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Abstract: Eliminating microbes in low-moisture foods (LMFs) is challenging because this requires
the preservation of their raw quality during pasteurization. Vacuum steam pasteurization (VSP)
has been shown to be effective in reducing microbes while maintaining food quality. These studies
were conducted at a laboratory scale where issues such as steam distribution, penetration, and
condensation are not a concern, but in larger samples, these are of primary concern. Hence, this
study repurposes a pilot-scale grain moisture conditioner (GMC) into a VSP system with the aim of
replicating the lab-scale conditions in larger-scale applications. The modification entailed a series of
design alterations, conducting a structural analysis of the conditioning chamber, creating a vacuum
environment, ensuring uniform steam distribution, and designing and adding a preheater and a
cooling system. Performance tests confirmed that the adapted system replicates the VSP’s lab-scale
functionality. The results demonstrated that the VSP system can preheat to beyond 40 ◦C and achieve
an absolute pressure of 11.7 kPa at 85 ◦C with a 344.7 Pa pressure increase per minute. Furthermore,
steam distribution inside the chamber showed no significant variations, and rapid steam evacuation
and chamber cooling could be performed simultaneously. The success of these modifications will be
used in future experiments.

Keywords: low-moisture foods; preservation; process design

1. Introduction

Foodborne illnesses, ranging from mild symptoms to serious health complications, af-
flict millions yearly. According to Center for Diseases Control (CDC) data, the United States
(US) alone has an estimated 48 million individuals who get sick annually, with 128,000 hos-
pitalized due to foodborne diseases like salmonella contamination. To mitigate this problem,
the Food and Drug Administration (FDA) signed the Food Safety Modernization Act
(FSMA) into law in 2011, with the aim of preventing food contamination [1].

The challenge in developing a process to reduce salmonella contamination is the re-
silience of salmonella, especially in LMFs. Remarkably, salmonella can survive in a dry
environment and even develop heat resistance in LMFs [2]. Another issue is that LMFs are
sometimes consumed raw, requiring the preservation of their quality [3]. While various
methods have been explored to kill or reduce salmonella, many studies have been experi-
mental and have not been used in broad industry applications [4]. An exception is vacuum
steam pasteurization (VSP), a promising technology proven on a laboratory scale to have
significantly reduced bacterial contamination without degrading grain quality.

One such VSP setup proposed by Newkirk et al. [5] had a capacity of 270 g divided into
six sachets: three containing 50 g of peppercorns and three containing 40 g of cumin seeds.
These sachets, made of muslin and measuring 10 × 15 cm, were placed at a depth of 0.5 cm
and arranged into three levels, with two sachets per level. Another setup, designed by the
University of Bristol’s Food Refrigeration and Process Engineering Research Center [6],
had a capacity of 1 kg in a metal basket of diameter 25 cm and a depth of 2.5 cm [7,8]. On
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average, these setups yielded a reduction of 5.09 log CFU/g for Salmonella and 7.34 log
CFU/g for E. coli without significantly affecting the color and moisture content. A study
by Huang et al. [9] yielded a 4.33 log reduction of E. coli 0157:H7 in sprout barley powder
after 2 h of VSP on a larger sample of 5 kg with the addition of an agitator for mixing. The
moisture content of the powder was significantly reduced due to the addition of vacuum,
and direct steam caused a significant discoloration. The study by Shah et al. [10] on the
effect of VSP on a larger sample of 22.5 kg milled flaxseed also resulted in a significant
reduction in microbial counts; however, the moisture content was increased. This was
because the VSP was performed in a batch process where there was no mixing. Moreover,
the samples were put into bags, which would have affected the mass and thermal transfer.
These studies show that VSP treatment has different effects based on the size and type
of sample. What works seamlessly at a laboratory scale of <1 kg sample capacity may
not translate as smoothly to larger sample quantities, and effects may differ in different
LMFs, as observed in the studies where VSP was applied to milled flaxseed and sprout
barley powder.

The issues when scaling up the process stem from problems attributed to steam
distribution, penetration, and condensation, which are not of concern in small samples.
These factors become an issue in larger samples because small samples are less thick and are
reasonably well distributed across the pasteurizer wall. In contrast, the larger-scale samples
have a greater thickness. Another problem is that a large amount of steam condenses during
the initial contact with the product [3], which increases the product’s moisture content,
affecting its quality [11]. These are challenges that must be considered in the thermal
pasteurization processes of grains, especially during a scale-up. There is a need for more
knowledge about how different external and internal elements impact the heat tolerance
of microbes, and how heat and mass distributions affect product yield [12,13]. During
scale-up, the surface area to volume ratio of a system decreases as the radius increases.
Therefore, it is easier to maintain the temperature at a smaller scale than at a larger scale.
The heat flux from steam may be insufficient to distribute evenly throughout the system.
To our knowledge, there is no large-scale VSP system that can mimic well the process
conditions reported in the literature. Therefore, we opted to fill the gap by designing and
fabricating VSP equipment that meets all these specifications and that ensures sufficient
heat and mass transfer.

Developing VSP equipment from components, materials, and accessories that will
have the appropriate structural strength and function requires a ground-up design and
intensive fabrication, which is costly and time-consuming. Compared with fabricating new
equipment, modifying other equipment to meet the specific of a new piece of equipment
has many benefits such reduced cost, lower CO2 emissions, and extended service life of
the existing equipment [14]. One of the challenges of having a VSP system at a pilot or
commercial level is the cost of acquiring such equipment. Our study will help bridge this
gap as existing equipment can be retrofitted to a VSP system at very minimal cost. We chose
to consider and modify an existing grain moisture conditioner (GMC) to reduce the cost and
time in designing and fabrication. We considered a grain moisture conditioner (GMC) with
a capacity of 150 kg grains that increases and stabilizes grain moisture levels as a potential
candidate for this modification. While its primary design aligns with grain conditioning,
its design and functionalities hint at potential adaptability for VSP purposes. Also, one of
the advantages of a GMC is the mixing capability of the drum. However, transforming a
GMC into a VSP system is a complex task that requires innovative engineering ideas to
achieve the required conditions. Retrofitting a GMC for effective pasteurization demands
an elaborative understanding of its design for the introduction of specific modifications
and additional components. Our approach in this study will help fill in the research gap
and suggest how to adequately develop similar equipment.

The objective of this study is to assess, design, and characterize the performance of
a GMC for larger-scale VSP applications and to bridge the gap in laboratory equipment
for larger-scale grain pasteurization. To replicate the conditions of VSP in lab setups, a
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series of major modifications were carried out to bridge these missing technical capabilities.
The goal is to develop a piece of equipment that has the structural integrity to withstand
high temperatures and vacuum pressure, is able to distribute mass and heat evenly, and
can control and maintain temperature for the duration of the operation. These design
alterations and structural evaluations ensure that the reconfigured GMC not only mimics
lab-scale functionality but also helps in understanding the effects of VSP in larger samples.

2. Materials and Methods
2.1. VSP in Lab-Scale Apparatus

Vacuum steam pasteurization (VSP) is used to heat a food product at a given tem-
perature for a short period with the help of steam and vacuum, significantly reducing
the microbial population and increasing the shelf life of a food product. The process step
requires preheating, applying a vacuum, injecting steam, and applying a vacuum again. In
some instances, cooling is needed. The first step is the application of a vacuum to obtain
sub-atmospheric pressure in the pasteurizing chamber. The second step is the injection
of steam into the chamber. The sub-atmospheric environment allows the steam to stay
in vapor form when it loses energy due to heat transfer to the pasteurizing product. The
last step is the application of a vacuum again to evacuate the steam inside the chamber,
preventing additional steam condensation. A typical design setup of a lab-scale vacuum
steam pasteurizer is shown in Figure 1. It has a few essential components: a vacuum pump,
a steam generator, a pasteurizing chamber, a temperature sensor, and sample racks.
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Figure 1. Typical lab-scale vacuum steam pasteurizer.

2.2. Apparatus Modification, Fabrication, and Testing
2.2.1. Vacuum Steam Pasteurizer

An existing batch-type 200L GMC (Figure 2) designed to increase and stabilize grain
moisture content was modified into a vacuum steam pasteurizer. It has a conical-shaped
conditioning chamber of 304 stainless steel with a thickness of 3.3 mm and a diameter
of 821 mm. The chamber can be opened at the top or bottom for loading and unloading
the grains. The chamber is supported by two plastic flange bearings connected to a
304 stainless-steel hollow shaft with outside and inside diameters of 38.1 mm and 25.4 mm,
respectively, running across the chamber diameter. The hollow shaft is secured by a U-bolt
to the 302 stainless-steel frame, elevating the chamber 1.5 m from the ground. A right-angle
DODGE TIGEAR speed reducer (Reliance Electric Industrial Corporation, Greenville, SC,
USA) with a speed ratio of 35:1, input power of 0.22 kW, and rotational speed of 1750 rpm,
which is bolted on the right side of the frame, is connected to a 0.4 kW Dayton capacitor
start motor with a 1725 rpm rotational speed to rotate the chamber. A 60-tooth sprocket
is bolted to the flange bearing connecting the chamber to the speed reducer. An 11-tooth
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sprocket is attached to the output shaft of the speed reducer. A chain of size 40 joins these
two sprockets. The water system of the chamber is rooted inside the hollow shaft. Inside
the hollow shaft runs a 9.5 mm stainless-steel water pipe connected to four 6.4 mm flat-fan
brass nozzles inside the chamber. The nozzles are arranged at the top and bottom, with
two nozzles on each side and spaced 200 mm apart in the center of the chamber (Figure 2).
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Figure 2. Grain moisture conditioner before modification. The cross-sectional view showing the
internal components of the conditioner.

Converting a GMC into a VSP system requires structural integrity evaluations of the
conditioning chamber before further modification due to the distinct operating conditions
of both systems. GMC typically operates at room temperature and atmospheric pressure,
whereas VSP requires higher temperatures and a sub-atmospheric environment. It is crucial
to determine beforehand whether the conditioning chamber can withstand the vacuum and
pasteurizing temperatures. If needed, structural reinforcement can also be added to avoid
any unforeseen failures in the chamber. This initial approach ensures that the chamber does
not fail during pasteurization.

2.2.2. Structural Integrity of the Conditioning Chamber

In internal pressure vessel scenarios, the vessel remains intact if the hoop stress does
not surpass the material’s yield strength. However, when under vacuum or external
pressure, the vessel can fail in one of two ways [15]. If the vessel is short and has thin
walls, it could fail when the stress in the walls reaches the material’s yield point. On the
other hand, if the vessel is long and its walls are relatively thin, it could fail due to wall
instability or buckling, even at stress levels well below the yield point. Validating the
durability of the conditioning chamber under external pressure and high temperature is a
quite complex issue. Computer-aided engineering (CAE) software is usually employed to
simulate whether the conditioning chamber fails under buckling or not.

Using the computer-aided design (CAD) Fusion 360 software (Autodesk, San Francisco,
CA, USA) [16] the chamber 3D model was drawn with three bodies: the chamber and the
two lid covers (Figure 3a). This chamber model was then imported into Autodesk Inventor
Nastran 2024 [17], where two numerical simulation analyses were performed. First, thermal
stress simulations were carried out in two steps. In the first step, thermal analysis was
conducted by selecting the linear steady-state heat-transfer function. A material composed
of 304 stainless steel was applied to the 3D model at an initial body temperature of 20 ◦C.
The lid cover and chamber were bolted together, but bonded connections between the
touching surfaces were applied in the simulation. A bonded connection was acceptable
since the pressure load was acting on the outside surfaces of the chamber and lid cover
(Figure 3c). The pressure on the outer surface of the lid pushed the lid cover against the
chamber, eliminating tension on the bolts. No constraint was applied in the model since
it was not required in this type of analysis. The mesh setting was set to a 1-inch element
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size and a parabolic element order. To mimic the steam inside the chamber, a 100 ◦C
temperature load (green probes) was applied to the inner surfaces of the chamber and
lid cover (Figure 3b). The temperature of 100 ◦C is higher than the expected pasteurizing
temperature, but it serves as a safety factor.
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In the second step, the effects of vacuum and steam temperature on the thermal stress
of the chamber were studied. The setup of the thermal stress analysis was the same as for
the thermal analysis, but the linear steady-state heat-transfer function was changed to the
linear static thermal stress function. An inertial relief constraint was applied in the model
with the same mesh setting and element order as in the thermal analysis. The convergence
setting was set to a local refinement with a maximum of 10 refinements, a convergence
criterion of 5%, a refinement threshold of 0.9, and a refinement factor of 1.5. The result
of the thermal analysis was used as a thermal-effect load in the thermal stress analysis,
and an external pressure of 101.3 kPa (red arrows) was applied to the external surfaces
of the chamber to imitate a perfect vacuum inside the chamber (Figure 3c). The buckling
simulations address the issues raised by Windenburg and Trilling [15], who stated that a
vessel exposed to external pressure can fail in buckling even if the actual stress does not
reach the yield point of the material. The buckling simulations used the buckling function,
where the setup, constraint, mesh setting, convergence setting, and loads were performed
similarly to the thermal stress analysis (Figure 3c). The goal was to find the minimum
external pressure the chamber would experience before buckling.

Finally, ASME Section VIII Division I guidelines were used to check the maximum
allowable external pressure for the chamber to hold [18]. The chamber operates below
150 ◦C, and the external pressure should be less than the allowable pressure calculated
using Equation (1). Where (Pallowable) is the allowable external pressure the chamber
should experience in [Pa], (A) is the equivalent strain from ASME Section II (0.000338),
(E) is the modulus of elasticity of the 304 stainless steel (195 GPa), (Do) is the outside
diameter of the chamber (821 mm), and (t) is the thickness of the chamber, which is 3.3 mm.

pallowable =
2AE

3
(

Do
t

) (1)
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2.3. Assessment of the GMC
2.3.1. Identification of Components for Modification

A visual inspection of the GMC was conducted to pinpoint components for mod-
ification, such as identifying and understanding the functions of critical parts like the
water injection nozzles, water pipes, hollow shaft, bearings, conditioning chamber, mix-
ing system, and structural frame. Second, the GMC was disassembled for a detailed
study. Each component was measured using a Vernier absolute scale digital caliper, model
500-196-30, (Mitutoyo, Aurora, IL, USA) and tape measure (Stanley 33-735 Fatmax Tape
Rule, Edmonton, AB, Cananda). These measurements were used to create a 3D model of
the GMC using Fusion 360. The flange-bearing water system, including the pipes, hollow
shaft, and water inlet port, were selected for modification. A preheater needed to be de-
signed since the GMC does not have this feature. The existing mixing mechanism was left
without any modification. Also, structural analysis of the frame was not considered since it
had already proved to be able to withstand the loading (grains) during processing and, in
addition, the frame was not exposed to heat from the steam.

2.3.2. Modification Process

The GMC was successfully turned into a VSP system in four modification steps. The
first step was to make the GMC conditioning chamber fully sealed. Sealing the chamber
is necessary because VSP requires a vacuum environment, whereas GMC operates at
atmospheric pressure. The chamber rotates to mix the grain, creating a challenge to make
airtight the joints between the chamber and shaft to keep the vacuum condition inside the
chamber. The hollow shaft and the chamber are connected by a 139 mm by 139 mm plastic
flange bearing with a 38.1 mm diameter hole (Figure 4a) that is not designed to have an
airtight gap between the hollow shafts. To make the connection airtight, a special flange
with seals was necessary. This type of flange bearing is not readily available in the market.
Therefore, a custom flange bearing was designed and 3D printed (Figure 4b).
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The custom-designed flange bearing had three Buna-N rubber O-rings of 37.8 mm
inside diameter, a brass flange sleeve bearing of 38.1 mm inside diameter, and a 38.1 mm
spring-loaded rotary seal with a wiper lip. The prototype was made of 3D-printed ABS
plastic. In the initial phase, the ABS plastic worked as intended, but later, cracks developed
in layers where the materials had been deposited. The issue was resolved by changing into
a 6061 aluminum flange bearing. The aluminum flange bearing was composed of two parts
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instead of one whole aluminum piece to save on material and machining costs. The flange
had a dimension of 139 mm by 139 mm by 12.7 mm, while the nipple had a length of
58 mm with inside and outside diameters of 38.5 mm and 64 mm, respectively. The flanges
and nipple were joined together using a 0.07 mm interference fit with the addition of
high-temperature, high-strength Loctite. The custom flange bearing was attached to the
chamber using four bolts; between the chamber and the flange bearing, a high-temperature
O-ring was placed to make the connection airtight.

The hollow shaft was converted into a steam line by adding a vacuum and cooling
line in the second step. The GMC water-injection system employs a nozzle linked to an
internal pipe inside the hollow shaft for water-mist generation. The injected steam exists in
a gaseous state. Therefore, the tube and nozzle were removed to convert the hollow shaft
into a steam line. The diameter of the chamber is 821 mm, and the hole on each side of the
hollow shaft is 200 mm away from the wall of the chamber. A 400 mm space is created
between the holes, which means that all the steam is concentrated at the wall of the chamber.
Using Autodesk CFD 2024 [19], the steam path was simulated, the hole’s locations were
adjusted, and four additional holes were added to optimize the steam distribution inside
the chamber. The existing holes of the hollow shaft were patched, and eight new holes with
a diameter of 10 mm were drilled: four at the bottom and four at the top, with a 200 mm
space between the centers of the holes (Figure 5).
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The end of the hollow shaft on the left and right sides were modified to accommodate
the steam, vacuum, preheater, and cooling line. A 25.4 mm by 19.1 mm galvanized iron
(G.I.) bell reducer was welded onto both ends to allow easy connection of the G.I. nipple.

On the left-side end of the hollow shaft, a 19.1 mm G.I. nipple was connected to the
bell reducer, followed by a 19.1 mm G.I. Tee fitting and 19.1 mm G.I. cross-connector fitting.
All remaining connections on the Tee fitting and cross-connector had a 19.1 mm G.I. nipple
followed by a 19.1 mm on/off brass valve, except on the top connection of the cross-fitting,
where the vacuum gauge was installed. The on/off valve connects the preheater, the
low-flow high-pressure vacuum, and cooling air. On the right-side end of the hollow
shaft, a 19.1 mm G.I. nipple was connected to the bell reducer, followed by a 19.1 mm G.I.
cross-connector fitting. All three connections on the cross-connector had a 19.1 mm G.I.
nipple and a 19.1 mm on/off brass valve. The steam line, high-flow, low-pressure vacuum,
and steam-trap drains were individually linked to its dedicated on/off valve.

The third step in the modification was to make an exhaust for the air heater during
preheating. Adding an exhaust prevents the buildup of positive pressure inside the chamber
and allows cool air to exit the chamber when hot air is injected. To achieve this, the
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chamber’s top and bottom lid covers were drilled to create a hole of 47.6 mm. A stainless-
steel through-wall (thru-wall) connector with 25.4 mm sized pipes was installed at the hole,
and a removable threaded plug was used to cover the through-wall connector to seal the
chamber during vacuum operation (Figure 6). A high-temperature gasket was squeezed
between the lid cover and the through-wall connector to make it airtight. The lid was
bolted to the chamber, and a high-temperature gasket was placed between the touching
surface of the lid and the chamber to create an airtight connection.
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Figure 6. Design of a new chamber lid cover.

The final modification step was to cover the chamber with insulation material to
reduce energy losses. The chamber is made of 3.33 mm thick 304 stainless steel with
a thermal conductivity of 16.2 W/m-K. Using Fourier’s Law; the chamber overall heat-
transfer coefficient (U-value) is approximately 4864 W/m2-K of energy when not insulated.
Insulating the outer surfaces of the chamber reduces the heat loss. The external surfaces of
the chamber were covered with a 12.7 mm flexible insulation material called NOMACO
Insulation from Tarboro, NC, USA. This insulation material used has an estimated U-value
or heat loss of 1.3 W/m2-K to 1.4 W/m2-K [20]. To calculate the thickness of the insulator,
a U-value of 1.4 W/m2-K was used. The heat resistance (R-value) is the inverse of the
U-value. Hence, taking the inverse of 1.4 W/m2-K, the heat resistance of the insulation is
0.7 (m2 × K/W). Since the insulator has a thermal conductivity of 0.018 W/m-K [20], the
thickness of the insulator was calculated by multiplying the insulator’s thermal conductivity
and heat resistance.

2.3.3. Air-Heater Design and Fabrication

The air-heater’s design target was to heat 50 kg of grain from an initial temperature
( Tiw) of 20 ◦C to a final temperature (Tf w) of 40 ◦C, with a constant heated-air temperature
(Ta) of 100 ◦C at an injection velocity of 6 m/s. To ease the determination of the convective
heat-transfer coefficient between the wheat and the heated air, the wheat shape was consid-
ered spherical even though its actual shape was oval. Equation (2), derived from Datta [2],
was used to estimate the power (P) needed to elevate the temperature of the wheat from
20 ◦C to 45 ◦C. The Reynolds (Re) and Prandtl (Pr) numbers were calculated from the air
velocity, density, and viscosity, and by using the diameter (D) value of a single wheat grain.
The thermal conductivity (k) and specific heat capacity (c) are the thermal properties of air.
The estimated total surface area (A) of the wheat was calculated based on the estimated
total amount of wheat present on the 50 kg of wheat multiplied by the surface area of one
wheat grain. The time (t) was calculated from Fourier’s number from the Heisler chart [2].

P =

{
2 +

(
0.4Re0.5 + 0.06Re(2/3)

)
Pr0.4

}
∗ k ∗ A ∗ c ∗

(
2Ta − Tiw − Tf w

)
2 ∗ D ∗ t

(2)
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The calculated total mass of air and power was used to choose an appropriate air
heat gun. However, the default operation of air heat guns, which employ a fan to direct
air into a heating coil, is not ideal for the VSP system due to the back pressure created
by the grains in the pasteurizing chamber. To overcome this issue, the heating coils were
extracted from the air heat gun and installed into a custom-built casing (Figure 7). The
casing employs a forced-air mechanism driven by an air compressor, effectively dealing
with the back-pressure issue. The casing was made from readily available G.I. pipe fittings.
The core that houses the coils was made from a G.I. pipe nipple with a length of 152.2 mm
and a diameter of 50.8 mm. At the intake and exhaust side of the core, a 50.8 mm by
38.1 mm G.I. bell reducer and a 38.1 mm to 19.1 mm bush adapter were installed.
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Figure 7. Design of an air heater for preheating.

During the preheating process, pressurized air was injected into the intake side of
the preheater. The air expands before entering the heating coil, lowering its pressure and
temperature. This condition created a problem because it allowed the moisture present in
the pressurized air to condense back into water. To address this problem, stainless steel
Scotch-Brite pads were installed on the intake-side bell reducer to trap the condensed
water. A hole of 3 mm was drilled on the bell reducer to serve as a drain outlet for the
condensed water.

2.3.4. Experimental Setup

The pasteurizing chamber has a volume capacity of 0.48 m3; however, the recom-
mended usable volume is 0.2 m3, which is 40% of the total volume equivalent to a wheat
capacity of 150 kg. However, the study used 50 kg of wheat, occupying 0.07 m3 of the
chamber, which is 15% of the volume of the chamber. A load of 50 kg of wheat kernels was
added into the chamber, and then the AC motor was switched on to rotate the chamber
continuously at 9 rpm per minute. The wheat kernels were preheated to increase the wheat
temperature to 40 ± 4 ◦C. The North Dakota State University Pilot Plant Service Center’s
in-house low-pressure, high-flow vacuum pump accelerated the vacuum process from an
atmospheric pressure of 101.3 kPa to 46.2 kPa. To push the pressure further to 11.7 kPa, a
rotary vane 117 vacuum pump (Labconco, Kansas City, MO, USA) was employed. After
the vacuum reached 11.7 kPa, it was turned off, and steam was injected inside the chamber
until it reached 85 ◦C.

To monitor the vacuum inside the pasteurizing chamber, an Omega pressure trans-
ducer (model PX319-030AI) was used that has a pressure range of 0 kPa to 345 kPa, electrical
output of 0 to 10 Vdc, operating temperature of −40 ◦C to 85 ◦C, and response time of
<1 ms. It was mounted at the chamber’s top lid cover (Figure 8a), and pressure transducer
readings were collected at a 0.2 Hz data sampling rate. Upon achieving an 11.7 kPa absolute
pressure, steam was injected into the pasteurizing chamber via an Amerec AI Commer-
cial Steam Boiler (model AI-12). To measure the temperature inside the chamber, K-type
thermocouples were used. The thermocouples have a temperature range of −200 ◦C to
1260 ◦C, an accuracy of ±2.2 ◦C, and a response time of 500 ms. Seven thermocouples
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were installed within the pasteurizing chamber to measure the temperature at a sampling
frequency of 0.2 Hz (Figure 8b). A wireless data acquisition unit, LabJack T7-Pro, with
24-bit resolution, was used to collect the pressure and temperature readings. The LabJack
T7-Pro can only accommodate four sensors, but with a CB37 terminal board, the capacity
was increased to eight. The steam was turned off once the chamber’s internal temperature
attained 84 ± 1 ◦C. The steam inside the chamber was held for 1 min before activating the
vacuum pump to remove the steam swiftly. After the pressure inside the chamber was
lowered to 11.7 kPa, cool air was injected to reduce the grain temperature rapidly.
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thermocouple position.

3. Results and Discussion
3.1. Numerical Simulation
3.1.1. Chamber Structural Integrity

The vacuum serves as an external pressure load on the pasteurizing chamber that
can lead the chamber to fail. When the chamber is in a perfect vacuum, the atmospheric
pressure (101.3 kPa) pushes the outer surfaces inward, which can cause the chamber to
implode. The failure occurs when the chamber’s material, 304 stainless steel, cannot bear
the stress generated by the atmospheric pressure. Also, with the addition of heat, the
chamber’s strength is further reduced. Therefore, the GMC chamber was analyzed to see
if it could withstand the 101.3 kPa (perfect vacuum) pressure at 100 ◦C. Figure 9a shows
the heat distribution of the thermal analysis on the vessel. When the inner surface of the
chamber was exposed to 100 ◦C, the heat was absorbed throughout the body until the body
temperature equalized the 100 ◦C heat source. This absorbed heat changes the strength of
the 304 stainless steel. At room temperature, the yield strength of the 304 stainless steel
was 245 MPa, but when heated to 100 ◦C, the yield strength was reduced to 195 MPa [21].
The 195 MPa yield strength of the 304 stainless steel was used to determine the chamber’s
safety factor against the working temperature and external pressure load. The chamber’s
minimum safety factor was calculated by dividing the yield strength (195 MPa) and the
equivalent stress of 81.95 MPa (Figure 9b). Based on the calculated safety factor, the
chamber can withstand an external pressure of 202.6 kPa, which is twice the atmospheric
pressure limit. The simulation result was consistent with the maximum allowable external
pressure (199.6 kPa) that was calculated using the ASME simplified calculations for an
external pressure vessel [19].
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Figure 9. Thermal stress analysis of the chamber: (a) Heat distribution on the chamber walls;
(b) Thermal stress on the chamber; and (c) Chamber buckling analysis.

Figure 9c shows the buckling analysis that was performed. The chamber will collapse
when the middle section of the chamber is deformed into a similar shape at a displacement
of 25 mm in mode 1 and a 10.42 eigenvalue (buckling load multiplier) [15]. Multiplying
10.42 with the applied 101.3 kPa of external pressure will result in 1.1 MPa. This 1.1 MPa
pressure is the minimum external pressure that will make the chamber fail in buckling.
This pressure is over 10 times higher than the expected 101.3 kPa external pressure. The
result of the buckling analysis proves that the chamber will not fail during the regular
operation. Therefore, the chamber was proven safe to operate as a pasteurizing chamber
without needing modification to make it durable enough to withstand the 101.325 kPa
external pressure in a perfect vacuum at the 100 ◦C pasteurizing temperature.

3.1.2. Steam Distribution

Consistent steam distribution is essential for various food processing tasks, such as
drying, cooking, and pasteurization. Therefore, ensuring uniform steam distribution within
the pasteurizing chamber is crucial to guaranteeing that each wheat grain is equally exposed
to the heat. The initial steam line featured four outlets (two on each side). Simulation of
the system with four steam outlets on Autodesk CFD demonstrated a non-uniform steam
concentration toward the chamber’s sides, as demonstrated by the blue lines (steam-path
flow) in Figure 10a. On the other hand, adding four steam outlets, making a total of eight
outlets, greatly enhanced the steam-path distribution and made the steam distribution
more uniform within the chamber, as shown in Figure 10b.
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3.2. Experimental Results
3.2.1. Vacuum Assessment

When implementing a vacuum in the pasteurizing chamber, a key consideration
is the interface between the stationary steam injector that serves as the shaft and the
rotating pasteurizing chamber. Introducing a custom flange bearing equipped with a
sealing mechanism addresses this issue, creating a vacuum inside the chamber. To test the
vacuum capacity of the chamber while rotating, an in-house low-pressure, high-volume-
flow vacuum system was used to rapidly decrease the atmospheric pressure from 101.3 kPa
to 46.2 kPa within 4 min (Figure 11). Following this, a high-vacuum, low-volume-flow
vacuum pump was used for an additional 6 min to lower the pressure further to 11.7 kPa,
passing the desired 32.4 kPa absolute pressure specified by [7,8]. Using only the high-
vacuum, low-volume-flow vacuum pump would have significantly increased the time
needed to achieve the required pressure. Hence, the two-step process was effective in
providing the required pressure in 10 min. At 10 min, no additional vacuum was introduced;
instead, the chamber was continuously rotating until it reached 23 min. Then, the vacuum
was released, allowing the chamber pressure to equalize to the atmospheric pressure. As
seen in the figure, maintaining the vacuum from 10 min to 23 min while rotating the
chamber at 9 rpm resulted in a 344 Pa pressure increase per minute. From this result,
the vacuum pressure can be held for more than 10 min, which would satisfy the 9 min
pasteurizing time [8]. Even at 23 min, the vacuum pressure was above the target pressure.
This creates enough excess pressure to absorb the positive pressure from a steam injection,
and the system will still operate at the required vacuum pressure.
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3.2.2. Heat Distribution

Subsequently, heat distribution tests were carried out using seven K-type thermocou-
ples inside the chamber. This test was used to validate the steam distribution from the
simulation. The sensor readings shown in Figure 12 demonstrate that the heat distribution
inside the chamber was fairly distributed. This experiment was performed with 50 kg of
wheat, with no vacuum and no preheating. The first temperature reading in the first 12 min
was stable at 28 ± 0.9 ◦C. Once steam was injected into the chamber, the temperature
increased to 70.71 ± 1.90 ◦C. Considering the thermocouple’s accuracy margin of ±2.2 ◦C,
the inside temperature of the chamber displays a maximum temperature variation of 4 ◦C.
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This discrepancy is small and can be neglected because the chamber rotates during grain
pasteurization, ensuring sufficient exposure to steam. Therefore, adding four more holes in
the steam line improves the heat distribution inside the chamber. Also, a single temperature
sensor will be adequate to monitor internal chamber temperatures.
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3.2.3. Preheating Strategy

To optimize the VSP process, the product should preheat the samples from room
temperature to 15–35 ◦C below the target pasteurization temperature [10]. Then, the injected
steam brings the product’s surface temperature to the target temperature. Preheating is
usually done using hot air, which helps to avoid the condensation issues that would have
been caused if steam was used for preheating. By increasing the product temperature to
at least 40–50 ◦C before steam injection, the preheater reduces the temperature difference
between the steam and the pasteurizing products, which mitigates steam condensation
and ensures a more efficient pasteurization process. Temperature regulation and steam
distribution play critical roles in achieving successful pasteurization. For instance, when
pasteurizing wheat arranged in a static sphere, the grains at the core require more time
before they are exposed to steam, as steam penetration takes time. To overcome this, VSP
incorporates a mixing mechanism of the GMC system that slowly rotates the chamber at
9 rpm. This keeps the grains in motion, ensuring that all grains are immediately exposed
to the steam and significantly reducing the penetration time.

Additionally, the rate of heating the chamber was strongly correlated with the existence
of insulation around the chamber. Figure 13 shows the temperature profile of the chamber
with and without an insulator. At an ambient temperature of 20 ◦C without insulation in
the chamber’s outer surfaces, the preheater needs 110 min to heat a 50 kg wheat kernel to
42 ◦C. This was due to the fact there was heat loss through the highly thermal-conductive
stainless-steel walls. However, the addition of insulation on the outer surfaces of the
chamber significantly shortened it from 110 min to 15 min.
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3.2.4. A Modified VSP System and Its Operational Procedure

The purpose of the apparatus is to mimic the pasteurization process conditions of the
VSP system from previous lab-scale experiments conducted on LMFs like wheat, flaxseed,
and peppercorn [6–10] in a larger sample volume. These conditions include preheating the
product to >40 ◦C, lowering the chamber pressure to 32.4 kPa absolute pressure, injecting
steam to reach a temperature of 65 ◦C to 85 ◦C for 1 to 8 min, and, finally, removing steam
through a vacuum. Figure 14 shows the modified VSP apparatus. It has a preheater, a low-
flow, high-vacuum pump, an in-house high-flow, low-pressure vacuum pump, and a steam
boiler. Compared with the laboratory scale setup with a sample capacity of less than 1 kg,
the modified VSP system has a total volume of 0.48 m3 and can accommodate a maximum
of 150 kg of grains. It also has a mixing mechanism to ensure uniform exposure of grains
to the steam. The laboratory scale setup has a small chamber volume, making it easy to
evacuate the steam rapidly. A high-flow, low-vacuum pump was used to attain similarly
rapid steam evacuation of the steam in the larger VSP system. Another laboratory setup
uses a separate forced-air drying oven to preheat the product. In the modified equipment,
the preheater is integrated, hence eliminating the need for separate preheating equipment.
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Figure 14. Modified VSP apparatus.

The VSP system adopts a batch processing method. Its operation is a sequence of
grain loading, preheating, vacuum initiation, steam injection, steam holding, and steam
evacuation (via vacuum), followed by simultaneous vacuum release and grain cooling. The
50 kg wheat kernels underwent preheating for 22 min to reach 45 ◦C (Figure 15). After
reaching 45 ◦C, the heater was turned off and the exhaust was covered using a threaded
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plug to ensure that the vacuum pressure was maintained. Then the vacuum pump was
activated for 10 min to lower the chamber pressure from 101.3 kPa to 12 kPa. During the
vacuum depressurization, the temperature of the wheat dropped from 45 ◦C to 42 ◦C. This
temperature drop was expected since the air inside the chamber was being removed. Upon
reaching a pressure of 12 kPa, the vacuum pump was deactivated, and steam was injected
into the chamber for 6 min, elevating the wheat temperature to 85 ◦C.
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Upon reaching 85 ◦C, the steam boiler was turned off, and the steam inside the
chamber was held for only 1 min. It has been shown that prolonged wheat exposure at
this temperature alters some of its properties [8]. Also, the absolute pressure inside the
chamber increased to 74 kPa during steam injection. This is expected as steam has positive
pressure; hence, it was important to have a unit that can hold high vacuum pressure.
After 1 min of steam-holding time, the vacuum pump was activated for 8 min, lowering
the chamber pressure to 12 kPa. During the 8 min vacuum activation, the steam was
also simultaneously removed, preventing additional condensation of the steam. In this
operation section, the wheat temperature also dropped from 85 ◦C to 74 ◦C. The cycle
concludes with the simultaneous release of the vacuum and the introduction of cool air,
thereby lowering the wheat temperature to 30 ◦C, ensuring a minimal effect of heat on the
wheat quality. The chamber was mixed thoroughly throughout the process.

4. Conclusions

The repurposed GMC demonstrates successful modification and conversion into a
VSP system.

The chamber’s structural analysis illustrates its substantial resistance to external pressures.
Thermal stress and buckling analyses confirm the chamber’s integrity and safety under
operational conditions of 11.7 kPa absolute pressure and temperature values between 85 ◦C
to 100 ◦C, effectively addressing structural failure concerns.
The vacuum capability has been deftly addressed. Introducing a custom flange bearing
with a seal seals the joint between the stationary shaft and the rotating chamber. This
design innovation ensures that the chamber can sustain an absolute pressure of 11.7 kPa
for durations of 10 min at a pressure increase of 344 Pa per minute.
Heat distribution, an imperative condition for any pasteurization procedure, showed room
for improvement in initial configurations. With the introduction of additional holes, there
was a noticeable improvement in steam distribution. Actual measurements with K-type
thermocouples further supported this, which showcased minimal temperature variances
inside the chamber, suggesting that a singular temperature sensor is sufficient for internal
temperature monitoring. A key challenge was the direct steam injection, which posed
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moisture concerns due to temperature disparities between the steam and the grains. In-
corporating a preheater, complemented by adding insulation, addressed this challenge,
ensuring an optimal pre-pasteurization temperature for grains and shortening the preheat-
ing time from 110 min to 15 min.

Testing the process conditions of the modified VSP system with 50 kg of wheat
showed that the system can be successfully used to replicate the process conditions of
laboratory-scale setups, bridging the gap between small-scale experiments and larger, more
commercial applications.

Future research utilizing this apparatus will primarily focus on assessing and en-
hancing the microbial reduction efficiency toward LMFs, with the goal of fine-tuning
the pasteurization process for maximum efficiency while maintaining the quality of the
grains, thus making this technology a viable option for large-scale grain pasteurization in
the industry.
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Abbreviations

LMFs Low-moisture foods
VSP Vacuum Steam pasteurization
GMC Grain Moisture Conditioner
CDC Center for Diseases Control
FDA Food and Drug Administration
FSMA Food Safety Modernization Act
E. coli Escherichia coli
CFU Colony-forming unit
CAE Computer-aided engineering
CAD Computer-aided drafting
ASME American Society of Mechanical Engineers
ABS Acrylonitrile butadiene styrene
CFD Computational fluid dynamics
G.I. Galvanized iron
ms Milliseconds
rpm Revolutions per minute
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