CONTINUOUS VACUUM DRYING OF WHOLE MILK FOAM

SUMMARY

The principles developed on a batch scale for preparing vacuum foam-dried
whole milk have been successfully applied on a continuous basis. An integrated
pilot plant and means for creating a foam in vacuum and distributing it in a
thin layer onto a moving belt are deseribed. In the continuous process, pasteur-
ized homogenized market milk is concentrated in an agitated, falling-film vacuum
evaporator from 129 solids to a solids content (43% average) corresponding to
a viscosity at 100 F' of 32-43 centistokes. The concentrate is homogenized at
3,000-500 and 135 F: Nitrogen is metered into the concentrate stream and a
seraped-surface heat exchanger then simultaneously chills the concentrate to
35T and disperses the gas. Finally, within a drying ehamber maintained at re-
duced pressure, the gassed econcentrate expands to a foam which is applied and
dried on a continuous solid belt. '

Results of a study on the effects of process variables are reported and repro-
ducible operating conditions are given for preparing products of excellent dis-
persibility and initial flavor. The study was restricted to dryer chamber pres-
sures (9 mm Hg and below) found to preserve the foam integrity during drying
(as in the case of batch drying). With this striet translation of the batch prin-
ciples to a continuous operation, mass and heat transfer limitations were en-
countered, resulting in produet rates which, when extrapolated to commereial
seale operation, are considered too low to be of commercial significance. Thus,
current work is directed toward improving product rate while maintaining
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product quality.

A broad research program directed toward
developing an economically feasible process
for preparing a dry whole milk of good flavor,
easy dispersibility, and adequate shelf life is
in progress at the Bastern Utilization Research
and Development Division. The first significant
findings in the Engineering and Development
Laboratory were that concentrated whole milk
dried as a foam under vacuum had unique dis-
persing properties superior to whole milk dried
in other forms (13), and that it retained this
property for at least 12 months at 73F (4).
Research carried out in the Dairy Products
Laboratory has shown that important differ-
ences affecting dispersibility do, in faet, exist
between vacuum foam-dried and spray-dried
whole milk particles (7, 8, 9, 10). It now seems
clear that from the standpoint of dispersibility
whole milk should be dried as a foam.
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Flavor of the freshly prepared product is
excellent, but it deteriorates on storage. Thus,
another phase of the research program is de-
voted to extending the flavor shelf life of the
product. Some results from this work have
been reported. Craig et al. (3) found a sig-
nificant relationship between the occurrence of
5-hydroxymethylfurfural in the product and
its processing and storage history. Kliman
et al. (11) reported that a good reciprocal re-
lationship was found between the peroxide value
and the flavor score of foam-dried whole milk
stored in air at 55 F, but that no similar rela-
tionship could be found when the material was
stored in nitrogen containing 0.19% oxygen.
Tamsma, et al. (14) reported that after storage
at 80 F' for six months a highly significant im-
provement in flavor stability was achieved by
packaging in nitrogen containing 0.1% oxygen,
compared with samples packed at 1% oxygen
and air levels.

This paper discusses the translation of the
essential processing principles of a batch vae-

uum foam-drying process (13) to a continuous

operation.
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DESCRIPTION OF INTEGRATED PILOT PLANT

The good initial properties of vacuum foam-
dried whole milk are a consequence of drying
an expanded, sponge-like structure at low tem-
peratures in the substantial absence of oxygen.
The batch studies reported previously demon-
strated that for good dispersibility the whole
milk concentrate should be dried in the form
of a uniform, fine-grained foam. This dry
strueture was obtained by intimately dispersing
a gas of low solubility, chilling to avoid strip-
ping of the gas by flashing, applying a vacuum
which caused the dispersed gas to expand the
concentrate into the desired foam structure,
and drying under conditions that assured main-
taining the foam during the dehydration step.
In contrast, drying a deaerated concentrate
yielded a poorly dispersible product. An inte-
grated pilot plant embodying the foregoing
principles was designed and erected for the
translation to a continuous process.

The integrated pilot plant being used to
study the important process variables is shown
schematically in Figure 1. Fresh pasteurized
homogenized market milk (adjusted to 269 fat
MFB) is concentrated in a single-pass, agi-
tated falling-film vacuum evaporator to a con-
stant apparent viscosity. Viseosity is the con-
trol variable because it is a prime faector con-
tributing to the formation, characteristics, and
stability of fluid foams and because in milk
concentrates viscosity and solids content do not
correlate well from one batch to another.

The concentrate is homogenized in a two-
stage, single-pass, variable rate homogenizer
operating at 3,000 and 500 psi. The funection
of the second homogenization is to reduce the
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F1a. 1. Schematic diagram of continuous process
for foam-dried whole milk. ‘

fat particle size to below 2 u. Homogenized
market milk was used in these studies as a
matter of convenience and, since normal ho-
mogenization practice for fluid milk does not
give the desired fat dispersion, rehomogeniza-
tion of the milk after concentration was neces-
sary. Presumably, the desired fat dispersion
could have been attained by adequate homogeni-
zation either before or after concentration, al-
though this point has not been established. The
homogenizer also acts as a pump that fixes the
concentrate flow rate for gas dispersion. Nitro-
gen is metered into the concentrate stream just
ahead of two scraped surface heat exchangers
that simultaneously chill the concentrate to
about 35F and disperse the nitrogen to a
bubble size of less than 75 u. The gas-contain-
ing concentrate is then delivered to the dryer
through a metering pump.

The key piece of equipment in the pilot plant
is the continuous vacuum dehydrator. A photo-
graph of the dryer used in these studies is
shown in Figure 2 and a functional drawing
is given in Figure 3. The dryer consists of an
endless solid stainless steel belt 12 inches wide,
which alternately passes over heating and cool-
ing drums. The drums are 2 ft in diameter and
are spaced 9 ft between centers. Both vacuum
and pressure steam can be supplied to the
heating drum, and coolant at various tempera-
tures can be circulated through the ecooling
drum. Heat can be applied to either side of
the belt between the two drums by means of
19 banks of individually controlled electrical
radiant heaters each rated at 2 kw. The whole
apparatus is enclosed in a chamber where pres-
sures can be maintained from 50 to 0.5 mm
Hg absolute.

In this application, the gas-containing con-

. centrate is metered to the dryer through the

feed line which is jacketed by a cooling pipe.
The feed temperature is adjusted to be below
the flash point when it enters the drying cham-
ber. The nitrogen in the concentrate expands
in the nozzle and the resulting foam issues as
a thin, uniform blanket or film. The belt
carries the foam through the first drying zone
(electrical radiant heaters) where the nitrogen
expands further, around the second drying zone
(heating drum), and through the third drying
zone (electrical radiant heaters). The belt with
dried product then passes between the cooling
drum and a crushing roll that breaks the friable
blanket. An osecillating doctor blade at the
cooling drum removes the residual dried prod-
uct-from the belt. The product drops into a
serew conveyor and-is carried to one of two
receivers.
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Fic. 2. Pilot-plant scale eontinuous vacuum dryer.

RESULTS OF RESEARCH

(a) Design of the feed mozzle. This pilot-
plant dryer is essentially a small-scale model
of a unit used to dehydrate ecitrus juices and
coffee on a commercial basis (1, 2, 5, 6). The
major difference is the manner in which the
material to be dried is applied to the belt. In
the ecommercial drying operations the material
is applied to the underside of the belt by means
of a feed roll.
tained in a feed pan through which the feed
roll rotates. When operated in this manner a
puffed structure may be formed by the evolu-
tion of water vapor. The earlier work (13)
showed, however, that for whole milk this type
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Fie. 3. Functional drawing of continuous vaec-
uum dryer.

A level of material is main- .

of structure is distinetly inferior to the fine-
grained, uniform foam obtained by the expan-
sion of finely dispersed nitrogen within the
concentrate. Applying a foam to the underside
of the belt by means of a feed roll would ob-
viously be diffieult if not impossible. For this
reason it was necessary in these studies to de-
sign an apparatus that would ereate and apply
a foam to the top of the belt. The final result

~ was a nozzle that is illustrated in Figure 4.

The nozzle is in effect a rectangular chamber
the front face of which is adjustable with
shims to give the desired opening. The gas-
containing concentrate enters the chamber where
it begins to expand and continues to expand
as it passes through the aperture. Upon leav-
ing the aperture the foam has been formed into
a thin uniform blanket due to the action of
the reduced pressure in the drying chamber
and nozzle. Figure 5 is a photograph of foam
being applied to the moving belt. The nozzle
is housed to prevent heating due to radiation.

The important design features of the nozzle
are as follows:

(1) The large rectangular chamber. This
provides negligible pressure drop in distribut-
ing the foam across the inner lips of the aper-
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F16. 4. Feed nozzle for milk concentrate foams.

ture compared to the pressure drop through
the aperture, resulting in uniform thickness
of the foam blanket as it issues from the noz-
zle. This consideration is similar to the design
of distributors (12).

(2) The lips of the aperture. These must be
parallel to insure a blanket of uniform thickness.

They also must have a significant dimension
(land area) from the inner to the outer edge
so that they may impart a single direction
across the width of the foam blanket. as it
issues from the nozzle. The lips of the present
nozzle are 5 inch wide. The outer edges of
the lips should also be bevelled, to prevent the
foam from clinging to the face of the nozzle.

(3) The coolant core. This is necessary to
prevent the concentrate temperature from ris-
ing above the flash point.

(b) Effects of drying variables. Ideally, for
best product quality and highest dryer output,
the foamed concentrate should be uniformly
applied in as thin a film as possible and be well
bonded to the belt throughout the drying cyele.
The important variables that affect product
quality and dryer output through their influ-
ence on foam thickness, foam behavior, and
the degree of foam-to-belt bonding are dryer
chamber pressure, rate of heat application,
nozzle aperture, viscosity and gas content of
concentrate and belt temperature at point of
foam application.

(1) Chamber pressure. This direectly affects
drying temperature, foam stability, and heat
transfer between the drums and the belt. In

F1e. 5. Whole milk foam being applied to moving belt.
L4]
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these studies the chamber pressure was re-
stricted to a range that would insure that the
foam structure was maintained during drying.
That range was determined to be below 9 mm
Hg as foam structures were partially desta-
bilized at higher pressures. Absolute pressures
below 2.0 mm Hg caused the nozzle to operate
poorly because the foam was partially frozen.
Heat transfer between the two drums and the
belt improved at 3.0 mm and above. It was
found that 3.0 mm Hg was optimum in these
studies, because the foam expanded to a lesser
degree in the first drying zone.

(2) Rate of heat application. During the
initial drying stage (constant rate period) in
vacuum drying the foam temperature can be
expected to be at the boiling point correspond-
ing to the chamber pressure. For this reason
heat can be applied rapidly without danger of
damage to the produet. A limiting factor, how-
ever, is maintaining good foam-to-belt contact.
If heat is applied too rapidly to the belt in
the first drying zone, the foam will lift from
the belt in the form of large balloons, thus
substantially reducing the subsequent heat
transfer area for conduction between belt and
foam. These balloons are undoubtedly caused
by the release of water vapor at the belt-foam
interface. Under these conditions the water
vapor forms faster than it can escape through
the foam. Some balloons can be tolerated if
they are transient, but in instances where they
persist, less drying is accomplished by increas-
ing the heat input in the first zone. Ballooning
can also occur on the heating drum (second
zone) unless the foam is relatively rigid through
drying in the first zone.

During the final drying stages (falling rate
period) the temperature of the product will
rise above the boiling point, and excessive tem-
peratures can result in damage to produet qual-
ity. Using the criterion of produect quality as
evidenced by the formation of hydroxymethyl-
furfural (HMF) (3), indications are that the
falling rate period commences before the foam
leaves the second zone. For example, main-
taining all factors constant but the heating
drum temperature, the HMF of resulting prod-
uets increased as heating drum temperature in-
creased. Thus, temperature of the heating drum
has a profound effect on product quality. The
same is true in the third drying zone. Rela-
tively low levels of heat input in these two
zones are thus mandatory. The maximum heat
levels that could be applied with limitations
imposed by heat and mass transfer and prod-
uct quality considerations are given in Figure 6.

(3) Nozzle aperture. Drying theory indicates

that drying time is proportional to between the
first and second power of film thickness. Hence,
thinner films could be expected to lead to higher
product rates. They also contribute to uniform
product moisture. In these studies it was found
that film thickness is influenced by nozzle ap-
erture down to an opening of 0.04-0.05 inch.
When the nozzle opening is less, the films be-
come thicker. This phenomenon is probably
associated with pressure drop across the aper-
ture: It appears likely that if the pressure
drop is too great the foam will eontinue to
expand significantly close to the outer edge of
the aperture, permitting expansion to occur in
all directions. '

(4) Viscosity of concentrate. This influences
the behavior of the foam on the belt as well as
foam thickness. The apparent viscosity of the
concentrate changes at it passes through the
processing line from the evaporator to the
dryer. This difference is due to the thixotropie
nature of the ‘concentrate in addition to tem-
perature reduction and gas impregnation. These.
changes, however, were found to be reproduec-
ible, and hence the apparent viscosity of the
gassed feed for the dryer is maintained by con-
trolling the viscosity of the concentrate at the
evaporator..

If the belt speed is greater than the speed
of the foam blanket issuing from the nozzle,
the foam blanket under certain circumstances
can be made to stretech. It was found that the
apparent viscosity of the gas-containing feed
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concentrate can be used as an indication of
this property. When measured at the feed tem-
perature, the foam is quite elastic if the gasified
concentrate viscosity is between 180 and 340
centistokes. Above and below these values the
foam blanket tears readily. However, it was
also found that the balloons formed in the first
drying zone are less permanent with viscosities
in the low end of the range. Thus, the best
viscosity compromise for the gas-containing
feed concentrate was found to be about 200
centistokes when measured at the feed tempera-
ture to the dryer.

(5) Gas content of concentrate. This vari-
able influences such factors as the type of foam
structure and the thickness of the foam film.
‘When operating at the low chamber pressures
(9.0 mm and below) a minimum of about 40
ml of gas (corrected to 0 C and 760 mm Hg)
per liter of ungassed concentrate is required
for foam formation. However, considering the
above factors, 100 to 140 ml/liter of gas was
found to be the optimum range. Higher gas
contents, e.g., above 200 ml/liter, yield thick
films resulting in slower drying rates and more
bulky products.

(6) Belt temperature. The belt temperature
at the point of foam application must be be-
low the flash point of the foam. If it is above,
the foam will flash as it contacts the belt, re-
sulting in a poor bond between the foam and
the belt.

(e) Optimum drying conditions. In the batch
process the foam was first created by expand-
ing well dispersed nitrogen in the concentrate
through the application of vacuum, and then
drying that foam without altering its strue-
ture. The present work has demonstrated that
this can be done continuously. The optimum
conditions, within the chamber pressure range
for acecomplishing this, are listed in Table 1.
The applied temperature profile is shown in
Figure 6. The properties of the dry whole
milk obtained under these conditions are given
in Table 2.

DISCUSSION

Because of the unique properties of the raw
material and the nature of vacuum foam-drying,
translating a bateh operation into a continuous
one entailed far more than streamlining and
achieving continuity of operation. For ex-
ample, the expansion to a foam in the batch
dryer can be done as slowly as desired. Also,
applying heat in the platens can be done at
such a rate that moisture is evolved gradually
without actual ebullition and collapse of the
foamed structure. The drying time may be
more than 1 hr. In contrast, the continuous

TABLE 1

Conditions for the continuous vacuum foam-drying
of whole milk

Viscosity of concentrate *
from evaporator (gas-free;
100 F)

Gas content of concentrate

Viscosity of concentrate to

32-43 centistokes®
100-140 ml/liter
190-240 centi-

dryer (gassed; 34 F) stokes ©
Feed temperature 28 F
Feed rate 0.40 1b/min
Belt loading 0.052 1b/ft?
Nozzle aperture 0.047 inch
Belt temperature at

feed nozzle <29 F

3.0 mm Hg (flash
temperature for
concentrate 29

Chamber pressure

F)
Belt speed 9.3 ft/min
Drying time 234 min
Cold drum temperature -5 F
Produect rate 10.7 1b/hr

* Corresponds to approximately 43% total solids.

® Viseosity measured by Saybolt Viscosimeter,
using a Universal tip.

¢ Viscosity measured by Saybolt Viscosimeter,
using a Furol tip.

process entails introducing the gasified eon-
centrate into an existing high vacuum, where
expansion is instantaneous and where the'dry-
ing has to be accomplished in 1 to 3 min with-
out destruction of the foam or impairment of
flavor. The introduction of a gassed concen-
trate into an existing vacuum, the creation of
a suitable foam and its distribution in a thin,
uniform layer onto a moving belt, were made
possible by the development of the nozzle.

The principles developed on a bateh secale
for preparing vacuum foam-dried whole milk
have been successfully applied on a continuous
basis. Moreover, products excellent in dispersi-
bility and initial flavor and high in bacterio-
logical quality have been reproducibly prepared

TABLE 2
Properties of _continuous vacuum foam-dried
whole milk
Moisture content 3-4%
Solubility index < 0.25

Dispersibility rate (hand
stirring in water at
38 F)

Typieal bacterial estimate
Typical coliform estimate

> 989% in 100 see
< 20,000 per gram
< 70 per gram
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by a continuous process. However, it has been
shown that continuous drying under conditions
to preserve the integrity of the foam as applied
to the belt, product rates are too low to be
considered economic. Referring to Table 1,
the product rate of 10.7 lb/hr, when extrapo-
lated to existing commercial scale designs,
would correspond to approximately  40% of
the minimum economical rate. Thus, current
work is directed toward inecreasing the product
rate consistent with maintenance of produet
quality, and providing engineering information
for improving dryer design to increase its effi-
ciency for foam-drying whole milk. Increased
product rates can be expected if, for example,
methods could be found for maintaining good
heat transfer contact between belt and foam
by the elimination of persistent balloons and
by providing thinner drying films. Present
indications are that these ends may be obtain-
able by alteration of foam behavior during
drying. With respect to dryer design, present
indications are that modifications can be made
that will yield a more favorable ratio of capital
cost to unit capaecity.
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