taken after the existing correlation
(Chiton, 1994) of Nu for jacket wall, which has ¢ = 0.74.
For all of the physical properties of fluid for calculation,
the mean values of data at 7 and T are taken.

In Table 1, the variation of local heat transfer coef-
ficients and the average values for both sides of the baffle
plate are listed for two different heights. The values at the
45° mid-plane at the wall are also presented here for
comparison. The front point near the impeller always has
the highest local heat transfer coefficient and also the high-
est mean value. On the backside of the baffle plate, the
value of local 4 at the impeller discharge region shows to
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be quite high, but it becomes almost the lowest value in the
region near the free surface. It is noticed that the average
value of the mean heat transfer coefficient for the whole
baffle has only approximately 10% higher than that
obtained at the 45° mid-plane.

2.2 Heat transfer coefficients at various gas flow rates

In Figures 8a ~ 8c, how the value of & varies with
height and rotational speeds for a considerable high gas
flow rate of V_ = 0.00534 m/s (equivalent to 1.11VVM) at
three different @ locations is shown. Since the location of
maximum liquid velocity shifts upward due to aeration, the
point of maximum # also shifts to the height Z/H = 0.1
except for the points behind the baffle (i. e. 6 = 3.8°). The
curves of 6= 3.8° and 6 = 45° shown in Figure 8 show a
flat variation of 4 at locations Z/H > 0.4 where the flow
field in the upper region is not affected by the performance
of the impeller while at the points in front of the baffle,
decays monotonously with the increase of height.

To examine how the gas flow rate will affect the
values of local heat transfer coefficients, the plots of 4 vs.
Z/H for several different gas flow rates are shown for the
location € = 45° in Figures 9a ~ 9c (also see Figure 7b).
Before the status of gas dispersion in the system reaches
flood stage, the trends of these plots are very similar to the
results seen in the cases of ungassed conditions except for
the shift of the highest % point from Z/H =0to Z/H =0.1.

If the gas flow rate continuously increases, or the
rotational speed of the impeller decreases to create a flood-
ing situation, there occurs a sharp decrease in the value of
h in the place near the impeller due to insufficient pump-
ing of the impeller.

For a given rotational speed, no significant change in
the upper region of the tank is observed because the flow
of fluid in this region is not much affected by the pump-
ing capability of impeller, but the up rising gas flow rates.
2.3 Correlation of Nu with dimensionless variables for

aerated system

Loiseau and Charpentier (1977) indicated that
Michel and Miller’s experimental equation (Michel and
Miller, 1962)

PNDY
F =0.83 [—5}—5] (12)

can be used to estimate the power drawn by a Rushton
turbine impeller in its standard geometry, with a gas flow
rate of 0.0005m/s < V< 0.09m/s and 1 < POND3/Qg°-56 <
107. For an ungassed system, Calderbank and Moo-
Young (1961) educed from local isotropic turbulent and
proposed that

Nu < R(;,,V‘/“Rr”3 (13)

to correlate the heat transfer coefficient with the power
drawn by the impeller for a stirred vessel, where Re,, is
a modified Reynolds number and is defined as
_(p1v)Tp?

Rey, P

(14)
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—0.14
Modifying Eq. (13) by inserting [;,'uf] to include the
effect of viscosity, Eq. (13) can be written in the form of

Nu=c-(Re, ) - P (%]_0']4 (15)

Since in most operations, the status of gas dispersion is
either at loading or complete dispersion, which satisfies the
condition P, ¢ >> P (aeration power) or p/v ~ p /V, it follows
that

(Re,)=(B/V)-T*-p* 1 i (16)

Figure 10 shows a plot of N at 45° mid-plane for air-water
system, and they are compared with the data of Steiff et al.
(1985). These results can be correlated as

Ni=2913Re,, "6 P*% (%]“"“ (17

for the range of 7.6¥10'*<Re,, <3*10'6.

Table 2 lists the values of constants for the same
correlation for local and mean heat transfer coefficients
measured at both sides of the baffle plates. For the whole
baffle, the average value of Nu for air-water system can be
given as

1V1'4=9.8Re,,,.,0"29 P (%)—0.14 (18)

Conclusions

A Positive Tempareture Coefficient Thermister has
been devised to serve as a local heat transfer coefficient
probe and applied to a standard single-impeller aerated
stirred tank to study the variation of heat transfer rates at
the cylindrical wall and the surface of the baffle of the
vessel with positions and operating variables.

The experimental results show that amount of heat
transfer heavily depends on the state of agitation in the non-
aerated system. The highest heat transfer coefficient was
found at the front side of baffle plate near the impeller and
larger values of local heat transfer coefficients were
observed at the impeller discharge region. The location of
the highest local % shifted upward slightly as a result of
aeration. Under flooding conditions, the heat transfer coef-
ficient in the impeller discharge region sharply decreased
due to insufficient pumping of the impeller at this state, and
a larger heat transfer coefficient was seen at near the free
surface.

For different 8locations at the wall surfaces, a higher
heat flux was seen near front of the baffle plate (i. e. 8 =
86°), and a 5~6% difference was found among the three
different 6 locations.

For an aerated srirred system the mean value of Nu
at the mid-plane for air-water system has been correlated
by Eq. (17).

The modified Reynolds number has been introduced
here to take into account both aeration and agitation condi-
tions.
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Nomenclature
a exponent on Reynold number [-]
A = surface area of the probe [m?]
c = coefficient of correlation equation [-]
d = internal diameter of circular conduit [m]
D = diameter of the impeller [m]
h local heat transfer coefficient [W/(m?K)]
h mean heat transfer coefficient [W/(m2K)]
H = height of non-aeration liquid from bottom of stirred
tank [m]
I, = electrical current through the probe [A]
k, = thermal conductivity of liquid [W/(m-K)]
N = rotational speed of the impeller [1/5]
P = power of impeller [W]
Pa = power consumed by aeration [W]
P A = power of impeller under aeration [W]
P, = power of impeller under aeration [W]
Deony = convective heat flow rate [W]
Dioss = heat loss of the probe [W]
0, = gas flow rate [m3/s]
R, reference resistance [Q]
R, reference resistance [Q]
R, = reference resistance [Q]
Rf reference resistance [Q]
Rp reference of the probe [Q]
t time [s]
T = vessel diameter [m]
T, = back side surface temperature of PTC [K, °C]
7} = fluid temperature [K, °C]
T, = front side surface temperature of PTC [°C]
Ub = bulk velocity in circular conduit [m/s]
Vv, = superficial gas velocity [m/s]
\%4 = volume of non-aeration liquid [m3]
v, = voltage of reference resistance R, V]
Vf = voltage of reference resistance Rf [V]
(0] = anglular velocity [rad/s]
zZ = axial coordinate [m]
<Greek symblos>
u = viscosity [Pa-s]
H, = fluid viscosity at bulk fluid temperature [Pas]
H, = fluid viscosity at wall temperature [Pa:s]
p = fluid density [kg/m3]
0 = angle (see Figure 5) [°]
672

v
o

kinematic viscosity [m%s]
thermal diffusuvity [m?s]

<Dimensionless groups>

Nu = local Nusselt number h Tk,
Nu = mean Nusselt number RTA,
Pr = Prandtl number va
Re = Reynolds number N-D’/v
Red = Reynolds number d-Ub/v
Re,, = modified Reynolds number (P/V)-T* 0?18
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