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ABSTRACT 
Shrinkage behavior or the change of droplet diameter in the course of drying is quite Q2diverse and 
has been the focus of many studies due to its crucial importance in accurate modeling of spray 
drying. However, the specific impacts of capturing it while performing computational fluid 
dynamics simulations have not yet been investigated comprehensively. Therefore, this work aimed 
to directly compare predictions obtained by the perfect shrinkage and linear shrinkage models. As 
compared to linear shrinkage, the assumption of perfect shrinkage led to a decrease in the surface 
area as well as an increase in the transport coefficients, resulting in an overall decrease in drying 
rate. Furthermore, the predicted particle size distribution was significantly affected by the 
implemented shrinkage model, while contrary to the expectation commonly expressed in the 
literature, the residence time of the particles was similar for the investigated pilot-scale dryer. 
Considerable difference ascertained in predicted drying histories, particularly for larger droplets, 
led to the conclusion that the assumption of perfect shrinkage leads to overprediction of particle 
stickiness and underestimation of drying rates. This difference is particularly important in modeling 
phenomena like agglomeration and particle–wall deposition. 
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Introduction 

The computational fluid dynamics (CFD) technique is 
45 often used nowadays to provide better understanding 

and visualization of highly nonlinear complex processes 
like spray drying. The complexity in spray drying arises 
primarily from the transport of particles within the flow 
field of the spray tower and the moisture extraction 

50 process, both occurring simultaneously.[1] CFD proves 
to be a valuable tool for studying not only fundamental 
fluid flow but also engineering problems.[2] Hence, 
ample studies can be found, which apply this technique 
in simulations of spray drying systems (e.g.,[3–9] among 

55 many others). 
While developing models for CFD simulations that 

provide reliable predictions of the actual spray dryer 
performance, proper modeling of the droplet drying 
kinetics is essential.[10] This can only be achieved, if 

60 every important parameter is accurately accounted for. 
For instance, the sprayed droplets usually do not retain 
their initial diameter sizes as they lose moisture during 

drying. This dynamic change renders the diameter to be 
one of the most important variables to account for, 

65since the drying surface area as well as the transport 
coefficients are directly affected by the change.[11–14] 

Furthermore, due to the change in the surface area 
and the effective density resulting from the change in 
diameter size, the drag force is expected to be affected 

70as well, which would theoretically lead to different 
particle trajectories. Therefore, understanding the 
shrinkage behavior is of paramount importance for 
the kinetics study of spray drying.[15] 

“Perfect shrinkage” refers to the phenomena, when 
75the sprayed droplet behaves like a pure liquid droplet 

that shows a consistent reduction of diameter only 
owing to the moisture removal. Lin and Chen[11] 

showed that this model deviates considerably for dro-
plets containing a nonevaporating component at higher 

80solid contents, i.e., in the later period of drying, 
although it might seem reasonable at high water content 
at the beginning. The individual phenomena 
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constituting the shrinkage are, however, too dynamic 
and complex to be followed in detail while developing 

85 the mathematical model. This makes an empirical 
approach favorable from a practical perspective.[16] 

Therefore, in the endeavor to describe the deviating 
shrinkage behavior of the droplets mathematically, an 
empirical model was formulated[11] and then the model 

90 parameters were determined based on extensive experi-
mental data on skim milk,[11,12,15] sucrose–maltodextrin 
solution,[17] and lactose solutions.[18] Even though other 
formulations of shrinkage models—both theoretical and 
empirical—are available as well, these studies revealed 

95 good agreement of the linear model with experimental 
data. Moreover, the simple nature of the model—being 
merely a function of the moisture content—makes it 
favorable for implementation in CFD simulations. 

In spite of the obvious significance, very few research-
100 ers addressed the shrinkage behavior of the droplets 

whether perfect or deviating in association with the used 
CFD models; explicit evaluation or reporting of its effect 
is even harder to come across. Some chose to neglect the 
shrinkage behavior of droplets altogether for simplicity[7]. 

105 Others suggested or implemented various shrinkage 
models without reporting their specific implications. 

The shrinkage models are usually embedded, if at all, 
in the drying kinetics models and hence are also evalu-
ated by their overall performance in terms of predicting 

110 the resulting conditions. According to Woo et al.,[19] 

the available droplet drying models excluding the empiri-
cal ones can be divided into two principal groups, 
namely, the lump parameter and diffusion models. The 
main difference between the groups lies in perceiving 

115 the diffusion gradient in a spatially resolved manner 
within the particle. The lump parameter models—the 
most popular two of them being the characteristic drying 
curve (CDC)[20,21] and the reaction engineering approach 
(REA)[22]—assume no internal gradient and return 

120 results averaged over the entire particle, whereas the dif-
fusion-based models[10,23–25] discretize the particle into 
several layers of shells. Even though the lump parameter 
models can be less accurate, when compared to the other 
group, they are preferred for CFD simulations due to 

125 their significantly low computational expense[19,24,26] at 
an acceptable expense of accuracy. Therefore, this study 
also utilizes a lump parameter model. 

There are a few other studies that follows a different 
approach to include the particle shrinkage behavior. In 

130 contrast to modeling the dynamic shrinkage behavior 
throughout the entire course of drying, a discrete 
approach to shrinkage modeling was found to be fairly 
popular, especially among those using models with spa-
tially resolved variables. In the receding interface model-

135 ing, perfect shrinkage behavior of the particles identical 

to that of a pure liquid droplet is assumed throughout 
the first or unhindered stage of drying. Throughout the 
following second or hindered stage of drying, the particle 
diameter is assumed to remain constant due to crust and 

140pore formation.[10,27–29] A combination of perfect and no 
shrinkage depending on the drying stage was also imple-
mented in developing a population balance model for 
spray drying.[30] An additional stage of drying involving 
inflation of particles followed by the stage of no shrinkage 

145was suggested by Ali et al.[31] in their attempt to develop 
a droplet drying model for slurries. Later, this was also 
used in the CFD simulations.[8] Tran et al.,[16] in a recent 
publication, extended the spatially resolved single droplet 
drying model proposed by Mezhericher et al.[32] and 

150Bück et al.[29] with the prospect of implementation in 
CFD. Both inflation and deflation of particles were 
included in the attempt to identify appropriate model 
parameters. It was reported that the model parameters 
will be used to capture the kinetics in detail by the 

155spatially resolved model and later on for a shorter range 
of investigation another reduced spatially concentrated 
model will be used in the CFD simulations.[16] An alter-
native diffusion parameter droplet drying model based 
on population balance was developed with the possibility 

160of allowing continued shrinkage even after shell 
formation.[24,33] This model is yet to be implemented in 
CFD most likely due to its numerically intensive nature. 

It is comparatively uncommon to find the incorpor-
ation of deviating shrinkage behavior in CFD studies 

165performed with lump parameter models. As a part of 
the used lump parameter model (CDC approach), 
Jaskulski et al.[34] mentioned very briefly the change 
in resulting final particle density owing to the assumed 
cease in shrinkage altogether. This was presumably also 

170preceded by a perfect shrinkage. Since the work was 
dedicated to describing the developed agglomeration 
model, for obvious reasons the shrinkage behavior was 
not investigated in detail within the scope of the work. 
The only CFD study found which specifically addressed 

175and considered mentioning the dynamic shrinkage 
behavior of droplets was published by Yang et al.[35] 

Their CFD simulations used the linear shrinkage model 
embedded in the lump parameter drying model based 
on REA. In lieu of a spray dryer with a realistic spray, 

180the study was undertaken for skim milk drying in a 
monodisperse droplet dryer with uniform droplet size. 
They reported that results vary significantly between 
the linear shrinkage model and the perfect shrinkage 
model. The comparison with experimental data exhib-

185ited exact agreement for the linear shrinkage model, 
while the perfect shrinkage model led to significant 
error in predicting the diameter size. However, the 
reported results in terms of shrinkage were limited to 
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reduced diameter size as a function of moisture content. 
190 Further effects of shrinkage, e.g., on the final moisture 

content, particle trajectory, resulting heat and mass 
transfers, or the potential implications were not 
discussed. 

Thus, this study was motivated by the lack of studies 
195 ascertaining the effects of implementing any model for 

droplet shrinkage behavior in general. Consequently, this 
work principally aims to understand the implications of 
implementing and more importantly that of ignoring 
nonperfect shrinkage behavior in CFD simulations. 

200 Theoretical background 

Neglecting the temperature gradient, i.e., a uniform 
temperature distribution inside the small droplets a sim-
ple energy balance was used to define the heat transfer 
between the continuous and discrete phases: 

mpcp
dTp

dt
¼ hAp T1 � Tp

� �
� Dhv;i

dmi;p

dt
ð1Þ

The heat and mass transfer coefficients were calculated 
205 using the well-known Ranz–Marshall equations[13,14]: 

Nu ¼
hdp

k1
¼ 2:0þ 0:6Re

1
2Pr

1
3 ð2Þ

Sh ¼
hmdp

Di
¼ 2:0þ 0:6Re

1
2 Sc

1
3 ð3Þ

In general, the mass transfer between the particle and 
210 the drying air can be characterized by the following 

expression: 

dmi;p

dt
¼ hmAp qi;surf � qi;1

� �
ð4Þ

The surface concentration of the evaporating sub-
215 stance qi;surf does not necessarily correspond to the 

saturation concentration and it is directly affected by 
the drying kinetics, especially during the falling-rate 
drying period, where the internal mass transfer resist-
ance becomes the limiting factor. To account for the 

220 drying kinetics of the discrete phase, the CDC model 
was used in the following linear form. The CDC model 
was originally described by Keey and Suzuki[21] and 
later utilized by Langrish and Kockel[20] for spray drying 
simulations. 

dmi;p

dt
¼ f

Aph
Dhv;i

T1 � Twbð Þ ð5Þ

f ¼
1;X � Xcr

X� Xeq
Xcr� Xeq

� �n
;X < Xcrwith n ¼ 1

(

ð6Þ

The parameter “n” in Eq. (6) accounts for the 
225material-specific behavior. Zbicinski and Li[5] found a 

linear relationship between the drying rate and the ratio 
X� Xeq

Xcr� Xeq 
for various concentrations of maltodextrin solu-

tions. Hence, n ¼ 1 was assumed in this study based 
on that report. And the critical moisture was assumed 

230to be equal to the initial moisture content neglecting 
the constant-rate drying period as deemed reasonable 
by Zbicinski et al.[36] The equilibrium moisture content 
Xeq was calculated by Oswin equation [see Eq. (7)] fitted 
with the experimental data and previously used by 

235Woo et al.[4] for aqueous solution of maltodextrin. This 
expresses the equilibrium moisture content as a func-
tion of the relative humidity, aw and temperature of 
the surrounding continuous phase, where k1, k2, and 
k3 are empirical constants: 

Xeq ¼ k1
aw

1 � aw

� �k2 1
T

� �k3

ð7Þ

Finally, to incorporate different shrinkage behavior 
240of the droplet into CFD calculation, the following linear 

form of shrinkage model, which was worked out by 
Patel et al.[17] for the drying of droplets containing 
sucrose and maltodextrin was used. This empirical 
linear shrinkage model was originally proposed and eval-

245uated for drying of milk droplets by Lin and Chen[11]: 

d
d0
¼ bþ 1 � bð Þ

X
X0

ð8Þ

Patel et al.[17] determined the value of b ¼ 0:7820 for 
250a solution containing sucrose and maltodextrin (DE6) at 

weight ratio of 1:4. Due to the lack of experimental data, 
the values for pure maltodextrin solution was not 
reported. However, in light of the trend reported for 
four different weight ratios, the value of β for pure mal-

255todextrin solution was estimated to be 0.75. Although 
this is an assumed factor, the estimation is expected to 
serve the purpose within acceptable accuracy. It must 
be considered here that this work does not aim to deter-
mine the exact shrinkage behavior, it rather attempts to 

260assess the effect of shrinkage on the prediction obtained 
by CFD simulations within the scope of a real system. 

Hypothesis 

The fundamental difference between a perfect and non-
perfect shrinkage behavior of the droplets is manifested 

265by the change of diameter size. The implications of this 
difference are then expected to be noticeable in every 
physical phenomenon, where the droplet diameter plays 
a significant role. Heat and mass transfer as well as the 
resulting drag force are deemed to be the most vital 
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270 among those phenomena and are therefore the focus of 
the hypothesis. 

Although, the droplets may deviate from the spheri-
cal shape in course of drying affecting the effective area 
for heat and mass transfer, all the particles were 

275 assumed to be spheres in this work, which is considered 
to be reasonable in modeling of droplet drying.[17] 

Besides, implementing a nonperfect shrinkage model 
usually rather limits the reduction of the effective sur-
face area, when compared to a perfectly shrunk sphere. 

280 Now, referring to the general mass transfer principle 
[see Eq. (4)] at any particular vapor concentration or 
temperature difference driving force, the product of mass 
transfer coefficient and the particle surface area hmAp then 
scales the drying rate. This will also be different in case of 

285 perfect and nonperfect shrinkage and hence can be con-
sidered as a determinant of the resulting mass transfer. 
Heat transfer is readily affected likewise, since they are 
inherently coupled. Moreover, the product of heat transfer 
coefficient and the particle surface area hAp [see Eq. (1)] 

290 which is a decisive factor in sensible heat transfer, follows 
the similar course of change. To clearly understand the 
effect of diameter change on this term in question, the fol-
lowing relationships can be derived from Eqs. (2) and (3) 
with some simplifications for a particular instance (shown 

295 only for heat transfer, i.e., progressing with Eq. (2), since 
mass transfer is similar): 

h ¼
k1
dp

2:0þ 0:6
vpdp

n1

� �1
2 n1cp;1q1

k1

� �1
3

 !

ð9Þ

By separating the particle diameter, dp from the rest 
300 of the quantities in each term of the Eq. (9) and simpli-

fying we get 

) h ¼
1
dp

2:0� k1ð Þ

þ 0:6 � k1
vp

n1

� �1
2 n1cp;1q1

k1

� �1
3

( )
1
ffiffiffiffiffi
dp

p

ð10Þ

Therefore, by summarizing every other quantity 
305 except for the diameter, the transport coefficients can 

be expressed as follows: 

h or hm ¼
c1

dp
þ

c2
ffiffiffiffiffi
dp

p ð11Þ

and 

hAp or hmAp ¼ c3dp þ c4d
3
2
p

� �
with Ap ¼ pd2

p ð12Þ

where, c1, c2, c3, and c4 are either constants or consoli-
dation of all remaining variables pertaining to the 

310thermal and mass transfer property of the droplet and 
the surrounding air. Eq. (12) clearly suggests a direct 
proportionality to the particle diameter, i.e., with the 
reduction of diameter size and hence the surface area 
of particle, the products hmAp or hAp will effectively 

315decrease, albeit the transport coefficients hm and h soar 
due to their inverse proportionality [see Eq. (11)]. 
According to the abovementioned relationship, nonper-
fect shrinkage behavior would lead to higher heat and 
mass transfer rate, if these phenomena are considered 

320separately. 
The aspect of drag force, on the other hand, is 

slightly more intricate. The drag force is directly 
proportional to the droplet surface area as well as the 
particle density, as given by the following equation: 

FD ¼
1
2

CDApqpv2 ð13Þ

Surface area increases with an increase in diameter 
325and vice versa, whereas the density being inversely pro-

portional to the third power of diameter will quickly 
decrease if diameter size is larger. Therefore, consider-
ing the opposite influence of particle diameter, respect-
ively, on the surface area and density leads to: 

FD / CD
1
dp

v2 ð14Þ

with 

Apqp ¼ Ap
mp

Vp
¼

p

4
d2

p
6mp

pd3
p
/

1
dp

ð15Þ

where CD is also a function of Reynolds number and 
hence the particle diameter. Their relationship suggests 

330a nonlinear inverse proportionality (considering spheri-
cal particle in any case for 0 < Re < 104 relevant in 
spray drying). However, the force is also proportional 
to the square of the particle relative velocity as well, 
which cannot be easily related to the diameter analyti-

335cally. Moreover, the resulting absolute velocity of the 
particle from the drag directly affects the transport 
phenomena, as can be seen in Eqs. (2) and (3) that both 
of the transport coefficients are functions of Reynolds 
number that includes the velocity in the numerator. 

340Hence, it is evident that effect of shrinkage behavior is 
fairly complicated and due to the coupled nature of 
the relationships, it is hardly possible to ascertain an 
analytical prognosis. The ultimate effect on transport 
phenomena may sway either direction depending on 

345which effect is stronger. It remains to be seen how sig-
nificant the overall impact indeed is at varying driving 
force and drag. 
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Owing to the lack of sufficient experimental data or 
the effort of avoiding complexity in the model, one 

350 might decide to ignore shrinkage behavior or not be 
able to capture it correctly. This begs the question as 
to what is the consequence of such a decision. The 
answer to the question is partly reflected in the hypoth-
esis of this paper. With the premise elaborated above, 

355 the proposed hypothesis dictates that introducing a 
nonperfect shrinkage, i.e., usually slower shrinking of 
particles will ultimately enhance the drying rate. As a 
result, if the shrinkage behavior of particles causes the 
diameter size to remain larger than that predicted 

360 through perfect shrinkage assumption, the particles will 
lose moisture and become lighter more quickly. As the 
driving forces for drying reduces progressively and 
particle velocity changes continuously throughout the 
trajectory of the droplet, the validity and the significance 

365 of this hypothesis will be investigated in this work. 

Modeling methodology 

Geometry 

It was of interest to assess the formulated hypothesis under 
well-controlled and realistic spray drying condition. A 

370 review of the literature revealed that the spray drying 
experiments undertaken in Lodz University of Tech-
nology, Poland, described in a series of report[36–38] would 
provide a useful basis for this numerical exploration. 
Detailed in situ measurements were available and reported 

375 for this dryer. In addition, the relatively long tower 
geometry of the dryer provided a longer evaporation 
region, up to 2 m from the atomizer giving better “resol-
ution” to the numerical investigation in this work. 

A schematic of the experimental setup can be found 
380by Zbicinski and Piatkowski.[38] The tower has a 

length of 9 m and a diameter of 0.5 m. However, the 
measuring section has a length of 6 m and starts in 
the close proximity of the atomizer. Based on this, 
simplifications were made, while building the 3D 

385geometry used in the CFD simulations. As also sug-
gested by Li and Zbicinski,[39] due to the installed 
damping grids and air straighteners before the measur-
ing section, in the simplified geometry, the angled inlet 
was ignored and so was the actual air outlet. The 

390calculation domain was limited to the measuring 
section only due to the availability of experimental 
data. Further simplification was applied while model-
ing the inlet of the atomizer, to circumvent potential 
instability in numerical solution. The relatively thin 

395pipeline—when compared to the diameter of the 
tower—that leads the feed to the nozzle was ignored 
and only a small cylinder (2 cm length and 1.6 cm 
diameter) mimicking the atomizer was placed inside 
the large cylinder (6 m length and 0.5 m diameter) 

400representing the actual tower. To consider the atomiz-
ing air, an additional mass inlet was created at the 
bottom surface of the small cylinder. 

The mesh was created using the built-in meshing 
application in the ANSYS Workbench (Release 17.1). 

405Higher mesh density was enforced in the vicinity of 
the wall as well as in the region beneath the mass inlet 
for atomizer air, to better capture the boundary layers of 
the flow field and the impact of the jet on the flow field. 
Fig. 1 Q3shows a simplified schematic of the calculation 

410domain as well as a representative section of the mesh 
structure. 

Figure 1. ■. Q4
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The final mesh (Mesh D in Table S1 shown in 
Supplementary Information) had 336,258 elements 
and 73,481 nodes in total. A further increase in number 

415 of the elements did not improve the results significantly. 
The mesh independence was established through a 
systematic test (further details regarding the mesh 
independence can be found in Supplementary Material). 
While performing this test, particle injection was 

420 omitted avoiding their influence on the flow field and 
hence enabling the assessment of mesh quality impact-
ing on solution of the flow field alone. 

Initial and boundary conditions 

The calculation domain consists of two inlets—a velocity 
425 inlet for the drying air and a mass inlet for the atomizing 

air—and a pressure outlet. The initial and boundary con-
ditions used for the analysis of the mesh quality and 
initial setup are summarized in Table 1. This case will 
be referred to as the “base case” in this work. The values 

430 were adopted from the set of operating conditions for 
one of the drying runs during the experiments performed 
by Zbicinski and Piatkowski[38] and used for CFD simu-
lations by Li and Zbicinski.[39] Later, on the rest of the 
comparison for validation was performed at different 

435initial drying air temperatures and velocities as well as 
the atomization air flow rate according to the set of con-
ditions found by Zbicinski et al.[37] This will be referred 
to as Case A (also shown in Table 1). Finally, the com-
parison between linear shrinkage and perfect shrinkage 

440was undertaken at drying air temperature of the base case 
and by including an initial Rosin-Rammler particle size 
distribution (PSD). This will be referred to as Case B 
(see Table 1). It is noteworthy, that all the calculations 
in this study were performed using the available material 

445properties of the maltodextrin type DE6, although the 
validation data from Lodz University of Technology 
was obtained for DE12. The experimental data used for 
validation was assumed to have minimal difference for 
both of the maltodextrin types. 

450Simulation strategy 

The 3D double-precision solver in ANSYS FLUENT 
(Release 17.1) was utilized. All the simulations were per-
formed with the k � ε turbulence model and standard 
wall function (as found suitable for transient simula-

455tions by Harvie et al.[40]). The spatial discretization of 
transport equations were all performed in second-order 
upwind scheme, while for pressure “PRESTO!” was 

Table 1. Initial and boundary conditions used in the CFD simulations. 
Case “Base case” “Case A” “Case B”  

Inlets 
Velocity inlet for Drying air   

Temperature (°C) 175 220 175   
Velocity (m s� 1) 1.5 1 1   
Direction Normal   
Turbulent intensity (%) 5   
Hydraulic diameter (m) 0.5   
Mass fraction of H2O (-) 0.0898 

Mass inlet for Atomizing air   
Temperature (°C) 20   
Mass flow rate (kg h� 1) 39 30 30   
Direction Normal   
Turbulent intensity (%) 5   
Hydraulic diameter (m) 0.02   
Mass fraction of H2O (-) 0.0898 

Outlet   
Vacuum gauge pressure (Pa) 500 (assumed to be an outlet at low vacuum) 

Wall   
Convective heat transfer coefficient (W m� 2K� 1) 18 (determined by trial-and-error approach while matching the average air temperatures  

at a distance of 5.5 m from the atomizer, as reported by Zbicinski and Piatkowski[35]  

in Fig. 7 for three different sets of conditions)   
Free stream temperature (K) 283.15   
Material Steel (10 cm of glass wool insulation was accounted for in the empirical determination of  

heat transfer coefficient)   
Thickness (m) 0.002 

Discrete phase (injection properties)   
Total mass flow rate (kg h� 1) 5   
Temperature (°C) 20   
Diameter distribution Uniform Uniform Rosin-Rammler   
Diameter range (µm) 44.9 44.9 3–90   
RR-mean diameter (µm) — — 25   
Spread parameter (-) — — 1.73   
No. of parcels (-) 100 100 160   
Injection type Cone with a cone angle of 60° and an outer radius of 0.001 m   
Material and composition Multicomponent, 10% aqueous solution of maltodextrin (DE6)   
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used, which was found to be suitable for flow involving 
swirl.[41] The potential of a swirl building in the vicinity 

460 of the nozzle led to the choice. Besides, a quick compari-
son between “second order” and “PRESTO!” showed 
that more robust and efficient solution was achieved 
by the later. The temporal discretization was performed 
in the second-order implicit scheme. The pressure– 

465 velocity coupling was undertaken by COUPLED scheme. 
The transient simulation was approached through a 

step-by-step procedure,[1,42] where the model is initially 
solved for steady state until convergence was found to 
be reached. To determine the convergence, the reduced 

470 residual patterns (< 1 � 10� 4) were observed alongside 
temperature, mass fraction of water, and gas velocity 
magnitude at different locations (see Fig. S2 in Sup-
plementary Material for point positions) distributed 
throughout the tower. It was also ensured that the over-

475 all mass and energy balance was satisfied. This was 
facilitated by the flux report capability of FLUENT at 
the relevant boundaries. When all these monitors exhib-
ited no further change in magnitude or pattern, the sol-
ution was taken as the initial condition for the transient 

480 simulation. A time step of 0.05 s was chosen to capture 
any oscillation that might occur with a frequency lower 
or equal to 20 Hz. During the transient simulation 
alongside ensuring consistent monitored quantities the 
convergence criteria for reduced residuals were chosen 

485 to be less than 1 � 10� 3. 

Implemented user-defined functions and 
postprocessing 

The available models in the commercial code FLUENT 
had to be modified in order for the objective of this 

490 work to be attained. This was performed by utilizing 
the “user-defined function” (UDF) facility of FLUENT. 
The detailed discussion pertaining to the UDF 
implementation strategies and impacts associated with 
the relevant model modifications is given in the sup-

495 plementary information. 
In this current work, to capture the shrinkage behavior 

with modified heat and mass transfer, two UDFs were 
used. The first UDF named “DEFINE_DPM_HEAT_-
MASS” modifies the heat and mass transfer principle 

500 alongside enforcing the desired drying kinetics governed 
by the CDC model. Alternatively, the UDF called “DEFI-
NE_DPM_VP_EQUILIB” could have been used to only 
enforce the drying kinetics and leave the heat and mass 
transfer laws to the default. Unlike the critical case of high 

505 discrete phase mass flow rates—discussed in UDF 
implementation strategy (see Supplementary Infor-
mation)—the investigated case could be simulated with 
either of the above. 

The diameter was modified following the implemen-
510ted shrinkage behavior of the droplet as a function of 

the current moisture content indirectly by changing 
the density of the discrete phase. This method was pre-
ferred due to the augmented efficiency and stability as 
pointed out in the discussion presented in Supplemen-

515tary Material. The UDF called “DEFINE_DPM_PROP-
ERTY” was used to achieve the goal. Finally, 
“DEFINE_DPM_TIMESTEP” was switched active for 
limiting the time step size of the discrete phase model 
to 1 � 10� 4 s. 

520After performing the simulation in transient state for 
sufficiently long flow time, it was ascertained that fully 
developed flow conditions were reached. Monitoring 
residuals, velocities, and temperatures at various distrib-
uted locations, overall mass and energy balance as well 

525as number of tracked particle helped to determine the 
point of time in question. 

The average data of the continuous phase, e.g., the 
temperature, velocity at different locations were 
obtained by utilizing the surface integrals under the 

530report option in FLUENT. The desired points, lines, 
planes, or iso-surfaces were created beforehand for the 
extraction of data. 

To obtain the data associated with the discrete phase 
for further analyses, the UDF named “DEFINE_DPM_ 

535OUTPUT” was used. This enabled to obtain desired 
data by discrete phase sampling at different locations 
of the tower under the report option in FLUENT. The 
statistical method of data evaluation[1,35] yielded average 
moisture content, temperature, PSD, and residence time 

540with respect to different heights. The sampled data were 
also utilized to mark the individual particles at different 
heights according to their stickiness. 

Furthermore, tracking particles in steady-state 
approach after having developed the transient flow field 

545facilitates one way of extracting data on prediction of 
individual drying history. The changes that a specific 
particle continuously undergoes along its trajectory 
through the tower can be followed in this manner. This 
method hinges upon the assumption that “once fully 

550developed self-sustained oscillation is achieved in the 
fully developed flow field, the flow field at any instance 
of the transient analysis is representative of the average 
behavior of the spray dryer.”[1] The presented tempera-
ture, mass, diameter, moisture content of individual 

555particles (different initial diameter size) along the trajec-
tory were obtained through this method. 

Validation of CFD model 

To make sure that the basic flow field is developed 
appropriately, the first comparison for validation was 
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560 undertaken in terms of the spray envelope. Fig. 2 shows 
in solid lines the predicted gas velocity profile at 0.2, 
0.5, and 0.8 m downstream the atomizer. Li and 
Zbicinski[39] performed CFD simulations with the same 
operating conditions and reported the predicted values 

565 to be well in agreement with the experimental data. 
Therefore, their predicted values were also plotted on 
the same graph for comparison. This comparison 
exhibits that both the predictions are consistent. The 
only exception is observed at the tip of the jet at 

570 0.5 m downstream from atomizer. The predicted veloci-
ties in this work are slightly higher than those reported 
by Li and Zbicinski.[39] However, this minor deviation 
can be neglected, as the rest virtually coincides. 

For validation purpose, among various set of operat-
575 ing conditions reported, one particular set was chosen 

based on the extent of available data. The initial and 
boundary conditions used for the simulation are listed 
in Table 1 (base case). 

The initial PSD for any set of operating conditions 
580 and maltodextrin solution was not found among the 

published data, which is why a uniform distribution of 
44.9 µm was assumed based on the Sauter mean diam-
eter reported for 10% maltodextrin solution at similar 
operating conditions.[36] Therefore, the particle size 

585 distributions at different locations will not be compared 
as well, which is also not deemed to be necessary. 
The purpose of this validation is to establish that the 
simulation results calculated by the setup model lie 
within the correct order of magnitude. 

590 The next step was to compare the temperature profile 
of the continuous phase along the length of the spray 
tower with experimental data given by Zbicinski et al.[37] 

Fig. 3a shows the comparison between the predicted and 
experimental data for the operating conditions listed in 

595 Table 1 (case A). From Fig. 3a, it can be seen that the 
predicted values lie in general above the measured 
values, although the trend appears to be consistent. 
The greater deviations are present in the regions close 
to the atomizer and outlet. The error is expected to 

600origin from two major factors; first, the initial gas tem-
perature (start of the calculation domain) and second 
the PSD. 

According to the given information, the drying air 
was supposed to have an initial temperature of 220°C, 

605presumably measured at the heating system. Since the 
air passes through damping grid and air straighteners 
after the heating system, a certain amount of heat loss 
must have occurred, which was not included initially 
in the calculation that assumes 220°C at a position 

610immediately preceding the atomizer. Experimental data 
shown in Fig. 3b suggest that at a distance of 0.2 m from 
the atomizer the moisture content is still fairly close to 
the initial moisture content, which indicates very little 
evaporation so far. The corresponding temperature at 

615the identical distance being 188°C (see Fig. 3a) is already 

Figure 2. ■.  

Figure 3. ■.  
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32°C lower than the supposed initial temperature. This 
also supports the theory of a significant heat loss occur-
ring already before the calculation domain. This 
explains the apparent systematic error or offset in the 

620 prediction. 
The next comparison concerns principally the drying 

kinetics. The moisture content profile derived by deter-
mining the average mass fraction of water in the 
sampled particles along the length of the tower is pre-

625 sented in Fig. 3b. The profile predicted initially by the 
CFD model deviates from the kinetics recorded during 
the experiment by Zbicinski et al.[37] As a major reason 
behind deviation, the assumed uniform PSD was 
identified. 

630 Based on the aforementioned suspicions behind the 
observed discrepancy, the initial gas temperature was 
lowered by 15 K and an initial PSD (see Table 1 
case B for the parameters used) was introduced for 
the sprayed droplets. A simulation run with only a 

635 temperature correction and excluding the initial PSD 
was also performed (not shown here), however provided 
no significant improvement for moisture content 
profile. The results from the run with temperature 
and PSD correction are referred to as revised prediction 

640 and are presented in Fig. 3a and 3b for comparison. 
The comparison reveals a significant improvement in 
the predicted data for temperature as well as moisture 
content. While the temperature profile virtually 
coincided with the measurements except for the slight 

645 deviation in the middle region, the moisture content 
exhibits a slight overprediction, which can easily be 
caused by the chosen parameters for the PSD. 

Overall, it can be said that, considering the uncer-
tainties (e.g., PSD, heat loss, measurement error, and 

650 incidents occurred during the drying runs) associated 
with the available set of experimental data, the 
developed CFD model could predict and reproduce 
the case well enough. In light of the reasonable agree-
ment between the experimental and predicted data, 

655 the further numerical exploration was dedicated to the 
actual focus of the paper, i.e., to performing qualitative 
analyses concerning the effect of shrinkage. 

Results and discussion 

Impact of implemented shrinkage behavior on 
660 the CFD predictions 

To assess the effect of shrinkage behavior properly, it 
was necessary to have a heterogeneous initial particle 
size distribution for the atomization. Therefore, 
for further simulations and analyses, Rosin-Rammler 

665 (RR) distribution parameters were used (see Table 1 

case B). These were derived from the initial PSD 
published by Zbicinski and Piatkowski[38] for the same 
dryer and atomizer as well as similar operating 
conditions, however for baker’s yeast. 

670Fig. 4 depicts the impact of the implemented shrink-
age model on the final particle size distribution (a) as 
well as on the residence time (b). The predicted final 
distributions of particle size at the outlet alongside the 
initial PSD and residence time are presented above 

675and below respectively. The PSD displays directly the 
effect of shrinkage behavior on the dimeter sizes of final 
product, while the residence time reflects partly the 
influence of different drag force experienced by the 
particles. The presented histograms of particle size 

680distributions clearly indicate that comparatively larger 
diameters were sustained by the linear shrinkage model 
in contrast to the perfect shrinkage case. Theoretically, 
the linear shrinkage model limits the maximum shrink-
age to a certain factor (here 75% of the initial diameter) 

685as opposed to the perfect shrinkage model that allows 
exponential decrease in diameter with the progress of 
drying (see Fig. S6 in Supplementary Information for 
an illustration of the shrinkage factor as a function of 
moisture content for both shrinkage models). The 

690greater maximum shrinkage allowing diameter sizes as 
low as 40% of the initial value also explains the relatively 
high fraction of 60% under 10 µm size for perfect 
shrinkage. 

Figure 4. ■.  

DRYING TECHNOLOGY 9 



The statistical information derived from the diameter 
695 and residence time data is listed in Table 2, which gives 

a clearer overview of the consequences of the imple-
mented shrinkage model on the predicted distributions. 
It can be seen that the linear shrinkage model results in 
a significantly larger values in terms of all characteristic 

700 diameter sizes recorded, as expected. However, it not 
only shifts the entire distribution considerably to the 
right but also increases the spread of the distribution 
by 45.8% (r ¼ 9:99mm in lieu of 5:41mmÞ. 

In contrast to the particle size distribution, the resi-
705 dence time distribution is not affected that noticeably 

by the implemented shrinkage model (Fig. 4b). The dif-
ference in mean residence time was observed to be only 
0.4%. Although the linear shrinkage model appears to 
predict marginally higher residence time, when 

710 observed more closely, most likely due to lighter parti-
cles resulting from quicker drying, the difference is 
fairly insignificant. 

Therefore, overall it can be said that the residence 
time experienced by the particles are fairly similar in 

715 predictions by both models, whereas the final PSD is 
significantly different. The difference is manifested in 
both larger size and spread with linear shrinkage model. 
The decreasing density with increasing diameter 
appears to have contributed to canceling the opposite 

720 effects quite equally ultimately leading to virtually 
unchanged residence time. This complicated relation-
ship between the diameter, density, transport phenom-
ena, and the drag was already implied in the 
hypothesis of the theory section and will be discussed 

725 further in association with Fig. 5. Nonetheless, it should 
be noted here, that the geometry, for which the simula-
tions were performed to compare the results, happens to 
be fairly simple. For a complex geometry incorporating 
considerable amount of swirl and turbulence, the effect 

730 on the residence time might as well be different. The 
authors aim to observe the results pertaining to this 
particular question and report the findings in the future, 
when a more complex geometry with validation data 
becomes subject to simulation. 

735 Fig. 6 shows a comparison between the average 
moisture content (a) and temperature profile (b) along 

the length of the tower for the two shrinkage models, 
i.e., perfect and linear shrinkage model. It can be seen 
that the linear shrinkage model led to lower moisture 

740content as well as slightly higher temperature all over. 
While the difference is clearly visible in the case of 
moisture content, the temperature profiles are virtually 
overlapping. The results support the hypothesis 
presented earlier. The lower moisture content at any 

745time throughout the course of the drying is resulted 
in by an overall enhanced mass transfer owing to the 
nonperfect shrinkage, even when the driving force for 
drying has significantly reduced toward the latter part 
of the drying process. The higher temperature is also 

750an indication of comparatively better heat transfer 
phenomenon. Thus as predicted, the discrete phase 
undergoes higher drying rate and thereby reaches states 
of lower moisture content more quickly with nonperfect 
shrinkage behavior, when compared to that with perfect 

755shrinkage. 

Table 2. Statistical parameters of diameter distribution and residence time sampled at the outlet. 
Quantity Perfect shrinkage Linear shrinkage Discrepancy (%)  

Sauter mean diameter (µm)  15.31  27.71  44.7 
Arithmetic mean diameter (µm)  9.41  16.89  44.3 
Maximum diameter (µm)  43.92  68.16  35.6 
Minimum diameter (µm)  1.25  2.25  44.4 
Standard deviation in diameter (µm)  5.41  9.99  45.8 
Mean residence time (s)  4.86  4.84  0.4 
Maximum residence time (s)  8.87  9.85  9.9 
Minimum residence time (s)  2.09  2.49  16.1 
Standard deviation in residence time (s)  0.70  0.69  1.4   

Figure 5. ■.  
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The impact of the implemented shrinkage model can 
be observed more closely, if any single particle is tracked 
through the flow field. The average values are likely to 
mask any enhanced effect for a specific class of particles. 

760 Therefore, the sensitivity of different initial particle dia-
meters was tested. In Fig. 7, the comparison between the 
predictions of history by both models is presented for 
different sets of initial diameters. Fig. 7a shows the his-
tory of moisture content, while Fig. 7b illustrates the 

765 drying rates. The erratic behavior of the recorded drying 
rates, particularly at the beginning, can be explained by 
the fluctuating environment (the temperature and rela-
tive humidity of the continuous phase along the path of 
46.5 µm are shown in Fig. S6 of the Supplementary 

770 Information as evidence) that the particles were exposed 
to. This occurs due to the dispersion or recirculation of 
the particles in the tower. The smallest particle of initial 
diameter 3 µm is dried in extremely short time and 
hence is not suitable for this comparison (not shown 

775 here). The other two diameters 46.5 and 90 µm clearly 
exhibit the difference caused by the implemented 
deviating shrinkage behavior. As was also seen from 
the average values, the linear shrinkage model causes 
the particle to dry quicker. The presented drying rates 

780 make it evident that the transport phenomena are 
enhanced by an inhibited shrinkage as was predicted 
by the hypothesis. The difference is especially pro-
nounced in the middle region, since drying rates are 
the same both at the beginning and at the end of the 

785drying period for a certain diameter. The identical 
initial conditions explain the identical starting point. 
Toward the end of the drying course, the driving force 
becomes so small that the difference owing to disparate 
shrinkage behavior fails to have any significant impact 

790on the drying rate, which logically approaches zero in 
any case. 

The effect of shrinkage on different diameter can also 
be seen from the presented data in Fig. 7. While the 
overall effect, which is a quicker drying, is the same 

795for any particle size, the impact on outlet conditions 
can be quite distinct depending on the initial diameter. 
If the particles dwell inside the chamber long enough, 
they ultimately attain the similar moisture content, i.e., 
are dried to the same extent. This is particularly true 

800for the particles with smaller diameter. With the increas-
ing diameter, the residence time may decrease or the 
necessary drying time may increase, which would 
eventually lead to particles with significantly higher 
moisture content leaving the dryer, if perfect shrinkage 

805was assumed. Thus, only the bigger particles would exhi-
bit an impact of the implemented shrinkage model, if 
only outlet conditions were compared. This leads to 
the conclusion that if only outlet conditions were of 
interest, incorporating the shrinkage model might not 

810be absolutely necessary, unless the average particle size 
would be big or the residence time would be too short 
for them to reach dry state. In other words, the predicted 
outlet conditions (such as, moisture content of product, 
outlet temperature, outlet relative humidity etc., except 

Figure 6. ■.  

Figure 7. ■.  
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815 for the final PSD) with or without perfect shrinkage may 
not vary significantly, provided that the residence time 
suffices for the average moisture content to reach close 
to the equilibrium value. Nevertheless, the followed path 
toward achieving those outlet conditions is fairly dis-

820 tinct. Since the drying history of each particle was con-
siderably different and dependent on the implemented 
shrinkage model, the predictions that hinge upon the 
dynamic conditions inside the dryer during the entire 
drying course, particularly before reaching a dry state, 

825 must be affected and hence would lead to deviating 
results. Among others, coalescence, agglomeration, and 
wall deposition are some extremely important examples 
in terms of spray drying simulations. To establish this 
claim, the impact of implemented shrinkage model on 

830 the property, which is directly decisive in the aforemen-
tioned phenomena, is briefly analyzed. 

According to Verdurmen et al.,[43] who played a 
pioneering role in developing agglomeration model for 
CFD simulations of spray dryers, the critical viscosity 

835 to determine the stickiness of particles occur at the 
sticky point temperature. Roos and Karel[44] investi-
gated a few amorphous carbohydrate solution and 
related the sticky point temperature to the glass tran-
sition temperature. The glass transition temperature 

840 (Tg) is defined by the temperature above which the 
amorphous materials undergo the transition from a 
“glassy” state into a “rubbery” state.[43] It is a 
material-specific property and can be predicted for 
solid–water mixture depending on the water concen-

845 tration, X (dry basis) with the well-established 
Gordon–Taylor equation[23,45,46]: 

Tg ¼
Tg;s þ kGTg;wX

1þ kGX
ð16Þ

The value of the constant kG as well as the glass tran-
850 sition temperatures for pure water and anhydrous solids 

can be found in the literature[46]. 
The sticky point temperature of different material 

was observed to be slightly higher (in the range of 
10–20 K) than the glass transition temperature.[43,44,47] 

855 For this work, a boundary between viscous and dry dro-
plets is assumed to be 20 K above the glass transition 
temperature, as was suggested by Verdurmen et al.[43] 

The determination of the exact sticky point temperature 
was deemed unnecessary by the authors for the 

860 intended qualitative analysis. 
Fig. 8 represents the difference between the droplet 

temperature and the glass transition temperature 
(T � Tg) plotted over time. The data presented here 
was predicted during particle tracking in CFD both with 

865 linear shrinkage and perfect shrinkage model and for 

parcels with two different initial diameters for compari-
son. It becomes evident from the graph that the drying 
history predicted by implemented linear shrinkage 
model indicates that the particles are already dry and 

870no longer sticky at an earlier time, when compared to 
the prediction by perfect shrinkage, which would still 
predict a sticky behavior of the same particles. For a 
particle with initial diameter of 46.5 µm, the difference 
is around 0.5 s, while for 90-µm particles, the effect is 

875so pronounced that according to perfect shrinkage 
model it would never cease to be sticky before leaving 
the dryer. The difference of 0.5 s translated into length 
scale means a distance of approximately 50 cm (see 
Fig. 5 for traveled distance), which means the predicted 

880agglomeration zone for this specific sized diameter 
would be off by 50 cm. This discrepancy is fairly signifi-
cant, while predicting the agglomeration or wall 
deposition. The difference can be well visualized if the 
particles in the dryer are distinguished in terms of their 

885stickiness. Fig. 9 shows such representation for different 
heights of the dryer, where the red particles are 
predicted to be sticky and the blue particles are dry. 
Planes at any closer distance to the atomizer were 
omitted due to the overly dominant fraction of wet or 

890sticky particles. 
As can be expected according to the results presented 

so far, the number of dry or nonsticky particles (blue) 
increases in both prediction models with the distance 
from the atomizer. However, in general, the perfect 

895shrinkage model predicts clearly more particles prone 
to sticking than the linear shrinkage model at any 
distance. The difference becomes more apparent as 
the particles approach the outlet, where a very few sticky 
particles are present in linear shrinkage model, whereas 

900the perfect shrinkage model indicates the presence of 
quite a few sticky particles. Thus, it can be concluded 
that results predicted in the case of coalescence, agglom-
eration, or wall deposition would be considerably differ-
ent depending on whether a perfect or a different 

905shrinkage model is implemented. 

Figure 8. ■.  
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One of the reasons behind the difference in number 
of sticky particles at different heights of the tower is also 
the variation in velocity and hence the path traveled 
by the particles arising from the shrinkage model. 

910 Therefore, it is of interest to investigate the difference 
in predicted trajectories. To do so, the vertical distance 
profiles of the particles with respect to time are pre-
sented in Fig. 5a. This will also provide some more 
insight in the impact of shrinkage on the drag force. 

915 However, to assess the effect properly, it should be 
viewed in association with the particle mass history. 
Therefore, the normalized mass (relative to the initial 
mass) of the different size particles are presented also 
just underneath the traveled distance profile in Fig. 5b. 

920 It appears that the larger diameters and lower densities 
predicted by the linear shrinkage model ultimately lead to 
slightly lower velocities, less drifting away and hence 
slightly higher residence time. This effect seems to be 
more pronounced in the case of larger particles, for those 

925 there remains an actual difference in predicted particle 
mass till the end. For such particles, i.e., the largest diam-
eter of 90 µm shown in this case, the perfect shrinkage 
model predicts comparatively faster traveling down the 
tower and hence shorter residence time. Comparatively 

930 heavier particles for perfect shrinkage arising from the 

lower drying rate explain this effect. The mass profiles 
exhibit that the smallest particles of 3 µm reach the same 
dry state within fraction of a second and therefore shows 
no significant difference (not shown in Fig. 5b). The 

935middle-sized particles of 46.5 µm reach the same mass 
well, in spite of the intermediate difference that sustains 
significant approximately for the first 3 s. This intermedi-
ate difference in mass prediction keeps increasing with 
increasing diameter size and so does the time exhibiting 

940the difference. As can be seen for the largest diameter of 
90 µm, the difference in predicted mass never diminishes 
to insignificant figures. As a result, the effect of heavier 
mass overshadows the effect of smaller diameter and 
leads to faster traveling down the vertical axis (case of 

945perfect shrinkage; for linear shrinkage the opposite). 
These opposite impacts of mass and diameter observed 
here are also consistent with the aforementioned fact 
(in association with Fig. 4) that the difference in average 
residence times overall was not as marked as other 

950discrepancies, as both the counteracting effects tend to 
cancel each other out. 

Additional numerical observation 

While performing the test for mesh independence (see 
Supplementary Material for more information), the 

955initial simulations of the flow field indicated that the 
inherent fluctuations of the flow field that are referred 
to as the characteristics of a transient flow[1,3,48,49] were 
absent. However, it was observed that after introduction 
of the discrete phase through injection, the fluctuations 

960in the flow field were instigated, although the range was 
fairly small. The velocity magnitudes at the monitored 
points (see Fig. S2 in Supplementary Material for point 
positions) are shown in Fig. 10 for a solution process 
involving particle injection. Despite the small magni-

965tude of the fluctuations as well as their negligible effect 
on the outlet conditions (velocity is shown, tempera-
ture, and water mass fraction not shown in figure), tran-
sient simulations were performed, because the 

Figure 9. ■.  
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local conditions are expected to be affected significantly. 
970 This facilitated accurate prediction of relevant results at 

locations inside the tower as well. 
As for the root of these fluctuations following the 

injection of the discrete phase, it was suspected 
primarily that the selected stochastic modeling of turbu-

975 lent dispersion of the discrete phase might have led to 
this phenomenon. However, the simulation run with 
the same setup as well as identical particle injection 
and with the only exclusion of the turbulent dispersion 
modeling of the discrete phase has provided no evidence 

980 to support this suspicion. The fluctuations occurred 
even without the random numerical disturbance from 
the Lagrangian tracking. The introduction of Lagran-
gian tracking of the particles through a precariously 
steady flow field is most likely to have led to such fluc-

985 tuations. The reason behind designating the flow field as 
precarious is based on the observation that increasing 
the atomizing air velocity by narrowing the inlet diam-
eter leads to larger fluctuations right at the beginning 
even without the discrete phase. This numerical obser-

990 vation begets the following discussion: Although such 
air flow fluctuations are closely linked with physical 
parameters such as the geometrical ratio and Reynolds 
number ratio of the dryer, as supported by numerous 
reports[42,48,50], does the numerical occurrence of this 

995 behavior need to be initiated by numerical disturbances? 
More analyses need to be conducted in order for the 
underlying cause to be determined conclusively. This, 
however, exceeds the scope of this work and hence is 
not pursued here. 

1000 Conclusion 

In this paper, the effect of capturing appropriate shrink-
age behavior of droplets on the predictions such as par-
ticle size distribution, residence time, drying history, 
particle stickiness, etc., were studied comprehensively. 

1005 To establish the differences caused merely by the imple-
mented shrinkage model, the shrinkage was captured 
using the linear shrinkage model and also the perfect 
shrinkage model for an identical system. The model 
excluded particle coalescence, agglomeration, wall depo-

1010 sition, abrasion, and breakup with the intention of 
avoiding complications and composite effects. In direct 
comparison between the predictions obtained from per-
fect and linear shrinkage models, the differences were 
analyzed in terms of average conditions as well as dry-

1015 ing history experienced by individual particles. 
The CFD simulations for this study were performed 

in ANSYS FLUENT. The developed CFD model was 
first validated using published experimental data.[36–38] 

Then the impact of the various shrinkage behaviors 

1020was systematically tested for 10% (by mass in initially 
sprayed liquid) aqueous solution of maltodextrin. 
Different possibilities for implementing drying kinetics 
and shrinkage models in the commercial package using 
“UDFs” was briefly discussed (see Supplementary 

1025Information). 
In association with the impact of different shrinkage 

behaviors on the transport phenomena, a hypothesis 
was suggested, which predicted expedited drying 
process for inhibited shrinkage. This hypothesis was 

1030validated by the simulation results. It was found that 
the resulting larger diameters of particles ultimately lead 
to higher drying rate and hence the particles attain dried 
state in a shorter span of time. The profile of average 
moisture content with nonperfect shrinkage was found 

1035to be generally below the predicted values with perfect 
shrinkage model along the vertical axis of the tower, 
which also indicates a quicker drying. The temperature 
profile on the other hand was quite similar. 

It was also found that the implemented shrinkage 
1040model results in a significantly different particle size 

distribution as expected, although the residence time 
was found to be similar in both cases. In the case of 
the linear shrinkage model, it was observed that the effect 
of larger diameter on the residence time counteracts the 

1045effect of lighter particles resulting from the expedited 
drying. It was however noted that for a more complex 
geometry, the impact on residence time might be differ-
ent, which will be further pursued in the future. Tracking 
individual particles through the flow field and evaluating 

1050the drying histories led to the conclusion that with suf-
ficient residence time the end state might not vary much 
for different shrinkage models, however the path toward 
attaining the end state is clearly disparate. This especially 
has consequences in predicting other phenomena like 

1055agglomeration, coalescence, wall deposition, etc. This 
was established by showing different sticky behavior 
based on the concept of glass transition temperatures 
and by the potential outcomes predicted by each model. 
It was found that the perfect shrinkage model predicts a 

1060longer sticky zone for the discrete phase. 
In short, it can be said that incorporating the appro-

priate shrinkage behavior in the drying model is vital for 
obtaining accurate predictions that concern especially 
the dynamic states of the discrete phase inside the 

1065drying chamber. Although in a certain case, some of 
the outlet or average conditions with the exception of 
particle size distribution may be similar, the intermedi-
ate results predicted by the drying model differ signifi-
cantly depending on the strategy implemented to 

1070capture the shrinkage behavior of the droplets. 
Obviously, for scientific purposes, there is no 

alternative to capturing the shrinkage accurately, as 
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underpinned in this study as well. However, for indus-
tries, either due to lack of sufficient data or just a case of 

1075 rough estimation if the model is simplified by perfect 
shrinkage, one has to be careful while interpreting the 
results. As long as the particles are fairly small and only 
the outlet and overall predictions are of interest, such a 
rough estimation might suffice, whereas for most other 

1080 conditions, e.g., estimating the sticky zone or suitable 
agglomeration zone, accurately capturing the shrinkage 
behavior is necessary. 

This study showed that the shrinkage is indispensable 
in a droplet drying model. Therefore, more research 

1085 and effort should be invested in understanding and cap-
turing the shrinkage behavior for all the most frequently 
spray-dried materials. For instance, future works 
could consider developing a database of the empirically 
determined constant to be used in the linear shrinkage 

1090 model or a novel generic model to capture shrinkage. 
Most importantly, all future studies predicting coalesc-
ence, agglomeration, and wall deposition must include 
a suitable model to capture shrinkage. 
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Nomenclature 

Latin letter 
A surface area (m2) 

1115 a activity (-) 
CD drag coefficient (-) 
cp specific heat capacity at constant pressure 

(J kg� 1 K� 1) 
h heat transfer coefficient (W m� 2 K� 1) 

1120 hm mass transfer coefficient (m s� 1) 
D diffusivity (m2 s� 1) 
d diameter (m) 

F force (N) 
f drying rate retardation factor in CDC 

1125model (-) 
Dhv latent heat of vaporization (J kg� 1) 
k1, k2, k3 empirical constants in Oswin equation 

(K, -, - respectively) 
kG proportionality constant in Gordon– 

1130Taylor equation (-) 
k thermal conductivity (W m� 1 K� 1) 
m mass (kg) 
Nu Nusselt number (-) 
n constant in CDC model (-) 

1135Pr Prandtl number (-) 
Re Reynolds number (-) 
Sh Sherwood number (-) 
Sc Schmidt number (-) 
T temperature (K) 

1140t time (s) 
X moisture content dry basis (kg kg� 1 solid) 
V volume (m3) 
v velocity (m s� 1) 
Greek letter 

1145β coefficient for linear shrinkage model (-) 
ν kinematic viscosity (m2 s� 1) 
ρ density or mass concentration (kg m� 3) 
σ standard deviation (same as the variable) 
Subscript 

11500 initial 
∞ environment/bulk 
cr critical 
eq equilibrium 
g glass transition 

1155i component index/initial 
m mass 
p particle 
surf surface 
v vapor 

1160w water 
wb wet bulb 
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