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l. Introducao

Continuamos interessados no calculo de k., para
poder usar as equacoes da conveccdo massica:

ﬁA,z — km (pAs — pAoo)
ou

ﬁAz — km(CAS — CAOO)

)

Existem muitas correlacdes para o cdlculo de Sh ouj
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Il. Revisao de Krokida et al. - alimentos

MASS TRANSFER COEFFICIENT
IN FOOD PROCESSING: COMPILATION I
OF LITERATURE DATA

EZEA

M. K. Krokida,* N. P. Zogzas, and Z. B. Maroulis

Department of Chemical Engineering, National Technical
University of Athens, Zografou Campus, 15780 Athens, Greece

ABSTRACT

Mass transfer coefficient data in food processing were retrieved from
literature and classified per process and material. Most of the data were
available in the form of empirical equations using dimensionless num-
bers. All available empirical equations were transformed in the form of
mass transfer factor versus Rewnolds number (jy;=aRe"). Average
equations for each process are also proposed.

INTRODUCTION

The mterface mass transfer coefficient is important in designing of food
processes and processing equipment. and in the control of food packaging and
storage. Mass transfer coefficients are essential in designing drying, storage
and separation processes. One basic feature of mass transfer coefficient is that
it is affected strongly by the characteristics of the processing equipment.

The surface mass transfer coefficient can be defined using the following
equation:

J =l A(X ) — Xyg) (1
where fry, {kgjmzs} is the surface mass transfer coefficient at the material-air
interface, J (kg/s) is the rate of mass transfer, 4 (m”) is the effective surface
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Table 3. Retrieved Data for Each Food Material

Drying Convective Carrot
Cubes in basket T=30°C, G = 10009000 kg/ m”h

Sh/(Re Sc'/?) = 0.692 Re~"-4%¢

500 < Re < 5000
Mulet et al. [3]

Drying Convective Grapes I
Seedless Sultana grapes in rectangular metal pan 7=50-76°C, V'=2.0-2.5m/s
Sh = 0.74 Re®7 §¢™*

900 < Re < 3000
Vagenas et al. [4]

Drying Convective Grapes

Air drying of grapes in trays with mixed air flow
Ta=—-50~T70°C, Tp=26~70°C, F=0.03m/s (estimated)
Ky = h{(HP*")(m/s), Ky = k¢ (m/s) )

h is calculated from the relation: Nu = 0.664 Re”-> Pr®*3,
HL = latent heat of water vaporization (J/kg). 10 < Re < 40
Ghiaus et al. [3]

Drying Convective Maize

Fluidized bed of maize-sand mixture 7= 60—120°C

Sh = 34.565 8c"**

5<Re<15

Mourad et al. [6]

Drying Convective Rice
Crossflow moving bed

Jar = (2,06 Re™"77) /e

& bed porosity, 20 < Re < 1000
Torrez et al. [7]

Drying Convective Corn
Crossflow moving bed

g ——— - ={.575
E‘F!\CULDI\DE DE ZOOTECNIA E ENGENHARIA DE ALIMENTOSp j_,w = (2 O U6 Rﬁ 0373 } f&‘

m l I ( :'I ) & bed porosity, 20 < Re < 1000
Torrez et al. [7]
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Drying Spray Milk
Milk powder Ta =185°C, Tp=25~75°C
Sh =2 + 0.58 Re"> Sc¥3

l<Re<2
Straatsma [8]

Freezing Forced Convection Meat

Beef hamburgers and meatballs refrigerated on a conveyor belt tunnel, with various types of
air flow Ta=—-35°C~=25°C, Tp (initial)= — 60°C, u=1~7.5m/s

Sh = Nu(Sc/Pr)'/*,Nu = a Re® Pr®3

Values of @ and b constants are given in Heat Transfer Coefficient database for various
geometries and flow types. Equations for the evaluation of air properties are given in the
paper. 2500 < Re < 25000
Tocci et al. [9]

ADE DE g7
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Table 3. Continued

Storage Forced Convection Potatoes

Cooling and storage of a cylindrical bed of potatoes in aerated silos Ta=6.7°C,
Tp=6.7~155°C, V=0.011m/s

Sh = (0.5Re'/? + 0.2 Re?*)Sc! /3

Bed, height =2.4m, diam. =0.7m, Dimensions of potato tube

(L x D)=95 x 51 mm®, d,=cquivalent  potato  diam.=65mm, &= porosity=0.61,
L* =characteristic length in Reynolds number=4d, &/(1 —¢). 10 < Re <104

Xu et al. [10]

Sterilization Forced Convection Model Food

Heat transfer from fluid (tap water) to particles (sucrose coated polysterene spheres) flowing
into a tube

Sh=—110.4r+ 215.1

t = dimensionless residence time =0.85~0.97, Sh=h,, a’fDAB, tube diam. =41 mm,
d = particle diam. = 6 mm, DAB = diffusivity of sucrose/water =5.24 10-10m?/s

Krokida et al. (2001)



Table 4. Parameters of the Equation j,, =aRe" for Each Process and Each Material

e Corn

wﬁ“"‘“ %5 Potatoes

= Fu W.R. et al., 1998

Process /Product /Reference a min Re max Re
Drying Convective
Torrez N. et al., 1998 5.15 20 1000
Grapes
Ghiaus A.G. et al., 1997 0.004 10 40
Vagenas G. et al., 1990 0.741 Q00 3000
Maize
Mourad M. et al., 1997 34.6 5 15
Rice
Torrez N. et al., 1998 5.15 20 1000
Carrot
Mulet A. et al., 1987 0.69 500 5000
Drying Spray
Milk
Straatsma J. et al., 1999 2.947 | 2
Freezing
Meat
Tocct A M. et al., 1995 2.496
Storage

- e X Xu Y. et al. 1999 0.667

Py Sterilization
n Model Food
11.220

Krokida et al. (2001)
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Table 5. Parameters of the Equation j,,=aRe" for Each Process

Process a n min Re max Re
Drying/convective 235 —0.882 5 5000
Drying/spray 295 —0.889 1 2
Freezing 0.10 —0.268 2500 70,000
Storage 0.67 —0.427 50 55
Sterilization 11.2 —1.039 6500 26.000
Generalized equation 1.11 —0.540 1 70.000

Krokida et al. (2001)




Joumal of Food Enginéering Lo {1993) 14 /- 100
Copyright @ 1995 Elsevier Science Limited
Printed in Great Britain. All rights reserved

U260-8 77492 /59 50
0260-8774(94)100046-8

l. Trabsmi'ho de Tocci & Mascheroni. - carne

Heat and Mass Transfer Coefficients During the
Refrigeration, Freezing and Storage of Meats, Meat
Products and Analogues

A. M. Tocci?* & R. H. Mascheroni®

“Facultad de Ciencas Exactas & "Facultad de Ingenieria, Centro de Investigacion y
Desarrollo en Criotecnologia de Alimentos (CIDCA), Universidad Nacional de la Plata,
47 y 116 (1900) La Plata, Argentina

{Received 1 May 1993; revised version received 18 March 1994;
accepted 23 August 1994)

ABSTRACT

The existing bibliographical data on heat and mass transfer coefficients
during refrigeration, freezing and storage of meat and meat products were
reviewed.

Heat transfer coefficients for meat balls and hamburgers were deter-
mined experimentally in a prototype belt freezer. Measurements were
carried out at different air velocities and directions of air flow. In each
case, the coefficients thus obtained were correlated with working
conditions.

Mass transfer data for the preceding cases were calculated from the
heat transfer coefficients.

NOTATION

@@DADB DE 5353 o
ENY,
RS P Heat capacity {J /kg K)

B o - B Diameter (m)

Diffusion coefficient of water vapour in air (m?/s)
Heat transfer coefficient (W/m? K)
Thermal conductivity (W/m K}

Mass transfer coefficient (kg/m* s)

Latent heat of sublimation of water (J/kg)
Nusselt number | = hd/k,)

-

£
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Hamburgers
Air flow paralle] to the belt

Sh=Kd/Da
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Sh=Kd/Da
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IV. Trabalho de Shi et al. — extracao CO2 SC

Correlation of mass transfer coefficient in the extraction
of plant oil in a fixed bed for supercritical CO»

John Shi **, Yukio Kakuda ®, Xiaoqin Zhou *, Gauri Mittal ©, Qinmin Pan d

* Guelph Food Researelh Cenver, Agriculture and Agri-Food Canads, 93 Srone Road Wesi, Guelph, Onr., Canada NIG 509
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¢ Sehool of Engineering, University of Geelph, Onr, Comnmde
4 Deparament of Chemical Engineering, University of Waterloo, Camda
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Abstract

The estimation of mass transfer coefficients in supercritical fuid extractions for fixed bed systems has been investigated. Two types of
correlations are discussed: Sh' = mi Rel"lecusj" and Sk’ = m(Re™ 5c™). Two statistical methods, the weighted least squares method and
the error-in-variable-model (EVM), were used 1o estimale the model parameters based on published data, respectively. The linear least
squares method is not suitable theoretically as the estimated error for R P8 g larger than the error of Sh'. The estimation result
based on the data of Puiggene et al. was revised as Sh' = 0423 Ren'j”Sr“'muj when 10 < Re < 100 It shows consistent kinetic behavior
in this region according to their data and it is also validated by the other literature data. The estimation also shows that it is acceptable to

account the exponent of Se as 1/3.
© 2005 Elsevier Lid. All rights reserved.

Keywords: Mass transfer coefficient; Supercritical luid extraction; Parameter estimation; Essential oil

1. Introduction

Supercritical carbon dioxide (SC-CO,) extraction has
been widely used to extract essential oils from various
plants in food industry (Rozzi & Singh, 2002; Williams,
1981). Fixed-bed apparatus has been often used for this
purpose {Brunner, 1984; Lee, Bulley., Fattori, & Meisen,
1986; Sovovid, 1994).

One of the important parameters to describe the extrac-
tion kinetics is the mass transfer coefficient in the supercrit-
ical fluid phase. An accurate method for predicting the
mass transfer coefficient is required to develop process
modeling and quality control on line. Correlation equa-
tions using characteristic dimensionless numbers are often
used for this purpose. It means that the pure chemical sys-
tem can be used to simulate the oil mixture system and

* Corresponding author.
E-mail address: shijiaagr.ge.ca (1. Shi).

obtain more accurate physical properties. Ferreira (1996)
proposed correlation equation in terms of Sherwood num-
ber (8k), Rayleigh number ( Ra = GrSc), Reynolds number
{ Re) and Grashof number ( Gr), and combined the effects of
natural and forced convection together as follows:

Re 5
g L4

Sh=1.451Ra ((}'r'-’:) (1
where 8h is Sherwood number, Se is Schmidt number, Re is
Reynolds number, and Gr is Grashof number.

The parameters of Eq. (1) were estimated for pepper oil
system in the presence of mixed convection. If Ra is
expanded as (rSe, the exponent of Gr is much smaller than
Re and Se. That reveals a weak correlation between Sh and
Gr.

Based on an assumption that the natural and forced
convection are independent, their effects can be combined
in a linear manner. Lee and Holder (1995) proposed the
following correlation equation:
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Ferreira (1996)
proposed correlation equation in terms of Sherwood num-
ber (Sh), Rayleigh number ( Ra = GrSc), Reynolds number
(Re) and Grashof number (Gr), and combined the effects of
natural and forced convection together as follows:

Re 0.525
_ 174
Sh = 1.451Ra (Gr' ﬁ) (1)

where Sh 1s Sherwood number, Sc 1s Schmidt number, Re 1s
Reynolds number, and Gr i1s Grashof number.
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Taking into account that the natural convection is very
weak, the correlation can be simplified as the first item of
the right side of Eq. (2):

Sh = m(Re'*Sc'/?)" (3)
or
Sh = m(Re" Sc™) (4)

This assumption is reasonable for essential oil extraction.




Mass transfer correlation parameters for essential oils at SC-CO- extraction

Parameters of mass transfer correlation

iz

Range

Catchpole (1993)
Tan et al. (1988)
Puiggene et al. (1997)
King et al. (1997)

1/3
1/3
1/3
1/3

< Re=<<T70,3<8c<11
2<<Re<<40,2<5c<20
10 < Re<2 100, 3<<8c<20
Re<1, T0<8c<< 100

E‘F!\CULDI\DE DE ZOOTECNIA E ENGENHARIA DE ALIMENTDSp
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King et al. (1997), Puiggene et al. (1997) and Tan et al. (1988) used apparent Sherwood number, Sh'.
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TABLE 5-21 Mass Transfer Correlations for a Single Flat Plate or Disk—Transfer to or from Plate to Fluid

Situation

Correlation

Comments
E = Empirical, S = Semiempirical, T = Theoretical

A. Laminar, local, flat plate,
forced flow

Laminar, average, flat plate,

forced flow

Jj-factors

Ng: = kl)‘ = 0.323(Np..) “(Ns)"*

Coefficient 0.332 is a better fit.

. A ll >
:\V\.ag D = 0.646(Ny. 1. )V‘(\ )@

k%, is mean mass-transfer coeflicient for dilute
.s)'stcms.

Jo=ju= L = 0.664(Ny, . )"*

-\vl\'r. g =

[T] Low M.T. rates. Low mass-flux, constant
property systems. N, , is local k. Use with arith-
metic (Il"(' rence in concentration. Coefficient
0.323 is Blasius’ approximate solution.

Xt

, x = length along plate

Np.L= Lu.p , 0.664 (Polhausen)
u

is a better fit for No. > 0.6, Ny, , <3 x 107,

[S] Analogy. N, = 1.0, f = drag coefficient. jj, is
defined in terms of k%,

FACULDADE DE ZOOTECNIA E ENGENHARIA DE ALIMENTOS
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F. Turbulent, local flat plate, forced flow

Turbulent, average, flat plate,
forced flow

k'x
Ng, = X = 0.0292N25,
she =1 Re,
e

o - LAY Y °
=0.0365N i, average coefficient

[S] Low mass-flux with constant property system.
Use with arithmetic concentration difference.
N = 1.0, Ny, > 10°

Based on Prandtl’s 1/7-power velocity law,

u

y \n
u, B (—8-)

G. Laminar and turbulent, flat plate,

forced flow

j“ =j" = é = ().”37.\'

-2

Re L

Chilton-Colburn analogies, N = 1.0, (gases),

f = drag coefficient. Corresponds to item 5-21-F
and refers to same conditions. S000 < N, < 300,000.
Can apply analogy, j, = f/2, to entire plate (including
laminar portion) if average values are used.

AE DE g3
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K. Turbulent, spinning disk

kel
Ny, = —=k - s GNL N

D

|E] Use arithmetic concentration difference.

6x 10°F < N, < 2 x 10°

120 < N, < 1200

u = Wl 0 /2 where w = rotational h.'i'H:'t'l!. radians/s.
N = pod 2.

L. Mass transter to a flat plate
membrane in a stirred vessel

E DE g7
SIDAD! Sdg
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K tl i .
= I_.;-' =aNNLi

a depends on system. a = 0.0443 [73, 165]; b is
often 0.65=0.70 [110]. If

N, = Odiaip
[

b =0.785 [T3]. ¢ is often 0.33 but other values
have been reported [110].

Ny,

|E] Use arithmetic concentration difference.
= stirrer speed, radians/s. Useful for laboratory
dialysis, R.O., U.F.. and microfiltration systems.




TABLE 5-22 Mass Transfer Correlations for Falling Films with a Free Surface in Wetted Wall Columns—Transfer
between Gas and Liquid

Comments

Situation Correlation E = Empirical, § = Semiempirical, T = Theoretical
A. Laminar, vertical wetted wall ‘\‘-'“m.: = A"'—I =341 -~ [T] Low rates M_T, Use with |u1_: mean concentration
column D L. difference.

B. Turbulent, vertical wetted wall
column

1= u—g

qFACULDADE DE ZOOTECNIA E ENGENHARIA DE ALIMENTOSp
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(first term of infinite series)

[ Fa]
g = (E) = film thickness
wp

1w = fillm width (circumference in eolumn)

N shaee = % =0.023NON LM

A coeflicient 0.0163 has also been reported
using Ny, where v = v of gas relative to lig-
uid film.

Parabolic velocity distribution in films.

.1(;]

';‘;Hr.ﬂm === E"
H.'j..l

Derived for flat plates, used for tubes if

5\ 12 _

P PE = 3.0, 0= surfare tension
2a

If Nk it = 20, surface waves and rates increase. An

approximate solution D g, can be used. Ripples

are suppressed with a wetting agent good to N =
1200,

[E] Use with log mean concentration difference for
correlations in B and C. Ny, is for gas. N for vapor
in gas. 2000 < N, < 35,000, 0.6 < Ng =25, Use lor
gases, d, = tube diameter.




EZEA

TABLE 5-23 Mass-Transfer Correlations for Flow in Pipes and Ducts—Transfer is from Wall to Fluid

Comments
Situation Correlation E = Empirical, S = Semiempirical, T = Theoretical
v _Kd, _ 3,66 U0665(d /A )N g N
A. Tubes, laminar, fully developed Ty 1+ 0.04[{(d,/x)N N ¥ [T] Use log mean concentration difference. For
parabolic velocity profile, /d
developing concentration profile, ——— < 0.10, Ng, < 2100.
constant wall concentration NeNe
x = distance from tube entrance. Good agreement
with experiment at values
10 > L i NeNeg > 10
4 x
_k'd,

B. Tubes, fully dev(-losxrd
concentration proﬁ e

C. Tubes, approximate solution

qFACULDADE DE ZOOTECNIA E ENGENHARIA DE ALIMENTOSp
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Ng = =t = 3,66
*~D

o i
Ng.= ﬂ = Lo',",'(ﬂ) (N N )W
D X

k'd, (d,

3
'\'Maq — R — 1615 I_) (A\‘R,.\‘.sr)ln

-

[T] Subset of 5-23-A for fully developed
concentration profile.

x/d,

NeNs

>0.1

[T] For arithmetic concentration difference.

W
— > 400
pDx
Leveque’s approximation: Concentration BL is
thin. Assume velocity profile is linear. High mass
velocity. Fits liquid data well.




R. Tubes, turbulent

S. Tubes, turbulent
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'\..\&.« 3

Ng=—t=

k

k'd,

_ Kad: _ 0.023N 95 N o4

D

0.0096 N§#3 N L3

[E] Evaporation of liquids. Use with log mean
concentration difference. See item above. Better
fit for gases.

2000 < Ny, < 35,000

0.6<Ng <25,

[E] 430 < Ng. < 100,000,
Dissolution data. Use for high Ng.




TABLE 5-24 Mass Transfer Correlations for Flow Past Submerged Objects

Comments
Situation Correlation E = Empirical, S = Semiempirical, T = Theoretical
C. Single spheres, molecular Ng=20+ANENE [E] Use with log mean concentration difference.
diffusion, and forced A=0.5to 0.62 Average over sphere.
convection, low flow rates Frossling Eq. (A =0.552), 2 < N, £800,06 <
N.<27.
N lower than experimental at high N,
A =0.60. [E] Ranz and Marshall2< N, <200,06<N_<
29
See also
A =095 [E] Liguids 2 £ N, <2,000.
Graph in Ref. 146, p. 217-218.
A=095. [E] 100 € Ny, < 700: 1,200 < N, < 1525.
A=0.544. [E] Use with arithmetic concentration difference.
Ng = 1; 50 € Ny < 350.

E DE g7
SIDAD! Sdg
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o RO 28 ‘
H. Single cvlinders, perpendicular Na = D =ANw N5, A=052
flow

A=0.74

A=0.582

Jo=0.600(Ny)
k'd

Ngp = b

D

AE DE g3

Y'g,\DAD 405

é‘@ _/\ 4[’6
7 > i i =
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[E] 100 < Np, <3500, Ng. = 1560.

[E] 120 € N, £ 6000, Ng. = 2.44.
[E] 300 € Ng, € 7600, Ng. = 1200.

[E] Use with arithmetic concentration difference.

50 < Ny, < 50,000; gases, 0.6 < N, < 2.6; liquids;
1000 € N < 3000. Data scatter = 30%.




TABLE 5-26 Mass-Transfer Correlations for Particles, Drops, and Bubbles in Agitated Systems

Comments
Situation Correlation E = Empirical, S = Semiempirical, T = Theoretical
) . : kird, poata . o
A. Solid particles suspended in -—'%—’— =2+0.6NE NS [S] Use log mean concentration difference.

agitated vessel containing vertical
baffles, continuous phase

coefficient

AE DE g3

Y@,\DA‘) 4oy

é‘@ _/\ 4%
X 7 =

[-—{,F_ACULDADE DE ZOOTECNIA E ENGENHARIA DE ALIMENTOSp
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Replace vy, with vy = terminal velocity. Calculate
Stokes’ law terminal velocity

o dilp, = plg
18u,

and correct:

Un

New | 1] 10 | 100 |1.000 [10,000 | 100000

velog 109 '065 037 ' 017 ' 007 ' 0.023

Approximate: kj = 2k[;

Modified Frossling equation:

U h([!,p‘.
M.

-\w,r. =

(Reynolds number based on Stokes” law.)

¢

(terminal velocity Reynolds number.)

ki almost independent of d,,.

Harriott suggests different correction procedures.
Range k; /k{; is 1.5 to 8.0.




VI. Exercicios

Ex. 1. Uma forma com dagua € colocada num tunel de vento, com
ar fluindo a 7 m/s no sentido comprido da forma (4 m, considere
que ela é muito larga).

A Adgua estd a 292 K e a pressdo total € de 1 atm.

Nessas condicoes, a pressdo de vapor da agua € 2000 Pa, @
difusividade da dgua no ar € 2,5 x 10° m?/s e a viscosidade
cinemdticado aré 1,5 x 10> m?/s.




VI. Exercicios

Ex. 1. Uma forma com dagua € colocada num tunel de vento, com
ar fluindo a 7 m/s no sentido comprido da forma (4 m, considere
que ela é muito larga).

A Adgua estd a 292 K e a pressdo total € de 1 atm.

Nessas condicoes, a pressdo de vapor da agua € 2000 Pa, @
difusividade da dgua no ar € 2,5 x 10° m?/s e a viscosidade
cinemdticado aré 1,5 x 10> m?/s.

a) Calcule a tfaxa mdssica de evaporacdo da agua.

R=82,057.103 m3.atm/mol.K = 8,314462 m3PaK"mol'.




VI. Exercicios

Ex. 1. Uma forma com dagua € colocada num tunel de vento, com
ar fluindo a 7 m/s no sentido comprido da forma (4 m, considere
que ela é muito larga).

A Adgua estd a 292 K e a pressdo total € de 1 atm.

Nessas condicoes, a pressdo de vapor da agua € 2000 Pa, @
difusividade da dgua no ar € 2,5 x 10° m?/s e a viscosidade
cinemdticado aré 1,5 x 10> m?/s.

a) Calcule a tfaxa mdssica de evaporacdo da agua.

R=82,057.103 m3.atm/mol.K = 8,314462 m3PaK"mol'.

7mx4m
Re = 2 = 1,9x10°

© 1,5x1075 m2/s




Entdo, podemos usar:

jy = 0,0365/Re%?  p/ Re >3 x10°




Entdo, podemos usar:

jy = 0,0365/Re%?  p/ Re >3 x10°

Logo

ju =0,0365/(1,9x410°)92 = 2,03x103




Entdo, podemos usar:
jy = 0,0365/Re%?  p/ Re >3 x10°

Logo
ju =0,0365/(1,9x410°)92 = 2,03x103

Sabendo que




Portanto,

km = oo_]M SC_2/3

2/3

e =™ 5 0ae10-3 1,5 x107°> m?/s__
m =g A (2,5 x10~5 m2/s

k., =0,02m/s




Como ndo temos a drea da forma, vamos calcular o fluxo
MASSICO (pao0 = 0)

Ng = Kk (Pas)

Mas, antes precisamos calcular a concentracdo de dgua na
interface. Usando a Lei dos gases ideais:




Como ndo temos a drea da forma, vamos calcular o fluxo
MASSICO (pao0 = 0)

Ng = Kk (Pas)

Mas, antes precisamos calcular a concentracdo de dgua na
interface. Usando a Lei dos gases ideais:

_ My pas
Pas —RT

18x10-3 X9 2000 Pa
mol

Pas = (8314462 m3PaK-"mol 1) (292 K)




Como ndo temos a drea da forma, vamos calcular o fluxo
MASSICO (pao0 = 0)

Ng = Kk (Pas)

Mas, antes precisamos calcular a concentracdo de dgua na
interface. Usando a Lei dos gases ideais:

_ My pas
Pas RT

18x10‘3k—gr 2000 Pu.

PAs = 78314462 mPPak mel 1) (292 K)

Pas = 0,0] 5 kg/m3




Temos, entdo:

ny = 0,02 m/s (0,015 kg/m?3)

ny, = 3x107* kg/m?s




b) Vamos considerar que a ldmina de adgua tem 1 cm de altura, e
a bandeja tem 10 m de largura. Vamos calcular o tempo
necessario para esvaziar a forma, ou seja, para que toda a dgua
seja volatilizada.

Vou dar 3 minutos para vocés tentarem comecar...




b) Vamos considerar que a ldmina de adgua tem 1 cm de altura, e
a bandeja tem 10 m de largura. Vamos calcular o tempo
necessario para esvaziar a forma, ou seja, para que toda a dgua
seja volatilizada.

Vou dar 3 minutos para vocés tentarem comecar...

Sabemos que areducdo da l&dmina d’adgua pode ser calculada:

dv
P it

_~ %, E, que, considerando que o ar de enfrada estd seco.

i S A

&)
PAY
=54 e i

i@m@i

Wy = Ag ki (pas)
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av
- ’DE = A; km(pAs)




av
- ’DE = A; km(pAs)

Sabendo que
dV dz

— =XY—
dt dt




av
- ’DE = A; km(pAs)

Sabendo que
dV dz

— =XY—
dt dt

Teremos

— p XY 22 = A ko (pas)




Entdo, podemos fazer:

0 t
_J pdz = J km(pas)dt
1 0

—(0 —1cm) p = ki (pas)t




Entdo, podemos fazer:

0 t
_J pdz = J km(pas)dt
1 0

—(0 —1cm) p = ki (pas)t
Entdo, tferemos

t = (1cm) p/0,02 m/s(0,015 kg/m?)




A.3-3  Physical Properties of Air at 101.325 kPa (1 Atm Abs), SI Units

ux 10°
T T p ¢,  (Pass;or k B x 10®  gBp*/i?
(C)  (K) (kg/m®) (kifkg-K) kg/m-s) (W/m-K) N, (I/K) (I/K-m’)

2554 1379 10048  1.62 0.02250 0.720 392 279 x 10®
2732 1293 1.0048 172 0.02423 0.715 3.65 204 x 10®
2832 1246 10048 178 0.02492 0.713 353 172 x 108
311.0 1.137 1.0048 190 002700 0.705 322 1.12x 10°
3388 1.043 1.0090 203 002925 0.702 295 0.775 x 108
366.5 0964 1.0090 215 003115 0694 274 0.534 x 10°
3943 0895 1.0132 227 003323 0692 2.54 0.386 x 10®
422.1 0838 10174 237 0.03531 0.689 238 0.289 x 10®
4499 0785 10216 250 0.03721 0.687 221 0214 x 108
4776 0.740 10258  2.60 003894 0.686 2.09 0.168 x 108
5054 0.700 1.0300 271 0.04084 0.684 198 0.130 x 10®
5332 0.662 10341  2.80 0.04258 0.680 1.87 0.104 x 108




A.3-3  Physical Properties of Air at 101.325 kPa (1 Atm Abs), SI Units

ux 10°
T T p ¢,  (Pass;or k B x 10®  gBp*/i?
(C)  (K) (kg/m®) (kifkg-K) kg/m-s) (W/m-K) N, (I/K) (I/K-m’)

178 2554 1379 10048  1.62 0.02250 0.720 392 2.79 x 10®
0 2732 1293 1.0048 172 0.02423 0.715 365 204 x 10
100 2832 1246 10048 178 0.02492 0.713 353 1.72 x 10°
378 311.0 1.137 1.0048 190 0.02700 0.705 322 112 x 10°
656 3388 1.043 10090 203 0.02925 0.702 295 0.775 x 10®
933 366.5 0964 10090 215 003115 0.694 274 0.534 x 10°
1211 3943 0895 10132 227 003323 0.692 2.54 0.386 x 10°
1489 4221 0.838 10174 237 0.03531 0.689 238 0.289 x 10°
176.7 4499 0785 10216 250 0.03721 0.687 221 0214 x 10®
2044 4776 0740 10258 260 003894 0.686 2.09 0.168 x 10°

2322 5054 0.700 1.0300 271 0.04084 0.684 1.98 0.130 x 10°
2600 5332 0.662 1.0341 280 0.04258 0.680 1.87 0.104 x 10°

Interpolando:  37,8-10=2/7,8 -—- -0,109 = 1,137 — 1,246

37.8-18,9 =189 -- 1,137 -x
' > -0,074=1,137 - x
2>|x=1,211 kg/m3




Substituindo os respectivos valores, teremos:

t = (0,01m)1,211 kg/m3/0,02 m/s(0,015 kg/m?3)




Substituindo os respectivos valores, teremos:

t = (0,0120)1,211 Royn/0,02 prf/s(0,015 Rytam3)

t =404s




Ex. 2. Uma bolha de gds de cloro puro de 0,5 cm de didmetro estd
ascendendo a uma velocidade de 20 cm/s em dgua pura, a 1,0
atme 16 °C.

Nessas condicoes, a difusividade do cloro na dgua é de 1,26x107
m?2/s; a solubilidade do cloro em agua € de 0,823 g de cloro/100 g
de dgua; a densidade da dgua & de 1000 kg/m3 e sua
viscosidade € de 1,155x103 kg/m.s.

O cloro, a partir da superficie da bolha, dissolve-se na dgua e
difunde-se para longe, diminuindo o tamanho da bolha.

Qual a taxa massica de absorcdo de cloro pela dgua quando a
bolha for de 0,5 cm de didmetro?




Vamos calcular Re:

_ 1000 kg/m?0,20% x 0,005 m

= 2
TT55xT03 kg/ms  — 0:66x10




Vamos calcular Re:

_ 1000 kg/m?0,20% x 0,005 m

— 2
TT55xT03 kg/ms  — 0:66x10

Como 200 < Re < 4x104
0,43 0,43

Jm = W - (8,66x102)0'44

ju = 0,022
E, j& vimos que

km = oojM SC_2/3




Precisamos calcular Sc:
U U
SC —_— —
Dip p xDyp

Ou

_ 1,155x1073 kg/m.s
€= 1000 kg/m3x 1,26x10° m?/s

S =916,7




Precisamos calcular Sc:
U U
SC —_— —
Dip p xDyp

Ou

1,155x10-3 kg/m.s

5S¢ = 1000 kg/m3x 1,26x10° m?/s

=916,7

Agora, substituindo todos os valores, em

km = oo]M SC_2/3

Ky, = 20% 0,022 (916,7)72/3 = 4,66x103 cm/s




Portanto, considerando p,,, = O:

Ny = kpy (pAS)

Ou

. g cloro g agua
ny = 4,66x107% cm/s (0,00823 =———x 1,000 =————)
g agua cm




Portanto, considerando p,,, = O:

g = K (Pas)
Ou
. g clor g agua
ny = 4,66x107% cm/s (0,00823 ————x 1,000 ———)
Ou seja

n, = 3,84x10~ g cloro/cm?Z.s




Logo, como:
Wy =Asny

W, = 4nR*n, = 47 (0,5 cm)? 3,84x1075 g cloro/cm?2.s




Logo, como:
Wy =Asny

W, = 4nR*n, = 41(0,5 c,mf/3,84x10‘5 g cloro/cm?.s

Wy =1,21x10* g cloro/s




Ultimo exercicio: Vamos secar um tubo de didmetro
interno = 0,015 m cuja superficie inferna esta coberto
com uma camada de agua, com ara 300K e T atm
escoando a 1,2 m/s.

Calcule o fluxo de dgua nesse processo.

Por causa das condicdes de baixo fluxo de massa,
podemaos usar as propriedades do ar seco:

v=1,58 x 10° m?/s
Dag = 2,594 x 10° m?/s




Até a proxima semana

‘DADE DE S4,
8 &)
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