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Abstract: The heat and mass transfer was studied in case of convective drying. The model spheres were
made in different sizes from gypsum and the mixtures of gypsum and paper. The model spheres were taken
into a drying chamber. The weight loss, the water content and the temperature of the product were tested on
different air velocities during each experiment. The physical properties of the samples were measured in the
interest of determination of heat transfer data. The calculated heat transfer coefficients on the basis of
measured data have shown a difference from the results of heat transfer data — including dimensionless
equations — derived from literature. The divergence at the heat transfer based on theoretically calculations
and on practical measuring is deducible using the heat-, mass- and momentum balance. Our calculation
supports a special hydrodynamic phenomenon with which the divergence is explained.
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1. INTRODUCTION

The removal of moisture from a food product is one of the oldest methods of preservation. When
the water content of a food product is reduced to a very low level, the opportunity for microbial
deterioration is minimized and the rates of other deteriorative reactions are reduced significantly.
In addition to preservation, dehydration significantly reduces the product mass and volume and
improves the efficiency of product transportation and storage.

To achieve the desired results for dehydrated foods, the optimum heat and mass transfer must be
provided within the product, design of which necessitates careful analysis of the processes of heat
and mass transfer.

Drying involves removal of the moisture content from a wet, solid material by converting some of
this moisture into the gas state. The drying conditions applied, i.e. the gas velocity, the inlet gas
temperature and humidity and the drying time, influence the quality of the dried product. In
analyses of drying, convective transfer coefficients are important parameters for the prediction of
drying rates and temperatures.

Experimental results were earlier reported concerning the coupling of heat and mass transfer
phenomena around differently shaped materials under different conditions (SSU-HSueh and T.R.
Marerro, 1996.; Szentgyorgyi et al., 2000). Following a considering of the transport coupling effects,
experimental results relating to the loss of moisture and the surface temperature indicate various
ways to calculate the heat transfer coefficients, using dimensionless numbers. The coupled heat
and mass transfer results are correlated in terms of the dimensionless Nusselt and Sherwood
numbers. The dried materials were porous and had simple shapes: plates and cylinders. (A.
Kondjoyan, F. Péneau, H-C. Boisson, 2002.)

Free stream turbulence has been claimed to influence the heat transfer coefficients in the cases of
plates, circular cylinders and elliptical cylinders (Kondjoyan and Daudin, 1995; Kondjoyan et al.,
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2002). The transfer coefficient increases as a
function of the free stream turbulence level either
in the laminar boundary layer or in the turbulent
boundary layer. (Kondjoyan and Daudin, 1993).
Others found that the measured heat transfer
coefficient is twice larger than the coefficient
predicted for heat transfer only. (Szentgyorgyi et
al., 2000; SSU-H.Sueh and T.R. Marerro, 1996.) as it
can be seen in Figure 2 and 3.

The aim of our work was to confirm the existence
of divergences at the heat transfer coefficients
around single spheres during convective drying as
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Figure 1. The effect of turbulence on heat

transfer Nu at cylinder (A. Kondjoyan and ].D.

Daudin, 1993)

well. Otherwise this paper suggests the reason of the divergence at Nusselt numbers and proves it
by hydrodynamic and mathematical model in case of flat plate.
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Figure 2. Nu numbers derived from experiment
(A) and calculated from literature (#) for plates,
(Szentgyorgyi et al., 2000)

2. MATERIAL AND METHODS
2.1. Apparatus and drying conditions
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Figure 3. Nu numbers derived from experiment

(Nu=0,59Re?%) and calculated from literature

(Nu=0,229Re"¢) and a corrected Nu for cylinder (SSU-

HSueh and T.R. Marerro, 1996)

The experimental way used in this study adopted from (Kondjoyan and Daudin,1993). A
horizontal drying chamber was made for this study. The cross-section of the chamber was 0,1 m?.
The chamber operated with a fan. The fan was placed in the inlet pipe, and this inlet pipe
contained filaments to warm up the drying air. The air temperature was kept on a constant level at
each experiment. The air velocity was controlled on a constant level. The experiments were
repeated four or five times with the same sized plates (O. Molnar, 2004) and sphere on a different

velocity level.

The drying material was placed onto a special frame in the area of free stream. The frame had
tripod standing outside of the chamber on a balance. By this way, the weight loss of the sphere
was under on-line control. The inlet air temperature, humidity and the pressure-drop were
measured at the inlet pipe. The air temperature in the drying chamber and the inside temperature
of the sphere were measured by a sensor and thermocouples. All parameters were registered in a

computer.
2.2. Material

The materials used in our experiments were different size of spheres which diameter was 29 mm;
38 mm; 41 mm. These spheres were made of gypsum and gypsum mixed with paper. Three
thermocouples were inserted into the spheres: into the middle, near the surface and one between
these. The prepared spheres were put under water to hydration for eight hours before the

experiments.
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2.3. Theoretical analysis
The first part of this study pays attention on the constant rate period of convective drying around
single spheres. During convective drying, simultaneous heat and mass transfer exist. The drying
process consists of three main periods: the first is the 70
‘developing’ period; the second is the ‘constant rate’

period and the third one is the ‘falling rate’ period. = 50
The constant rate period is well observable from the = 50
weight loss of the sphere. The weight of the wetted,
gypsum sphere decreases consistently until 30 ‘E

minutes, see figure 4, marked with e-line. As

assumed before, the evaporation is characteristically
the 0 20 40 60 80 100

for the constant rate period therefore Time [min]

temperature of the material is constant. This shows

well the A o ¢-marked lines on the Figure 4. Figure 4. Drying parameters of the sphere

(diameter 41 mm, W air temperature 60°C; air
In this period, the surface of the material is  velocity 2,39 ms?): ¢ m-weight loss; A 0 0: Ts-
supposed to be covered totally by water. Therefore,
the surface temperature is equal to the wet bulb
temperature at any point of the body. The wet bulb temperature depends on the air temperature
and the humidity.

In coupling transport phenomena, the heat flux coming from the hot, ambient air turns into the

inside temperature of the sphere

phase change of the moisture content of the material and otherwise increases the temperature of
the drying material. There are Nusselt numbers proposed by (F. P. Inncoropera and D.P. DeWitt,
1995) and (T. Kornyei, 1999) with which the heat transfers could be described around a single
sphere.

1/4
Ny, =[2+(04 Re'?+ 0,06-R62/3)~Pr°’4]-(ﬂ—GJ )
Hyp
A special case of convection heat transfer from spheres relates to the heat transport from freely
falling drops. The equation is suggested in (F. P. Inncoropera and D.P. DeWitt, 1995).
Nuy, , =2+0,6-Re”-Pr’¥ )

These equations provided the basis for comparison with the experimental Nusselt numbers
around our single spheres.
The second part of this study pays attention for the theoretical analysis based on mathematical
approach of transport phenomenon around a flat plate. The circumstances of the flat plate
experiments were the same as our single sphere experiment had.
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Figure 5. The velocity profile Figure 6. The theoretical control panel
of the drying air over the flat plate of the drying air

The surface of the flat plate is covered with liquid in the constant rate period of drying. We
suppose that the air velocity is bigger than zero in the boundary layer at the surface. Our
suggestion of this velocity condition is the existence of a skin friction occurred by the wet surface.
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The Fig. 5 shows the boundary layer parameters over the flat 7
plate. For the mathematical consideration were used a |

theoretical control panel to define impulse, energy- and mass N
balance equations as it shows Figure 6 and Figure 8. The Fig. 7 X
presents the skin friction on the surface influencing the heat Jab Vlav
transfer and the mass transfer. Figure 7.: the influence of the
Table 1.: Balance equations for the drying air skin friction (regarding Fig. 6.)
Cross Mass balance of Mass balance of the
. . Impulse balance Energy balance
section the air vapor
h h h h
AA1 —pb[U.dy —pb[Uldy —pbe, [T,U.dy - pb[T,U.dy
0 0 0 0
h h h h
BB1 - pbj udy - pbjuzdy - pbcpJTudy - pbj Tudy
0 0 0 0

h h h h
ABL | —pb[(U, —udy | = pb[U, (U, ~u)dy | = pbe, [T, (U, —u)dy | - pb[Y, (U, —u)dy
0 0 0 0

AB 0 - bji T,dx bjf J dx b]ﬁ J o dx
0 0

0

y=h—>o0 The mass amount

. The resultant forces on | The resultant of the inlet | The resultant of vapor
of the inlet and

= outlet gas is =0 the plate are=0 energy streams are=0 | mass transfers are=0
The impulse balance:

pru(u -U, )dy= b]iz'odx (1a)

The energy balance: 0 0
pbcpTu(T—Tw)dyszjqu (1b)

The vapor mass balance 0 U
pb]z (Y=Y ))dy= bi Jopdx (1c)

0 4

Create the dimensionless distributions of the boundary layer conditions:
Dimensionless velocity:

- ou-—u,
U=——-—= 2a
T A (2a)
Dimensionless temperature:
-~ T-T
T = 0 = 2b
T -7, Sr(nr) (2b)
Dimensionless wet content of the vapor:
- Y=Y
Y= 0 = 2c
7 1y @1y) (2¢)

The U,; uo; Ty To; Y. and Yo are constant and the boundary distributions depend only on the
dimensionless thickness:

(3a,b,c)
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Writing the thickness of boundary layer as a polynomial approach (Welty, Wicks, Wilson, Rorrer,
2007.) (S. Szentgyorgyi, K. Molnar, M. Parti 1986.):

fm=a,+an+an’ +an’ +an’ 4)
Taking into consideration the conditions below:
at n=0: f(n)=0; f”(n)=0 and
atn>1: f(n)=1, f”(n)=0 (5)
The derivatives of the Eq. (4) are:
fm=2m-2n"+n* ()
and
S Myo =F=2 )
Using the Eq. 2a, the velocity profile is:
u=f, U, —uy)+u, 8)
if x-parameter is constant we can write with Eq. (3a):
dy=9,dn, 9)
where:
aty=0: n,=0,
at y=o0: 1,=1.

Since Eq. (5) state at h>1 f,=1, the integral (1a) extends only to 1. This establishment and Eq. (8) and
(9) lead to:

[u, —wdy = [Lf,(U, —u,)+u, U, ~1£, (U, —u,)+u,18,dn, (10)

y=0 n=0

Reducing Eq (10) we have that:

o0

[u@, —wdy=5,(0LU,. ~u,)* [ 1,0 f)dn, +u, U, ~u)[ A= f,)dn,] (1)

=0 0

Define the integrals in Eq. (11) as follows:
|
a =[1,0-f,dn, (12)
and 0
|
a, =[(-f,dn, (13)
0

We can state that 0,=37/315 and a,=3/10 are only constant numbers refer to (Welty, Wicks, Wilson,
Rorrer, 2007.) since fu depends on ou only in Eq. (6). Using our statement and Eq (1a), (12), (13), the
Eq. (11) turns to:

do
—uy)dy :d_xu[(Uw _”0)2 oy +u (U, —uy)-a,] (14)

Define 1, as the skin friction on the surface we can write the force as well. @ has the same value,
but negative since it belongs to the ambient air.

TS = ﬂ ’ (a_uJ = _TO (15)
oy -0
Assembling the Eq. (15), (2a)(3a):
o :V(‘l“j -, —u»[ﬂj AU, ) f0) 6
p )., an, ), ., dy S,

Combine the Eq. (16) with Eq. (7) and (14) we have:
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VU, ~u,) do,
por =l e, U )
Reducing the equation written below we can state that:
do
L= Py = konstan s (17)

“dx (U, —u,)a, rua,
Since Eq (17) is constant, it can be integral after separation:
5! :ji B.v-dx _ BV -
2 (Uw —uo)cz1 +uya, (Uw —uo)cz1 +uyo,

5,
[6,d5, =
0

After determine the integral of Eq. (17), Eq. (18) delivers the momentum equation of boundary

layer
5= | — P (18)
(Uoo —Uy )0‘1 Ty,

When u.=0, we can reduce Eq. (18) further:

5, =0 = [P X (19)
aono

Create the du/ 84" :
S, _ (Uoo —Uy )al TU, _ 1= Mo Halhy (20)
o, U, u, U,
and define K and P as follows:
%K and Zo—p 21 (22)
o, U

Kis 2,554 referring toEq. (12)(13)
Taking into consideration the Eq. (21)(22) at Eq (20) and express the 6u , we get to the following;:

*

O I+ (K-1P

514
. 1
5 =8 () (23)
JI+(K=-1)P
where &.=3u(X, P) and using the constant value of K:
5 =5 (%) ! (24)

J1+(2,554-1)P

Studying Eq.(24) we can establish that:

v Since P>0, therefore Su <8y,

v it follows from the foregoing that the boundary layer on the surface is thinner when the velocity
is uo>0.

v’ This phenomenon increases the value of |-t |.

If we put Eq.(24) into Eq (16) :

-5y, i =, p, HEEDE 25)
p u u

Explaining Eq. (25), the value of |-to |is decreasing if there is (U.-uo) instead of U,, on the right side
of the Eq.(25).
Taking uo=0, than P is zero and Eq (25) turns to:

(3]
p p o,
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Define the quotient of Eq (25) and (26) with Eq. (22, 23), it results Eq. (27).
%0 — (1= P)\T+(K )P =+/(1- P)* + KP(1- P)’ 27)
0

T

3. RESULTS AND DISCUSSION

Taking the measurements into consideration we observed similar phenomenon as other done in
case of flat plate and cylinders during the steady state period of convective drying. The calculated
Nusselt numbers are significantly higher than the Nusselt numbers derived from the equations
predicted the literature and determined in Eq. (1)(2) in case of single sphere; as it show Fig (8) (9).

Ty =

100 100
- I I =
[ 4 @t & S 4 [ ] e}
3 UYL g gt ggs
. E -
s __ 2 S
€ 2
= =
(]
3 ]
= S
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Reynolds humber Reynolds number
Figure 8. Nusselt numbers as a function of Reynolds  Figure 9. Nusselt numbers as a function of Reynolds

number for single spheres in drying: o A- number for sphere-like drops: o A -experimental

experimental values dashed line means Nuiit1 values dashed line means Nuui2 derived from Eq. (2)
derived from Eq. (1).

On the basis of the mathematical approach we can state that the momentum transfer is influenced
by the skin friction we suggested. Observing the Eq. (27) we can state that the value of || is
smaller than 1 at P>0. The function has a tendency of monotonously decrease in the interval of 0<to
<1. The reason is proved by next
conditions: the t.=1 at P=0 and t.=0 at
P=1. The tendency of the function
shows Fig. 10.
The Eq. (27) and the Figure 10 prove
that the value of the o skin friction
causes hydrodynamic force on the
drying surface decreases by increasing
the uo velocity.
The further works would be the
mathematical approach of the drying

Loooooooo
o= ~NMO =

skin friction

S o A o S e

6 06 6 0 0 0 0 C 0O O O O O O
P

Figure 10. The 1o skin friction vs P =uo/U,, (relative air velocity)

plates under thermal conditions assuming the hydrodynamic force. Even more interesting
experiments could be offered by examine the same transport phenomenon under these
hydrodynamic model for spheres as well.

NOMENCLATURE

Uu: velocity [m/s] Greek symbols

T: temperature [K] o defined in Eq. (12,13)

Y absolute moisture content of the air [kg kg] B defined in Eq. (7)

K P defir?e.d in £q. 21, 22.) A thermal conductivity [WmK-1]
Cp specific heat of the air [Jkg K] d .. itv [P

h heat transfer coefficient [W m2 K] H y.namlc. VIScost y_ [Pas]

i heat flux [W m?] N (u,T,Y): dimensionless thicknesses
jmV mass flux [kg m2s] p density [kg m~]

fu, fr, fv : dimensionless form of boundary layer conditions v kinematical viscosity [m? s7]

A, Al, B, Bl: basis of the control panel T skin friction

1,b: length and width of the plate Sy -, adr-ésdy: the thickness of momentum-, heat-,
Xy coordinates moisture boundary layers in the air

v air velocity [m s1]
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Subscripts sp sphere condition

0 surface condition lit taken from the literature
0 main stream condition of the air wb wet bulb condition

G gas, air condition Dimensionless groups

u refer to velocity Nusselt number hDsp/A

T refer to temperature Reynolds number vD,,/v

Y refer to vapour content of the air Prandtl number v/a
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