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In this study, the relation between energy recovery and energy efficiency for milk powder
production in spray dryer was investigated. / Bu calismada sprey kurutucuda siit tozu tiretimi icin
enerji geri kazanimi ve enerji verimliligi arasindaki iliski incelenmigtir.
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Figure A: Spray dryer system for milk powder production / Sekil A: Siit tozu iiretimi i¢in
priskiirtmeli kurutucu sistemi

Highlights (Onemlt noktalar)
> rgy reco T reduce energy consumptlon in spray dryer [ Piiskiirtmeli

Examijng the relation between energy saving and energy efficiency / Enerji tasarrufu ve
W liligi arasindaki iligkinin incelenmesi

Alm (Amag): This study aims to explore the integration of heat recovery systems with proportional
by-pass application in spray drying processes, examining their applicability for increasing energy
efficiency. / Bu ¢aliymanin amaci, piiskiirtmeli kurutma proseslerinde orantili by-pass uygulamast
ile 1s1 geri kazamm sistemlerinin entegrasyonunu arvastirarvak enerji verimliligini artirmada
uygulanabilirligini incelemektir.

Originality (Ozgiinliik): In spray dryers, three key parameters significantly impact system
performance: drying air flow rate, drying air temperature, and product flow rate. This study
simplified the three-variable equation by reducing two variables (drying air flow rate and
temperature) to a linear constant coefficient. This approach facilitated the simultaneous
examination of all three input parameters and allowed for an understanding of their individual
effects on system efficiency. / Piiskiirtmeli kurutucularda, ii¢ temel parametre sistem performansint
onemli olgiide etkiler: kurutma hava debisi, kurutma havast sicakligi ve iiriin debisi. Bu ¢alisma,
iki degiskeni (kurutma hava debisi ve sicaklik) dogrusal bir sabit katsayiya indirgeyerek ii¢
degiskenli denklemi basitlestirdi. Bu yaklasim, ti¢ girdi parametresinin es zamanli olarak
incelenmesini  kolaylagtirdi ve bunlarin sistem verimliligi iizerindeki bireysel etkilerinin
anlasilmasina olanak saglad.

Results (Bulgular): At a 30% bypass ratio, energy efficiency and energy savings were found to be
approximately 60% and 16%, respectively. / %30 bypass oraminda enerji verimliligi ve enerji
tasarrufu sirasiyla yaklasitk %60 ve %16 bulunmustur.

Conclusion (Sonuc): The optimal bypass ratio was found 30%. At this ratio, energy efficiency
decreased by 5%, while energy savings increased by approximately 16%. / Optimum bypass orani
%30 olarak bulundu. Bu oranda enerji verimliligi %5 azalirken, enerji tasarrufu yaklasik %16 artt1.
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)i tasarrufu iyilesmis, ancak enerji verimliligi enerji tasarruflarina kiyasla
bir oranda diigmiistiir. Bes farkli by-pass oraniyla (100%, 70%, 50%, 30% ve 0%)
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Siit tozu

icin, %3¥veya daha yiiksek by-pass oranlarinda kabul edilebilir maksimum sicaklik olan 60°C'ye

ilecegi bulunmustur.

RODUETION (GIRiS)

a widely used in diverse fields,
where it sef¥es as an efficient and effective method
for manufacturing dry powders or granules from
liquids or slurries. This method transforms a liquid
or slurry into a fine spray pattern, quickly dried with
hot air, resulting in a dry powder or granule with a
highly uniform particle size and moisture content.
Although spray drying is a key process in various
industries due to its efficiency and effectiveness, it
is also recognized as an energy-intensive process.
The high thermal energy requirement due to
producing large volumes of heated air have led to
research and development efforts to increase energy

efficiency and reduce energy consumption. Several
systems have been proposed to reduce energy
consumption in spray drying, including exhaust air
recovery, exhaust air recirculation, and the
combination of a spray dryer with a fluid bed dryer.
[1]. One of the ways to reduce energy consumption
in drying systems is energy recovery. There were
studies in the literature on the use of energy
recovery in dryers. However, there were few studies
on heating fresh air by utilizing the energy of waste
heat they [1-5] performed model simulations to
evaluate energy recovery potential of reusing of
exhaust air in spray drying process. The drying
process of alumina-based ceramic composite slurry
has been assessed. The effects of temperatures and
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flow rates of the inlet drying air and product feed
are investigated on both energy saving and
efficiency for different exhaust air recirculation
ratio.

Patel and Bade (2022) achieved a 26%
improvement in energy savings and an 83%
increase in energy efficiency for a spray dryer
utilizing a 70% exhaust air recirculation ratio [6].
Oliveira et al. (2021) used spray drying for lipid
microencapsulation  process.  Simulated and
experimental results were compared, and the
difference was about 9%. The decreases in the
thermal load for drying air were 18% and 32% when
direct heat recovery (DHR) and indirect heat
recovery (IDHR)were used, respectively. IDHR, the
energy was extracted from the waste heat and given
to the fresh air with the heat exchanger. IDHR, after
the waste air passed through the humidifier, it was
given to the drying cabinet [7]. Patel and Bade
(2020) compared the energy  recovery
configurations of a spray dryer with both literature
data and a base case using pinch analysis. The base
case was defined as a spray dryer without any heat
recovery (HR), while the other configurations
included an IDHR system (case 1) and a hybrid heat
recovery (HHR) system with 80% exhaust %
recirculation (case 2). Dryer efficiencies of the bage
case, case 1 and 2 were 21%, 41% a

and 80% the dlfference
the base scenario

panels and parabolic trough
tilized for electricity and heat to the
efficiencies of the spray dryer,
overall were 64.24%, 86.56% and
75.01%, respectively, in the PTC-SP milk powder
production system. The overall exergy efficiency of
the system was 11.10% [9]. Julkland et al. (2015)
examined the energy efficiency of a large-scale
spray dryer combined with an exhaust HR system
for drying dilute slurry. Both energy efficiency and
savings were determined using a detailed
mathematical model of the spray dryer. The highest
energy savings of 52.4% resulted from the interplay
between the adverse impact of the slurry feed rate
and the beneficial effect of the drying air
temperature. The highest energy efficiency of

43.3% was achieved at a high feed rate of the dilute
slurry [2]. Golman and Julklang (2014) simulated
exhaust gas HR from a spray dryer for drying of
large amount of dilute slurry. Waste heat was
utilized with an air-to-air heat exchanger, thus
energy efficiency increased by 16% and energy
saving was 50% [4]. Patel and Bade (2019)
compared different HR system according to the
environmental impact and energy saving potential.
Spray dryer with HHR system at 80% recirculation
ratio dryer efficiency was 66% and energy saving
was 82800 kJ/hr. The energy effici ncy of spray

at same recirculation rati

load and dryer efficienay 0
and 29% higher than t
Caglayan and Cali

between.(’
indexes gf the

@F/ing of soy protein powder. A water loop was
established between the exhaust air and fresh air to
prevent bacterial growth during air recirculation.
The drying air was preheated using a HR heat
exchanger and a heat pump before entering the
boiler. The total initial cost of the HR system was
$501,000, accounting for 15% of the total initial
investment. The payback period for the HR system
was approximately 2.4 years, with an energy
savings rate of 21% compared to the traditional
system [12]. In another study, Walmsley et al.
conducted a techno-economic optimization to
determine the most effective heat exchanger for
recovering heat from the exhaust air of a milk spray
dryer. They concluded that a finned tube heat
exchanger with 14 tube rows and a face velocity of
4 m/s was the best option. This configuration
yielded an internal rate of return of 71% and a net
present value of NZ$2.9 million [11]

Chen et al. (2022) investigated a desiccant wheel-
assisted high-temperature heat pump (HTHP)
technology for heating the inlet air of milk spray
dryers up to 150 °C by utilizing HR from the dryer
exhaust. Using a desiccant wheel assisted HTHP
was reduced evaporator size about 50-60 %
according to the HTHP. Using of desiccant wheels
with heat pump were especially important for
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recovery exhaust air under diverse ambient
conditions and high humidity [12]. Moejes et al.
(2018) optimized and simulated closed loop spray
drying system to decrease energy consumption for
dairy industry. The offered technologies were a
zeolite  wheel, membrane contactor, and
monodisperse droplet atomizer. Sensible and latent
heats from dryer exhaust were used to preheat milk
and the drying air. The energy usage significantly
decreased from 8.4 to 4.9 MJ of heat per kg of milk
powder by integrating the adsorber-regenerator
system with the spray dryer and the prior milk
concentration process [3]. Currently, producing
skim milk powder used about 10 MJ of energy per
kilogram of powder. Integrating reverse osmosis
with membrane distillation, monodisperse droplet
drying, and zeolites has the potential to decrease the
energy needed for milk powder production to 4-5
MJ/kg. Other feasible combinations, however,
would require more energy, approximately 5-7
MJ/kg of powder. [13]. The drying system should
be run at low product feed rate, high recirculation
ratio of exhaust air and high product concentration
in order to ensure the maximum energy saving [5]

As understood from previous studies, one promisire
approach to increase the energy efficiency

application, the required thermal e
hot air can significantly decrease
efficiency can be increased.
the energy efficiency of

jritegration of HR
pass application in
, examining their
ing energy efficiency.
and mass transfer analysis,
ind the optimized by-pass ratio to
possible energy efficiency for
j temperatures, liquid feed flow rates,
and hot air flow rates. In spray dryers, three key
parameters significantly impact system
performance: drying air flow rate, drying air
temperature, and product flow rate. Although other
parameters also influence efficiency, these three
parameters play a decisive role. However, analyzing
these three parameters simultaneously is like
solving a three-variable equation, which is
exceedingly challenging. In previous studies
documented in the literature, these three input
parameters were varied continuously while
maintaining energy efficiency as constant.

systems W|th pr
spray

However, such studies failed to elucidate the mutual
interactions or stepwise effects of these parameters
on the system. To address this limitation and fill the
gap in the literature, the present study simplified the
three-variable equation by reducing two variables
(drying air temperature and drying air flow rate) to
a linear constant coefficient, thus enabling a more
straightforward analysis. This reduction to a linear
constant coefficient was performed based on a
review of existing literature. Studies indicated that
the ratio of drying air flow rate to drying air
temperature consistently ranges between 13 and 15
[4,5]. At lower temperatures, this
approxmately 13 and mcreased tow.

in a heat exchanger and directed
tomizing air is utilized to remove
m the milk, which is sprayed from the top

8ofid agglomerates formed during the drying
process are discharged from the lower part of the
drying chamber along with the exhaust air. A
cyclone separates the agglomerates from the
exhaust drying air and sending them to the final
product line. If necessary, the exhaust air can be
further cleaned using a bag filter. When in recovery
mode, the exhaust air heats fresh air in a cross-flow
heat exchanger. However, due to the high relative
humidity of the exhaust air, a portion of it is
bypassed. Fresh air is preheated by passing through
the heat recovery exchanger (HX2) and then heated
to the desired temperature in additional main heat
exchanger (HX1). This study investigates the
impact of preheating fresh air with exhaust air using
HR the specified conditions. The schematic diagram
of the milk spray drying system, with and without
HR, is illustrated in Figure 1.

Three parameters affecting the dryer's performance
are drying air temperature, drying air flow rate, and
product flow rate. A heat exchanger is placed on the
exhaust side for HR. However, since the relative
humidity of the exhaust air is at 50-60%, there is a
risk of condensation in the exchanger when it meets
fresh air. For this reason, some of the air is bypassed
and given to the mixing chamber at the heat
exchanger outlet. To prevent condensation in the
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heat exchanger, the drying air flow rate or
temperature can be increased. However, these are
assumed to be constant coefficient. The other

alternative is to reduce the product flow rate, which
will result in lower relative humidity in the drying
air because less water will evaporate.

Milk inlet Drying air
M, Tri, Yo Mat, T, Yar
Flowrate gy | 1625 Flowrate (m'/m) 3609
Water content R 1) Humidity fgkg) 288 Vent air
5 Heater capacity (kW) 104
Temperature ~C 55 RH &7 0.093 v Mo, T, ¥,
Heating temperature C) 150
Spec.heat value  (kikgk) 35 Temperature  (°C) 150.0 Flowrate (m'sh) 2846
Wamidy  @kg 4336
l RH [l 91.05
Recovery air
Temperature  (°C) 39.7
Spray i, Toi, Y
et Dryer Flowrate (m'sh) 2554 Recovery Mode
Humidity (g/kg) 288 ON -
Evap.water  (kg/h) 1272 [oN =
RH ] 1362
Req.Energy  (M¥h) 287 — Energy saving
Temperature  (*C) 263
Energy eff. ) 618 o) 49
>
T Exhaust air Fresh air inlet
Maoe Tao, Yoo i, To, Yo
Cyclone Flowrate m'/k) 2903 Flowrate i) | 2500
seperator Humidity g 4336 RH eo [ 20
Product outlet
— RH Lo 65.43 Humidity (gkg) 288
M, Tow, ¥ r
Temperature C) 46.0 Temperature  (°C) 20
Flowrate thg/h) 353
r Pressure (atm) 1
Water content %% 8
Temperature ~C) 46.0
Green colored ones are changeable parameters.

The analysis procedure is as follows:

1. Calculations are performed so that the outle
relative humidity (in HX2) would be 90%.

2. The Muya/Tga ratio is accepted as a

[4,5].
Analyses are performed for
temperatures of 150, 175,
respectively. The temp

termined because of
p remains as a variable.
performed to obtain the

ue is determined for the highest
energy efficiency value and the Mg/M, ratio is
calculated.

The product outlet temperature is determined

according to heat and mass transfer analyses.

It is assumed that there is no loss in the system and
the inlet energy is equal to the outlet energy.

Qin = Qout (1)

The energy balances of the whole system are given
Egs. 1, 2, 3,4,5,6, 7and 8. Heat input to the spray

a?arecovery (Is1 geri kazanimli ve

Qmi (2)
= My (Cp,solid
+ Xmi- Cpiquia )- (T
- Tref)
Air inlet 3
Qai
= Mg;- [(Cp,ai
+ Yai- Cp,vapour)- (Thi - Tref)
+ Yai-lref] = Mg;. hg;
Through 4
first HX
Qn
= My;. (Cp,ai
+ Yai- Cp,vapour)- (Tai - Thi)
= Mg (hai — hni)
Through
second
HX Qrec
= Mgo- (Cp,ao
+ Yoo Cp,vapour)- (Tao
- Tref)- Nhx,2
= Mgi(hao — he)
Total Qin = Qmi + Qui +Qp )
- Qrec
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Heat output from the system occurs through solid
product and exhaust air.

Solid Qmo
p_roduct = M- (Cp,soud (6)
dIS_Charge + Xmo- Cp liquid)- (Tmo
(milk ~Toe) ’
powder) ref
Exhaust Qao )
alr =Mgo- [(Cp,ao

+ Yao- Cp,vapour)' (Tao

- Tref) + Yao-/lref]

= Mgo-Nao
Total heat Qout = @mo + Qao 8
input

The mass balances of the dryer are given in Egs. 9,
10 and 11.

Dry solids Miia = Mino.d 9)
Dry air Maia = Mao,a (10)
Moisture Mypi- Xmi + Mg Yai

(11),
[ ]

= Mo Xmo + Mao- Yoo

where Y is the humidity on dry basis kg kg™ and
is the mass fraction of water on dry basis/Kg kg
Specific enthalpies of air streams of high fhumidit
are calculated with Eq. 12. [14] .

(12)

Xmo) + mai,d- Yai

Mao,d

Energy effiCiency can be defined as the ratio of the
energy required for evaporation to the energy
supplied to the dryer.

Nr =@.100—>% (14)
Qin
Qreq = (Xmi - Xmo)-"lml',ci-/1 (15)

When the inlet air is heated using HR, the amount
of energy savings is calculated with Eq. 16.

Crec (16)
Qn

The specific enthalpy of water vapor can be
calculated as:

energy saving =

hy;i = Aref + Cpp- (Ti - Tref) (17)

Arer is the latent heat of vaporization of water at Trer
and, cp,v is the specific heat capacity of water vapor.

Mujumdar [14] were recommendedusing a more
precise equation for calculating hvda
high gas humidity, i.e. ¥; > 0.0 _:

rature and A,y iS
of water at Tgew.

of dry air, dry solids and
calculated as:

Tref) (19)
m,i = Cp,m- (Ti - Tref)
hi = cp1-(Ti — Tref)

Specific enthalpy of drying air stream is defined by:

hi =hg; + Y. hy; (20)

haiand hy;are the specific enthalpies of dry air and
water vapor, respectively, and Y; is the humidity.

2. RESULTS AND DISCUSSION (BULGULAR
VE TARTISMA)

A heat exchanger and a bypass system, which can
be proportionally controlled are placed at the
exhaust outlet to provide heat recovery. Drying
system is examined at different bypass ratios. Heat
recovery is not used when the bypass ratio (BR) is
100%. Drying air leaves the dryer at low
temperature and high relative humidity, if this air
encounters a cold surface, condensation occurs. To
prevent exhaust air from condensing, some air is
bypassed and mixed at the heat exchanger outlet.
The humidity level of the air entering the recovery
must be reduced to prevent condensation. There are
three ways to reduce the relative humidity of the air;
i) increasing the drying air temperature, ii)
increasing the drying air flow rate iii) reducing the
product flow rate. However, increasing the air flow
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rate is not a desirable situation as it will increase
energy consumption. While the drying air
temperature and flow rate are constant, the variable
is the product flow rate. This situation is repeated
for five different drying air temperatures and five
different bypass ratios. The changes in energy
efficiency and energy saving are examined. Drying
air temperature, drying air flow rate and product
flow rate are changeable parameters. However, in
order to solve this equation with three unknowns,
two unknowns are accepted as a constant coefficient
that varies linearly with temperature and the effect
of the third one on the others is examined with its
change. Here, the constant is accepted as Mga/Tda.
For this reason, it is seen that such a ratio is accepted
in the literature study [4,5]. The ratio of the drying
air temperature and flow rate is taken as constant,
and the product mass flow rate is taken as variable.
This situation is repeated for five different drying
air temperatures and five different bypass ratios.
The change in both energy efficiency and savings is
examined.

......... 150 ====-175
. 30
(5]
=R
R
S 00 LTl e
33 - \\\ Seaal Tt
fUE \,\'\. \\\ ~~~~~~~
sEN TSI iTo- T
o5 ~..o~.Z"-
T 10 et
s
(o))
£ 5
e
a

0

0 10 20 30 40

- = =200 --

The change in the ratio of the drying air mass flow
rate to the product mass flow rate according to five
different drying air temperatures and bypass ratios
is given in Figure 2. When the bypass ratio is
reduced (recovery is increased) some parameters
need to be changed to prevent condensation in the
exchanger. In this study, there are three parameters:
drying air temperature, drying air mass flow rate
and product mass flow rate. Since the solution of an
equation with three variables is complex, the first
two parameters are taken as constant, and the
product mass flow rate is considered, variable. This

decreases, so the My./M rati
to left). The air flow r

product increases. ir flow rate is

undesirable situation t will increase
heating costs.

°

°

- 225 — .. 250
50 60 70 80 90 100

By-pass Ratio (%)

Figurg2. i he M4./M; according to the bypass ratio and drying air temperature (Bypass oranina
ve kurutma havast sicakligima gore Mda/Mp'nin degisimi)
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Figure 3. Changing of the energy efficiency and energy saving according to¥e

air tem perature (Bypass oranina ve kurutma havasi sicakhigina gére enerji veri

The changes in energy efficiency and energy saving
according to bypass ratio and temperature are given
in Figure 3. It is seen that energy efficiency is
higher at higher temperatures. However, the drying
air temperature should be decided by paying
attention to the maximum temperature that éhg
product to be dried can withstand. Average energy
saving values are taken for
temperatures. After the bypass ratio of

30%, EE values are 57.84 59.06 60.
ES values are 17.08 16.74 16,23 15.7

decreases due
ring the heat

bypass ratio increases, e
to the reduced drying gir

. 3and Fig. 2 should
yses indicate that the

with previous findings [1,5,8]. As the
bypass ratio increases, the amount of drying air
required for a unit of product decreases, but after
BR30 there is no significant change in the Mg/M,
ratio (Fig. 2).

The case where there is no bypass is given as BRO,
and the case where all the exhaust air is discharged
through bypass without passing through the heat
exchanger is given as BR100. Five different bypass
ratios (BR) of 0, 30, 50, 70 and 100% are examined.
The changes in Mg/Mp, Maa/Taa, and product outlet
temperature are examined according to different

assjatio and drying

1ji tasarrufunun degisimi)

°
drying aff tem
such as (Fig. % (Fig. 4b), 50% (Fig. 4¢),

% (Fig. 4e).

Ithough the amount of energy given to the
same, the amount of evacuated water will
alsg/decrease since the amount of product entering
dryer is reduced. To find the most effective
bypass ratio, it is not enough to look at Fig. 4 alone;
it must be evaluated together with Figs. 2 and 3.
When looking at the Mg/M, graph according to
bypass ratios, a breaking point has occurred in the
curve for five different temperatures, this value is
30% bypass ratio. As the bypass ratio decreases, it
is seen that the amount of air per unit product
increases. Also, when looking at Fig. 3, ES is at its
highest value at BR 0%, but EE is at its lowest
value. As the bypass ratio increases, ES decreases
and EE increases. In this case, the most optimum
result is seen at 30% BR.

When the bypass ratio is zero, the amount of air
required per unit product increases as the product
flow rate is reduced to prevent condensation. Drying
air at high temperature and flow rate also increases
the temperature of the product. High product
temperature is not a desired situation for food
materials. In addition, a significant decrease is
observed in EE. The Mu/Tqa ratio varies between
13-15 in the literature and the average is taken as 14.
For this reason, it is seen as a green line with a very
low slope in the figures. When BR100, it is seen that
the product surface temperature is very low and the
Mu/M, ratio decreases, but the energy saving is
zero. It is desirable to reduce the amount of air
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required for a unit of product. The most optimum
conditions are seen at BR30%. A review of the
literature reveals that Golman and Julklang (2014)
[5] and Patel and Bade (2020) [8] align with the
findings of this study. The statement of 80%

recirculated air in Golman and Julklang's (2014)
study [5] is explained with a 20% bypass rate in this
study. Similarly, Patel and Bade (2020) [8] which
references [5] concludes that a BR ratio of 20% to
30% represents the most optimal conditions.

BR 0%

------- Mda/Mp Mda/Tda = = Product outlet temperature

26 130
R - 120 &
=l 22 BTN - :;
EE - 1o g

= 200 ETI
= -, 100 &
:':8 18 - - 0.----...' 90 o
25 16 - 5
s . 80 =
E_g 14 2
g 03
=] Pon)
3510 60 2
g2 8 50 E
Sz 6 20 3
= 140 150 160 170 180 190 200 210 220 230 240 250 260 2
Drying air temperature (°C) &

a 0 v
sseesse Mda/Mp Mda/Tda = == Product outlet temperature BR 30%
2% 130 _
5 g 24 120 &
e E 2 110 &
ZE 100 2
= 5
€318 &
~ % e, 90 g
L'z 16 “eea.,
E.EDM e "HT—-—I—"—-_‘--_.— i .“_:’
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o R ---........ 60 o
< ‘a 10 - Seeaa, g
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ssessss Mda/Mp === Mda/Tda = == Product outlet temperature
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Figure 4. Comparison of the Mga/Mp, Maa/Tea and product outlet temperature according to the drying air

temperature and bypass ratio (Kurutma havasi sicaklig ve bypass oranina gére Maa/Mp, Maa/Ta ve tiriin ¢ikis sicakligimimn
karsilastirilmasi)

3. CONCLUSIONS (SONUCLAR)

In this study, a spray dryer is designed for milk
powder production. A heat exchanger is placed at
the exhaust outlet to benefit from the exhaust air
temperature. If high humidity air meets cold air in
the heat exchanger, the RH value of the air will
increase, condensation may occur. While exhaust
air is discharged, some of the air is bypassed and
mixed at the exchanger outlet to prevent
condensation. The effects of different bypass ratios
on energy efficiency and energy saving are
investigated.

There are three main parameters affecting the dryer
performance: drying air flow rate, drying air
temperature, and product flow rate. Initially, the
ratio of first two parameters is kept constant, and the
performance is examined by varying a single
parameter at time. A heat exchanger is placed at the
dryer outlet to recover heat from the exhaust air.
However, since the relative humidity of the exhaust
air is at 50-60%, there is a risk of condensatior;
the exchanger when it meets the fresh air. In ordgr
to prevent condensation in the exhaust air, some Qf
the air is bypassed and given to the mixing
at the exchanger outlet. When the bypa:
100% (when recovery is not used), EE r
highest value, because more productSs dried,
is zero. In order to prevent condensati

ever, these are
r alternative
this way the

process is repeated
air temperatures and bypass
the 0 is 30%. At drying air
een 150-250°C and a BR30%, EE
.8% and 61.3%, while ES ranges
from 15. to 17.08%. As the BR decreases, a
drop in EE is observed due to the reduced product
mass, which prevents condensation. Additionally, at
lower BRs, the product outlet temperature rises
significantly. To maintain product quality, it was
found that the maximum acceptable product outlet
temperature of 60°C could be achieved at BRs of
30% or higher. However, the best energy efficiency
and energy saving values are obtained at bypass
ratios of 40% and below. It is thought that the results
obtained in this study will guide future studies.

As a result of this study, it is found that the greatest
challenge for spray dryers with high air
consumption is the condensation of the exhaust air,
which exits the drying chamber at high temperatures
and relative humidity, within a HR system. Two
popular methods to prevent condensation in the HR
unit are dehumidification via cold surfaces and the
use of additional materials like silica gel. While
condensation could be

application of silica g8l
solutions for these
consumption  and
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NOMENCLATURE (TERMINOLOIJT)

Cp specific heat capacity (kJ/kg K)

h enthalpy (kJ/kg)

he evaporation enthalpy (kJ/kg)

mass (kg)

temperature (°C)

heat transfer amount (kJ)

the mass fraction of water on dry basis
(kg kg™)

the humidity on dry basis (kg kg?)
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Avef the latent heat of vaporization of water
at Trer (kJ/kg)
Mg energy efficiency (%)
Subscripts
a fresh air inlet
ai drying air inlet [7]
ao drying air outlet
hi recovery air
in inlet
i in state i
mi milk inlet
mo milk powder outlet
out outlet [8]
rec recovery
ref reference
req required
\ vent air
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