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Abstract: In this paper, a discussion of results is presefuethe dimensionless analysis of generating @rsibility of
vessels in which mixing and heating of fluid aremé®imultaneously. In the first case, the impetiside the mixing vessel
is the heating body, and in the second case hehtdy is a fixed ring and the impeller inside thessel provides only
mixing of the fluid. The paper presents a compaeatinalysis of typical irreversible dimensionlessgmeters in both
cases. A mathematical model is established to itbestite thermal-hydraulic irreversibility of heajimixing vessel which
indirectly gives them the ability to minimize andaximize the efficiency of such a system. Also, tfagper established
typical relations between the dimensionless entrgplues and power number, as for the water haagsller and also for
impeller, combined with a heating ring, which vahable comparison of the required power numbers
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1. Introduction impeller blades. Increasing the electrical curneténsity

' through the heater increases the blade temperatnde
establishes a steeper temperature gradient between
heated blades and the fluid, thus increasing thd fieating
rate. When heated blades rotate, irreversibilityettigps due
tg hydraulic friction, blade geometry and thermal
irreversibility, which is caused by the existencé @
temperature gradient between the heated bladebhaffidid
[12]. Therefore, considering the impeller and fllag a
closed system, the total entropy of this systethéssum of
tithe thermally and hydraulically generated fluidrepy and
the thermal entropy generated in the heat soureg,the
heated blades. The rates of hydraulic and thermal

Heat transfer rates in agitated vessels are veppitant
for many applications, and there are many papetstudies
on heat transfer in mixing vessels [1]. Many stadénd
analyzes of agitated vessels are based on finding
correlation between the geometry of vessel and liepéhe
physical properties of the agitated fluid, and etaions
between the power and Reynolds number, etc. [RAghy
types, designs and sizes of agitators are usedktfuids in
vessels. Many studies and analyses discuss theadre
aspects and effects of fluid mixing in differentssels. For
example, technical applications of various impetiypies are

discussed [3-8]. Highly viscous fluids are normaifyxed irreversibility for constant convective impeller rlaces
by screw or helical ribbon impellers, which havéatigely depend on the rotation speed of the impeller,eghgerature

large convective heat transfer coefficients [6-10]differences between impeller and the fluid, the effgy
Installation of an electrical heating element iesidn 9e0metry and the mass and physical propertieseofitid.
impeller blade [11] extends the overall role of biede from If the fluid temperature in a closed vessel Incesas
only mechanical to included thermal effects dueheat Ccontinuously and the impeller surface temperatueesain
transfer with the fluid. For a given blade geomethe constant, then the temperature difference betwden t

heating rate depends on the temperature gradiewebe MPeller and the fluid decreases, and, in genéraisient
the blade and the fluid and the convective heaisfea convection occurs. Transient convection mducetdlmway

coefficient. Increasing the speed of rotation inses the 9enerates transient fluid entropy before fluid epyr is
heat transfer coefficient, decreases the bladeasarf thermally generated. An analysis of the causeiforases

temperature and affects the fluid temperature msieases N the fluid entropy and the effects of heating @ifpr
to reach thermal equilibrium with the temperatufetie indicate possible methods for minimizing the lossassed
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by thermal and hydraulic irreversibility and maxainig the
efficiency of similar irreversible heating-mixingluid
systems. This paper analyzes the typical thermdiauic
effects in a mixing vessel for modified anchor ithgrewith
different rotating speeds, and different power nemb

2. Heated Impéller

A diagram of simultaneously mixing and heating w&dj]
e.g., water and thermal oil, in a vessel with he¢atgpeller is
shown in Figure 1. [11]. In this analysis, the iifgrehas a
form of modified anchor impeller, which is immersieda
vessel of heightd and diametelP , Figure 1. Fluids used
in this case, are water and thermal oil. Heatefases of
impeller are only vertical cylindrical parts of ielfer within
which are installed electric heaters, as shownigurie 1.
Electric motor that rotates the impeller within thessel
generates tangential flow field. Characteristicapagters for
this system are given in Table. 1

Table 1. Characteristic parameters and values of varialded in this
analysis.

Physical propertiesat 40 °C
Thermal oil

Water

c= 4175kJkg K "
4= 658026010° Pas

A= 0633 Wmk ™
Pr= 434

c= 1718 kJkg K™
4= 178110 Pas

A= 012 Wm'k !
Pr= 255

= 9922kgm’> 0 = 956kgm>

Geometrical properties of impeller and vassal

dh = 0008m, h = 015ms h = 0023m, d=0im
I r

D =105, H = 033m

electrical heate-

i

Figure 1. The simultaneously mixing and heating of the fhedted
impeller.

As the main flow field around the heater is tangdnive
will assume that the velocity of the flow aroundrtiaal
heated surface is equal to its peripheral impeiieeed.
Temperature of the surface of the heated impedieneid
constant, by regulating intensity of electric catréhrough
an electric heater inside the body of the impeler each
test fluid, for water and thermal oil, the startbegnperature
is 30° C, while their physical properties are tateaverage
temperature of 40 ° C and are presented in Table 1.
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characteristics of the modified anchor impellegading to
Figure 1. When simultaneously mixing and heatirgyfthid
within the vessel, heat exchange between the haafpeler
and fluid are established, and that also leadsetdarmation
of hydraulic resistance between the surface of il@pand
fluid. As already pointed heat exchange is esthbtls
between the vertical parts of the impeller, whilee t
hydraulic losses in this paper are calculated lier éntire
impeller area (heated and unheated part). Heataexgh
between the impeller and the surface of heatedd|as well
as the generation of hydraulic losses within theseecause
the creation of thermal and hydraulic irreversthiliand
thermal and hydraulic entropy. On the other hand,
knowledge of this irreversibility was achieved thgh their
ability to minimize and maximize the efficiency dfie
process fluid within the mixing vessel while hegtiin this
paper, the description of the total generated arsibility
instead of generated entropy, will be used viagh&opy
number. The final expression for the total numbér

transient entropy is represented by the followiggation
[13].

(0= ln[Tf Q) ]erf (dr0)°Cy(2n+dyrd 20t () hd7r D

27T, O)m; G M

fo

where the T, initial fluid temperature, T surface

temperature of heated impeller, th@ convective heat
transfer coefficient of the heated fluid to the @tier

massm, where fluid temperature during all time is

calculated on the basis of equation (2), [6, 8].

4
m; G

te(7) =t,—t,-t¢,) e-2odmr h 2

According to equations (1) and (2), Figure 2 préeséme
entropy numbers and fluid temperatures for wated an
thermal oil as a function of time

0.0 T = T — . 150
N[t -7 N t.[°C]
gen f(T)/ - f
0.06 *~145
0.04 40
—— water
oox) S A T e oil |43
— - water
— - - oil
1 1 1

30
300 T[S 400

Figure 2. Entropy number and temperature of the fluid witthie vessel.

The same table shows values of the geometrical Convective heat transfer coefficient of the heated
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impeller to fluid a within the vessel is calculated in

27

heating bodies, but electric heater ring with inner

accordance with the Nu number for the flow of crossliameteD is embedded in the vessel wall. The annular

cylindrical body. In this analysis, we consider tthhe
surface of the heated impeller is as fluid velouityi.e. the
same intensity of the peripheral velocity of theateel
impeller i.e. |\~,|=|_\—,p|. If the working fluid is water, then

total entropy number at the start time of firSi0s of the
heating is more slowing compared to the thermal oil

In the further process of heating, generated trt#dopy
of water has a faster growth and higher valueixdb oil,
and after the heating start value of the entropmber of
water becomes constant.

3. The Impeller and Heated Ring

In addition to previously analyzed heated impelich
simultaneously stirs and heats the fluid within tessels,
the case is considered when the vertical impebetspare

nlsl

heater is only in contact with the fluid within tkessel via
inner surface, and the surface of the ring is edqoahe
surface of the heated impelleft?hi din which we have

previously analyzed.

The temperature of the heated ring is kept constant
during the test and is equal to the temperaturéesited
impeller i.e. t, =50°C. Fluid mass within the vessel is
equal to the mass of fluid within the vessel aprieviously
tested heated impeller. The vessel is open ansutiace of
the fluid in the vessel is free.

Compared to the previous case with heated impeHer,
value of Reynolds number for this case is takentfier
whole vessel in which is established fluid mixing.

el —
h
f, =const. -
t’ ; H
[ " h
hf h L/ } '
-
electf_ical heater (| ____TTemmmpn BN || _____1_
ring
Figure 3. Impeller and heated ring are the same and cong&nperature.
Convective heat transfer coefficient from heated) rio
fluid within the vessel is determined by equati8h @As we 0.03 ' ' ' %
noted, the exchange of heat between the annulatriele Nge,[-] i\(/)vi?ter -7 t[°C]
heater and fluid within the vessel is realized ghlpugh the . water t (T) -
inner surface of the ring. Since the value of theymIds 0022 il ;o<
number is more than 10for this mixing fluid within the S %
vessel, the heat transfer coefficient from the telecing 1 yd -
heater in the fluid within the vessel is calculasesd 0013 // -
s "
2 7 - N (7) %8
nD2%p, )3 1 7510 < - gen™*
a=03g " P 'palt @) ‘.
D - A
Hs Y R
e - i | | 30
0 100 200 300 T[S] 400

while functions Ngenand tf presented in Figure 5.

Figure 4. The entropy number and fluid temperature — hesdtegl
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4. Compar ative Analysis The power numbeer is used to relate the resistance

We will now establish a comparative analysis of thdorce to the inertial force of the fluid within theixing
dimensionless thermal and hydraulic irreversibilipgf ~ vessel. By increasing the value of the power numbbpr,
mixing fluid within the vessel with heated impelland
heated ring.

The surface temperature for both cases, when thinige ¢ entropy numbd\l The appropriate entropy number
bodies are impeller or when the ring is held abastant . _
value of 50°C. The time interval of the process of heatingvalues power numbers for different types of fluiaisd
water and thermal oil within the vessel is 400s.wNo different heating bodies, and what counts is preskn

introduce the entropy numbeN den of in function power A, A, and A, . The higher the value of the power
number Np means a lower speed impeller which

total generated entropys decreases, or the value of
gen

numberN =p, D °n , when the impeller is heatin , T
em pf P g indirectly implies a lower value of the entropy riogn or

body, or when the heating body is a ring, Figure 5. less irreversibility of such mixing system. On thther
hand, maximizing the efficiency of such systems ban
g RN ‘ i — T achieved by minimizing the total thermal hydraulic
[-] . el. heater ring (water)

Ngen 1 irreversibility.
1\ — ¢l heater impeller (ol In the dimensionless thermal-hydraulic analysis of

0113 b1\ — - el. heater ring (oil) |4 . L ;
. irreversibility, except entropy numbeINgen , Bejan

-~ el. heater impeller (wa|

>
=
=

numberBe is also often used, which represents the ratio of
heat transfer irreversibility to total irreversibil due to
heat transfer and fluid friction within the vessel.

Bejan number and irreversibility distribution ravdgll be
el analyzed in relation to the power numbé[g.

0.07%

0.03§

Bejan number represents the ratio of entropy gé¢inara
0 75 15 25 N due to heat transfer exchange and total generatedps,

and derived an expression for Bejan number [13]
Figure5. The relationship between entropy number and powetber. represented by equation (4).

SgenaT (Np)

Be(Np) = =
SgenaT (Np)+ Sgenap (Np)

" @

f,0

mg¢ [Tf (Np)j a(Np) @y =t (Np))o; 7y
ch In -2

05
Pi dﬂ[ M @ ] Cd (2h| +d)7ﬂi
mg Tt (Np) a(Np) [ty —t (Np))d; 7h;
—<cCsIn + -2
r Tto 2Tt (Np) Th

where SgenAT the entropy generation due heat transfer The irreversibility distribution rateg(Np) is shown by the
following equation [13].

exchange, Sg entropy generation due to hydraulic

enlAp N
losses. N )_M
As we have previously noted, other than these two Sgenat (NP)
dimensionless valuesNgen and Be that were used,
3
another  dimensionless parameter is used i.e. 27M 0°
irreversibility distribution rateg . The irreversibility Pt | dr - dNp Cq (2h; +d)7d; (5)
S . . f
distribution rate ¢ is the ratio between the generated
entropy due to hydraulic IosseSgenAID in relation to the 2T (Np)
m¢ Tt (Np) ) 2(Np){tp —t¢ (Np))d; 7ty
generated entropy caused by thermal proce&sesA , —=cC¢In -
genAT T f,0 Th

equations 6.
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With increased values of power number, the intgnsit Dimensionless irreversibility criteria such as thetropy
irreversibility distribution rate decreases, while there is number, irreversibility distribution rate and Bejanmber
an increase in the value of Bejan numBer Figure 6. The are presented as function of power number.
fastest decrease in irreversibility distributionterais
apparent in mixing vessels with heated impeller &mal 15 , 3 . .
working fluid water. Bejan number for this case las k
maximum value in the whole interval of power numider. B

Figure 6 shows the characteristic poh:lt,s:Z, F, iF,as o-]

a cross of functionBe(Np) and@(Np) . The characteristic i

feature of these points is that they lie in the eatinection,
in our case the value of Bejan number is 0.62, tisl
value also has the irreversibility distribution e@Np) .

Based on the obtained directibrr F , where the equality | * _
that Be(Np) = ¢(Np) the conclusion was reached that the A VN e
various changes in the operating parameters of fhoidh ',-‘_,-"\\ S

and change the operating parameters of the heatéy b \\\M T~

place sectional function which must lie on a staitine i . T~
F- F. The above feature enables indirect finding of o 5 10 15 N[ P
function @(Np) over Be(Np) and vice versa. — el. heater ring (water) P
According to Figure 6, when using thermal oil andtev T Z: E:g::: r::ge(ﬁ);lr)( e

it quds to the cpnclusion that to .ot_>tain the samlee of . ol. heater :mge”er (‘(')V”)

Be i.e. ¢ at mixing thermal oil it is necessary to use a —— el. heater ring (water)

higher value of the power numbeXp or speed impeller --=- el. heater ring (oil)

velocity must be less than in the case where theking — €l heater impeller (water)

fluid is water. Also, on the basis of Figure 6 asatlier ~ ¢l heater impeller (o)

defini?ion of Beandg, the following equation is reached rigyre 6, The fluid temperature within the vessel in the fiamcof heater
that links the generated entropy caused by themmal speed.

hydraulic irreversibility.
Obtained results and functional dependency ledht t

results which give an answer to how time and power
number influences the dimensionless irreversibility
parameters of this system. Based on the obtairedtse a
new mathematical model for minimizing the total gezied
entropy of the system can be established, maxiqiiti

2 efficiency rate. When analyzing the joint presantatof
1+J§:0'62 Bejan number and irreversibility distribution raie, this

paper, the establishment of a new function, eqoafiois
which also coincides with the values obtained guFe 6.

2 2 -
SgenAT - genApSgenAT _SgenAp =0 6)

whose solving obtains exact irreversibility distrifon rate
and Bejan number

¢::Be:

presented which gives the functional dependence of

S and S , in case where the value of Bejan
genAT genlp
5. Conclusions number and irreversibility distribution rate arensa

Namely, in this study we came to the conclusiorn the
Mixing of fluid within the agitated vessel with Hed functionsBe(Np) and ¢(Np) always intersect in the same
impeller quickly heats fluid, comparing to the iotess direction, i.e. the same value of approxima@62, which
heater with same power with established mixing bys shown through mathematical equations, solution 7
impeller.While simultaneously mixing and heatindlad The results obtained in this study show the dontaaof
with heating impeller, hydraulic and thermal fluid heated impeller in relation to heating of the flwihin the
irreversibility is generated by interaction withetiheating vessel using impeller and motionless heater. Hyidraumd
impeller, and thermal irreversibility is also gem@d thermal irreversibility indirectly suggest unwantkxbses,
because the heating impeller is sources of constaghd there are multiple methods possible for minimgiz
temperature. these losses and maximizing the efficiency of slyistem.
Faster heating of the fluid causes a rapid ris¢hefmal
irreversibility compared with existing agitated sels. Acknowledgements
Higher impeller speed pulls greater hydraulic lsssad
generates more entropy due to hydraulic effects.r&hults This project was carried out with financial suppiom
obtained in this paper established the dimensisnleshe Federal Ministry of Education and Science efBosnia
mathematical model of mixing and heating in agdatessel. and Herzegovina (project number 05-39-5612-3/11)
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Nomenclature

d - impeller diameter fn] References

P, - mechanical power required by the impellgy | [1]
M, -torque [Nm]
t,, - temperature of a heated impelle€]

2
ty - fluid temperature [C] 2

t,, - fluid temperature (watery C]
toil fluid temperature (thermal oily C]

(3]
te - initial fluid temperature {C]

n- impeller speedg™]

A — total blade surfacenf?]

Pr0 - Prandtl number for fluid (thermal oil), dimensiess

(4]

(5]
| - electrical current intensity through heatér]

c, - fluid specific heat capacity (waterkd kg™ K™ ]
Re, - Reynolds number, dimensionless

Pr, - Prandtl number for fluid (water), dimensionless
Ngen - €Ntropy number, dimensionless

(6]

N, - power number, dimensionless [7]
Be - Bejan number

Syenn — €Ntropy generation due to hydraulic lossésK "]
Sgenr — ENtropy generation due to heat transfer exchanqgj
[WK™]

Greek symbols

P, - fluid density [kg m”] (9]

P, - fluid (water) density kg m®]
Po - fluid (thermal oil) density kg m®] [10]

My, - fluid dynamic viscosity (water) Pas]

M- fluid dynamic viscosity (thermal oil) Pas] [11]

A, - fluid thermal conductivity (water)\[V m*K™]
A, - fluid thermal conductivity (water)lV m™*K™] [12]

T-time [s]
@ - angular impeller velocity fads*]
¢ - irreversibility distribution ratio, dimensionless [13]
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