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Abstract

Numerical simulations of vacuum freeze drying processes of skim milk solution in tray and in vials
were conducted by solving a set of unsteady state governing equations for temperature and partial pres-
sures of water vapor and inert gas inside drying materials together with the evolution equations for sub-
limation interface. As the calculation domains are irregular and continuously changing during the
primary drying stage, a calculation tool that can handle moving boundary problems as well as spatially
multidimensional effects is required. Therefore, a finite volume analysis code based on moving grid sys-
tem was developed to meet such needs. The application of the finite volume method to the analysis of
the freeze drying process is attractive because it is simpler to understand and easier to discretize the
governing equation than the commonly used finite difference method. Moreover, the conservation of heat
and mass is more strictly observed by the method. To show the accuracy of the present calculation tool,
freeze drying in a tray was simulated and compared with available experimental data first. And then,
freeze drying processes in vials with different operation policies were simulated to show the capability

of handling multidimensional problems.
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Table 1. Parameter values and expressions(Sadikoghu and
Liapis, 1997)

Parameters Unit

Values and expressions

Cy, m’ 7.219X1077
o m 3.85583X107
G, 0.921
C, Jkg - K 1616.6
Cye Jkg - K 2590.
o Jkg - K 1930.
I kg water/kg 06415
solid
I’kgsolid 0.6415

D&,in kg - m/s' 0.00014931(T,'(I/M +1/M, )"

K ¢ 6.48X 107 for primary drying

d ) 7.8X107" for secondary drying

ks W/m - K 1.5358P

ki, W/m - K 1.412X107 (P#+P,)+0.2165

ky, Wi/m - K 488.19/T,+0.4685

L m 0.02

ng P, Nm' 400

PP, Nm’ 1.07

P8 N/m’ 5.07

T K 233.15

Top Ty p K 313.15

133.3224 Exp(—2445.5646/T, +
f(Ty)  Nm’ 8.23121 log, (T )—0.0167T +
1.20514(107°T—6.757169 )

AH, kg 2840000.

AH, Tkg 2687400.
e 0.785

o kg/m s 18.4858[T,"*/(T,+650)]

Pre kgm’ 3280

Py kgm’ 2150

Pl kg/m’ 1030.0
c Wim’ - K' 5.676X107"
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Experiment by Liapis
and Bruttini(1994)

Calculation

Free water removal (ratio)
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Fig. 5. The ratio of free water removal during primary
drying stage of the freeze drying of skim milk in a tray.
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Fig. 6. The ratio of bound water removal during secon-
dary drying stage of the freeze drying of skim milk in a
tray.
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Fig. 7. The evolution of temperatures at different
locations during primary and secondary drying stage of
the freeze drying of skim milk in a tray.

Table 2. Boundary conditions for numerical simulation of
freeze drying processes in vials

Parameters Case 1 Case 2 Case 3
Ton 27315 Vi Fig.8 Vi Fig. 8
T, . ary as Fig. ary as Fig.
Ty, 273.15  Vary as Fig. 8 Vary as Fig. 8
Tg.. 313.15 313.15 313.15
Fup 0.795 0.795 0.795
Fp 0.0 0.0089 0.0
F,, 0.75 0.0 0.75
K; 29.13 29.13 29.13
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Fig. 8. The controlled temperature of heating plate for
freeze drying of skim milk in vials.
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Fig. 9. The temperature histories of sublimation interface
during the primary drying stage of skim milk in vials.
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Fig. 10. The ratio of free water removal during primary
drying stage of the freeze drying of skim milk in vials.
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Fig. 11. The ratio of remaingin sorbed water during
secondary drying stage of the freeze drying of skim milk
in vials.

o
N
(3]

1.0 hr —

——1.0hr——4 L 1.0 hr —
— 3.0 hr —

—30hr— | oo
— 5.0 hr —
— 7.0 hr —| S0hr— | 50k —
—9.0hr— [ 70— L sop |
(a)Casel (b)Casell (c)Caselll

Fig. 12. The location of sublimation interface in each case
for freeze drying of skim milk in vials.
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Fig. 13. The temperature distribution inside each drying
material at 30 minute before the end of primary drying
stage for freeze drying of skim milk in vials.
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Fig. 14. The distribution of sorbed water concentration
inside each drying material at 30 minute before the end
of primary drying stage for freeze drying of skim milk in
vials.
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Al surface normal vector of sublimation interface
Cc* equilibrium bound water concentration
C weight fraction of bound water in dried layer
G, heat capacity
Cy constant dependent only upon structure of porous
medium and giving relative D’Arcy flow perme-
ability

C, constant dependent only upon structure of porous
medium and giving relative Knudsen flow perme-
ability

C, constant dependent only upon structure of porous
medium and giving the ratio of bulk diffusivity
within the porous medium to the free gas bulk
diffusivity, dimensionless

Dy free gas mutual diffusivity in a binary mixture of
water vapor and inert gas

Dy ; DwinP

f(TX) equilibrium pressure of water vapor, Table 1

k thermal conductivity

k, bulk %iffusivity consta(.)m,
CoDy, inKy/(CoDy iy + Ky P)

ky, k,y  self diffusivity coonstant,
KWKin/(CZDw, in ¥ Kme) + (COI/umx)

k, bulk %iffusivity const'%nt,
CZDW, inKin/(CZDw, int Kme)

k, desorption rate constant of bound water, Eq. (11b)

kg desorption rate constant of bound water, Eq. (11a)

k, Knudsen diffusivity, (C,RT/M,) O’é

k, Knudsen diffusivity, C{(RT/M;,)

k.. mean Knudsen diffusivity for binary gas mixture,
Yw Kin + yian

h position of sublimation interface

L thickness of drying material

M molecular weight

N mass flux in dried layer

p total pressure in dried layer or pressure

q heat flux

R universal gas constant or radius of vial

S sweeping volume

T temperature

t time

Vv velocity of sublimation interface

v boundary velocity of deforming control volume
I, Z coordinate

y mole fraction

Greek Letters

€ void fraction
AH, heat of sublimation of frozen water
AH, heat of vaporization of sorbed water
u viscosity
p density
c Stefan-Boltzmann constant
Superscript
0 initial value
Subscript
0 surface value at x=0
e effective value or east face
f film
g gas
in inert gas
<L value at x=L.
LP lower heating plate
UP upper heating plate
w water vapor or west face
w freeze dryer wall
X interface value at x=L
I dried region
I frozen region
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