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Abstract: Jet impingement has been effective in reducing the process time and improvement of
product quality in various industrial applications, such as textile and paper drying, electronic cooling,
glass quenching and food processing. The current work applied innovative steam injection to liquid
food continuous sterilization. The multiple impingement jets of steam and product came together in
the impingement tank. The effects were investigated on the Reynolds number, steam temperature
and jet-to-target spacing (H/d), sterilization temperature and heat transfer efficiency in water and
pineapple juice tests. The Reynolds number was based on the nozzle configuration and liquid flow
rate. The study investigated product injection plates formed using two, three or four circular holes
(diameter 2 mm), steam injection plates with six, nine or twenty circular holes (diameter 1 mm),
steam temperatures of 120, 125 or 130 ◦C and H/d values of 1, 3, 5 or 7. The different options were
tested with water to determine the optimal conditions, and then tested with pineapple juice. The
results showed that the optimal conditions from water testing that provided the highest heat transfer
efficiency occurred with two jet nozzles, six steam injection plates, a steam temperature of 120 ◦C and
an H/d value of 1.

Keywords: steam injection; jet impingement; sterilization; heat transfer; direct heating

1. Introduction

In the continuous sterilization of liquid foods, thermal damage to the product is
minimized by using the highest possible temperature for the shortest time needed to
achieve the required sterilizing effect. The exposure time to the sterilization temperature
depends on the length of pipe in the holding section [1–3]. Heating is principally achieved
either by using indirect transfer of heat from a heating medium to the product through a
stainless steel wall or by direct mixing of the product with culinary steam.

In an indirect system, the types of heat exchanger available can be subdivided accord-
ing to the form taken by the heat transfer surface as plate, tubular, or scraped-surface heat
exchangers. The most suitable type depends on the properties of the liquid food [3]. The
heat exchanger can be designed for heat recovery, where plate heat exchanger efficiency
can be up to 90%, while using a tubular heat exchanger, the maximum that can usually be
achieved is 70–75%. However, heat transfer efficiency is significantly reduced by fouling
on the hot surface [4]. This results in increased costs of energy to overcome the thermal
resistance of the fouling layer, for cleaning in terms of the amount of chemical used for
wastewater disposal, and in reduced processing times due to cleaning downtime [3].

In a direct heating method, when the steam comes into contact with the product it
condenses and releases latent heat causing the product to heat up very quickly with less
fouling problems compared to an indirect method [5]. The process of injecting steam into
a product is called injection, while the process in which a product is injected into steam
is called infusion [3]. Direct contact condensation of the steam jet in subcooled water has
been widely used in various processes [6].
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Another interesting direct heating technology is the use of an impingement steam jet
to increase the heat transfer efficiency. Jet impingement on a surface generates a large con-
vection coefficient and creates a high heat transfer rate [7]. Therefore, the jet impingement
technique is extensively used in various industrial applications such as textile and paper
drying, electronic cooling, glass quenching and cooling of turbine blades. It is also used in
industrial food processing to reduce the process time and improve product quality through
drying, baking, cooling and freezing [8]. Impingement jets are not restricted to use between
a fluid and a surface or solid but can also be applied between liquids. Dispersed liquid-
liquid flows have many applications in the process, food and pharmaceutical industries, as
well as in wastewater treatment [9].

Often, multiple jets are used with the aim of evenly distributing heat transfer along the
surface. The flow structure of multiple impingement jets has the same three flow regions
(free jet, stagnation, wall jet) as a single impingement jet. However, the flows are further
complicated by interactions between these regions. There is possible jet interference before
impingement and jet fountains (upwash flow) between two adjacent jets after impingement.
A secondary stagnation region with an upwash flow may appear in the space between the
jets, which affects heat transfer on the target surface [10,11].

The efficiency of an impingement system is affected by many parameters, including
the Reynolds Number, and the design of the injection and nozzle configurations (type,
size and shape of nozzles) [12,13]. The current study investigates these parameters of an
impingement jet.

Orifice jets are well known for their interesting characteristics, such as the vena con-
tracta effect, which is the contraction of fluid when it is forced through a sharp-edged orifice
that produces high mixing performance and good heat transfer characteristics. The orifice
jet can significantly enhance the local Nusselt number. For example, it increases by 17% and
33% at the stagnation point as compared to pipe and the quadrant jets, respectively [7,14].

Under turbulent flow conditions, the increase in heat transfer rate is more substantial
than under laminar flow conditions. Turbulent flow has a Reynolds number greater than
4000, and typical gas jet installations for heat transfer span a Reynolds number range from
4000 to 80,000 [13,15,16]. Ekkad et al. [17] studied the effect of jet Reynolds number (5000,
10,000, 150,00), the jet-to-jet spacing or pitch (t/d), and the jet-to-target distance (H/d) on
heat transfer. They found the Nusselt numbers increase significantly as Reynolds number
increases. The mixing effect is stronger as Reynolds number increases.

Heat transfer increases with an increase in the Reynolds number, with Nusselt number
being proportional to Re0.5 to 0.8. For a constant Reynolds Number, decreasing the jet
diameter increases the average heat transfer coefficient due to the higher jet velocities
created by smaller nozzles [18]. Typically, for small-scale applications, jet arrays have a
diameter of 0.2–2 mm, while for larger-scale industrial applications, jet diameters are in
the range 5–30 mm [13]. Mistry et al. [19] studied sterilization using an innovative steam
injection (ISI) heater with a narrow pipe (1–3 mm in diameter) as the nozzle. Inlet steam
pressure is the essential factor influencing the shape and length of the steam plume. When
the steam pressure at the nozzle inlet increases the length of steam plume increases.

The heat transfer area in the gas-liquid two-phase region increases to complete the
condensation of steam [20].

For a multiple impingement jet, the parameters that need to be considered in the
correlations include the jet-to-jet spacing or pitch (t/d), the jet-to-target distance (H/d) and
the arrangement of the nozzles in the array. Interference effects are enhanced when the
jets are closely spaced and when the jet-to-target distance is relatively large. Furthermore,
collisions increase when the jets are closely spaced, the nozzle-to-plate distance is small
and the jet velocity is high [6,9]. Specht [10] studied the influence of pitch on heat transfer
in multiple jet types. At t/d = 6, there is always a pronounced maximum average Nusselt
number for arrays of single nozzles. For the hole channel type, up to a pitch of about 6,
the average Nusselt number remains effectively constant, but after this point it decreases.
For perforated plates, the maximum heat transfer occurs at t/d values in the range 3–5,
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depending on the distance between the jet and the target. Yamane et al. [21] investigated
the effect of injection parameters on circular jet array impingement heat transfer and
reported that the area-averaged Nusselt number was high for t/d = 4 compared to t/d = 6
or 8. Geers [7] found the maximum area-averaged heat transfer occurred at t/d = 5.5
for a hexagonal array of round nozzles, regardless of the value of H/d. At t/d values
greater than 5.5, the impinged area per jet is large, which causes low area-averaged Nusselt
numbers, while at a t/d value smaller than 5.5, there is significant interference between the
jets, causing a decrease in the jet velocity.

Multiple jet arrays with low values of H/d produce high area-averaged heat transfer
coefficients due to the smaller distance in which the interactions occur [7]. Specht [10] found
that the heat transfer was highest for H/d in the range 1 < H/d < 5 but then decreased
continuously with increasing distance. However, Lytle and Webb [22] reported increasing
heat transfer with decreasing H/d from 6 to 0.1.

Usually, steam injection and steam infusion are used in the direct heating method, but
due to the high efficiency of heat and mass transfer of the impingement steam jet, the current
research applied this technique for high-temperature short-time sterilization to improve prod-
uct quality. The purpose of the current study was to investigate heat transfer characteristics
using multiple jet impingement in a continuous sterilizer application and to investigate the
thermal efficiency of an impingement jet sterilizer based on various parameters including
Reynolds number (4000–72,000) and jet-to-target spacing (H/d, 1–7), with jet-to-jet spacing
(t/d) constant at 5.5 and steam temperatures of 120, 125 and 130 ◦C. Optimal conditions
were applied for the sterilization of pineapple juice. Pineapple juice is suited to an instant
sterilization method, where the temperature is 91–95 ◦C for 15–30 s [23].

2. Materials and Methods
2.1. Design of Continuous Thermal Sterilizer Using Impingement Steam Jet

The main equipment in the pilot-scale sterilizer consisted of a product buffer tank
(5.6 L), a centrifugal product pump (Iwaya 15CKT0201E, 0.3 kW, Matsudo, Japan), an
impingement tank including injection plates, a holding tube (10 mm diameter with length
of 4.99 m), a vacuum tank (20 L), a liquid ring vacuum pump (Sunny-King SWP-172, 0.5 kW,
Taichung, Taiwan), a steam storage tank (14 L) and steam equipment. The instruments
used for monitoring pressure and temperature in the system were pressure gauges, temper-
ature gauges and PT100 temperature sensors. The pressure gauges of the sterilizer were
located at the product pump (P1), vacuum tank (P2) and steam pressure (P3) system. The
temperatures sensors were monitored for product at the infeed (T1), at sterilization (T2),
after the holding tube (T3), after the vacuum cooler (T4) and at the infeed steam (T5).

All components in contact with the process liquids were made of stainless steel with
heat resistant seals. The skid had an electrical cabinet for pump control and temperature dis-
play. The approximate dimensions of the prototype skid were length = 1.2 m, width = 0.6 m
and height = 1.5 m (Figure 1).

The impingement tank (Figure 2) was made from stainless steel and was fitted with
two pipes on opposite sides which were used for the inlet of product, and steam for direct
collision, respectively. Both fluids flowed through the injection plate attached to the flow
channel outlet. The injection plates were designed as a multiple impingement jet with an
orifice to increase the heat transfer rate [10,14]. The injection plates were changeable to
allow the investigation of different numbers of nozzles, which have an inverse relationship
to the jet velocity and Reynolds number. The product injection plates were formed with
two, three or four circular holes with a diameter of 2 mm, as shown in Figure 3a. The steam
injection plates were formed with six, nine or twenty circular holes with a diameter of
1 mm, as shown in Figure 3b. The pitch between nozzles (defined as the pitch distance to
nozzle diameter or t/d) was set at 5.5. Geers [7] and Specht [10] reported that the optimum
value of t/d was 5–6 to provide the highest average heat transfer. The distance between the
product and the steam injection plates (H) could be adjusted in the range 1–12 mm using a
threaded socket.
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The process can be described as follows. A centrifugal pump is used to pump the
product from the buffer tank to the impingement tank to be impinged directly with the
pressurized steam. The product is rapidly heated to the sterilization temperature by
impinging and mixing it with steam. The product with condensate passes through the
holding tube for the required amount of time. The product is cooled instantly using flash
cooling by passing the liquid through a vacuum chamber (average vacuum pressure of
−690 mmHg). The cooling mechanism for such systems must be rapid and must remove
any excess water resulting from the condensation in the direct heating method [1,5].

2.2. Water Test

In this experiment, water was used as a product and was supplied to the impingement
tank using the centrifugal pump with a regulated flow rate of 50 kg/h (value was adjusted
manually). The inlet water temperature was controlled at 60 ◦C before mixing with steam
by using a heating device in the water buffer tank. In a typical equipment configuration for
continuous sterilization, the product inlet was pre-heated with hot-sterilized product in the
heat exchanger to reduce steam consumption [1]. The heat regeneration was considered
at 50%, product was preheated from 20 ◦C to 60 ◦C and then from 60 ◦C to 100 ◦C by
the impingement steam jet [3]. The impingement conditions investigated were water
injection plates with three different numbers of jet nozzle (two, three and four) and steam
injection plates with three different numbers of jet nozzle (six, nine and twenty) and steam
temperatures of 120, 125 and 130 ◦C, adjusted using a valve before the steam entered the
impingement tank. The steam flow rate for all conditions was measured prior to testing,
and the Reynolds number as described by Equation (1) was calculated and is shown in
Table 1. The dimensionless jet-to-target distance, and an H/d value of 5 (where H is the
jet-to-target distance and d is the diameter of the steam nozzle that was set at 1 mm) were
fixed as constants to identify the best conditions, which were subsequently used to study
H/d with values of 1, 3 or 7.

Reynolds number: Re = dvρ/µ (1)
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where d is the inside diameter of the nozzle hole, v is the average velocity of the fluid, ρ is
the density of the fluid and µ is its dynamic viscosity. The Reynolds number was used to
represent the parameters of nozzle design and thermal fluid properties [5].

Table 1. Reynolds number of water and steam flow through nozzles.

Injection
Plates

Water/Steam
Temperature

Jet Nozzle
Diameter

Jet Nozzle
Number

Flow Rate
(kg/h)

Reynolds
Number

Water 60 ◦C 2 mm
2 50.00 9476
3 50.00 6317
4 50.00 4738

Steam 120 ◦C 1 mm
6 10.23 46,543
9 11.29 34,228

20 13.27 18,098

Steam 125 ◦C 1 mm
6 12.42 55,721
9 14.41 43,123

20 15.55 20,932

Steam 130 ◦C 1 mm
6 16.22 71,865
9 17.94 52,984

20 19.57 26,009

The initial water temperature, steam temperature and sterilization temperature were
monitored using temperature sensors (PT100). The results are presented in terms of the
sterilization temperature, with the percentage of heat transfer efficiency calculated using
Equation (2):

%Efficiency = Thermal energy output/Thermal energy input (2)

Thermal energy input: Qin = Ms (Hv(%x) − Hc(1 − %x)) (3)

where, Qin, Ms, Hv, Hc and %x are steam energy input (kJ/h), steam flow rate (kg/h),
enthalpy of vapor (kJ/kg), enthalpy of liquid (kJ/kg) and steam quality, respectively [24].

Thermal energy output: Qout = m2Cp2T2 − m1Cp1T1 (4)

where, Qout, m1, m2, Cp1, Cp2, T1 and T2 are the thermal energy output (kJ/h), initial
water flow rate (kg/h), final water flow rate (kg/h) (water + condensate), specific heat of
initial water and final water (kJ/kg/ ◦C), initial water temperature (◦C) and final water
temperature (◦C), respectively [24].

2.3. Pineapple Juice Test

The suitable conditions from 2.2 were tested using pineapple juice. Frozen concen-
trated pineapple juice at 52◦ Brix supplied by a Thai pineapple juice producer was reconsti-
tuted to 12◦ Brix, with reverse osmosis drinking water. Pineapple juice samples before and
after sterilization were analyzed for physicochemical properties and microbiological quality.
Due to concentrated pineapple juice containing relatively low numbers of microorganisms,
the diluted pineapple juice was kept for 8 h to obtain an initial level of microorganisms
close to that of fresh pineapple juice. Berhanu, et al. [25] found that the aerobic mesophilic
count in fresh pineapple juice from supermarkets and cafes was 5.2 × 104 CFU/mL, and
Hounhouigan et al. [26] found the range of bacterial counts of unpasteurized pineapple
juice was 1 × 105 to 15 × 105 CFU/mL.

Physicochemical properties and microbiological quality were analyzed. Pineapple
juice color was measured using a colorimeter (MiniScan EZ 4500L Spectrophotometer
Hunter Lab, Reston, VA, USA) using the Hunter scale (L*, a* and b*). Pineapple juice total
soluble solids (TSS), expressed as ◦Brix, were determined using a hand refractometer (Atago,
Tokyo, Japan). Pineapple juice pH was measured using a pH meter (Apera Instruments
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PH700 Benchtop, Columbus, OH, USA). Microbiological analysis based on total plate
counts of samples was carried out according to ISO methods (ISO 4833-1:2013).

Samples of at least 6 L of pineapple juice diluted and left for 8 hrs were used in
each batch. Untreated juice samples (each 100 mL) at ambient temperature (28–32 ◦C)
were collected for the physicochemical and microbiological analyses. They were stored
at 4 ◦C (control). Pineapple juice before passing into the sterilizer was controlled at 60 ◦C
using a heating device. The samples were collected using the same procedure as for the
untreated juice for physicochemical and microbiological analyses. The pineapple juice was
sterilized using the impingement steam jet technique. Moore, et al. [27] studied a process
for sterilizing concentrated juice and fluid foods at 88–93 ◦C with a holding time of 19–24 s.

Microbiological analysis was conducted at the end of the holding tube (designed
residential time = 23.43 s). After sterilization, the juice was cooled, and excess water was
removed using a vacuum cooler. At the completion of each test for each batch, sterilized
and cooled juice were collected from the vacuum cooler. For high temperature samples,
after the bottles had been filled and sealed with screw caps, they were cooled in a water
bath (5 ◦C), labeled and then stored under refrigeration (4 ◦C) until further analysis [28].
Microbiological quality was not considered after vacuum cooling because the vacuum
system operated in batch mode and, consequently, the temperature at the beginning and
end of the test was not constant. Especially at the beginning, the inlet steam temperature
did not reach the specified temperature at which the product could be sterilized. The
residual microorganisms at the beginning were gathered in the vacuum tank.

2.4. Statistical Analysis

Results are expressed as mean values ± the standard deviation of three determinations.
Data were analyzed using a one-way analysis of variance using the Statistical Package
for Social Science (SPSS) version 26.0 software 2019 to test the level of significance at 5%
probability (p ≤ 0.05). Duncan’s new multiple range test was used to separate the means
where significant differences existed.

3. Results and Discussion
3.1. Effect of Jet Nozzle Number and Steam Temperatures of 120 ◦C, 125 ◦C or 130 ◦C

Experiments were conducted to study the influence of the jet Reynolds number
and steam temperature on the sterilization temperature and efficiency of heat transfer
at H/d = 5. The Reynolds number represented the nozzle design based on the product
injection plates formed with two, three or four nozzles (diameter 2 mm) and steam injection
plates formed with six, nine or twenty nozzles (diameter 1 mm). Furthermore, the effect
was investigated of the steam temperature (120, 125 or 130 ◦C) on the steam jet Reynolds
number; the results are shown in Table 2. The relationship of the sterilization temperature
and heat transfer efficiency for various impingement conditions is shown in Figure 4. The
sterilization temperature tended to increase as the steam jet nozzle increased (six, nine or
twenty) for all water jet nozzle numbers (two, three and four), which was directly pro-
portional to the steam flow rate. The increase in the number of jets would be expected to
increase the average heat transfer as more of the surface is exposed to the high transport
region in the stagnation zone [29]. Except for the conditions with a steam temperature of
120 ◦C, with two water nozzles and six steam nozzles, the sterilization temperature was
higher than with nine steam nozzles because the Reynolds numbers of the water and steam
were the highest due to the increased turbulence intensity, and the jet Reynolds number
having a large effect on the heat and mass transfer rates [13].
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Table 2. Sterilization temperature and % heat transfer efficiency of various impingement conditions
for numbers of jets of water and steam and steam temperature (t/d = 5.5, H/d = 5).

Impingement Condition Steam Temperature = 120 ◦C Steam Temperature = 125 ◦C Steam Temperature = 130 ◦C

Product
Nozzle

Steam
Nozzle

Sterilized
Temperature

(◦C)

% Heat
Transfer

Efficiency

Sterilized
Temperature

(◦C)

% Heat
Transfer

Efficiency

Sterilized
Temperature

(◦C)

% Heat
Transfer

Efficiency

2 6 111.82 ± 0.10 e 76.08 ± 0.15 e 116.52 ± 0.12 d 71.29 ± 0.34 d 121.29 ± 0.25 d 64.01 ± 1.04 d

2 9 110.76 ± 0.18 c 71.99 ± 0.28 c 116.87 ± 0.14 e 65.13 ± 0.10 b 122.79 ± 0.12 e 60.90 ± 1.44 c

2 20 112.16 ± 0.13 f 64.30 ± 0.34 a 118.68 ± 0.50 f 64.12 ± 1.15 ab 124.13 ± 0.07 fg 58.87 ± 0.44 a

3 6 107.91 ± 0.29 a 72.76 ± 0.24 c 113.57 ± 0.15 a 68.95 ± 0.17 c 119.63 ± 0.04 a 62.83 ± 0.32 d

3 9 110.57 ± 0.15 c 72.24 ± 0.28 c 116.15 ± 0.11 c 65.17 ± 0.66 b 120.75 ± 0.07 c 59.92 ± 0.03 abc

3 20 112.20 ± 0.15 f 64.93 ± 0.95 a 119.17 ± 0.17 g 63.65 ± 0.47 a 124.28 ± 0.02 h 59.12 ± 0.48 ab

4 6 110.19 ± 0.17 b 74.52 ± 0.51 d 115.53 ± 0.09 b 71.57 ± 0.11 d 120.41 ± 0.07 b 62.72 ± 0.39 d

4 9 111.17 ± 0.04 d 70.27 ± 0.15 b 116.24 ± 0.05 c 64.33 ± 0.56 ab 121.41 ± 0.07 d 60.41 ± 0.35 bc

4 20 112.82 ± 0.18 g 64.81 ± 0.54 a 118.80 ± 0.17 f 63.69 ± 0.76 a 124.05 ± 0.11 f 59.28 ± 0.89 ab

Values are mean ± standard deviation, n = 3. a–h = superscript lowercase letters in columns indicate a significant
(p ≤ 0.05) difference at each the impingement conditions using Duncan’s new multiple rang test.
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In contrast, the thermal efficiency tended to decrease as the jet nozzle number for
steam increased (six, nine and twenty) for all the water jet nozzle numbers due to the
increasing number of steam jets increasing the steam flow rate. The steam energy input
increased with increasing sterilization temperature because a high heat transfer efficiency
is associated with turbulence intensity or a high Reynolds number. At the same steam flow
rate, a lower number of steam nozzles increased the fluid velocity and Reynolds number.
The high Reynolds number caused more efficient turbulence and product mixing [15,30].
According to the results of Ekkad et al. [17], the Nusselt numbers increased significantly as
Reynolds number increased (5000, 10,000, 15,000) for all configurations (H/d = 1 to 5 and
t/d = 4 to 8).

From the experiment, the efficiency of the impingement steam jet application was in
the range 59.12–76.08%. The steam energy input calculation was based on steam quality [23]
at 74%, which was low compared to other types of direct heating due to heat energy loss to
the surroundings because the impingement tank was not insulated.

A water and steam jet nozzle layout of 2 × 6 nozzles had a high heat transfer efficiency
at all tested steam temperatures, with the steam temperature at 120 ◦C providing the
highest heat transfer efficiency (76.08%). Therefore, these conditions were used to study
the dimensionless jet-to-target distance (H/d) and its effect on heat transfer efficiency.
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3.2. Effect of Dimensionless Jet-to-Target Distance

The conditions studied were water and steam jet nozzle numbers of 2 × 6 at a steam
temperature of 120 ◦C, with various H/d values (1, 3, 5, 7); the results are shown in Table 3.
H/d = 1 had the significantly highest sterilization temperature (115.97 ◦C) and heat transfer
efficiency (78.45%) compared to other conditions. There was no significant difference
between H/d = 3 and H/d = 5, and both were greater than H/d = 7.

Table 3. Sterilization temperature and % heat transfer efficiency of jet nozzle numbers for water and
steam at 2 × 6 and steam temperature of 120 ◦C for varying H/d values (t/d = 5.5).

Impingement Condition Steam Temperature = 120 ◦C

Product Nozzles Steam Nozzles H/d Sterilization Temperature (◦C) % Heat Transfer Efficiency

2 6

1 115.97 ± 0.37 c 78.45 ± 0.21 c

3 111.93 ± 0.13 b 75.63 ± 0.82 b

5 111.82 ± 0.10 b 76.08 ± 0.20 b

7 109.11 ± 0.22 a 73.72 ± 0.64 a

Values are mean ± standard deviation, n = 3. a–c = superscript lowercase letters in columns indicate a significant
(p ≤ 0.05) difference at each the impingement conditions using Duncan’s new multiple rang test.

Figure 5a,b indicate that the sterilization temperature and the heat transfer efficiency
decreased with an increase in the jet-to-target distance. For a low value of H/d, both the
velocity and turbulence increased greatly, which increased the heat transfer rate, whereas
for a high value of H/d, the heat transfer rate decreased due to adjacent jet interactions
occurring before impingement [6]. Specht [10] and Yamane et al. [21] studied the influence
of t/d (4 to 8) and H/d (2 to 10) on the averaged Nusselt numbers; the averaged Nusselt
numbers were approximately constant up to H/d of about 5, and then decreased continu-
ously. With the exception of Yamane’s experiment, where t/d = 4, the averaged Nusselt
numbers significant increased at H/d = 2.
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3.3. Pineapple Juice Test

The highest heat transfer efficiency conditions were for jet nozzle number of pineapple
juice and steam = 2 × 6, H/d = 1 and t/d = 5.5 at an average steam temperature of 121.66 ◦C
(average steam flow rate 10.96 kg/h) and a pineapple juice flow rate of 53.76 kg/h. The
average temperatures of the pineapple juice infeed (T1) at sterilization (T2), after the holding
tube (T3) and after the vacuum cooler (T4) were 60.21 ◦C, 117.18 ◦C, 92.70 ◦C and 64.63 ◦C,
respectively, as shown in Figure 6. The average heat transfer efficiency was 77.87%.
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The pineapple juice was sterilized at 117.18 ◦C and then the temperature decreased
to 92.70 ◦C with an average residential time of 22.73 s. Microbiological analysis indicated
that the total plate count of the untreated pineapple juice of 1.8 × 104–3.0 × 105 CFU/mL
decreased to 42–340 CFU/mL during the temperature controlling operation at 60 ◦C. They
were reduced to less than 1.0 CFU/mL after sterilization by impingement steam jet (Table 4),
in accordance with the standard for sterilized beverages in a sealed container [31].

Table 4. Color, pH, TSS and total plate count of pineapple juice.

Diluted Pineapple
Juice Treatment

Color pH TSS
(◦Brix)

Total Plate Count
(CFU/mL)

L* a* b*

Untreated at ambient
temperature 33.15 ± 0.57 a −0.50 ± 0.23 a 14.30 ± 0.82 a 4.48 ± 0.47 a 12.0 ± 0.00 b 1.8 × 104–3.0 × 105

Pretreated at 60 ◦C 33.36 ± 0.76 a −0.48 ± 0.16 a 14.10 ± 0.37 a 4.20 ± 0.03 a 12.0 ± 0.00 b 42–340

After passing holding tube na na na na na <1.0

After passing vacuum
cooler 32.24 ± 0.28 a −0.27 ± 0.30 a 14.58 ± 0.35 a 4.20 ± 0.02 a 11.87± 0.07 a na

Values are mean ± standard deviation, n = 3. a,b = superscript lowercase letters in columns indicate a significant
(p ≤ 0.05) difference at each the pineapple juice treatments using Duncan’s new multiple rang test.

The physicochemical quality (Table 4) pH values were not significantly different be-
tween the untreated pineapple juice, juice pretreated at 60 ◦C, and juice after passing
through the vacuum cooler, and ranged from 4.20–4.48, which is in line with other stud-
ies [27,32,33].

A similar result in the color, L* (lightness) and b* (yellow-blue) were not significantly
different in untreated, pretreated, and sterilized pineapple juice due to the pineapple juice
being cooled instantly using flash cooling, as well as the removal of any excess water that
may have come from condensation [5]. The change in pineapple juice color is influenced
by both nonenzymatic browning and pigment destruction, and the phenomena that occur
during heating and storage of pineapple juice [34]. Hounhouigan et al. [32] reported the
formation of Hydroxymethylfurfural (HMF) as nonenzymatic browning was initiated only
at 95 ◦C with a minimum time of 30 min.
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The TSS of pineapple juice after passing the vacuum cooler (11.87◦ Brix) was lower
than for the initial pineapple juice (12.00◦ Brix). The efficiency of excess water removal by
the vacuum cooler was 99.45%. The balance between water addition as steam and water
extraction as vapors from the vacuum cooler was determined by the temperature of the
product leaving the vacuum cooler being some 1 ◦C to 2 ◦C higher than that of the product
before mixing with steam [3]. From the experiment, the average different temperature
between the pineapple juice after the vacuum cooler (T4) and infeed (T1) was 4.42 ◦C.
Lewis et al. [3] reviewed the experimental relationships between differential temperature
and concentration/dilution in direct heating systems of milk products. The temperature
difference was approximately 4–5 ◦C and the dilution in range 0.30–0.45% (excess water
removal 99.55–99.70%).

In liquid food sterilization, the sterilizing temperature and holding time are considered
in the sterilizer design, while the Reynolds number and nozzle configuration are factors
considered in the impingement steam jet design. Our results indicated the highest heat
transfer efficiency was produced using jet nozzle numbers for product and steam of 2 × 6,
H/d = 1 and t/d = 5.5 with a high Reynolds number. These parameters can be scaled up
for commercial production depending on the product properties and flow rate. Moreover,
the impingement stem jet method can be applied to high acid and low acid liquid food
with low pulp.

4. Conclusions

This paper discussed the effect of the Reynolds Number and the dimensionless jet-to-
target distance, H/d, on sterilization temperature and heat transfer efficiency. The Reynolds
number was based on jet nozzle numbers and steam under turbulent flow.

At a constant H/d = 5 and t/d = 5.5, a higher sterilization temperature was associated
with higher steam temperature and higher numbers of jet nozzles due to the greater
steam flow rate. Conversely, higher heat transfer efficiency was associated with a higher
Reynolds number or turbulence intensity. The impingement conditions producing the
highest efficiency were with jet nozzle numbers and steam plate numbers of two and six,
respectively, at a steam temperature of 120 ◦C. The Reynolds numbers of the water and
steam jet nozzles were 9,476 and 46,543, respectively. For H/d in the range 1–7, the design
with H/d = 1 had the highest sterilization temperature and thermal efficiency.

Pineapple juice was sterilized using the designed impingement steam jet technol-
ogy with optimal conditions being jet nozzle numbers and steam plates of two and six,
respectively, a steam temperature of 120 ◦C, H/d = 1 and t/d = 5.5. It was found that
the total plate count decreased from 104–105 CFU/mL to less than 1.0 CFU/mL, which
was consistent with the standard for sterilized beverages in a sealed container. Further-
more, the physicochemical qualities of color and pH were not significantly changed by
the sterilization process. The efficiency of excess water removal by the vacuum cooler
was 99.45%.
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