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ABSTRACT 

The eflect of diflerent tube materials was studied using galvanized steel, 
PVC, te$on and glass capillaries on tomato paste, apple sauce, ketchup 
and mustard as typical semi-solid food materials. In the shear rate range 
of 10 to 1000 s-I studied apple sauce and mustard showed the most pro- 
nounced efect which was wall material and shear rate dependent. 

INTRODUCTION 

Generation of steady shear flow data for semi-solid foods is complicated 
due to effects such as time dependency, (Dzuy and Boger 1983; Kraynik 
and Showalter 198 1 ; Figoni and Shoemaker 198 1 ; Kokini and Dickie 198 1) 
wall effects, slip and wall pinch and secondary flows that arise at relatively 
small shear rates in narrow gap geometries. A study of the flow proper- 
ties of ketchup, mustard, apple sauce and tomato paste over a wide shear 
rate range using both narrow gap and tube viscometers revealed that the 

'Direct correspondence to Dr. J. L. Kokini, Department of Food Science, Rutgers University, P.O. 
Box 231, New Brunswick, New Jersey 08903. 
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138 M. DERVISOGLU and J. L. KOKINI 

data could be superimposed and the best correlations of the data were ob- 
tained with a model involving a yield stress, in particular with the Herschel- 
Bulkley Model over a wide shear rate range (Dervisoglu and Kokini 1986a). 
The wall effect in the tubular flow of these materials was also studied, 
and it was concluded that the steady shear flow data obtained were strongly 
affected by the wall effect (Dervisoglu and Kokini 1986b). It was further 
shown that this effect was due to apparent slip. Correction of the data pro- 
duced a master curve which was independent of tube diameter. 

The aim of the present study is to examine the effect of different wall 
surface characteristics of tubes made from different materials (galvanized 
steel, PVC, teflon and glass) on the steady shear tube flow data of ket- 
chup, mustard, apple sauce and tomato paste. This is important because 
the food industry uses a variety of pipe materials and often design of flow 
processes does not take into account changes in frictional behavior of food 
materials due to surface characteristics. Furthermore, selection can be op- 
timized based on the pipe wall material which generates the minimum 
friction. 

EXPERIMENTAL 

The steady shear flow data on ketchup, mustard, apple sauce and tomato 
paste using galvanized steel, PVC, teflon and glass tubes were generated 
with a custom built tube-flow experimental set-up. The detailed descrip- 
tion of the set-up is given elsewhere (Dervisoglu and Kokini 1986a). The 
diameters of the tubes used were close to each other in order to minimize 
differences in flow data resulting from wall effects (0.65 cm, 0.62 cm, 
0.67 cm and 0.78 cm for galvanized steel, PVC, teflon and glass tubes, 
respectively). A long entrance region of 90D was allowed to minimize 
the entrance effects and pressure drop measurements were taken over a 
distance of 65D with each tube in the shear rate range of 10s-I to 3000s-l. 
The results are the averages of two experiments for each material. Wall 
shear stress was calculated using: 

APR 
Tw = - 

2L 

and wall shear rate was calculated using: 
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which also involves the Rabinowitch-Mooney Correction (Bird et al. 1976; 
Dervisoglu and Kokini 1986a). Flow was laminar in all cases. This was 
ensured by calculating the Reynolds number. The Reynolds number was 
below 2100 in all cases. 

RESULTS AND DISCUSSION 

The shear stress versus shear rate data obtained using tubes made of 
galvanized steel, PVC, teflon and glass with close diameters and iden- 
tical LID ratios are shown in Fig. 1 to 4 for ketchup, mustard, apple sauce 
and tomato paste respectively, in the shear rate range of 10 to 3500 s-'. 
The upper limit of this range corresponds to what is usually observed in 
flow processing operations. The flow curves indicate that the wall shear 
stresses measured using the galvanized steel tube are significantly larger 
than those measured using PVC, teflon and glass for all four semi-solid 
foods studied. This clearly shows that the surface properties of the tube 
wall affect the drag at the wall. All flow curves could be simulated using 
the power-law model. The parameters m and n are reported on each figure 
as a function of tube material studied. It can be seen in each case that the 
value of n does not change significantly, showing that the nature of the 
surface does not affect the shear thinning behavior of each material. The 
fact that the value of n is very small in all cases suggests that most of 
the shear occurs in a narrow layer next to the wall and that the flow behavior 
approaches that of plug flow. 

The values of m on the other hand vary more than the variation observed 
in the values of n suggesting that the nature of the wall surface results 
in an effective thinning of each food material. 

Among relevant surface properties surface roughness and wetting prop- 
erties should be the two most important. These have not been investigated 
in detail in this study. 

The ratio of the shear stress measured for each tube material to the shear 
stress measured with the galvanized steel tube was plotted against the shear 
rate on semi-logarithmic coordinates where shear stress ratio was plotted 
as the linear coordinate. Such plots are shown for ketchup, mustard, ap- 
ple sauce and tomato paste in Fig. 5 to 8. In these figures the effect of 
surface properties is magnified and it is clearly seen that the particular 
material selected affects the level of shear stress generated at the wall of 
the pipe. 

A common observation for all materials is the fact that glass gives the 
lowest shear stress. This might be due to the fact that glass is the smoothest 
of all the materials used. Furthermore, the reduction in wall shear stress 
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FIG. 4. TUBE FLOW DATA OBTAINED FOR TOMATO PASTE USING TUBE 
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is highest at the lowest shear rates for all materials except for the tomato 
paste and is less as the shear rate is increased. Specifically, for apple sauce 
in glass in the shear range of 10 to 30 s-I the reduction in wall shear stress 
is about 21 % relative to galvanized steel and decreases to about 15 % as 
the shear rate is increased to 1000s-'. Teflon follows this trend closely 
and gives reductions which are very close in magnitude to those obtained 

. PVC 
ATEFLON 
=GLASS KETCHUP 

SHEAR RATE , r(s ) 

FIG. 5. COMPARISON OF THE EFFECT OF DIFFERENT TUBE MATERIALS ON 
THE STEADY SHEAR FLOW OF KETCHUP 
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with glass. Reductions obtained with PVC on the other hand are signifi- 
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tained was 15 % at a shear rate of 10 s-' which was reduced to 10% at 
a shear rate of 1000 s-'. 

For mustard in Fig. 6 reductions in wall shear stresses obtained are less 
than those observed with apple sauce. With glass these values range from 
18% to 13% going from 10 to 1000s-'. In this case reductions obtained 
with teflon do not follow those obtained with glass as closely as in the 
case of apple sauce. PVC gives as before the least pronounced reductions. 

In ketchup and tomato paste in Fig. 5 and 8 the differences in the levels 
of reduction obtained with PVC, teflon and glass are less pronounced and 
in the case of tomato paste the differences observed are almost within the 
range of experimental error. This might be due to the fact that tomato 
paste and ketchup adhere to the wall surface better than apple sauce and 
mustard. Apple sauce is the most nonhomogeneous of all the materials 
studied. It was shown that (Kokini and Dervisoglu 1986b) wall slip for this 
material was highest. The fact that the reduction in wall shear stress on 
apple sauce decreases with increasing shear rates might be explained through 
the possible thinning of the lubricant layer, thus making any level of 
roughness significant and reducing the difference among surfaces. Never- 
theless, the reductions going from galvanized steel to glass are of the order 
of 16% in the case of ketchup and 6% in the case of tomato paste. 

In conclusion, for all the semi-solid foods studied, wall shear stress 
significantly depends on the tube material selected and that the lowest shear 

PVC 

- ATEFLON 
o =GLASS 
a - 
V) 

SHEAR RATE .'i( (e  -' ) 

0.9 - 
Q - 
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0 - 
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FIG. 8. COMPARISON OF THE EFFECT OF DIFFERENT TUBE MATERIALS ON 
THE STEADY SHEAR FLOW OF TOMATO PASTE 
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- 
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stress measurements are obtained using glass tubes. Teflon and PVC tubes 
give the second and third lowest shear stress. 
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ABSTRACT 

A study on water absorption characteristics of the selected cereal grains 
was conducted. It was found that well dried maize, sorghum and millet 
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grains take about 96, 48 and 24 h,  respectively, to reach their water ab- 
sorption capacities (water absorption saturations). Millet had the highest 
rate of water absorption as well as the total water absorbed. The rate of 
water absorption in sorghum was higher than in maize but maize grains 
imbibed more water than sorghum. 

Rupture stress of the grains and its variation with moisture content was 
also investigated. The rupture stress of the grains was seen to decrease 
with increase in moisture content except for maize which showed a rapid 
rise only at the onset of the increase in moisture content. 

INTRODUCTION 

In Nigeria, wet and dry grindings are performed for making of such 
recipe as "tuwo' from dry flour and 'ogi' from wet products (Ituen et 
al. 1985). In a survey, it was found that about 0.5 tons of cereal grains 
is ground each day out of which the wet grinding accounts for about 16.0% 
(Mittal and Kaul 1983). 

In Nigeria, the level of water in soaked grains for the making of 'Ogi' 
and other recipes is determined arbitrarily. Soaking of grain softens it and 
the grinding becomes comparatively easier. However, the level of moisture 
in soaked grains greatly effects the wet grinding characteristics (Ituen et 
al. 1985). To make a consistent product and for designing an efficient 
wet grinding device, it is necessary to study the water absorption behavior 
of cereal grains and its effect on the rupture strength of the grain in order 
to optimize the soaking time. 

THEORETICAL CONSIDERATIONS 

In biological materials, the moisture is absorbed in two ways: (1) capillary 
absorption, and (2) molecular absorption (Mohsenin 1970). Capillary ab- 
sorption occurs in complex cellular capillary structures such as timber where 
the distance between cell walls is greater than that of the molecular struc- 
ture. Molecular absorption occurs when the water molecules are bound 
to specific points in the molecular structure of the material. The distance 
between the water molecule and the cell well is very small (of the order 
of 1 x lo-' m), thus resulting in a force of attraction large enough to draw 
the water into the micellar network of the cell wall (Keey 1972). Mohsenin 
(1970) pointed out that the main cause of swelling in hygroscopic solids 
is molecular absorption. 

Chung and Pfost (1967) indicated that the starch in corn kernels con- 
tains more polar sites for the attraction of water molecules than the cellulose. 
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Therefore, larger amounts of water is absorbed by starchy materials than 
cellulose materials. The water absorption in grains depends upon three 
factors namely, (1) the temperature of soaking water, (2) the hardness of 
water, and (3) the storage conditions of the grains (Oyeleke 1981). 

Kunze and Choudhury (1972) found that the rice kernels, when exposed 
to a higher relative humidity atmosphere or moisture absorption environ- 
ment, do not fissure immediately but require a lapse of time called the 
"retardation time." The retardation time is dependent on the exposure, 
relative humidity of the atmosphere, variety and form of grain crop. It 
was found that brown rice required more time than polished rice for an 
initial fissuring response because polished rice absorbed moisture faster 
than brown rice. 

Researchers have established a critical moisture content of rice above 
and below which it will not fissure. The specific moisture level at which 
this behavioral changes occur depends on the variety and type of rice as 
well as on the temperature of the environment. Stahel (1935) suggested 
14% as the critical moisture level for rice. Rhind (1962) suggested that 
starch gel in rice is brittle below 15% moisture content but plastic at higher 
moisture levels. Brekke (1968) found that during tempering process (soak- 
ing in water) of corn, the highest rate of stress crack formation usually 
occurs between 0.5 and 2 h at temperatures ranging from 1 8.3 " and 29.4 "C . 

The tensile strength of rice increased with the increase in time of storage 
in a given environment probably due to: (I) the relaxation of residual stress 
which might have developed due to maturity of grain in the field, field 
drying of grain and effect of subsequent environmental changes on the 
grain, and (2) chemical or biological changes within the kernels (Kunze 
and Choudhury 1972). 

MATERIALS AND METHODS 

Selection of Materials 

Maize (variety: TZB), sorghum (variety: Short Kaura) and millet (variety: 
Ex-Borno) were selected because of their popularity in the Nigerian diets 
and also because of current research interest. Maize grains were obtained 
from the National Seed Service whereas sorghum and millet from the In- 
stitute for Agricultural Research, both of Samaru, Zaria. 

Experimental Procedure 

Water Absorption. A piece of mosquito netting was wetted by the water 
and its weight was taken with the help of a weighing balance (Model: 
Mettler PN 12 10; accuracy: 0.01 g). A sample of 100 g grains was tied 
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in the netting and the netting with grains was immersed in a beaker con- 
taining ordinary tap water at a temperature of 28 "C. Three replications 
were made. 

Weighing of the soaked grains started after 5 min of soaking. In this 
process, the netting was removed from the water, shaken and sponged 
to drain off any free water on the surface of the netting and the grains. 
Water absorbed by the grain with respect to soaking time was determined 
by subtracting the original weight of grains from the weight of the water- 
absorbed grains. Soaking of grains in water continued till they stopped 
absorbing water further (i.e. the moisture absorption capacity was reached). 
The temperature and the relative humidity of the environment were re- 
corded. The moisture content of the soaked grains was determined as per 
ASAE Standard S.352 (ASAE Year Book 1979180). 

Rupture Stress. Separately, grains of maize, millet and sorghum were 
soaked in water at the same time the water absorption experiment started. 
Every time the moisture absorption measurement was taken, ten grains 
were ruptured with the help of a plunger of 5 mm diameter in a rupture 
strength tester (Model: Kiya Seisakusho). The indicated rupture strength 
was recorded. The contact area was calculated as per ASAE recommen- 
dation ASAE R 368 (ASAE Year Book, 1979180). 

RESULTS AND DISCUSSION 

Water Absorption by Maize, Sorghum and Millet Grains 

Table 1 gives the data on water absorbed by all the selected cereal grains 
and their moisture content at various soaking times. Figure 1 shows the 
amount of water absorbed by maize, sorghum and millet grains against 
soaking time. It can be seen from Fig. 1 that the quantity and rate of water 
absorption was maximum for millet. Maize absorbed more water than 
sorghum but comparatively at a slower absorption rate. Oyeleke (1981) 
had a curve for water absorption in cowpeas similar to Fig. 1 and showed 
that a constant, called hyderation coefficient, can be calculated from water 
absorption of the grain by using Eq. 1 given below. 

Hydration Coefficient (h.c.) = 

Initial weight of grain, g + weight of imbibed water, g 
Initial weight of grain, g 

(1) 

This hydration coefficient can be used to indicate the water absorption 
capacity of the grains. In this case, the amount of water absorbed at satura- 
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RELATIVL HUMIDITY : 11.9OX 

TE MPERATURE : 28*c 

GRAIN - _Y*RIETY IN IT IAL  MOISTURE CONTENT 

MAIZE T Z B  5.19 *h 

SORGHUM SHORT KAURA 6 .60  .A 

MIL LE T EX-BORNO 1.21% 

o l o  2 o 30 LO 50 60 70 80 90  100 no 
S O A K I N G  T I M E ,  h 

FIG. 1 .  WATER ABSORPTION OF CEREAL GRAINS 
AS AFFECTED BY SOAKING TIME 

tion is to be considered as the weight of the imbibed water. Therefore, 
the hydration coefficient (h.c.) of these cereal grains may be calculated 
as follows: 

Maize, h.c. = 
156.95 X 100 

100 

Sorghum, h.c. = 
149.20 X 100 

100 

Millet, h.c. = 
159.04 X 100 

100 

Thus, the hydration coefficient for millet is highest followed by maize 
and sorghum. Millet and sorghum attained their maximum capacity for 
water absorption in about 24 and 48 h of soaking, respectively. Maize, 
though with the lowest rate of water absorption, continued to absorb water 
up to about 96 h of soaking. That, maize takes so long a time to reach 
saturation in water absorption conforms with Leonard and Martin (1963) 
who indicated that maize grains in a starch industry are usually steeped 
in water for about 40 to 60 h before grinding. 
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MOISTURE CONTENT ( w. b.l,'/. 

FIG. 2. EFFECT OF MOISTURE CONTENT ON STARCH YIELD 

Figure 2 shows the starch yield (pan fraction) at different moisture con- 
tents. It can be seen that the starch was highest for millet followed by 
sorghum and maize. The starch content might have been responsible for 
their different rates of water absorption. Mohsenin (1970) pointed out that 
when the distance between the water molecule and the cell wall becomes 
small enough, the force of attraction is large to draw the water into the 
miceller network of the cell wall. It could, therefore, be argued that the 
smaller the grain the smaller will be the said distances resulting in the 
greater force of attraction of moisture into the cell wall. Thus millet, the 
smallest of the three grains, might have had the highest force of moisture 
attraction, hence the highest rate of absorption followed by sorghum. The 
third point of consideration is that the moisture content of the grain af- 
fects the force of moisture attraction. It is known that the lower the moisture 
content the higher will be the force of moisture absorption. Millet grains 
had smallest moisture content followed by sorghum and maize. The rate 
of moisture absorption was, therefore, highest in millet followed by 
sorghum and maize. 
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Response Curve of the Water Absorption of Grains 

The curve of the moisture content of maize, sorghum and millet is a 
response curve of the first-order systems equation given by the expression: 

Where 

Bt = total moisture content of the grain at time t 
Bo = initial moisture content of the grain 
B, = moisture content of the grain due to water absorbed 
7 = time constant of the system, measures how fast the system 

responds to a disturbance 
t = soaking time 

Where Bsat = moisture content of the grain at Saturation 
= moisture content of the grain at moisture absorption 

capacity 

Therefore, total moisture absorbed, Br = Bsat - Bo 

Similarly 

The value of 47 is often used as the time at which the variation is essen- 
tially over, since less than 2% of the change remains to occur. A curve 
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showing up to 47 is a standard of time for a change to occur (Shearer et 
al. 1967). 

The following systems equations were found for various grains: 

Maize: Bt = 5.2 + 34.0 (1 - e-v7) 

Sorghum: Bt = 4.6 + 31.7 (1 - e-t/1.7) 

Millet: Bt = 4.2 + 35.8 (1- e-v1.25 1 

Figure 3 shows the response curve of moisture content of grain at dif- 
ferent soaking times obtained from the above systems equation. The systems 
equation curve fit the moisture content data of the grain given in Table 
1 rather well. 

Table 2. Rupture stress of maize, sorghum and millet with change in moisture content 
during soaking 

llaise Sor- u l l l e t  
Soaking M~ieture Rupture Moisture Rupture Moisture Rupture 
t i m e  - content s tkes ,  content s tks s ,  onteyt 
(hrs 1 (v.b.),% N/m2 fw.b. ,,% 

0.0 (dry) 5.19 18.S 4.60 5.80 4.25 0.95 

0.08 11 24 20.25 15.21 7.20 1&56 1.57 

0.25 15.84 7.55 17.55 5.02 2I.u 1.05 

0.50 14.56 7.76 ZC.41 2 6 5  23-05 0.05 

1.00 16.99 4.80 25.15 4 64 26.25 0.75 

2.00 19.14 12.63 26.18 2.05 29-52 0.42 

4.M 22.59 4.50 29.55 1.46 33.55 0.15 

8.00 27.87 6.85 3 2 s  0.31 36.30 0.00 

1C. 00 29.70 5.25 53-67 1.3 2 37.24 0. OC, 

20.00 M e *  6.61 55.15 2.68 5 8.7 8 0.00 

a.00 34.60 7-58 35.48 0.74 59.79 0.00 

50.@0 SS.SI 5.50 15.65 OX8 39.63 0.00 

a .00 %YO 4.05 S6.S 2.28 39.m 0.00 

48.00 57.13 5.87 36 0.01 39.65 0.00 

54.00 57 061 3.20 56.04 0.01 39.56 &a 
72.00 38.57 7-68 55.75 0.01 

96.00 39.60 4.W 



M
A

IZ
E

 

G
R

A
IN

 
SY

ST
EM

 E
Q

U
A

TI
O

N
 

M
A

IZ
E 

e
t 

.5
.2

 +
 3

4.
0 

1 I
- 
$7 

1 

SO
R

G
H

U
M

 
81

 
* 

4.
6 

+
 3
1.
7 
(1

- 
c"1
.7 

1 

M
IL

LE
T 

Bt
 

84
.2

 +
 
35
.8
 (

 1
 - 
;t
/1
.2
5 

1 

SO
A

K
IN

G
 T

IM
E,

 
h 

FI
G

. 
3.

 R
E

SP
O

N
SE

 C
U

R
V

E
 O

F 
M

O
IS

T
U

R
E

 C
O

N
T

E
N

T
 

V
A

R
Y

IN
G

 W
IT

H
 S

O
A

K
IN

G
 T

IM
E

 



WATER ABSORPTION IN CEREAL GRAINS 

Effect of Soaking on the Rupture Stress of Grain 

Table 2 gives the rupture stress of grain at different moisture contents. 
Maize was observed to have the highest rupture stress followed by sorghum 
and millet. It was noticed that there was a sudden increase in the rupture 
stress of the grains in question just after soaking in water. The same 
phenomenon was observed by Kunze and Choudhury (1972) regarding 
increase in tensile strength of rice kernels. However, there was a general 
decline in the rupture stress as the moisture content of the soaked grains 
increased. The grains of large sizes required more strength for rupturing 
than those of small sizes. Grains with flat shape (like maize) required higher 
rupture stress than those having spherical or almost spherical shape. This 
phenomenon can be explained by stress, force and cross-sectional area 
relationship given below: 

F = lim F/A 
A-0 

Where 7 = applied stress, Pa 

F = applied force, N 

A = cross sectional area perpendicular to applied force, 
m2 

For large and flat shaped grains, the surface area in contact will be large 
which will result in comparatively small stress than for the grains smaller 
in size and spherical in shape. 

Remarks: In the rupture strength tester, the final rupture strength reading 
is registered on the dial gauge. Therefore, it was not possible to show 
the point of rupture on the forcedeformation curve. However, if the univer- 
sal testing machine was available a more detailed analysis would have been 
carried out. 

It may be further noted that the parameter known as toughness (the area 
under force-deformation curve) may give a better indication of kernel 
strength at different soaking time. This aspect should be studied in detail 
in future work. 

CONCLUSIONS 

The following conclusions were drawn from this research study. 
(1) Millet has the highest rate and capacity of water absorption in com- 

parison to maize and sorghum. Sorghum had a higher rate of water absorp- 
tion than maize but the total amount of absorbed water was less than maize. 
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(2) The rupture strength of maize, sorghum and millet decreased with 
the increase in moisture content. However, the rupture strength of maize 
increased sharply at the start of soaking to a critical point before it started 
declining. 
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ABSTRACT 

One aim of this work was to measure the activity of water and aroma 
compounds in aqueous solutions simultaneously. 

The volatilities of aroma substances at infinite dilution in aqueous solu- 
tions of polyethylene-glycols (PEG) were studied. l%e activity coeficients 
(y?) of volatile compounds were measured by gas stripping (exponential 
dilution). This dynamic method also allowed the measurement of the water 
activity of these solutions. The results showed that: 

( I )  the injluence of polyethylene-glycols on yP depended most strongly 
on the PEG mass fraction in the solution. The efect of the PEG molecular 
weight was not significant. 

(2) yP increased as molecular weight and length increased for the 
homologous series of alcohols tested. This can be explained by entropic 
efects. Probably, the same effect occurs for other homologous series. 

(3) y? for 2-propanone increased as temperature increased. Based on 
this relation, molar partial excess enthalpies of mixing were calculated 
for 2-propanone in an aqueous solution. 

INTRODUCTION 

In unit operations, the behavior of aroma compounds in food products 
depends strongly on their activity coefficients. In this study, activity coef- 

'Direct correspondence to Dr. A. Voilley, Universite de Dijon, Ecole Nationale Superleure de Biologie 
Appliquee, a la Nutrition et a I'Alimentation, Campus Universitaire - 21000 Dijon, France. 
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ficients of volatiles at infinite dilution (y? were measured in model 
systems (aqueous solutions of polyethylene-glycols with defined molecular 
weights) by the inert gas stripping method described by Leroi et al. (1977). 
An equlibrium cell designed to permit measurements in highly viscous 
and foaming systems (Richon et al. 1984) was used. Water activity was 
measured by headspace analysis (Hachenberg 1975) at the same time as 
yf" for aroma compounds. Thermodynamic models were described with 
the Gibbs Duhem equation in particular the groups contributions models 
(Derr and Deal 1969). These models were used to interpret the y P  
behavior. ASOG (Kojima and Tochigi 1979) can be used for polymers 
with more than 10 monomer groups. This model is based on the hypothesis 
(Wilson and Deal 1962) that the activity coefficient is the product of 2 
terms: yF, which is caused by molecular differences in size and shape and 
yf ,  which represents interactions and is referred to as the residual term: 

The details of calculations are described in Kojima and Tochigi 1979. This 
model was retained after a comparison of predictive values for other com- 
pounds obtained with ASOG and UNIFAC models (Sorrentino et al. 1986). 

MATERIAL AND METHODS 

The analysis system is shown in Fig. 1. The concentrations of water 
and aroma compounds in the vapor phase were measured simultaneously 
by gas-liquid chromatography using thermal conductibility (TCD) and flame 
ionization detectors (FID) in series. The temperature in the cell was ex- 
actly measured to allow corrections in calculating the activity coefficients 
of volatiles in the same manner as Richon et al. (1984) had used previously. 

The method retained was the inert gas stripping method which allows 
rapid determination of accurate infinite dilution activity coefficients. The 
design of the equilibrium cell permitted work with viscous and foaming 
mixtures like aqueous solutions of polyethylene-glycols. Samples of vapor 
phases continuously flowing out from the cell were periodically analyzed 
through the gas-liquid chromatograph. In Fig. 2, the logarithm of volatile 
peak area, S, is plotted as a function of time t; y P  was determined from 
the slope. 

Water activity (aw) was expressed by: 
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helium 
-t- 

+ vapor phase to be analysed. 

I - Exponential dilutor 7 - 6 way valves and oil bath a t  100°C 

2 - Thermostated bath 

3 - Water flow 

4 - Magnet 

5 - Thermocouple 

6 - ~\,lercury manometer 

8 - Flowrneter 

9 - Gas liquid chromatograph 

10 - 2 detectors - TCD 
- FID 

I I - Integrators, recorders 

FIG. 1 .  SYSTEM FOR MEASUREMENT OF WATER ACTIVITY 
AND ACTIVITY COEFFICIENTS OF AROMA COMPOUNDS 

where 

P '  = partial vapor pressure of water above the solution 

Po = vapor pressure of pure water at the same temperature. 

The peak areas (S ' and So) for the same analyzed volume were assumed 
proportional to vapor pressure. 

The chromatographic conditions were the following: 
(1) gas-liquid chromatograph Packard 427 
(2) two detectors in series, the first, TCD to analyze water, the second, 

FID to analyze aroma compounds 
(3) column Porapak Q, 0.7 m length, 3. lo-' m internal diameter 
(4) injector temperature: 200 "C, detectors: 200 "C and column: 180 "C 

(isothermal) 
(5) rate flow for the vector gas (Helium): 60 mllmin. 
(6) integrator-calculator Hewlett-Packard 3380A. 
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2508 5008 7580 

FIG. 2.  LOGARITHM OF 2-PROPANONE (IN WATER) PEAK AREA 
AS A FUNCTION OF TIME 

Under these conditions, activity coefficients of five volatiles in aqueous 
solutions of polyethylene-glycols (PEG) with different molecular weight, 
were measured. The characteristics of these compounds are given in Tables 
1 and 2. 

Table 1 .  Characteristics of volatiles 

N m  

n-Propanol 

2-Propanol 

Hexanol 

2-Propanone 

Ethyl acetate 

mlecular wight 

60.09 

60.09 

102.17 

58.68 

88.10 

Origin 

Merck 

P; at 298.15 K 

(mn Hg) 

21.25 

42.45 

1 

232.5 

90 
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Table 2. Characteristics of PEG solutions 

*The viscosity was measured, at 298.25 K, with a coaxial cylinder viscometer (Rheomat 30 - 
Contraves). 

RESULTS AND DISCUSSION 

Name 

PEG 600 

PEG 1500 

PEG 6000 

Repeatability 

Viscosity (cP) of 
a ueous PEG solution ('1 

mass fraction 

50 70 85 

The results of a study of repeatability are given in Table 3. Ten to six- 
teen trials were done to calculate variation intervals (one sample was 
prepared each day). The variation coefficient for water activity (mean value 
= 0.954) was 0.9%. The precision was similar for 2-propanone activity 
coefficient. 

Origin 

Merck 

I 

13.7 

32.5 

179.6 

Table 3. Repeatability of measurements a, and Zpropanone 

Molecular weight 

570- 630 

1400-1600 

5000-6000 

- a... in aqueous solution of PEG (50 %) (298.15 K)  .. 
Sample 95 % variation interval 

I 0.945 * 0.018 

2 0.949 0.031 

3 0.964 r 0.021 

4 0.959 0.026 

............................................................................................... 

- h n o n e  YO" 95 % variation interval 

. in water (7 trials) 7.72 +- 0.12 

. in aqueous solution of PEG 8.0 z 0.12 
(50 %) (3  trials) 

48 

Water Activity (and Activity Coefficient) 

Table 4 gives the results of water activity for aqueous solutions of PEG 
600 and 1500 at different concentrations. Our experimental results were 

86 
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compared to those obtained by the ASOG predictive model and with results 
found in literature. The deviation from the ASOG values increased with 
an increase of the PEG concentration. 

yw of Volatiles in Aqueous Solutions 

Influence of the PEG. For 2-Propanone and Ethyl acetate, yw de- 
creased with an increase in the mass fraction of PEG 600 (Table 5) and 
the consequent decrease in water activity at 298.15 K. At 3 13.15 K, yw 
of 2-Propanone also decreased in the same way at 298.15 K. For exam- 
ple, in 30% ( d m )  PEG 600, yw of 2-Propanone was equal to 9.5 whereas 
in pure PEG it was 0.55. On the contrary Sorrentino et al. (1985) observed 
a slight increase of yw of 2-Propanone with an increase in mass fraction 
from 15 to 30% of PEG 6000, 10000 and 35000. The aqueous solution 
of PEG 600 seemed to chemically bind with volatiles. In this case, after 
a revision of the calculation taking into account the influence of hydroxyl 
terminal groups in the ASOG model (calculated by Kojima and Tochigi 
1979), the predicted yw is approximately near the experimental value 
(Table 5 and Fig. 3). On the contrary, the effect of molecular weight of 
PEG on yw for 2-Propanone was negligible (Table 6). 

Influence of the Volatile Characteristics. The variation of yw between 
n-Propanol and n-Hexanol showed that yw increased with volatile chain 
length in aqueous solutions of this homologeous series (Table 7). The same 
phenomena had been observed by Buttery et al. (1969), Lebert and Richon 
(1984a) and Sorrentino et al. (1984) for homologeous series of Ketones, 
esters and aldehydes. On the contrary, Allaneau (1979), Lebert and Richon 
(1984b) observed a decrease of yw of alcohols in presence of oil; this was 
due to the fact that the hydrophobic part of the volatile increase with an 
increase of chain length and there was an interactive effect not an entropic 
effect. 

The difference between yw of n-Propanol and yw of 2-Propanol showed 
that branching decreased the activity coefficient. This variation and the 
increase of yw with the length could be explained by the variation of the 
entropic term of yw which increases when there is an increase in the molar 
volume of volatile compound (which depends on the length). 

For the other aroma compounds tested, the results were similar to 
previously observed results. Voilley et al. (1977), for example, obtained 
an yw of 7.4 for 2-propanone in pure water at 298.15 K and Chan- 
drasekaran et al. (1972) obtained a value of 65 for yw for Ethyl acetate. 
In the case of the 3-carbon chain the yw of acetone was less than the yw 
of alcohol which was less than the yw of ester; The yw of 2-propanone 
was one tenth as small as the yw of Ethyl acetate. This difference can 
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0 0.05 0.1 
'PEG 600 

FIG. 3. EXPERIMENTAL VALUES OF Ln y* AS A FUNCTION 
OF MOLAR FRACTION OF PEG 600 AT 298.15 K FOR ETHYL ACETATE 

experimental values 
predicted values (calculated with ASOG) 

0 predicted values (calculated with modified ASOG) 

Table 6. y* values of 2-Propanone in PEG'S solutions (30% wlw) 

Mean molecular weight of PEG 

PEG : 600 6000 10000 35000 

0. 

7 (298.15 K) : 8.7 2 0.2 8.7 8.4 8.4 

be explained partially by the fact that the Ethyl acetate molecule is physically 
larger than the 2-propanone; most likely the carbonyl in 2-propanone in- 
teracts strongly with water molecules. 

The ASOG predictions were not identical to the experimental values, 
which depended on the nature of volatile and substrates. The influence 
of the hydroxyl group in PEG 1500 was not so marked as in PEG 600 
because the hydroxyl terminal groups occupy a smaller fraction of the 
molecule in PEG 1500. 
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Table 7. -yW values of volatiles in water and aqueous solutions of PEG 1500 (298.15 K) 

*variation coefficient (%) 
**calculated with ASOG modified to take terminal hydroxyl groups into account. 

t 

Y. 
in water (experimental) 

exp ] 
in PEG 1500 55 % 

ASOC 

Influence of Temperature. The variation of y" as a function of 
temperature permitted the determination of the excess partial molar en- 
thalpy of the compound i (h-E"). The slope of the line Lny" versus (1/T) 
is h - E " / ~  (where R is the perfect gas law constant). yWof 2-Propanone 
increased with tem rature in pure water and in 30% solutions of PEG 
600 (Table 8). h-' for 2-Propanone in water and in PEG 600 was 
negative and decreased with temperature, but this decrease was smaller 
in the presence of PEG. This means that a mixture of 2-Propanone in water 
or in an aqueous solution of PEG is exothermic and the interactions bet- 
ween 2-Propanone and the mixture are weaker than between 2-Propanone 
and pure water, except for 298.15 K. 

Table 8. -yOD and h-E" values of 2-Propanone in water and PEG 600, for solutions at dif- 
ferent temperatures 

n-Propanol 

11.5 z0.9, 

10.7 

- 7.0 

12.3 + 0.9 
8.9 

9.1 

- 26.0 

- 
Temperature (K): 298.15 308.15 318.15 328.15 

2-Propanol 

9.8 2 0.9 

5.4 

- 45.0 

8.1 ?: 0.3 

6.0 

6.1 

- 25.0 

Hexanol 

636 * 40 

205.0 

- 68.0 

101 * 20 

102.0 

110.7 

+ 10.0 

2-Propanone 

7.7 2 0.3 

8.0 

+ 4.0 

8 0.6 

8.3 

8.4 1 

+ 5.0 

7‘- 
lWater hE '?~~ lg  mole) 

PEG 600 YO" 

30 % (mlm) hE?KJlg mole) 

Ethyl acetate 

77 ' 3 

81.1 

+ 5.3 

61 2 3 

89.6 

85.7 

+ 41.0 

1 

8.4 2 0.2 

- 9.1 

9.0 2 0.2 
- 5.7 

7.7 0.3 

- 3.7 

8.7 ' 0.2 
- 5.5 

9.7 0.5 

- 15.6 

9.5 2 0.5 
- 5.8 

12.6 2 0.0 
- 28.3 

10.6 2 0.5 

- 6.5 
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CONCLUSION 

By using the technique of exponential dilution adapted for problems en- 
countered with specific foods (high viscosity and foaming) measurements 
of y" for volatiles in aqueous mixtures of PEG and measurements of the 
water activity of these solutions, were made simultaneously. 

The repeatability varied between 1 and 2% but the precision for water 
activity was the same as that with the Lufft technique. 
y" values for volatiles did not vary with the molar mass of PEG but 

varied with the mole hc t ion  of these compounds in water. Using the ASOG 
predictive thermodynamic model, the same type of activity coefficient 
behavior was found for water and for aroma in response to changes in 
PEG concentrations, but for PEG with molecular weight below 1000 it 
was necessary to take into account the hydroxyl terminal which induced 
interactions. 

The experimental values of y" for volatiles showed the importance of 
entropic phenomena to explain the variation of the activity coefficient with 
the molecular size of these organic compounds in water. 
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ABSTRACT 

Factorial experimental designs were used to study the eflects of gas in- 
jection on the eficiency of thermal energy utilization in evaporation by 
spray drying. Both the main eflect and the interactions of this variable 
with feed pressure, feed concentration, nozzle size, and drying temperature 
were investigated. The use of gas injection led to a decrease in the ther- 
mal energy required for evaporation. 7he magnitude of this eflect was larger 
at the lower levels of feed pressure, feed concentration, and drying 
temperature. However, this does not imply that spray drying is more energy 
eficient than such alternative modes of water removal as multi-eflect 
evaporation and reverse osmosis. 
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INTRODUCTION 

Spray drying is the dominant means of converting fluid feedstocks into 
solids in the form of powders, granules, or agglomerates. It is widely used 
for purposes of dehydration in the manufacture of a wide variety of food, 
pharmaceutical, and chemical products. Among the foods that have been 
successfully spray dried are milk, whey, cheese, coffee, coffee whitener, 
eggs, soups, baby foods, and fruits. Spray drying has achieved widespread 
acceptance within the food industry because it is a gentle drying method 
for heat labile materials and because it lends itself readily to large scale 
production. 

The objective of spray drying is to obtain a product with the desired 
sensory, functional, and nutritional properties at low cost. Energy costs 
constitute a significant fraction of the operating costs. Hence a number 
of methods have been suggested to decrease energy related costs during 
the spray drying process. As obvious examples one might cite the use of 
insulation to decrease heat losses to the environment and heat recovery 
from exhaust gases (e.g., by use of heat exchangers to preheat the feed 
liquor and/or the inlet air to the dryer). 

When gases or sources of gases are introduced in the feedstock prior 
to atomization, the feed is dried in the form of purposely foamed droplets 
with the foam being formed either before, during, or after atomization 
and before or during the drying itself. Hence the term foam spray drying 
has frequently been used to refer to this technique. The presence of these 
gases has been reported to influence directly the drying characteristics of 
the drops, the properties of the dried particles, and the operation of the 
dryer itself. 

It was the purpose of the present study to investigate the effects of gas 
injection on the efficiency of thermal energy utilization in spray drying. 
Fractional factorial experimental designs were employed to determine both 
the main effect and the interactions of gas injection with feed pressure, 
feed concentration, nozzle size, and drying temperature. The response 
variable was taken as the total thermal energy input per unit mass of water 
evaporated. A decrease in the response variable corrresponds to an in- 
crease in efficiency. 

It has long been recognized that the technique of gas injection can be 
a useful variation on the basic spray drying process. In 1922 Heath and 
Washbun spray dried milk into which C02 had been dissolved under 
pressure. In more recent years various researchers have utilized gas in- 
jection to enhance the physical and sensory properties of the spray dried 
product (Berlin and Pallansch 1963; Chase and Laursen 1956; Hanrahan 
et al. 1962; Marshall and Seltzer 1950; Reich and Johnston 1957). For 
example, the use of gas injection leads to products with lower bulk den- 
sities than the conventional spray dried product. Reich and Johnston (1957) 
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have also reported that for coffee and tea extracts, the use of gas injection 
provides a mechanism for control of the color density of the product. 
Hanrahan et al. (1962) found that gas injection not only leads to a reduc- 
tion in the moisture content of whole milk powders but also gives enhanced 
dispersibility/dissolution characteristics. Similar conclusions were reached 
by Bell et al. (1963) in their study of the dispersibility of a spray dried 
nonfat dry milk product produced using a gas-injection technique. Hanrahan 
and Webb (1961) have indicated that the use of air injection in drying cot- 
tage cheese whey facilitates the drying process by yielding an improved 
product which does not tend to agglomerate and clog the dryer. Bradley 
and Stine (1964) have indicated that the use of foam spray drying to pro- 
duce cheddar cheese powders gives a product with improved flavor quali- 
ty, larger particle size, and improved shelf-life. They attributed the flavor 
quality improvement to better retention of flavor volatiles, pointing out 
that foam spray drying produces a particle with a larger surface area than 
the conventional process. Apparently the increase in relative surface area 
facilitates more rapid evaporation of water during dehydration. The higher 
rate of evaporation produces a more pronounced cooling effect; hence the 
particles are subjected to less thermal degradation than in the conventional 
case. 

In a study of the effects of dissolved and dispersed gases on the drying 
of single macrodrops of sodium caseinate, Abdul-Rahman et al. (1971) 
reported enhanced product quality for products dried as foams. They con- 
cluded that this improvement resulted from a reduction in the required 
time for drying. Improvement of product quality apparently was a result 
of less thermal degradation with little or no change in the evaporative losses 
of volatile constituents under drying conditions identical to those used in 
conventional spraying drying. These authors also reported an increased 
rate of drying for drops of equal mass when compared to nonfoarned drops. 

If the injection of gas into the feed liquor produces an increase in the 
drying rate, the use of gas injection may either accomplish the same amount 
of evaporation in less time than required for conventional operation, or 
it may permit the use of milder drying conditions over the same time period. 
Both approaches result in a reduction in the amount of energy consumed 
in the evaporation process. It was the purpose of this study to determine 
the effect of gas injection on the efficiency of thermal energy utilization 
in spray drying. 

MATERIALS AND METHODS 

Spray Dryer 

A schematic diagram of the University of Wisconsin experimental spray 
dryer used in this study is shown in Fig. 1. The dryer is 15.54 m high, 
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the main body of the tower is 2.44 m in diameter, and the drying chamber 
has a net volume of 5 1.59 m3. This apparatus has been described in detail 
by Amundson (1967). 

The air is moved through the dryer by means of a single exhaust fan. 
The fan is powered by a 37,285 w (50 hp) 2-speed motor which was 
operated at 900 rpm. 

The air enters the dryer through louvers which open and close 
automatically as the fan motor is started or stopped. After passing the 
louvers, the air moves through a filter and then to the heating units. In 
the present study only the direct gas-fired heating unit was employed. After 
leaving the heating unit, the air is sent to two separate ducts in amounts 
controlled by splitter dampers located at the entrance of each duct. 

From the two ducts, the air is directed into the plenum chamber. The 
air from the upper duct is fed to the central compartment of the plenum 
chamber where it flows downward through a perforated plate designed 
to minimize turbulence and create straight line flow into the drying chamber. 
The air from the lower duct flows into the outer compartment of the plenum 
chamber where it also is directed downward through a perforated plate 
into the drying chamber. The two air masses then move together in direct 
contact. 

After leaving the plenum chamber, the air mixes with the product being 
atomized into the drying chamber and flows downward. At the base of 
the drying chamber the diameter expands from 2.44 to 3.35 m. The ex- 
pansion of the air into this larger area slows its velocity sufficiently to 
permit the major portion of the product to drop out of the air stream and 
be removed through an air tight rotary release valve. The air containing 
entrained dust reverses its flow and moves through the exhaust duct system 
to the cyclonic collectors, where the dust is removed. 

A 6-point automatic recording pyrometer equipped with copper- 
constantan thermocouples was used to measure and record air temperatures 
at the following locations: 

(1) Downstream from the gas burner, 
(2) In the upper duct, 
(3) In the lower duct, 
(4) In the drying chamber just below the plenum chamber, 
(5) In the drying chamber near the product outlet, and 
(6) In the exhaust duct just before the air is discharged to the atmosphere. 

The temperature of the air leaving the gas-fired heating unit was measured 
using an electronic pyrometer since this temperature exceeded, in most 
instances, the upper limit which could be measured with the 6-point 
pyrometer. 

The volumetric flow rate of the air was determined by measuring the 
pressure drop across a constriction in the air duct. A high pressure (68.95 
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MPa) positive displacement pump was used to supply feed to pneumatic 
pressure nozzles inserted through the top of the dryer. When gas injec- 
tion was employed, air was fed from a Corblin, 2 stage diaphragm com- 
pressor to the high pressure feed line. Dry and wet bulb temperatures of 
the ambient air were determined using a hygrometer. 

Feedstock 

Aqueous solutions of sodium sulfate with solids concentrations ranging 
from 6.85 % to 15 % (w/w) were used as the feedstock. This solute was 
employed because it is not susceptible to damage by either heat or shear 
forces. Moreover, it is nontoxic, cheap, and is readily soluble in water 
so as to facilitate cleaning the apparatus. 

Experimental Procedure 

Within the statistical experimental design each run was carried out as 
follows: 

(1) Feed liquor of the desired composition was prepared. Samples were 
taken and stored for subsequent analysis for total solids by the Mojonnier 
method (Newlander and Atherton 1977). 

(2) The flow of heated air through the spray dryer was initiated and 
the independent process variables were fixed at the specified levels. The 
dryer was run until steady state conditions were achieved. Flow of the 
feed liquor was then initiated. 

(3) The dry and wet bulb temperatures of the incoming air, the pressure 
drop at the venturi meter and the temperatures of the drying air before 
and after the heating units, at the inlet plate, and at the bottom and exit 
of the dryer were recorded. 

(4) After 30 min of operation, the dryer was shut down and the product 
powder collected from the bottom of the dryer and the cyclones. 

(5) The powder was stored in sealed, plastic bags until it could be ana- 
lyzed for moisture content by the Toluene Distillation Method (Joslyn 
1970). 

(6) Material and energy balances were used to determine the specific 
energy requirements and the thermal efficiency of the dryer. In perform- 
ing these calculations, it is important to recognize that the enthalpy of the 
gas stream is a function of both its temperature and its composition (i.e., 
its absolute humidity, the mass ratio of the water to the noncondensable 
gas). Details of such calculations are discussed in conventional textbooks 
(e.g., Foust et al. (1980), and Treybal(1968) and handbooks (Perry and 
Green 1984). 

Four experimental runs were replicated in order to obtain an estimate 
of the standard deviation of an observation. This in turn was used to estimate 
the standard error of an effect. 
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EXPERIMENTAL DESIGNS 

The experimental program consisted of three components: 
(1) A 23 factorial design to determine the effects of three variables (feed 

pressure, nozzle size, and the presence or absence of gas injection) on 
the thermal energy utilized to evaporate a unit mass of water. 

(2) A 24 factorial design to study the effects of four variables (feed con- 
centration, drying temperature, feed pressure, and the presence or absence 
of gas injection) on said energy. 

(3) Studies of interactions between the gas-injection variables and other 
variables that were determined to be significant in the aforementioned fac- 
torial design experiments. These were the interactions of gas injection 
(presence or absence) and feed pressure, feed concentration, and drying 
temperature. 

The results were analyzed using standard statistical procedures for fac- 
torial experimental designs (Box et al. 1978). 

Each of the aforementioned components is discussed in more detail below. 

The z3 Factorial Design 

Since it was impossible to carry out eight experimental runs in a single 
day and since the environmental conditions (e.g., the temperature and 
humidity of the air) were expected to vary from day to day, the 23 fac- 
torial design experiments were blocked by day, i.e., they were run in two 
blocks of four runs each; each block representing a day. The block variable 
was confounded with the three-factor interaction. The experimental design 
used is presented in Table 1. 

In addition, on a given day the runs were carried out in random order 
as follows: 

First day: 1, 6, 4, and 7. 
Second day: 3,  8, 2, and 5. 

The z4 Factorial Design 

The analysis of the results of the 23 factorial design experiments indi- 
cated that the feed pressure had a large effect on the thermal energy utilized 
for evaporation and a significant interaction with gas injection. For this 
reason, it was included again in this design, this time with an expanded 
range. On the other hand, the nozzle size did not show, at least in the 
range studied, a significant interaction with gas injection. Hence, it was 
held constant in this second sequence of experiments. 

The experiments in the 24 design were also blocked by day. The block 
variables were confounded with the pressure-feed concentration-gas in- 
jection, feed concentration-gas injection-drying temperature, and feed 
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Table 1. 23 factorial design 
In all experiments: 

Feed Concentration = 7.6% wlw Drying Temperature = 157.2 "C 

Experimental Block 
Variables Variable 

Run P N G 8 - PNG Block P N G Run 

Levels of the Variables 

Peed Pressure (P) Nozzle Orifice Diameter (N) Gas Injection (G)  
Leve 1 (t4Pa) (cm) 

- 6.89 0.079 Without 

+ 13.79 0.107 With 

pressure-drying temperature interactions, respectively. The experimental 
design used is presented in Table 2. 

The experimental runs were carried out in random order as follows: 

First day: 1, 14, 7, 12 
Second day: 9, 6, 15, 4 
Third day: 13, 2, 11, 8 
Fourth day: 5, 10, 3, 16 

Studies of Interaction Effects 
This component of the research focused on those interaction effects of 

gas injection and other process variables that the Z3 and 24 factorial designs 
indicated were significant. 
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Table 2. 2' factorial design 

In all experiments: nozzle orifice diameter - 0.079 cm 

Experimental 
Variables Block Variables 

Run P C G T Bl=PCC B2=CCT BlB2-PT Block P C C T Run 

Levels of Variables 

- - - -- 

Feed 
Pressure (P) Concentration (C)  Gas Injection (C) Drying Temperature 

Leve 1 (MPa) ( w / w X )  ('C) 

- 6.89 7.5 With 204.44 

+ 20.68 15.0 Without 148.89 

Feed Pressure-Gus Injection (PG) Znteroction. In this set of experiments, 
the feed concentration was fixed at 6.85 w/w%, the drying temperature 
at 165.56OC and the nozzle size at 0.079 cm orifice diameter. Ten ex- 
perimental runs were carried out. The amount of thermal energy utilized 
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for evaporation was estimated with and without gas injection at each of 
the following feed pressures: 6.89, 10.34, 13.79, 17.24, and 20.68 MPa. 

Feed Concentration-Gas Injection (CG) Interaction. In this group of 
experiments the feed pressure was fixed at 6.89 MPa, the nozzle size at 
0.079 cm orifice diameter, and the drying temperature at 162.78 O C .  Eight 
experimental runs were carried out. The amount of thermal energy used 
for evaporation was estimated with and without gas injection at each of 
the following feed concentrations: 7.5, 10.0, 12.5, and 15.0 w/w% . 

Drying Temperature-Gas Injection (TG) Interaction. In this set of ex- 
periments, the feed pressure was fixed at 6.89 MPa, the feed concentra- 
tion at 7.6 w/w%, and the nozzle size at 0.079 cm orifice diameter. Eight 
experimental runs were carried out. The amount of thermal energy needed 
for evaporation was estimated with and without gas injection at each of 
the following drying temperatures: 160, 190.56, 207.22, and 229.44 "C. 

RESULTS AND DISCUSSION 

The z3 Factorial Design 

The results of this design are summarized in Table 3. The response 
variable is the total quantity of thermal energy supplied by the air stream 

Table 3. Calculated effects and standard errors for the 2' factorial design 

Effect 

Estimate of Response Variable 
4 Standard ~ r r o r *  

Average 

Main Effects 
Feed Pressure, P 
Nozzle Size, N 
Gas Injection, G 

Two-Factor Interactions 
P x N  
P x G  
N x G  

Three-Factor Interaction 
P x N x G  

*with 4 degrees of freedom 
* * q ~  represents the thermal energy losses from the dryer per unit mass of water evaporated 

***not significant 
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per unit mass of water evaporated. Note that the average of the response 
variable is inflated by a term involving q ~ ,  the thermal energy losses from 
the dryer per unit mass of water evaporated. In the present study, we were 
not interested in the absolute values of the response variable but in how 
this variable changes on going from the lower to the higher level of each 
independent variable. Since neither the environmental conditions nor the 
operating conditions of the spray dryer changed dramatically from run 
to run and since the effect of each independent variable is computed as 
the difference between the averages of the response variable at the high 
and low values of the independent variables, the q~ term effectively cancels 
out of the calculations and any small variations in q~ become buried in 
the estimate of the standard error. 

It should also be noted that the method of analysis used in this study 
did not encompass the component of overall process energy requirements 
associated with compression of the injected gas. Such a study is currently 
in progress. 

The results in Table 3 indicate that all the main effects and the interac- 
tion effects PN and PG are significant. This conclusion is discussed in 
more detail below. 

An increase in feed pressure from 6.89 to 13.79 MPa or an increase 
in nozzle orifice diameter from 0.079 to 0.107 cm significantly decreases 
the amount of thermal energy used for evaporation. However, due to the 
large interaction between these two variables, they cannot be analyzed in- 
dividually. Their joint effect can be analyzed according to the two-way 
table below where the numbers at the comers represent the values of the 
response variable at the conditions in question and where the values on 
the sides of the rectangle correspond to differences in the values of the 
response variable. 

From the two-way table it is evident that: 
(1) The effect of nozzle size is larger at the lower feed pressure. 
(2) The effect of feed pressure is larger at the smaller nozzle size. 
The results obtained for the effects of feed presure and nozzle size on 

the energy used for evaporation are susceptible to obvious interpretation. 
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An increase in feed pressure or nozzle size produces an increase in the 
liquid feed rate leading to a concomitant decrease in the energy require- 
ment per unit mass of water evaporated. As long as the feed rate lies below 
that which would render it impossible to produce a dry solid product, the 
increase in the flow rate leads to an increase in the efficiency of energy 
utilization. The effect of pressure is larger at the smaller nozzle sue because 
a smaller nozzle orifice produces a finer spray with a concomitant increase 
in the surface area across which heat and mass can be transferred. The 
greater effect of nozzle size at the lower feed pressure can also be ex- 
plained in terms of a concomitant increase in interfacial surface area. 

The use of gas injection also produces a decrease in the energy used 
for evaporation, the magnitude of the effect depending upon the level of 
feed pressure. The extent of the PG interaction is illustrated in Fig. 2. 
At a feed pressure of 6.89 MPa the use of gas injection produces a decrease 
of 1158 H/Kg H,O in the energy used for evaporation compared to a 
decrease of 341 kJ/Kg H,O at a feed pressure of 13.79 MPa. The use 
of gas injection produces a decrease in the energy used for evaporation 
due to the increase in surface area that results from the expansion of the 
injected gas within the droplets upon release of the pressure at the exit 
of the nozzle orifice. As noted above, a larger surface area results in larger 
heat and mass transfer rates. The effect of gas injection is larger at the 
lower feed pressure because the lower the feed pressure, the greater the 
range of particle sizes produced and the larger the average particle diameter. 
Since drying rates are proportional to the square of the particle diameter, 
gas injection is more effective in increasing the interfacial surface area 
at low pressures. 

The NG interaction was not statistically significant. 

The 2' Factorial Design 

The results of this design are summarized in Table 4. The comments 
noted above concerning the average of the response variable are again ap- 
plicable to the present analysis. The results in Table 4 indicate that all 
the main effects, five of the two-factor interactions (all except CT), and 
the PGT three-factor interaction are significant. The main effects and the 
interactions of gas injection with the other variables are discussed below. 

The results obtained for the effects of feed pressure and gas injection 
on the energy used for evaporation are very similar to those obtained in 
the Z3 factorial design. The magnitudes of the effects are somewhat dif- 
ferent but the conclusions are the same. The differences in magnitude are 
due (a) to the expansion of the feed pressure range and (b) to the inclusion 
of new variables (feed concentration and drying temperature) which inter- 
act significantly with the feed pressure and gas injection. The PG interac- 
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Table 4. Calculated effects for the 24 factorial design 

Effect 

Es timate of Response Variable 
f Standard Error* 

Average 

Main Effects 
Feed Pressure, P 
Feed Concentration, C 
Gas Injection, C 
Drying Temperature, T 

Two-Factor Interactions 
P X C  

e x c  
C X C  
P x T  
C x T  
C x T  

Three-Factor Interaction 
P X C  X C  

P x C x T  
C x C x T  
P x C  x T  

Four-F actor Interaction 
P x C x C x T  

*with 4 degrees of freedom 
* * q ~  represents the thermal energy losses from the dryer per unit mass of water evaporated 

***not significant 

tion effect was very similar in magnitude and direction to that obtained 
in the Z3 factorial design. 

An increase in feed concentration produces an increase in the thermal 
energy used for evaporation, the magnitude of the effect depending on 
the feed pressure level. The extent of the PC interaction is illustrated in 
the following two-way table. 
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FEED PRESSURE, P (MPa) 

~ ~ t h o u t  G ~ S  Injection 

Wlth Gas Injection 

FIG. 2. FEED PRESSURE-GAS INJECTION (PG) INTERACTION 
[DRYING TEMPERATURE = 166°C; ORIFICE DIAMETER = 0.079 cm; 

FEED CONCENTRATION = 6.85% (wlw)] 

As the above table indicates, the effect of concentration is larger at the 
lower feed pressure. This result may be attributed to the fact that at a higher 
feed pressure the feed temperature increases gradually as drying proceeds, 
producing a concomitant decrease in feed viscosity. This temperature rise 
has its origins in viscous dissipation caused by recirculation of a portion 
of the feed through the bypass loop. The lower the viscosity, the finer 
the spray, the higher the dryer rate, and the lower the effect of increasing 
the feed concentration on the energy used for evaporation. The effect of 
feed concentration itself can be attributed to the associated increase in feed 
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viscosity. Moreover, as the feed concentration increases, there is a decrease 
in liquid feed flow rate necessary to produce a unit of solid product. Hence, 
there is a concomitant increase in the amount of thermal energy used to 
evaporate a unit quantity of water. Viewed from another perspective, at 
constant feed rate there is a greater quantity of solids produced at the higher 
feed concentration. Per unit of product less energy will then be required. 

The feed concentration interacts significantly with gas injection. The 
magnitude of the interaction is illustrated in Fig. 3. The effect of gas in- 
jection is larger at the lower feed concentration. At 7.5% w/w solids con- 
tent, the use of gas injection causes a decrease of 967 kJ/Kg in the energy 
used for evaporation; at 15 % w/w solids content, the decrease is only 229 
kJ/Kg H,O. 

FEED CONCENTRATION, C ( w / w  96) 

FIG. 3. FEED CONCENTRATION-GAS INJECTION (CG) INTERACTION 
[FEED PRESSURE = 6.89 MPa; ORIFICE DIAMETER = 0.079 cm; 

DRYING TEMPERATURE = 163 "C] 
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The larger effect of gas injection at the lower feed concentration can 
be attributed to factors associated with the viscosity of the liquid feed. 
At the lower solute concentration, the fluid viscosity is lower; hence, the 
resultant spray droplets are smaller and have a larger total surface area, 
thereby facilitating the drying process. At the high solute concentration, 
the fluid viscosity is higher and the expansion of the injected gas within 
the liquid is more restricted, resulting in a lower effect of gas injection. 

An increase in the drying temperature produces an increase in the ther- 
mal energy used for evaporation. This result may be attributed to a com- 
bination of factors. The enhanced driving force used to effect the drying 
process not only produces higher energy losses to the environment but 
also can cause increased mechanical resistance to expansion (Crosby and 
Weyl 1976). 

The effect of gas injection on the efficiency of thermal energy utiliza- 
tion is significantly influenced by the drying temperature employed. As 
Fig. 4 indicates, the effect of gas injection is larger at the lower drying 
temperature. At a drying temperature of 149 "C, the use of gas injection 
produces a decrease of 876 kJ/Kg in the energy used for evaporation. At 
a drying temperature of 204 "C, the decrease is only 3 19 kJ/Kg. This result 
was not anticipated because one would expect the expansion of the gas 
within the droplet to be greater at a higher drying temperature. However, 
as Crosby and Weyl(1976) have noted, when the drying temperature in- 
creases, the drop dries faster and develops mechanical resistance to ex- 
pansion much sooner. Thus, as the drying temperature increases, there 
is less expansion of the gas and the effect of gas injection is reduced. 

Studies of Interaction Effects 

Feed Pressure-Gas Injection Interaction (PC). The results obtained in 
the PG interaction study are summarized in Fig. 5. As the feed pressure 
increases, the effect of gas injection on the thermal energy used for evapora- 
tion decreases. The data corroborate the results obtained in the factorial 
design experiments. The use of gas injection caused a larger decrease in 
process energy requirements at lower feed pressures because of the reasons 
noted, 

Feed Concentration-Gas Injection Interaction (CG). Figure 6 depicts 
the results obtained in the CG interaction study. At the lower feed con- 
centrations gas injection produces greater reductions in evaporation energy 
requirements. These results confirm the conclusions drawn from the fac- 
torial design experiments and can be explained as noted above. 

Drying Tempemlure-Gas Injection Interaction (TG). The results ob- 
tained in the TG interaction study are summarized in Fig. 7. The effect 
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DRYING TEMPERATURE, T (OC) 

FIG. 4. DRYING TEMPERATURE-GAS INJECTION (TG) INTERACTION 
[FEED PRESSURE = 6.89 MPa; FEED CONCENTRATION = 7.6% (wlw); 

ORIFICE DIAMETER = 0.079 CM] 

of gas injection on the thermal energy used for evaporation is larger at 
the lower drying temperature. As noted in the discussion of the results 
of the 24 factorial design experiments, this effect can be explained by the 
fact that as the drying temperature increases, the droplets dry faster and 
more rapidly develop mechanical resistance to the expansion of the gas 
within the droplet. 

CONCLUSIONS 

The results of this study indicate that the use of gas injection produces 
a significant decrease in thermal energy requirements for spray drying. 
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FEED PRESSURE. P (MPa) 

FIG. 5 .  INFLUENCE OF FEED PRESSURE ON THE EFFECT OF 
GAS INJECTION ON THE THERMAL ENERGY USED FOR EVAPORATION 

The magnitude of this effect depends on the levels of such other variables 
as feed pressure, feed concentration, and drying temperature. Gas injec- 
tion produces the largest reductions in evaporation energy requirements 
at the lower level of each of the above-mentioned variables. However, 
this does not imply that spray drying is more energy efficient than such 
alternative processes as multi-effect evaporation and reverse osmosis. 
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Wlth Gas Injection 

FEED CONCENTRATION, C (w /w  96) 

FIG. 6. INFLUENCE OF FEED CONCENTRATION ON THE EFFECT OF 
GAS INJECTION ON THE THERMAL ENERGY USED FOR EVAPORATION 
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