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Abstract – Spray-freeze-drying (SFD) involves spraying a solution into a cold medium, and freeze-
drying the resultant frozen particles, which can be performed by contacting the particles with a cold,
dry gas stream in a fluidized bed, typically at atmospheric pressure. This enables much faster drying
rates than are usually possible by conventional freeze-drying, due to the small particle sizes involved.
However, the quantities of gas required for atmospheric fluidized bed freeze-drying are prohibitively
expensive. This has led to a process modification whereby fluidization is performed at sub-
atmospheric pressures, which still allows rapid freeze-drying, but using much less gas. This study
demonstrates the fluidized bed SFD technique at sub-atmospheric pressures (0.1 bar) using whey
protein isolate solution (20% w/w solids) at gas inlet drying temperatures ranging from −10 °C to
−30 °C. The process yields a powder consisting of highly porous particles and shows little loss of
solubility for β-lactoglobulin and α-lactalbumin, the principal proteins in the isolate. A wet basis
moisture content of 8.1% was achieved after freeze-drying at −10 °C for only 1 h, while at 30 °C a
longer drying time (100 min) produced a wetter product (14% w.b.).
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摘要 – 低压下乳清蛋白的冷冻喷雾干燥○ 摘要冷冻喷雾干燥是将溶液喷雾到冷的介质
中，然后冷冻干燥形成冷冻的颗粒，这个过程通常是在常压下物料在流化床上与冷的干燥气
流接触后完成的○ 由于这个过程中物料的颗粒非常小，使得干燥速度比常规的冷冻干燥速度
快○ 然而，常压流化床冷冻干燥所需要气体的数量非常大使得生产成本大大提高○ 这就
促使人们将常压流化床改为低压流化床，因为在低压下采用较少量的气体就可以达到同样的
快速冷冻干燥○ 本研究证明了在进口干燥气体的温度为 −10 °C ~ −30 °C 和 0.1 bar 的低压
下完成乳清分离蛋白冷冻喷雾干燥的可能性○ 研究证明该干燥工艺过程得到的乳清蛋白粉
颗粒具有非常高的多孔性，而且对 β-乳球蛋白和 α-乳白蛋白溶解性的损失也非常小○ 在
−10 °C 下只要冷冻 1 h，乳清蛋白粉的水分就达到了8.1% (干基)，而在 −30 °C 时，则需
要 100 min 水分含量才达到了14% (干基).
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Résumé – Couplage du séchage par pulvérisation et de la lyophilisation de protéines de
lactosérum à pressions sous-atmosphériques. Le couplage du séchage par pulvérisation et de la
lyophilisation implique la pulvérisation d’une solution à travers un milieu froid et la lyophilisation
des particules congelées obtenues, qui peut être réalisée par contact avec un fluide gazeux froid et
sec dans un lit fluidisé, classiquement à pression atmosphérique. Cela permet des vitesses de
séchage beaucoup plus élevées que celles obtenues par lyophilisation conventionnelle, en raison de
la petite taille des particules impliquées. Cependant, les quantités de gaz requises pour la lyophi-
lisation sur lit fluidisé à pression atmosphérique sont excessivement onéreuses, ce qui a conduit à
modifier le procédé de façon à réaliser la fluidisation à pression sous-atmosphérique. La lyophili-
sation est ainsi toujours rapide, mais moins consommatrice de gaz. Cette étude présente la tech-
nique de séchage par pulvérisation-lyophilisation sur lit fluidisé à pression sous-atmosphérique
(0,1 bar) d’une solution d’isolat de protéine de lactosérum (20 % p/p) pour des températures de gaz
à l’entrée du séchage comprises entre −10 et −30 °C. Le procédé produit une poudre composée de
particules hautement poreuses et montre une légère perte de solubilité de la β-lactoglobuline et de
l’α-lactalbumine, les principales protéines contenues dans l’isolat. Une teneur en humidité de 8,1 %
sur base humide était obtenue après séchage par lyophilisation à −10 °C après seulement une heure,
alors qu’un produit plus humide (14 % sur base humide) était obtenu à −30 °C après un temps plus
long (100 min).
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1. INTRODUCTION

Freeze-drying is a popular method of
producing shelf stable particulate products,
and is of particular value for drying ther-
mally sensitive materials (usually biologi-
cally based), which can be heat damaged
by higher temperature methods, such as
spray-drying. Porous structures are formed
by the creation of ice crystals during the
freezing stage, which subsequently sublime
during the drying stage and this often leads
to good rehydration behaviour of the pow-
dered product [20]. However, freeze-drying
involves high capital and operating costs,
due to the low temperatures, high vacuum
and long residence times required. It has
been found that freeze-drying times vary
approximately with the square of the sample
thickness [8, 13]. Hence, one solution to this
problem of long residence times is to reduce
the dimensions of the material, i.e. use smal-
ler particle sizes. This is the basis of the
spray-freeze-drying (SFD) technique, which
is a two-step process of (i) spray-freezing
followed by (ii) freeze-drying. Spray-freez-
ing involves the atomization of a liquid

stream in a manner similar to spray-drying,
but then freezing the spray. At present, three
classes of methods are used for spray-freez-
ing: (i) spray-freezing into vapour (SFV)
[10, 21], (ii) spray-freezing into vapour over
liquid (SFV/L) [12, 17] and (iii) spray-freez-
ing into liquid (SFL) [5, 18]. The second
freeze-drying step is often achieved by con-
ventional freeze-drying, in which the latent
heat of sublimation is supplied by conduc-
tive or radiative heating. However, this is
difficult to apply uniformly to a powder,
so as to take advantage of the small particle
size and reduced drying times, without the
risk of particle melting and collapse. Instead
an alternative approach of contacting the
articles with cold, dry gas in a fluidized
bed can be used.

The concept of freeze-drying using atmo-
spheric air was first published in the 1950s
[14], but the use of a fluidized bed is more
recent [13] and does not appear yet to have
had widespread application to freeze-dry
powders. The majority of published work
on SFD has been in the pharmaceutical area
where freeze-drying has been performed
conventionally on trays. An exception has
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been the work of Mumenthaler and
Leuenberger [10, 15] and later Wang et al.
[21] who used cold desiccated gas to first
freeze and then dry the spray in an integrated
fluidized bed at atmospheric pressure. This
process is able to work by maintaining a
very low dew point of water within the sys-
tem, which allows ice to sublime even at
atmospheric pressure. Due to the small parti-
cle sizes, drying times of 2 h were able to be
achieved.

A problem with the atmospheric SFD
process, however, is the very large quanti-
ties of cold dry gas that need to be circu-
lated through the bed. As freeze-drying
must be performed below the collapse

temperature of the material (which can be
as low as –30 °C), the ice phase exerts an
extremely low vapour pressure (e.g.
38.96 Pa at –30 °C). Even if freeze-drying
had a negligible resistance for mass transfer
from within the particle to the gas phase
(such that the exit gas of the fluidized bed
was at the saturation value of the particle
temperature), from the Ideal Gas Law it
would require ~ 4200 kg of bone dry gas
to pass through the bed in order to sublime
1 kg of ice. Although this can be partly
offset by recirculating (and drying) the
gas, this is a huge quantity of gas that has
to be supplied to the process. The refrigera-
tion and drying requirements for such

Figure 1. The SFD apparatus used in these experiments. Spray-freezing initially occurs in the large
(black) chamber located on the right of the photograph. The spray frozen particles are collected
from the base of this chamber and transferred to the sub-atmospheric fluidized bed freeze-drying
apparatus on the left of the photograph.
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a mass of gas to meet the required specifica-
tion are considerable and severely harm the
economics of the process. A further consid-
eration is that to pass this mass of gas
through the bed in a reasonable time (say
a few hours) requires a very large gas vol-
ume flow rate and hence a high velocity
in the fluidized bed. This leads to particles
being elutriated and subsequently these
must be caught by a gas filter, as reported
by Mumenthaler and Leuenberger [15].
Although this is a feasible means of drying
the particles, it does render the fluidized
bed (with its high heat and mass transfer
capability) redundant.

1.1. Sub-atmospheric SFD

One means of alleviating the problem of
circulating large mass flow rates of dry gas,
which has recently been considered in the
literature, is to apply a partial vacuum to
the process [1, 11]. The gas is, after all,
merely an inert heat transfer medium and
plays no part in determining the driving
force for mass transfer. As an example, if
the process is operated at –30 °C and an
absolute pressure of 0.1 bar, then the mass
of saturated gas required would be
~ 420 kg (i.e. one tenth of the amount at
1 bar). Although vacuum capability
increases the capital cost and operational
difficulty of the plant, it also significantly
reduces the mass of dry gas required. An
initially rather startling result is that the vol-
ume of inert gas to sublime 1 kg of ice
(assuming saturation) is independent of the
system pressure (in the above examples,
~ 2900 m3 of gas would be required in both
cases). This is because even though there is
tenfold reduction in the mass of gas required
at 0.1 bar, the reduction in pressure by a fac-
tor of 10 means that the gas is also 10 times
less dense. By the same token to extract this
1 kg of ice, the gas velocity passing through
the bed would also be the same irrespective

of total system pressure. However, the lower
density at lower pressures would reduce the
inertial (non-viscous) drag forces on the par-
ticles, and if a low enough pressure were
used then particles would not be elutriated
from the bed.

Thus, lower pressures are desirable as
they decrease the mass of gas required and
reduce the number of particles being swept
from the bed. This might suggest approach-
ing the pressures used in conventional
freeze-drying (with effectively no gas in
the system); however, enough gas needs to
be present to supply the latent heat of
sublimation.

In this study, a SFD rig has been con-
structed, in which the fluidized bed freeze-
drying section is capable of operating at
reduced pressures [1], as shown in Figure 1.
The fluidized bed is fitted with thermocou-
ples to measure the temperatures of the par-
ticle bed and the exit gas (located ~ 3 cm
above the bed). These provide a measure-
ment of the “wet-bulb” depression of the
particles, and thus provide an indication of
the drying rate. The process is demonstrated
by SFD a solution of whey protein isolate
(WPI).

2. MATERIALS AND METHODS

2.1. Whey protein solution
preparation

Wheyprotein isolate powderwas obtained
from Ultimate Nutrition (Fleetwood,
Lancashire, UK), and the manufacturer
claims that 99% of the whey proteins are
undenatured. The 20% (w/v) whey protein
solution was prepared at room temperature
by dissolving 200 g of powder in 0.7 L dis-
tilled water. This mixture was gently stirred
in a laboratory mixer (Silverson) for 10 min
to dissolve all the whey proteins in water
and finally made up to 1 L by the addition
of distilled water. The mixture was kept for
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a consistent period of 30 min before SFD, in
order for the protein to hydrate.

2.2. SFD equipment

The SFD system used here differs from
that of Leuenberger’s group [11, 15], in that
spray-freezing and freeze-drying are carried
out in two separate vessels. Spray frozen par-
ticles are first formed by spraying the con-
centrate into a cooled spray chamber
(1.5 m high × 0.8 m diameter). The cham-
ber had been previously purged with nitro-
gen gas from a cylinder before cooling
with liquid nitrogen from a dewar. The spray
chamber wall temperature and gas tempera-
ture were then adjusted to –85 ± 2 °C by
regulating the nitrogen flowrate. Atomiza-
tion was achieved with a hydraulic nozzle
(WL053 ex Bete, Lewes, UK) using a liquid
feed from a feed tank pressurized with nitro-
gen gas at 8 bar gauge pressure. To avoid the
liquid feed freezing in the nozzle, the nozzle

and approaching pipework were kept warm
by circulating warm air around them, with
only the nozzle tip being exposed to the cold
chamber gas. The liquid feed rates weremea-
sured for each experiment by measuring the
change in volume of feed in the feed vessel
over time. The measured liquid feed flow
rate for all the trials was 0.0125 kg·s−1.
The frozen particles were collected from
the outlet of the chamber in a cooled
expanded polystyrene box. The particles
were then loaded into the freeze-dryer, which
consisted of a polycarbonate cylinder inside
a stainless steel vacuum vessel (see Fig. 2).
The bottom of the polycarbonate cylinder
(16 cm high × 15 cm diameter) was fitted
with a 2-mm thick polyethylene sheet
(Vyon F2, Porvair Technology) to act as a
distributor plate and the top of the vessel
was fitted with a fine mesh to allow a low
temperature gas flow through the particle
bed while retaining the particles within the
drying chamber.

Windows

Vacuum 
vessel

Gas outlet

Support mesh

Drying sample

Tp

Tg

Tg,in

Gas inlet (N2) 

Figure 2. Schematic diagram of the sub-atmospheric fluidized bed freeze-dryer.
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As well as offering sub-atmospheric
operation the equipment used here does
not recycle the gas but uses nitrogen gas
(sourced from a liquid nitrogen dewar) in a
“once through” configuration. The tempera-
ture of the gas (which is warmed as it travels
into the rig) is regulated by adjusting the
flow rate. The temperatures of the inlet
gas, the bed and the fluidizing gas just above
the bed were measured by type T thermo-
couples. The depth of the bed was ~ 1 cm.
For the production of freeze-dried whey, a
constant inlet gas temperature was used.
This resulted in the particle temperatures
gradually rising during the drying cycle.
A period of 10 min was required in order
to stabilize the operating conditions at the
beginning of the process (as the particles
enter the chamber at a much colder temper-
ature). The chamber was maintained under a
partial vacuum using a rotary vane oil-sealed
vacuum pump (Werner Rietschle model
CLF100, Schopfheim, Germany) at the out-
let which delivers a nominal gas flow rate of
100 m3·h−1 through the bed. The chamber
pressure was measured using a Druck
PMP4070 pressure sensor. All instrumenta-
tion was connected via a Datascan 7321 data
logger to a PC running DASYLAB data
acquisition software. The resulting spray-
freeze-dried product was analysed for mois-
ture content, particle size and morphology
and the loss of solubility of the proteins.

2.3. Moisture content

The average moisture content of the
spray-freeze-dried powder was measured
gravimetrically. A known mass of sample
(~ 0.5 g) was placed in an aluminium foil
pan and dried in a vacuum oven at 105 °C
for a period of 12 h. The sample was then
removed and immediately weighed to limit
water absorption from the atmosphere. The
initial andfinalweightswere thenused to cal-
culate the wet basis moisture content. The
experiments were carried out in triplicate

and average and standard deviation (SD) val-
ues calculated.

2.4. Particle size

Particle size was determined by a Coulter
LS 130 (Beckman Coulter, High Wycombe,
Bucks, UK) particle sizer that measures par-
ticle sizes in the range of 0.4–800 μm using
laser light scattering. Each sample was dis-
persed in a solvent (isobutanol) to perform
the measurements. The particle sizes are
presented as Sauter mean diameters (μm),
with mean and SD values calculated from
three independent measurements.

2.5. Loss of solubility

The amounts of native α-lactalbumin and
β-lactoglobulin in the soluble fraction at
pH 4.6 were determined by reversed phase
high-performance liquid chromatography
(RP-HPLC), based on the method of
Ferreira et al. [6, 7]. For details of the exact
method used, readers are referred to
Anandharamakrishnan et al. [4]. The exper-
iments were carried out in triplicate for each
sample, and average values were taken to
calculate the loss of solubility from the
following equation:

% loss of solubility

¼ 1� SPfd

SPu

� �
� 100; ð1Þ

where SPfd is the soluble protein in the
spray-freeze-dried sample and SPu is the
soluble protein in the untreated sample.

2.6. Scanning electron microscopy

Scanning electron microscope (SEM)
images of the spray-freeze-dried samples
were examined using a Cambridge Stereo
Scan 360 at the Department of Materials
Engineering at Loughborough University,
UK.
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3. RESULTS AND DISCUSSIONS

3.1. Temperature measurements
during freeze-drying

Table I shows drying times, measured
final moisture content and average particle
size for the three inlet gas temperatures used
in this study. In general, the process yields
reasonably low moisture contents, but these
are achieved considerably faster than the
many hours usually required for conven-
tional freeze-drying (such as 40 h for con-
ventionally freeze-drying protein powders
[12]). Faster drying rates are observed at
higher temperatures with a drying time of
only 1 h required to produce a powdered
product of 8.1% at –10 °C, whereas at
–30 °C a moisture content of only 14%
was achieved after 100 min. This is not

unsurprising, given the larger transport coef-
ficients and pure ice vapour pressure at the
higher temperatures. The drying times
observed here compare favourably with
those previously reported in the literature
[11, 15] for trehalose and mannitol.

Figure 3 shows inlet gas, outlet gas and
particle bed temperatures for an example
run operating at an absolute system pressure
of 0.1 bar and at a constant gas inlet temper-
ature of –10 °C. A visual inspection of the
bed showed very mild fluidization to be tak-
ing place. It can be seen that there is a sig-
nificant wet-bulb depression of the particle
temperature below the gas temperature and
a significant change in temperature of the
gas as it passes through the bed. It can be
seen that these temperature differences
reduce as time proceeds. Both indicate that
a significant degree of drying is taking place

Table I. Effects of inlet gas temperatures of fluidized bed freeze dryer on moisture content, particle
size and drying times. The error data represent 1 SD from the mean.

Inlet gas
temperature
(°C)

Fluidized bed freeze
dryer pressure (bar)

Average moisture content of final
product (wet basis) (%)

Sauter mean
particle diameter

(μm)

Drying
time (s)

−10 ± 1.0 0.1 8.1 ± 2.27 480 ± 53 3600
−15 ± 1.0 0.1 9.5 ± 0.43 393 ± 75 3900
−30 ± 1.0 0.1 14.0 ± 0.61 412 ± 4 6000
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Figure 3. Inlet gas, outlet gas and particle temperatures during the freeze-drying of whey
at −10 ± 1.0 °C and 0.1 bar.
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as convective heat transfer from the gas to
the particles must be taking place to over-
come sublimative cooling.

Indications from other experiments sug-
gest that the difference between the particle
and gas temperatures increases as the sys-
tem pressure is reduced. This is because
the pressure influences the thermal mass
of the fluidizing gas and the heat transfer
coefficient between the gas and the particle
bed. The variation of the rate of drying with
time can be inferred from the temperature
measurements by assuming that the heat
transfer coefficient and heat transfer surface
area are constant during drying, i.e.

� dM
dt

¼ hA T g � T p

� �
k

; ð2Þ
where A is the surface area of the particles,
h is the heat transfer coefficient, λ is the
latent heat of sublimation, Tp is the particle
temperature, M is the mass of sample and
Tg is the gas temperature in contact with
the particles. This assumes that all the heat
supplied is consumed by the latent heat of
ice sublimation. The gas temperature Tg
needs to be corrected by an amount ΔToffset
obtained at zero drying rate due to warm-
ing of gas in the fluidizing chamber

T g ¼ T inlet þ�T offset; ð3Þ

�T ¼ T g � T p

¼ T inlet þ�T offset � T p: ð4Þ
As the mass of dry whey also remains

constant, the above equation can be
expressed in terms of the dry basis moisture
content, i.e.

� dW
dt

¼ k T g � T p

� �
; ð5Þ

where

k ¼ hA
kMdry

� ð6Þ

Integrating equation (5) over the whole
time of the experiment yields:

W i � W f ¼ k
Z tf

0

T g � T p

� �
dt: ð7Þ

Thus, evaluating the area under the curve
of (Tg − Tp) versus t (see Fig. 4), combined
with a knowledge of the initial and final
dry basis moisture contents, enables the
value of k to be determined.

Integrating equation (5) to intermediate
times yields:

W i � W ¼ k
Z t

0

T g � T p

� �
dt: ð8Þ

0

3

6

9

12

0           1000         2000         3000        4000          5000        6000          7000

Time (s)

(T
g
—T

p
) 

°C

—10 °C inlet gas 

—15 °C inlet gas 

—30 °C inlet gas 

Figure 4. Wet-bulb depression (difference of outlet gas and particle temperatures) versus time
during the freeze-drying of whey at 0.1 bar.
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Equation (8) thus offers a means of
obtaining a drying curve of the material
under all drying regimes. This assumes that
the material in contact with the particle bed
thermocouple is representative of the bed as
a whole. It also assumes that the thermocou-
ple measuring the “particle” temperature is
not influenced by the passing gas tempera-
ture. However, it may well be the case that
this thermocouple instead provides a
weighted mean of the particle and gas tem-
peratures. This would act to reduce the
observed temperature difference by a certain
proportion which would remain constant if
the relative “weights” (comprising the
weighted mean) remain reasonably con-
stant. The resulting drying curve would
thus be unaffected. However, changes to
the relative weightings would affect the
overall result and this may occur as a result
of changing fluidization behaviour (which
becomes more lively towards the end of
an experiment). The different behaviour
shown by experiments at –10 °C and
–30 °C (which show signs of a constant
rate period) compared to the experiment
at –15 °C (which does not) may be caused
by this. Thus, while the method is an
effective monitoring tool it should not be
relied upon for highly accurate data. The
drying curves obtained from this analysis
are shown for all three inlet gas tempera-
tures in Figure 5, and it clearly indicates

gradually decreasing rates of drying of all
runs, as the particle temperatures gradually
rise.

3.2. Particle size analysis

The SFD process produces Sauter mean
particle diameter particle sizes in the range
of 393–489 μm(Tab. I). Larger diameter par-
ticles were found when an inlet temperature
of–10 °Cwas used.Theparticle sizes are lar-
ger than expected for this spray [1] and this is
a consequence of the collection method
which is biased; larger particles are more
likely to drop into the collection box rather
than be conveyed away on the air stream.

3.3. Solubility analysis

Loss of solubility of α-lactalbumin and
β-lactoglobulin was analysed using the
RP-HPLC method. The chromatograms
for WPI before and after SFD are shown in
Figure 6. The chromatograms can clearly
resolve the individual peaks for α-lactalbu-
min and β-lactoglobulin. From the areas
of these peaks, it was determined that
there was no detectable loss of solubility
of α-lactalbumin, whereas a 2 ± 0.5%
loss of solubility of β-lactoglobulin
was observed after SFD of WPI in
all the trials (the variations in the –10,
–15 and –30 °C trials are within the
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Figure 5. Drying curve calculated from the temperature data shown in Figure 4.
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Figure 7. SEM images of spray-freeze-dried WPI powder. The widths of the images are 140, 220,
83, 96, 90 and 96 μm, respectively.
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experimental error range). Earlier reports
also indicated that α-lactalbumin is a more
stable protein than β-lactoglobulin [4, 7].
Thus only a mild loss of solubility of pro-
teins occurs during SFD.

3.4. SEM images of spray-
freeze-dried particles

Observing the internal microstructure of
the spray-freeze-dried product is a useful
means of validating that the dried product

has been properly freeze-dried and has not
suffered collapse. The external surface com-
position of the powder can also influence its
properties such as solubility, flowability and
stickiness. Numerous studies have been per-
formed on the spray-dried powder surface
and internal structures [3, 19].However, very
few studies have reported on surface and
microstructures of spray-freeze-dried parti-
cles. The first particle surface study was
performed by Al-Hakim and Stapley [2]
with cryo-SEM images of spray-freeze-dried

Figure 7. Continued.
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whey protein powders. More complex multi-
component milk powders have been recently
studied by Hindmarsh et al. [9] and Rogers
et al. [16].

SEM images of spray-freeze-dried WPI
powder are shown in Figure 7. All three dif-
ferent inlet temperature runs show similar
particle morphologies. A typical large parti-
cle with smaller particles agglomerated onto
its surface is shown in Figure 7(a).

The surfaces of the particles in
Figures 7(a), 7(b) and 7(d) are generally
smooth, containing small pores and an

occasional surface blemish. A magnification
of one of these blemishes surface is shown
in Figure 7(c), which reveals a porous struc-
ture inside the particle. This is to be
expected from a freeze-dried product, and
is a consequence of ice crystal formation
during the freezing step, which sublimes
during freeze-drying to leave a porous struc-
ture. This confirms that collapse has not
occurred during freeze-drying. Due to the
very fast rates of freezing at this size scale,
the ice crystals – and hence pore sizes – are
much smaller than normally found in

Figure 7. Continued.
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freeze-dried products. Figure 7(c) shows
this at greater magnification, whereas
Figures 7(e) and 7(f) shows the internal pore
structure from some particles which have
fragmented. These microstructures are simi-
lar to those found by Hindmarsh et al. [9]
and Rogers et al. [16]. Figure 7(e) shows
a bubble inside a particle. The bubble is
probably the result of nitrogen gas being
releasing from solution during atomization,
as the feed solution is held under pressure
using compressed nitrogen in the feed
chamber. Yu et al. [22] also reported that
small bubbles were generated during atom-
ization and they observed that bubbles were
presented in the particles during SFV/L
process.

4. CONCLUSIONS

The results presented here show that the
SFD technique has been shown to work
well, by performing the freeze-drying step
at sub-atmospheric pressures (0.1 bar abso-
lute). Not only has rapid drying been
obtained (of the time scale of 1 h), but the
particles were not eluted from the fluidized
bed and a significantly smaller mass of
gas was used than would have been the case
if operated at atmospheric pressure. Dryer
particle could probably be obtained if the
inlet gas temperature is raised towards the
end of the experimental run (assuming
the particles have dried sufficiently to avoid
collapse as the temperature is raised).

Temperature measurements of the parti-
cles and the gas show a significant cooling
of the particles below the gas temperature
(wet-bulb effect). This gradually diminishes
during drying and can be used to construct
a drying curve.While not necessarily provid-
ing a highly accuratemeasurement of drying,
it is shown to be effective as a monitoring
tool. The wet-bulb depression is dependent
on system pressure and rises as the pressure
is reduced. This study also indicates that
highest temperature run (–10 °C) produces

thegreatest drying rate. The resultingproduct
is highly porous and suffers little loss of pro-
tein solubility for β-lactoglobulin. In this
research scale experimental rig the gas is
not recycled and this limits the sample mass
to a few grams. Larger quantities could be
produced using a system for recycling the
drying gas as performed by Leuenberger’s
group [11, 15]. Scale-up of the process is
likely to be complicated by the probable need
to maintain a shallow bed meaning that very
large bed areas would be required to produce
quantities in a commercial scale. Neverthe-
less, the technique appears to be able to pro-
duce powdered pharmaceutical and food
products more quickly than is normally pos-
sible by vacuum freeze-drying processes,
although each process is limited by different
factors.
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Nomenclature

A surface area of particles (m2)
h heat transfer coefficient

(W·m−2·K−1)
k constant in equation (2)

(kg·K−1·s−1)
M sample mass (kg)
SP mass fraction soluble protein
t temperature (K)
w dry basis moisture content

(kg·kg−1)

Greek letters

λ latent heat of sublimation (J·kg−1)

Subscripts

dry dry whey
g outlet gas
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p particle
s spray-freeze-dried sample
u untreated sample
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