ATTACHMENT C – CRITICAL REVIEW

The advances made by engineers and scientists in the NC-136 committee over the past 20 years in the area of thermal processing have resulted in numerous improvements in processing technologies and the ultimately safety of foods. In 2000, the NC-136 identified the need to better understand and control the processing technologies that use alternative methods for microbial destruction (i.e., pulsed electric field, high pressure). The impact of such technologies in consumer safety and process optimization is obvious. Although progress has been made regarding these alternative technologies through the contributions of NC-136 members during the last five years, there is still a lot to be learned. In addition, the development of in-line sensors for monitoring and controlling thermal and alternative food processes is needed to optimize product quality, minimize processing waste and energy usage, and improve food safety. The NC-136 committee will provide significant input to the food processor and the regulatory agencies regarding approval of these technologies.

This section reviews work accomplished toward meeting the objectives of NC-136 during the five-year period 1999-2004. The scope of the scientific output is indicated by the five-year list of peer-reviewed publications from participating stations, found at the end of this review. The Critical Review will emphasize work and its impact, resulting from the cooperative efforts of the participating scientists. The collaborations, both past and future, are in italicized text.

Major accomplishments

The NC-136 committee provides an opportunity to have a focused and concentrated meeting/interaction with other food engineers from the scientific community. This is a critical meeting to attend, as specific problems, solution approaches to problems, and the development of new collaborative research, teaching, and outreach activities have been achieved. 

The format of annual meetings allowed detailed presentation of collaborative and other research efforts to the entire group. This provides a critical review of the research on an ongoing basis. The presentation/discussion sections provided stimuli for solving engineering problems and have raised the awareness of all the NC-136 members to specific opportunities between stations that would have not occurred otherwise. Discussion sessions are especially useful because they focus on works in development, promote exchange of ideas, and offer the opportunity to forge collaborative teams. Members unanimously agree that NC-136 is one of the most important professional meetings that they attend. NC-136 provides member investigators with a unique “food engineering” forum in which they meet annually to share reports of their progress, exchange knowledge and experience, discuss areas of mutual interest, identify complementary capabilities, and ensure that cooperation continues. This is the single most important accomplishment of the NC-136 project. 

Major accomplishments are summarized in the Table C1 below. The large number of peer-reviewed publications speaks for the quality of science. The depth and breadth of the work mentioned below show that the participating stations are strongly committed to NC-136.

Table 1. Productivity of NC-136 during 1999-2004. Listing of specific accomplishments can be found under  aAttachment C or  bAppendix A. 

	
	Number (multistation)


	Journals, articles, peer-revieweda
	 562 (22)

	Books and book chaptersa
	162 (10)

	Presentationsa
	326 (9)

	Theses and dissertationsa
	91

	Patentsa
	7

	USDA NRI and CSREES grantsb
	$ 7.65 million ($ 2.1 million)

	Other competitive grantsb
	$ 7.6 million 

	Industry grantsb
	over $1.6 million


The level of funding through the USDA National Research Initiative (NRI), the Integrated Food Safety Initiative (IFSI )and other competitive grants (see also Appendix A) is indicative of the relevance and quality of the science. For a number of stations, the small financial support from the NC-136 project was used as seed money to leverage external funding in a very impressive way from industry and governmental agencies, as shown in Table C.1 In the case of one station, the station representative thought that the leverage has been at least five-fold. 
Impact

The project has contributed greatly to the development of food thermal and nonthermal processes based on sound fundamental principles. Detailed impact statements can be found following accomplishments in each of the research topics described under the four objectives. The sharing of ideas and the cooperation fostered by NC-136 were directly responsible in initiating the development of research proposals, sharing of students (going to another station to use equipment, be trained, etc.), sharing equipment, evaluating equipment and procedures, development of IFT (Institute of Food Technologists) symposia, class room experiments, textbooks, IFT - food engineering standards/outcomes, collaborative IFT presentations with the Education Division, alternative processing symposiums, workshops, patents, etc. 

IFT Symposia and Technical Sessions: 

In phase transitions in foods, collaboration led to an IFT Basic Symposium (1997). NC-136 participants (OH and WI) also co-chaired a session at the 2003 IFT Annual meeting on “Differential Scanning Calorimetry (DSC) methods”.  This collaboration was directly related to the involvement with NC-136.  

A symposium was organized by D.R. Heldman and R. P. Singh on “Standard Methods of Measurement of Physical Properties of Foods”  in 2000. This symposium included many NC-136 participants and reviewed methods developed for measurement of food properties. 
A 2002 IFT symposium on “Food Processing with Air Impingement Systems: Innovations and

Opportunities", organized by R. P. Singh and M. Karwe, involved several industry and NC 136 speakers.  

One symposium on Ultrasonic sensors was organized by members of the CA station in 2002.

A special IFT Summit Conference on “Non log survivor curves” was co-organized by several NC-136 members in January 2003. 

Another Symposium at the 2003 IFT meeting on “Recent Advances in Science and Technology of Soy Foods“ was planned and organized by ND and IA stations. 

A Symposium on “Computer-Aided Engineering to Enhance Food Product, Process and Equipment Design” was co-organized by NY-I Station at the 2003 IFT Annual Meeting that was attended by many of the NC136 members.

A Symposium involving several NC-136 stations and NASA was offered at the 2004 IFT Annual Meeting 

Another Symposium at the 2004 IFT meeting was organized and chaired by members of NC-136 on “High moisture extrusion: science, technology and applications”. 

Other Accomplishments:  The different results of collaborations between stations are impressive.  

A standard method for measurement of yield stress in foods was developed through continuous collaborative studies by stations through the Yield Stress ad-hoc committee during the last 5 years. Some members of this ad-hoc committee successfully attracted the interest of a rheometer manufacturing company. As a result, the YR-1 Yield Test Rheometer (Brookfield Engineering Inc., MA) was developed and launched in 2002. This instrument is a simple-to-use, low-cost alternative rheometer for measuring yield stress of food materials for quality control applications.  NC-136 made such a significant development possible. 

Collaboration in the area of microwave processing at the PA and NY-I stations has resulted in the most comprehensive reference book on microwave processing ever published
. 

A book chapter was written because of concepts discussed at NC-136 meetings
. 

A new book is the most recent example of the success of NC-136 collaborative efforts

The accumulated process modeling work at NY-I has reached a stage that they are able to leverage integration of microbiological and chemical safety models with process models in a major USDA National Integrated Food Safety Project that will produce one integrated tool for food safety prediction for the first time for teaching, extension and research.

As a result of the multicollaborative research efforts of the NC-136 committee, several technologies/techniques have been adopted by industry and economic development achieved. For example, a small-scale system for evaluating soybeans for Lunar and Mars missions was developed at the IA stations with collaboration with NASA scientists. Seed companies and food processors can use this system commercially on earth.

Implementation of the GAP's, GMP's, SOP's, SSOP's, and HACCP's in small and very small apple cider processors has increased the shelf-life of the respective products. No food-borne illness organisms were found in Iowa processors facilities or their products from 1999-2004. 

Guidelines for aseptic processing were developed in a workshop organized by several of the stations by obtaining people from academia, industry and government. 

Development of a new process of microwave sterilization that ensures food safety while improving product quality benefited significantly from collaboration between NC-136 stations. 

Validation of commercial sterilization to ensure food safety requires critical kinetic parameters that were developed through collaborative studies between stations. 
Dissemination of Information

Information generated in this project was made available to others through the 326 presentations at national meetings and 562 publications in widely-read scientific journals, plus reference books, development of short courses and a website specifically developed for NC-136. 

A good example of the impact of NC-136 findings is the following:  NC-136 work was cited in Barnes, H. A. and Nguyen, Q. D.  2001.  Rotating vane rheometry: A review.  J. Non-Newtonian Fluid Mechanics, 98:1-14. These authors, who are not affiliated with the group in any way, commented that “there have been efforts to make the vane method a national standard for measurement of the yield stress of food (US National Research Committee NC-136).” One year later, the yield rheometer was available to users.

At the NASA Advanced Food Systems Workshop held in October 2001 in Houston Texas, NC-136 members were represented in processing, preservation, packaging groups (reps from CA, IA, OH ,and WA). Other member stations in attendance: NY, PA. 

Two short courses, one on aseptic processing and one on the emerging processing technologies were developed through collaboration of a number of stations. 
A Nonthermal Processing Technologies Workshop was conducted in September 2003 in Wageningen, The Netherlands, jointly with IFT and EFFoST. The sponsored workshop included the participation of NC-136 members including Dr. V.M. Balasubramaniam of Ohio State University, Dr. Gustavo Barbosa-Canovas of Washington State University, Dr. Thomas Shellhammer of Oregon State University, and Dr. Q. Howard Zhang of Ohio State University, among others. This workshop was very well attended by personnel from food processing and equipment industry, government and academia and it addressed food safety and quality issues related to nonthermal processing technologies. As a result, there is increased awareness of nonthermal processing. An electronic Workshop Proceedings was produced and distributed to all attendants. Several review articles are being prepared for publication in journals.

Impact to education has also been very significant as the cutting edge research in quality and safety of food processing was included in graduate and undergraduate courses taught at the participating stations. 

A 5-log Reduction HACCP Apple Cider Workshop (approved by FDA) was organized by several stations to train and certify small and very small-scale apple cider operators.

Although the accomplishments of NC-136 have been impressive, continued cooperative work in many areas is critical. Consumer convenience and safety, preference for healthier and tastier foods, and the use of new food processing technologies mandate continued research. Thus, application of molecular and cellular biology to enhance food production, quality and safety is needed. Our proposed objectives for the next five years are slightly modified to reflect this goal. The remaining section is organized in terms of the four objectives of the completed project with the accomplishments and the continued needs for research discussed under each subtopic.

OBJECTIVE A:  To develop and verify methods for measurement and prediction of engineering and biochemical properties of foods as needed in process design, analysis and product development

A1.  Rheological Properties

Rheological (deformation and flow) properties of foods strongly influence food quality, safety and the design of processing and handling systems. Studies include development of improved measurement techniques, rheology of fluid and semi-solid foods, mathematical modeling of material behavior and structural changes, and rheology for process design.

A1.1 Improved Measurement Techniques

Collaborative interactions among stations have led to numerous successes in measuring rheological properties of various foods and, more importantly, in developing appropriate standardized methods. 

The vane method of evaluating yield stress has been successfully developed and commercialized (Brookfield Engineering Laboratories (MA) markets a unit based on this design) through the collaborative efforts of the Yield Stress subcommittee (IA, MI, MO, NY-Geneva, ND, OH, PA, TX). The new Brookfield Yield stress rheometer has wide applications in quality control and enhanced material characterization. It is also being used in the teaching (undergraduate and graduate courses) and in outreach activities with food companies.
Mixer viscometry allows food engineers to characterize the viscosity of a fluid material during a mixing process.  Due to the complex nature of many mixing processes, where shear fields are difficult to measure, a defined mixer viscometry constant (k() can approximate average shear rates within a mixing vessel. Average shear rates are calculated as the product of this mixing constant and the impeller speed. Efforts by the MI and NC stations led to a series of publications on development of useful, low cost, means of testing power law fluids.
A mixer viscometry constant was determined for a pilot-scale, 15-gallon, twin-axial ribbon blender at NC station. The mixer was modified with a torque transducer and optical speed sensor installed in line on the drive shaft as driven by a 3/4 hp electrical motor.  Torque responses and shaft speeds were collected with a data acquisition system coupled to the measurement device.  Impeller speed ranged between 0.5-10.5 rad/s, and torque responses ranged between 10-200 in-lb.  Three CMC solutions with weight percentages of 2.0, 3.0, and 4.0% were used to examine pseudoplasticity, and three corn syrups were used as Newtonian standards.  Rheological properties of the working fluids were determined using a conventional benchtop rheometer. Using a mixer viscometry technique, the matching stress method, an average constant of 2.56 rad-1 was determined for the blender configuration.  Using this mixing system, the viscosity of a material may be monitored during a blending process.

The Calibration fluids ad hoc committee was created because of the lack of non-Newtonian standards for use in the food industry. The member stations (MI, MN, NC, ND, NJ, NY-G, OH, and TX) joined efforts to help identify potential candidates. Several fluids  were tested by each station using carefully defined methodology. This subcommittee met every year to discuss previous results and plan subsequent trials. Working within the infrastructure provided by NC-136, the group was able to achieve the primary objective of the subcommittee: to successfully identify and characterize a suitable standard fluid, which was named the “grizzly fluid”. Future plans include publication of the results.
A controlled stress rheometer equipped with a pressurized cell permitted investigation of fluid rheology at elevated temperatures.  NC station members hypothesized that specifically casein-carrageenan interactions dictated the flow performance of dairy-based foods, including chocolate milk, puddings, and processed cheeses. Results revealed that whey proteins also contribute to the rheology, especially noticeable at lower concentrations of carrageenan. Principles of time-temperature-concentration superposition were applied for the prediction of fluid properties as a function of shear rate, temperature, and hydrocolloid concentration. 

Future needs and work: Mixer viscometry and other techniques for measuring rheological properties of foods need to be developed for many nonhomogeneous foods. Some new starch-based emulsions have shown rheopectic behavior. Studies in this area will be pursued at the TX station to gain an understanding of this unique behavior as it affects its application in the food industry (thickeners). 

A1.2 Studies on Fluid and Semi-solid Foods

Rheological properties of fluid and semi-solid foods have been investigated by several stations. The main focus of these studies has been the understanding of the role of composition on the properties and measurement techniques. Measurement of yield stress of pastes, dispersions and starch and protein gels has been the subject of several collaborative studies.

A procedure was developed to quantify the textural characteristics of fluid foods (Pollen et al. 2004). Another procedure was developed to calculate the contributions of internal bonds, network, and viscous nature to the yield stress of starch dispersions (Genovese and Rao, 2003). The developed technique should be useful for understanding the effect of processing operations and composition on yield stress of food dispersions, such as apple sauce, chocolate, ketchup, mayonnaise, and mustard. 

The Protein-Gel subcommittee (NC and IA stations) joined efforts in 2002 to develop a list of factors that need to be measured/controlled in order to obtain useful data from textural/rheological tests. Likewise, these factors must be controlled if we are to use standard gel samples to evaluate different rheological testing equipment. This work will be continued by the Gels ad hoc committee (NC, IA, SD, OH, MI, and NY-G).
Yield stress of 5% (w/w) cross-linked waxy maize, tapioca, and Amioca starch dispersions (SDs) was measured with the vane method at different rotational speeds. The static and dynamic yield stress values of each SD were measured at the NY-G station before and after breaking down its structure under continuous shear, respectively. This study made it possible to estimate the contributions of internal bonds, and viscous and network stresses from an energy balance model. Breakdown of yield stress into contributions due to bonding, network, and viscous dissipation should be helpful in understanding role of structure and composition of foods.

Fracture data from vane, compression, and torsion methods were compared for semi-solid foods at the NC station. The vane method is a rapid technique, providing an alternative technique for stress and strain calculations. Results substantiate the vane as a semi-empirical method, capable of revealing important rheological trends.

Work conducted at the NC station resulted on a patented process to modify whey proteins into an ingredient imparting thickening functionality similar to starches and hydrocolloids over a variety of conditions. Whey protein concentrate (WPC) was separated into four fractions of different particle sizes using a series of fine mesh sieves.  Particle size was found to be inversely proportional to powder dispersibility and water holding capacity.  Reduction in particle size also increased the steady shear and complex viscosity of the reconstituted powders.  The powder also displayed greater intrinsic viscosity as particle size increased.  A derivatized WPC powder of optimal size can be produced to maximize thickening and stabilizing functionality for a wide range of applications. 

In continuation, the role of particle size on the electrokinetic and electroviscous properties were evaluated for colloidal dispersions of a derivatized whey protein isolated (dWPI).  Colloids were sieved to achieve three narrow size ranges and analysis was conducted on each of the three ranges and the non-sieved colloids.  Suspensions were prepared with deionized water as the suspending medium, and colloidal size was determined via light scattering at incremental times throughout a three-hour colloidal hydration period.  Zero-shear viscosity was measured on a controlled stress rheometer and modeled via the Cross model.  Intrinsic viscosity was determined with a Cannon-Fenske viscometer, and zeta potential was calculated from colloidal electrophoretic mobility.  Particle size analysis revealed an average particle size of approximately 10 micrometers for the non-sieved dry colloids, however three hours after hydration, average size more than doubled.  With increasing sieved particle size, a corresponding increase on intrinsic viscosity, relaxation coefficient, and zeta potential was evident.

Future needs and work: There is still a lot to be done to understand the role of food composition and their interactions on their viscous and viscoelastic properties. Collaborative efforts will continue on gel characterization and viscometric techniques using mixer viscometry principles. Methods for micromolecular evaluation of food rheological properties need to be assessed. Further work on the effect of flaxseed meal on viscosity will be pursued using a Brookfield viscometer and new method using magnetostrictiveresonance (MSR). The efficacy of novel rheological methods based on ultrasound and acoustic waves should be investigated. Applications to cereals and frozen foods have been identified by several stations.
A1.3 Mathematical Modeling of Material Behavior and Structural Changes
Development of models characterizing physical and textural changes in foods permits improved understanding of product shelf life and allows the development of processing guidelines. 

Methods for the assessment of the extent of staling in starch-based products such as tortillas and bread were developed using the theories of polymer crystallization and stress relaxation techniques at the TX station (Limanond et al., 2002). These rheological models allow for accurate prediction of product shelf-life and stability during storage. 

The modulus development of dough during baking was studied at the ID station using a rheometer in a flooded parallel plate mode. In order to simulate the dough baking process, dough was baked in a conventional oven and temperature as a function of time was monitored at the center of the dough. These studies provide important knowledge on the transformations from a viscoelastic dough into an elastic crumb at the end of baking. 

Results from the two studies above will lead to combined efforts between the stations to further characterize the viscoelastic behavior of dough-based foods for optimum product quality and process efficiency.

The foaming mechanism of food foams was compared with that of synthetic polyurethane foams at the MN station. Four independent regions of modulus development were observed for the synthetic foams: 1) bubble nucleation and growth, 2) packing of bubble network/liquid foam, 3) urea microphase separation and cell opening, and 4) final curing. These results provide useful insight for development of processing systems for food foams.

Work at the MO station determined the energy consumption and efficiency of a twin-screw extruder during low moisture extrusion. Their research also allowed the development of  a process for evaluating the degree of fiber formation in fibrous soy protein meat analog.

Their research also allowed the development of a noninvasive method based on fluorescence polarization spectroscopy for evaluating the degree of fiber formation in fibrous soy protein meat analog. This could be used as a tool for product quality control or used as an on-line process control.

Future needs and work: There is still a need for better understanding the relationship between processing parameters and material behavior. Work will continue on development of mathematical relationships to quantify structure-process-quality control measures to improve process efficiency. Investigations to understand the rheological and mechanical properties of microscale systems (e.g., cell walls of cereals) as they relate to processing parameters are needed. Efforts will be initiated by several stations including IO and WA.  
A1.4 Rheology for Process Design

Measurement of the rheological properties of foods is important for improved process design. Several stations investigated the textural and viscoelastic characteristics of foods during drying, frying, microwave heating and extrusion and their results have been recently published in scientific journals (Antonova et al., 2004; Resch et al., 2004; Granda and Moreira, 2004). Efforts were expanded to non-thermal processes (Han et al., 2004). 

Studies conducted at the SD station evaluated a variety of cheese types, compositions and ages to gain a better understanding of relationships between cheese melt profile characteristics and chemical/textural /sensory properties. Melt profile analysis, a modified squeeze flow method for accessing cheese meltability, simultaneously measures the decrease in cheese height and increase in cheese temperature over time when cheese is placed in an oven. This methodology has potential for on-line rheological measurements and process design.

A rheological characterization of process cheese mix was performed using tube viscometry techniques at 15, 20, 25, and 30 °C over the approximate shear rate range of 5 to 35 s-1. As expected, the cheese mixture was shear thinning. Additionally, the viscosity of cheese mix substantially decreased as temperature increased, with a near tenfold decrease in viscosity from 15 to 30 °C. At a shear rate of 7.5 s-1, the viscosity of the mixture at 15 °C was 936.8 Pa s, while the viscosity at 30 °C was 112.7 Pa s. Generalized models for predicting apparent viscosity as a function of temperature and shear rate were developed using both a multiple linear regression equation and a modified Arrhenius - type equation at the NC station. 

Future needs and work: The tube viscometry technique and subsequent models have applications to the prediction of flow behavior of highly viscous materials to aid in food process design. Further studies will be conducted at NC and MI stations. 

A2.  Thermal and Thermodynamic Properties 

NC-136 has often been the leader in developing new methodologies and enhanced understanding of the thermal and thermodynamic properties of foods. For example, past work on standardizing methods of measuring thermal conductivity is widely used in the food industry. The Oils Characterization ad hoc committee presented results from the collaboration made by the participating stations (IA, ND, SD, TX, and VA)
 . Continued work in this area is in the process of being published. NC-136 more recent efforts have focused on the use of differential scanning calorimetry (DSC) to measure physical and thermal properties of foods. Thermal analysis using the DSC was standardized by a six station-subcommittee so that more accurate data can be obtained in the difficult measurement process of glass transition. A round-robin comparison of DSC measures on standard materials was published based on these results
 

Two models for predicting the thermal conductivity of porous foods were developed and tested at the OH station. This is an area of interest to other stations such as MI and NJ and collaborative efforts will be pursued.

The FL station developed methods and instrumentation capable of measuring changes in compressibility in citrus juice samples under high isostatic pressures up to 900 MPa. The approach to this work was based upon measurement of sonic velocity through the juice sample under different pressures and temperatures. The purpose of this work was to gain some basic insight into the mechanism by which such high pressure affects biochemical reactions important to juice quality and stability. Prior to work with citrus juice, earlier work consisted of sonic velocity measurements over a range of high isostatic pressure conditions for various simulated fruit juice systems (sugar, acid and sugar/acid solutions).

The relationship between oil quality and heat transfer was studied at the NC station by degrading canola oil to three quality levels (new, mid and old) defined by percent total polar material present in the oil. Heat flux, convective heat transfer coefficient, oil viscosity, and interfacial tension at an oil/water interface were measured at each oil quality level. As oil was degraded from new to mid, a large decrease in interfacial tension with a small increase in oil viscosity resulted in an increase in heat flux and convective heat transfer coefficient. Further degradation of the oil from mid to old level led to a decrease in heat flux and convective heat transfer coefficient. At the old quality level, heat flux and convective heat transfer coefficient were less than at mid level but higher than the new level. This decrease from the mid level was caused by a continued increase in oil viscosity while interfacial tension remained constant. These findings aid in further understanding the role of surfactants, and oil quality in general, on heat transfer during immersion frying. Radiant properties of some food materials and the ability to reproduce frying characteristics in par-fried products using radiant energy instead of immersion finish frying were studied. The net result was a 30 to 50% reduction in fat content in fried foods.

Innovative nuclear magnetic resonance techniques (spectroscopy and imaging) are being used to non-destructively analyze the physiochemical properties of food materials, which have produced significant findings regarding the states of water and biopolymers in food systems (MN).

A temperature scan evaluation method was developed at NC station to estimate the parameters affecting continuous flow thermal processing of foods using cylindrical microwave heaters/reactors. Food or biomaterial is pumped through and heated to achieve a selected temperature difference between heater entry and exit. Flow rate and microwave power level are controlled in order to target the selected exit temperature. Heated material is recirculated and reheated until the anticipated process temperature range is covered. The obtained data can be used directly or further processed to evaluate the potential of individual products for continuous processing using microwaves.

Future needs and work:  Measurement of physical and thermodynamic properties of food liquids under high pressures is needed to better understand pressure-driven mechanisms responsible for observed changes in response to high pressure treatments. The new HPP ad hoc committee was formed to address these areas in the next 5 years. Measurement of physical, mechanical and thermal properties of foods packaging materials under irradiation is needed to understand the interactions between radiation energy, product physiological changes and polymeric structures. These efforts will be pursued by several NC-136 members (IA, IL, TX).

 A2.1 Phase Transitions in Foods

An understanding of phase transitions that occur in foods is critical to controlling product quality during thermal operations. The phase transitions that occur in lipids, sugars, ice and salts have been studied at the Wisconsin station. A methodology was developed for analyzing and quantifying air cell size distribution in ice cream and frozen desserts. One particular finding of note relates to the mechanism of bloom formation in chocolates, which is related to the uncontrolled phase transitions of cocoa butter. During processing, chocolate is tempered to ensure the proper formation of cocoa butter crystals to give the desired quality and shelf life.  If tempering is not done, the chocolate quickly blooms due to the uncontrolled polymorphic transition of cocoa butter. However, the bloomed appearance is due to exclusion of sugar crystals and cocoa particles as the cocoa butter transforms. Thus, the white spots that appear on untempered chocolate are actually sugar and cocoa solids, and not cocoa butter as previously thought.

Other important findings are: 1) nucleation of sucrose from the amorphous phase was directly correlated to the glass transition temperature and the effect of temperature could be modeled either by the WLF equation or the Tamman model of nucleation with only the diffusion term included; 3) that moisture migration into sugar glasses follows Case 2 (non-Fickian) diffusion.  A high-moisture content syrup layer forms at the surface and slowly penetrates into the matrix as plasticization occurs; 4) a correlation between hardness and melt-down rates of ice cream with the structural elements (air cells, fat globules and ice crystals) was established.

During the past years, the effects of major ingredients and storage time on texture, and glass transition temperature (Tg) of pear fruit and strawberry leathers were investigated. Pectin was the most significant independent variable that affected the properties and glass transition temperature of the fruit leather samples. Decreasing the pectin content or raising the initial moisture content in the fruit leather formulation reduced Tg when more water became available as a plasticizer. The glass transition temperature of fruit leathers was found to be highly correlated with both instrumental and sensory hardness and chewiness.
The NC station has been working on understanding the mechanisms of protein gelation in processed cheese.  A collaborative project on protein and fat interactions in processed cheese is currently under development by several stations (NC, SD).  
Future needs and work: Measurement of glass transition provides information about the stability and safety of food products under given storage conditions. The DSC ad hoc committee will work on measuring glass transition temperatures in several foods. Conventional techniques and new techniques such as nuclear magnetic resonance (NMR) are currently used to study the states of food systems in MN station and this will lead to other collaborations. The results of these studies will be expanded  to nonthermal processes. Efforts to define the effects of native minor polar components, as well as synthetic surfactants on the crystallization behavior, structure, and rheological properties of fats are an area of interest. Quantitative links between crystallization behavior, static and dynamic structures, macroscopic properties (melting and hardness), and sensory impressions in milkfat (butter) and cocoa butter (chocolate) are needed.

A2. 3 Colloidal and Interfacial Properties of Foods

Colloidal constituents affect and determine the behavior of many foods, including milk, ice cream, butter, mayonnaise, and cheese, all of which derive their characteristic properties from the fact that they are colloids. As a result, colloid and interface science provides a microscopic framework for understanding and characterizing many macroscopic food behaviors, including bulk rheological behavior, and structural integrity of emulsions and foams. For example, the adsorption, distribution and/or interactions of proteins and surfactants at the liquid-liquid interface determine the behavior of all food emulsions and microemulsions. This, in turn, determines such properties as shelf life and foam stability. An important advantage of colloid and interface science is that its fundamental principles can be used to study materials that appear to be disparate. Therefore, lesson and techniques from other fields of study can be used to benefit food systems. This provides a powerful tool that enables one to gain molecular-level understanding of macroscopic food behavior.

The behavior of food proteins at fluid-like interfaces is important in many food processes, since adsorbed protein layers significantly alter surface/interfacial characteristics. The MI station has developed an apparatus to characterize the adsorption and molecular-level interactions of several proteins at the oil-water interface (Gajraj and Ofoli, 2000a).  In the last phase of this project, they used the apparatus to study the equilibrium adsorption of bovine serum albumin (BSA) and lysozyme (Gajraj and Ofoli, 2000a,b); interaction of nisin with several proteins (Parthasarathy, and Ofoli, 2004) and sequential and competitive adsorption of fibronectin and human serum albumin (Vaidya et al., 2004). 

Ion-exchange chromatography (IEC) was used to assess the effect of extrinsic fluorescent labels on adsorption and diffusion of BSA (Gajraj and Ofoli 2000b), a capability that allows the study of labeled molecules, and extrapolation of the results to native species behavior. These studies have also led to developed capabilities for both fluorescence photobleaching recovery (FPR) and fluorescence recovery after pattern photobleaching (FRAPP), enabling the differentiation between diffusion of bulk and surface-bound macromolecules. The apparatus is ideally suited to the study of protein-protein interactions at biomimetic interfaces, because it allows selective excitation of fluorescent species at and in the vicinity of the interface.

The dispersion of fine solid particles in a liquid media occurs in a series of steps during the mixing processes. Colloidal-size particles have four distinctive stages of dispersion: incorporation, wetting, breakdown of particle clusters, and possible flocculation of the dispersed particles. The breakdown of particle clusters in the model system was adequately modeled by first order rate kinetics at the CA station (Mc Carthy et al., 2002).

Interactions between proteins and polysaccharides (PS), depending on the respective concentrations of each biopolymer, may result in striking modifications such as: formation of soluble and/or insoluble complexes, change in thermal stability, different gelling or emulsifying properties of each biopolymer, incompatibility, etc. These interactions could lead to the successful development of functional ingredients. A better knowledge and a precise control of the protein/PS interactions is essential not only to understand the functional properties of both biopolymers, but also to delineate the stability of many food products and, on the long term, develop different matrices that could also be used in non-food areas (encapsulation, composite material etc.). A lot has been done on this subject but at different levels depending on the protein source and on the type of product studied but not considering the compatibility/incompatibility mixture behavior. 

Future needs and work: Interfacial properties of foods (e.g., fresh leafy produce) under vacuum packaging need to be evaluated to establish adequate process guidelines to ensure sterilization while minimizing structural damage. Focus will be on the adsorption and interactions of proteins at biomimetic interfaces, using proteins as biological recognition elements (BREs) in biosensors to detect analytes of biological interest. An important advantage of this approach is that these types of biosensors can be readily miniaturized to produce high-density, multi-analyte arrays.  The primary experimental tool will be total internal reflection fluorescence microscopy (TIRFM); however, we will also use electrochemical measurements for channel proteins, and atomic force microscopy (AFM) for surface morphology measurements. The development of new protein and starch-based functional ingredients with the potential application to food and non-food areas (drug delivery systems and encapsulation techniques) is an area of critical need to improve food quality and safety.
A3.  Mass Transfer Properties

Pressure driven flow plays an important role in many food processes such as microwave heating, grilling, baking and frying.  Permeability, a material property that determines the pressure driven flow, is desperately needed to properly describe this physics. For the first time, intrinsic permeability of potato and muscle tissues to water were measured using apparatus and methodology from non-food applications (NY-I Station).  Gas permeability has been successfully used in models to predict moisture transport and oven rise during a baking process more accurately under different modes of heating.  Such accurate prediction should lead to improved process optimization and the development of novel processes such as microwave baking that would not be possible otherwise.  Discussion in NC136 between MI and NY-I stations on permeability has helped speed up a project on quality and safety of meat cooking where permeability values are important. 

Understanding of the diffusion of water as well as other molecules through heterogeneous food systems will assist in improved product design for better performance and increased shelf life.  Drying is an important unit operation in food processing, so that understanding moisture transfer is a useful endeavor. 

Moisture transfer during drying of fruit (apple) and vegetables (potato, carrot core and carrot cortex) was investigated at the NY-G station. Drying curves and temperature profiles were obtained from cylindrical samples (0.7 and 1.4 diameter) under convective hot air drying (40, 50, 60, and 70 °C and 1.5 and 3 m/s air velocity). The effective moisture diffusivities of these materials were in the range of reported values, and temperature dependence of the effective moisture diffusivity was found to follow the Arrhenius relationship..
Work on time-temperature integrators and oxygen transmission rates undertaken by the Florida station’s new Packaging Science program is contributing significantly to enhancing the safety assurance of chilled and vacuum-packed foods for the consuming public. 

A mechanism for moisture migration through chocolate coatings was proposed by the PA station. It was hypothesized that the unsteady diffusivity of moisture through chocolate coatings could be estimated from the diffusivity of water through the continuous fat phase, and the partition coefficient of moisture between the hydrophilic particles and the fat phase. The predicted diffusion coefficient through a coating containing fat and varying amounts of sugar and cocoa powder were determined by incorporating the diffusivity data from the time-lag experiments and the partition coefficient obtained from the moisture sorption isotherms. The results of these studies are useful in development of coatings resistant to moisture migration. 

Research on diffusion coefficients for flavor compounds in a food matrix has been completed at the NJ station. This research is being continued with emphasis on binding forces for flavor compounds in the matrix.

Several stations have used non-invasive techniques to measure mass transfer properties. For example, magnetic resonance imaging (MRI) is being used to non-invasively monitor mass transfer in various food systems during processing and storage (MN). Modeling to incorporate nonuniform material properties is ongoing in collaboration between the CA and  the ID stations. NMR experiments were designed and conducted to visualize the moisture profiles during drying of pasta (ID). Experiments validated the previously developed multiscale theory, which predicts that fluid transport in biopolymers is Fickian in the rubbery state but non-Fickian in the vicinity of glass transition. Experiments in the glassy state are in progress. At the WI station, moisture penetration into a glassy matrix is being characterized by an FT-NIR method.  The change in moisture content with both time and dimension allow diffusion coefficients to be determined.

Future work and needs: As the development of active packaging materials is becoming increasingly significant in the optimization of alternative food processing technologies such as irradiation, there is need to determine mass transfer coefficients to optimize diffusion rates of antimicrobial agents in  a variety of systems and conditions. Collaborative efforts between IL and TX stations will be initiated. Use of MRI in determining moisture distribution in foods during processing and storage provides new opportunities to improve textural quality.

A4.  Electrical Properties

Measurements of dielectric properties of a variety of food materials have continued at several stations (NC, OH, and WA). Dairy products such as milks, whipping and sour creams (regular, low fat and fat-free) and pumpable cheeses have been tested at a range of processing-level temperatures. The results have been used for numerical simulation and modeling as well as to generate appropriate sterilizing solutions for continuous flow microwave sterilization and pasteurization which appropriately mimic the dielectrically-dependent heating behavior of processed food products. Additionally, dielectric properties of a variety of fruit and vegetable purees conducive to thermal treatments using continuous flow microwave processing have been measured and used to simulate and predict the heating behavior of those materials, as well as the theoretical temperature distributions during processing. The temperature distributions were also measured during actual processing and adjusted as needed in order to achieve appropriate sterilization and/or pasteurization treatments. 

Electrical conductivity is of great importance to ohmic heating. The levels of electrical conductivity in liquid medium and particulates, and change in electrical conductivity as a function of system temperature greatly influence the heating partner (Gongora-Nieto et al., 2003). Work at MN and WA stations is ongoing.

The following variables were tested to improve powder coating: oil content, powder particle size,  powder particle shape, powder composition and use of electrostatic coating.  Various food items were coated and the transfer efficiency and dustiness of the process was measured.  Significant improvements in efficiency can be made by increasing oil content, decreasing particle size, increasing particle surface area and using electrostatics.  Electrostatic coating also significantly decreases the dustiness of the process.  On-going projects are studying the effect of powder composition on coating efficiency, optimizing the electrostatic coating process and working to minimize dustiness. 

Microwave based instruments provide on-line measurement of the bulk sample due to the relatively long wavelength. Characterization of Guided Microwave Spectrometry (GMS) was conducted.  The dielectric properties of the material being measured affected the GMS spectrum by shifting the cutoff region and changing the spectral amplitude over the entire operating frequency span. GMS system has both a lower and upper amplitude limit beyond which its resolution decreases significantly. 

An accelerated approach to the generation of a database of dielectric properties for a wide variety of foods and biomaterials was developed by NC station members. Developed data collection procedures concentrate on obtaining relevant data at pre-selected fixed temperature levels for a wide range of microwave frequencies, rather than incrementing the temperature levels and measurement of properties within narrow frequency distribution. 

Future needs and work: Work on dielectric property data generation will be continued by implementing a variety of available microwave frequencies to best match the desirable target effects for foods and biomaterials. These properties are essential for process design of continuous flow microwave treatments.
A5 Other Properties

High-sensitivity and high speed optical measurements are being used by the OR station to develop process control methods. The same methodology is also being used for food process engineering research. For example, sugar inversion and alcoholic fermentations are applications of optical control methods of high industrial significance. The OR station has developed methods based on changes in optical rotation (Mendoza-Sanchez et al., 2004; Lopez et al., 2004) for these applications. In another industrial application, optical rotation measurements were combined with light scattering determinations to monitor the coagulation of surimi wash water proteins by chitosan-alginate complexes (Mendoza-Sanchez et al., 2004). This real-time monitoring of the coagulation process will allow for on-line adjustment of the coagulation time in response to the variability of the wash stream water. 

Ongoing applications of optical measurements are focusing on studying the denaturation by heat and pressure of proteins in various systems. In addition, uses of an optical rotation system with automatic adjustment of light source intensity is being evaluated at the OR station. This new method is being compared to conventional techniques such as differential scanning calorimetry (DSC).

Research was conducted to measure ultrasonic properties of a model food system subjected to different freezing rates at the VA station. The results obtained show that changes in ultrasonic velocity are highly correlated with the temperature variation and ultrasonic velocity profiles could be used to monitor the phase change of water within frozen foods. This line of work will be continued with participation of the IL station.

At the FL station, methods and instrumentation capable of measuring changes in compressibility in citrus juice samples under high isostatic pressures up to 900 MPa using detection of sonic velocity under pressure were developed. Similar efforts were pursued at the OH station.

Radiant properties of some food materials and the ability to reproduce frying characteristics in par-fried products using radiant energy instead of immersion finish frying were studied at NC station. The net result was a 30 to 50% reduction in fat content in fried foods. Further work in this area is needed.

The NC station developed a process that is currently being commercialized for rapid cooling of shell eggs pre-packaging. This cooling process can significantly reduce the potential for foodborne disease from fresh shell eggs. In addition, we have developed a chemical method for measuring CO2 content in the air cell, egg yolk, and egg albumen. A chemical method was developed for determination of carbon dioxide content in shell eggs. This procedure can be applied to air cell, albumen, and yolk. Another technique was developed to measure gas permeability through egg shells under modified atmosphere conditions. They compared existing quality methods and developed a new method for measuring and quantifying shell egg. This method consists of a vitelline membrane strength measurement. It appears significantly more sensitive to environmental conditions (storage, temperature, and hen age) than existing egg quality methods.

Future needs and work: Evaluation of new non-invasive methodology to measure food structural changes is critical to the assessment of new processing technologies. The continued interest in frying processing will lead to new collaborations among several stations (NC, VA, and TX). Other technologies (ultrasound, NMR, optical) will be investigated by the IL, KY, NC, OR and other stations.

OBJECTIVE B: To measure and model process dependent kinetic parameters which affect food quality and safety attributes

During processing, food undergoes chemical, biochemical, physical and microbiological changes which can result in poor product quality and food safety risks. An understanding of these changes and the quantification of their kinetics as foods are manufactured and progress through storage and distribution systems is necessary to control quality and safety. The introduction of alternative nonthermal processes (HPP, PEF, irradiation, etc.) added a new dimension to the kinetics of food processing technologies. Thus, need to investigate the kinetics of such processes. Multi-station efforts include applied research in seafood, fruits and vegetables, meat and dairy, powders and dried foods to reduce process requirements in thermal and nonthermal processes.

B1 Physical Processes

Oxidation is a major concern in food systems, especially in foods having higher unsaturated fat content. In many stations, work has been conducted to increase our understanding of oxidation in food systems with particular reference on the use of antioxidants.  Experimental determinations and predictive models are helping the understanding of oxidative changes in vegetable oil, especially flaxseed oil as edible oil.

A collaborative study between IA station and NASA determined that the surface radiation of whole dry soybeans using electron beam or gamma rays at 10 or 30 kGy provided microbial safety for the astronauts. Irradiation of the soybeans significantly reduced microbial load. However these doses caused oxidative changes that resulted in soymilk and tofu with rancid aromas, higher TBAR's, darker brown tofu, lower tofu yields, more solid waste, paste-like okara, and loss of the ability of the seeds to germinate (a problem if there are to be grown on Mars). While lower doses may reduce these problems, the ability to insure microbial safety (cross-contamination) of bulk soybeans for the astronauts is lost. A No Effect Dose for quality changes and an effective dose for food safety are needed. NASA, IA, IN will continue to work in this area over the next 5 years. The application of this study covers NASA and Homeland Security/Bioterrism issues.

The effect of system and process parameters on the quality of aseptically processed products was assessed from a rheological standpoint at the NC station. The system consisted of a positive displacement pump, scraped surface heat exchanger, holding tube, and a tubular cooling unit. The effect of mechanical and thermal damage to particulates such as peas and carrots suspended in a carboxymethylcellulose solution was studied using the Kramer shear test. A dimensionless correlation was developed to model the damage inflicted on the particles as a function of process variables. This correlation can be used by processors to design a process that will minimize damage to particulates and thereby result in a high quality product.

Application of edible coatings to maintain crispness of fried battered chicken products was conducted at the VA station. For crispness studies, methylcellulose (MC) and whey protein isolate (WPI) were incorporated into the batter and pre-dust to determine their effect on crispness of chicken nuggets held under a heat lamp. Samples with MC in the pre-dust were crispier than samples with WPI and control.  However, no significant differences were found in sensory qualities among samples tested by a sensory panel. These results were used to quantify the kinetics of quality changes due to frying. 

Pasteurization and preservatives combined with refrigeration extended the shelf life of raw apple cider to at least four weeks. This study conducted at the IA station demonstrated that gas chromatography (GC) can be utilized to determine the shelf life of apple cider and to detect and monitor ethanol concentration. Adoption of GMPs, SOPs, SSOPs, and HACCP extended the shelf like of refrigerated apple cider.

The texture and functional properties of process cheese are affected by the type and age of natural cheeses, the type and amount of emulsifying salts, and processing conditions. Cooling is a critical operation and is believed to impact the casein network structure. Therefore, understanding the mechanisms and kinetics of network formation at different cooling rates may improve the efficiency of process cheese manufacturing. A study at the NC station evaluated the effects of cooling rates on casein gelation kinetics using small amplitude oscillatory shear rheology and fractal analysis. To study casein network formation in cheese, a model system was prepared to simplify preparation and analysis. Casein was isolated from skim milk by ultra-filtration, and then redispersed at 50 °C and pH 4.6. Next, the dispersions were analyzed by a Bohlin VOR rheometer while at 80 °C for 30 minutes and during cooling to 5 °C at three different cooling rates (1.0, 0.5, and 0.1°C/min). Dynamic shear tests were used at a strain of 0.1% while cooling. Frequency and strain sweeps were performed at 5 °C for each concentration. Fractal dimensions were derived from the linear viscoelasticity region strain limit and storage moduli (G') at different concentrations. Storage moduli and the fractal dimensions showed higher values at slower cooling rates. A higher fractal dimension at slower cooling rates indicates a more compact structure in the gel network. Cooling conditions impact process cheese quality, yet cooling rate effects are poorly understood. This investigation begins to divulge the effects of cooling rates on network development and may impact the manner in which process cheese is cooled.
Future work and needs: Kinetic data are still needed for the improvement of food processing operations, especially the nonthermal technologies. Research is needed to determine the effects of irradiation treatment on the quality of food products. This line of work will be pursued with collaboration from IA, IL, TX station and NASA. A collaborative study (ND and SD stations) on extrusion temperature measurement is under development. 

B2 Chemical Reactions

A 2002 joint Food and Agricultural organization/World Health Organization Consultation committee concluded that the presence of acrylamide in baked and fried foods is a major concern in humans based on the ability to induce cancer in laboratory animals. Research recommendations included mechanistic studies on the modes of formation and fate of these compounds and efforts to minimize acrylamide in foods. Important work on acrylamide formation in fried potato chips was initiated at the TX station. The kinetics of formation of acrylamide in potato chips fried under vacuum and atmospheric conditions were established (Granda and Moreira, 2004). The method used for acrylamide measurement was a slight modification of the LC/MS/MS protocol developed by FDA scientists (FDA, 2002). The method uses a Waters C-48 Atlantis HPLC column [isocratic run of 90% water and 10% methanol (0.1% formic acid added)]. Preliminary results showed that potato chips (Variety Superior) fried at 165oC for about 5 minutes in an atmospheric fryer had higher acrylamide content than chips fried in vacuum frying. Over frying (potato chips fried for 8 min resulting in a darker color) produced even higher acrylamide content. 

The kinetics of the browning of glucose and glycine model systems has been studied at the DE station to investigate the role of buffers (citrate and acetate) in the Maillard reaction.  The affect of different buffers on the Maillard browning of glucose and glycine suggests that a different reaction may occur in citric acid based foods compared to acetic acid based foods. This information may lead to better control of the Maillard reaction in terms of color and flavor formation and even in terms of formation of toxicants, such as acrylamide and heterocyclic amines. This line of work will be extended to vacuum frying in collaboration with the TX station. Similar efforts will be pursued on pressure frying with the VA station.

The relationship between biochemical changes during the storage of soybeans and the quality of soymilk and tofu was characterized through a collaborative study between ND and IA stations. They will work at developing effective methods to treat mildly Fusarium infected malting barley so that it may be utilized for producing good quality, mycotoxin-free malt.   

A method was proposed to model the separate thermal and mechanical effects on nutrient degradation during extrusion cooking at the MI station. Thiamin was chosen as a test substance and as an indicator of the intensity of these effects. Thermal effects were modeled kinetically by heating flour and thiamin isothermally for different times.  Mechanical effects were modeled by using a modified matching-viscosity technique.  Results show that mechanical effects cause up to 94% of total thiamin destruction.

A kinetic study was performed at IN station to develop the kinetics for the conversion of different substrates (lactose, glucose, and galactose) to lactic acid by L. bulgaricus.  Supercritical CO2 was used to rapidly extract kavalactones without solvents.  The effect of temperature, pressure, and volume of CO2 used to extract commercial kava was evaluated.  Similar studies were made for the extraction of lycopene from by-products of the tomato processing industry, and extraction of essential oil components from lemon eucalyptus, lemon balm, lemon bergamont, and lemongrass. 

The effect of screw press parameters on press performance and oil quality are being evaluated for pressing of flaxseed at the ND station.  Flaxseed oil has very high levels of the essential-yet-sensitive fatty acid, alpha-linolenic acid.  Oil recovery can be improved by reducing seed moisture content before pressing, but this also elevated press temperature.  Press temperature was reduced by dehulling seed, and dehulling also increased press rate.  Certain volatile components of flaxseed oil, as determined by headspace analysis, were correlated to bitterness scores for flaxseed oil as determined by a trained panel.  This correlation points to the use of headspace analysis as an important tool for characterizing the effect of press parameters on oil quality.  Work conducted at the DE station showed that flaxseed had little effect on the physicochemical properties on baked products suggesting that this nutritionally beneficially ingredient can be used in baked products. The only concern for manufacturers would be the fact that the batter containing flaxseed is more viscous than batter without flaxseed. This issue will be further investigated.
To improve the understanding of structure-dependent texture, model systems were developed to simplify molecular-level interactions and structural analysis. The characteristics of polyacrylamide (PAAm) as elastic models for food gel systems were investigated at the NC station using small amplitude rheological and large deformation tests. Results showed that PAAm gels are ideal elastic materials. The network structure (cross-link density and network chain length) could be controlled by gel concentration and/or monomer to cross-linker (M/C) ratio. The number-averaged modulus was lower when the network density was lower, and finally reached a constant value as defined by the theory of rubber elasticity. Furthermore, torsion tests showed the cross-link density and network chain length determined fracture modulus and fracture strain, respectively. The PAAm gel parameters did not change with deformation rate, indicating no viscous flow was examined during deformation. Changing gel concentration proved a more effective approach than cross-linker concentration in controlling the texture properties of PAAm gels. Supplemented with the temperature dependence of fracture parameters and relaxation properties, which were previously investigated, the entropy-elasticity model can be a foundation to establish fracture mechanisms for food gels on a molecular basis.

Through a USDA Grant Soybean storage study, the  ND and IA stations investigated the influence of storage conditions of soybeans on their proteins, protein ratios, free fatty acids, peroxide values, endogenous metal chelators, concentration of coagulators used, and method of tofu processing. Both ND and IA found similar results, in that they believe that color may be used to predict quality of the soyfoods made from stored soybeans. PhotoChem Luminance can be used to monitor the loss of natural antioxidants during different storage conditions. 

The FL station was involved in determining the thermal degradation kinetics of ascorbic acid in tropical fruit (cupuacu) nectar. The Paired Equivalent Isothermal Exposures (PEIE) method was used to determine reaction kinetic parameters under non-isothermal conditions. Continuous pasteurization heat treatments were carried out with a tropical fruit nectar [25% of cupuaçu (Theobroma grandiflorum) pulp and 15% of sugar]. The estimated values were (Ea=73(9kJ/mole, k80°C=0.017(0.0015 min-1). These values compared very well to the previously determined values for the same product under isothermal conditions (Ea=73(7kJ/mole, k80°C=0.020(0.001min-1). The predicted extents of reaction presented a good fit to the experimental data, although the cycled thermal treatments presented some deviation.

Future needs and work: Development of a faster and more economical acrylamide detection method is needed. Collaborative efforts will be established between the TX and DE stations to address this issue. Multi-station collaboration of the determination of kinetics associated with several chemical changes will continue. This data will be used by multiple stations to design and validate methods for the commercial processing of foods that are safe and nutritious.

B3 Microbial Kinetics

The determination of kinetics associated with microbiological changes is needed for development of current and new food processing technology with implications to food safety. The influences of processing method and food composition on the performance of the technologies have been evaluated for a series of thermal and nonthermal technologies. These kinetics provide the engineering parameters upon which the design and validation of commercial sterilization and pasteurization processes are based in the food industry.

At the FL station, kinetic parameters describing thermal inactivation of S. cerevisiae and E.coli in heat pasteurization of orange juice were estimated using two alternative techniques recently developed for determination of kinetic parameters under dynamic temperature conditions (EPM at NCSU, and PEIE at UF). Results were compared, and showed that D-values at a given temperature can differ by as much as 25%.  Accuracy of each method was determined by comparing model predicted survivors (using parameters estimated by both methods) with laboratory plate counts resulting from a known but challenging dynamic time-temperature heat treatment outside the range of temperatures used for parameter estimation. In all cases, kinetic parameters estimated by the dynamic PEIE method yielded model predictions that agreed more closely with experimental results.  Use of the more accurate set of parameters led to a 30% reduction in hold tube residence time than that which would have been calculated with the less accurate parameters.

The FL station completed work on studying the performance of various commercially available time-temperature integrators (TTI) for application to safety assurance of chilled seafood packaged in reduced oxygen atmospheres. Results were presented at the July, 2003 IFT Meeting in Chicago, and published in the Journal of Food Science (JFS, 69(3): FMS90-FMS96). 

A comparison of inactivation kinetics on high pressure and irradiation processing was conducted at the VA station. In order to obtain an accurate mathematical interpretation of microbial survivor curves, comparisons of four different models (Bigelow model, Arrhenius equation, Fermi equation and Weibull frequency distribution) in inactivation kinetics were conducted on data from high pressure and irradiation processing of oysters. 

High pressure processing research at OR station focused on Listeria monocytogenes with emphasis on the determination of its inactivation kinetics and on processing aids to increase the effectiveness of pressure treatments.  The inactivation of Clostridium perfringens spores by heated pressurization with a focus on the role of small acid soluble proteins (SASPs) and bacterial spore coat proteins, the role of pressure pulses, and the increase of process effectiveness by germination promoters and surface active agents are also a central area of research. 

The MI station has also measured and modeled the effect of thermal exposure on the fluorescence emission of R-phycoerythrin (R-PE) (Vaidya  et al., 2003). The long-term objective was to assess the feasibility of encapsulating R-PE for use as the critical component of a time-temperature integrator (TTI) for verifying the degree of inactivation of food pathogens such as Salmonella. They used the isothermal data to determine the kinetic parameters, based on a general nth order reaction, and evaluated the utility of the resulting model by using it to predict R-PE fluorescence emission decay for several non-isothermal experiments based on published USDA safe harbor guidelines for cooked beef products.  The transient experiments were conducted over the same temperature range used in the isothermal study. Very good agreement was obtained between theory and experiment at temperatures of 62.8oC and above, although the model slightly under-predicted the extent of fluorescence emission decay at 60oC.  These results indicate that R-PE fluorescence emission decay kinetics is well behaved, and that the protein is a strong candidate for use as a time-temperature integrator.

Future needs and work: New non-thermal technologies will be characterized during the next five years by several stations including OH, OR, TX. .

B4 Enzyme Kinetics

In many food preservation processes, enzyme inactivation is a critical step in producing a safe and high-quality food.

Optimum blanching times for Edamame soybeans were completed this year at the IA station. For the majority of the cultivars, 1 to 1.5 minutes of blanching in the pod inactivated the soybean peroxidase, but only inactivated 38-45% of the trypsin inhibitor.  Water or steam blanching or further cooking for at least 3 minutes inactivated 95% of the trypsin inhibitor. Soluble oxalates and some isoflavones increased after blanching.

In confections, the enzyme invertase is often used to soften fondant-based products.  By reducing soluble sucrose to fructose and glucose, which leads to dissolution of sucrose crystals, a cream center is softened during storage.  Proper control of conditions is necessary to obtain the desired softening effect.  Thus, the effects of formulation and storage conditions on invertase softening in fondant are being studied at the WI station.

The WA station developed a novel enzyme-based biomarker or time-temperature indicator technology (TTIs) as a strategy to ensure that disease causing microorganisms are killed during food pasteurization processes. These TTIs will be used to validate microwave and radio-frequency food pasteurization treatments. These markers will be tested in various foods (meat and egg products, vegetables, and potato) which will be treated using conventional thermal pasteurization processes and in novel dielectric heating systems employing RF or microwave radiation. Heat distribution and thermal inactivation of the markers will be tested in treated food products. 
Future needs and work: Quantification of the rates of enzymatic reactions in foods, both during production and shelf life, is necessary to produce safe and long-lasting foods. Studies of these reactions under nonthermal processing must be conducted. Having a variety of possible biomarkers will facilitate development and validation of a process technology for a specific food borne pathogen.
OBJECTIVE C: To identify and describe transport mechanisms occurring in food processes

It is necessary to improve the safety of processes further while not sacrificing quality; i.e. a major effort in optimization is necessary. The new nonthermal process technologies have introduced a new dimension of complexity to the task. Work has focused on understanding transport of mass, momentum, and heat as they are influenced by property changes and the respective changes in process kinetics. To understand and characterize the mechanisms responsible for such changes is a challenging task. The NC-136 committee has faced this challenge during the current five year cycle through multi-station collaborations to further the knowledge needed to optimize processing and storage applications. 

Fundamental studies on transport phenomena in impingement jets are providing new information on improving application of this technology for freezing and thawing foods. The results on impingement research show the need of time dependent simulations for air impingement processes. Work on extrusion conducted at the MO station led to the development of the process of high moisture extrusion for fibrous meat analog using soy protein isolate, wheat gluten and starch.

C1 Heat Transfer

With the continual growth in the use of frozen foods both in retail and in food service, there is a need to develop improved thawing methods. Current methods are often undesirably slow (still air) or are very expensive and cause uneven thawing (microwave). Air impingement technology is one possible method to improve the thawing of frozen foods.  The objectives of this work carried out at the CA station were to develop a two-dimensional model for air impingement thawing frozen foods, to verify the model experimentally, and to carry out a sensitivity analysis using the model. Frozen products were thawed using a laboratory impingement system with a single impingement jet. A simulated meat product (Tylose gel) was used as the test material.  Thawing of a Tylose disk (12.7 cm diameter, 1.98 cm thickness) with air at 6°C without impingement required more than 12 hours, while thawing under a single impingement jet took less than 3 hours, over four times faster.  Results from the finite difference model gave good agreement with experimental data.  Moisture loss during thawing was typically over-predicted because moisture gain due to condensation was not modeled.  The sensitivity analysis found that heat transfer coefficients that varied with position or time could cause substantial change in thawing rates at certain locations.

Convective heat transfer coefficient is a critical parameter in analyzing heating systems.  When air impingement technology is applied to the thawing of frozen foods, the resulting effective heat transfer coefficient becomes quite complicated.  The air flow from impingement jets result in heat transfer coefficient that varies with position.  In addition, transient thawing results in effective heat transfer coefficient that varies with time (surface temperature).  At the CA station, effective heat transfer coefficients as a function of position and time (surface temperature) were determined using an inverse method for thawing from a single impingement jet.  For this inverse method, temperatures were measured inside a polymeric material and were used to estimate the surface fluxes and surface heat transfer coefficients as a function of time.  Regularization parameters used in this inverse method were determined using simulated data.  Effective heat transfer coefficients tended to increase with time as thawing progressed.  Heat transfer coefficients decreased radially, but exhibited secondary maxima at radial distances approximately equal to the nozzle diameter.  This inverse method enables estimation of heat transfer coefficient as a function of both time and position. Future collaborative work will be conducted with the NJ station and others. AT the NC station, efforts have been devoted to determine the fluid to particle convective heat transfer coefficient (hfp), an essential design parameter in the development of an aseptic processing system. The convective heat transfer coefficient was determined using a new method, developed in our lab, based on ablation heat transfer. The amount of solid lost (ablated) was shown to be directly proportional to the energy flux across the fluid-solid interface with the constant of proportionality being hfp. Change in mass of an ice sphere was used as an ablation probe to study hfp in straight, round conduit. Values of hfp ranged from 1,369 to 2,749 W/m2K over a Reynolds number range of 2,700 to 17,000.

Efforts at the NC station included experiments where water was pumped in a helical heat exchanger to determine the inside and outside heat transfer coefficients as a function of flow rate, process temperature, and coil diameter. Correlations were developed to determine Nusselt number as a function of Reynolds and Prandtl numbers. The resistance to heat transfer offered on the inside and outside were extremely small and was of the same order of magnitude as the resistance to heat transfer due to the wall of the heat exchanger. In order to assess pumping requirements at process temperatures, the pressure drop across the heat exchanger under process conditions was determined. A correlation was developed to determine pressure drop per unit length as a function of process parameters. These results will be useful in designing helical heat exchangers for various applications.

Scientists at the MO station determined the heat transfer coefficient at the cooling die during the formation of fibrous soy protein meat analog. The results could be used to increase the throughput and scale up of the meat analog process using a twin-screw extruder. 

Scientists at the NC station evaluated the uniformity of heating liquid (water, solutions of carboxymethylcellulose -- CMC) and particulate foods (carrot cubes, whole baby carrots, potato cubes suspended in water or CMC solutions) using a continuous flow radio frequency heater was studied. Sucrose inversion tests, melting point indicators, and infrared imaging were used to determine the uniformity of heating within the liquid and also within particles. It was found that all of the above products were heated more uniformly using RF energy than with similar products heated using microwave energy.

Future needs and work:  Study of temperature distribution in food systems during processing and storage using MRI techniques is needed. This effort will be initiated by the MN station.
C2 Mass Transfer

Evaporation and moisture transfer in a hygroscopic material, important to most food processing operations, was studied in detail.  In particular, how heat transfer affects evaporation is an area having major implications to quantitative study of food processes where heating is involved.  It was shown that a commonly used formulation of evaporation violates mass conservation.  This finding should lead to the reconsideration of the simple approach often taken to include evaporation.  Another extremely important area relates to the assumption of equilibrium between moisture in solid and gas phases.  Non-equilibrium is likely to exist whenever evaporation is rapid and we may not be able to use the familiar isotherms.  This can also have major impact in studying moisture transport in food processing in general.

Work on time-temperature integrators and oxygen transmission rates undertaken by the Florida station’s new Packaging Science program is contributing significantly to enhancing the safety assurance of chilled and vacuum-packed foods for the consuming public.

Vacuum frying is a potential alternative technique to produce low oil content potato chips. The effect of vacuum frying [oil temperature (118, 132, 144ºC) and vacuum pressure (16.661, 9.888, and 3.115 kPa)] on the drying rate and oil absorption of potato chips and on the product quality attributes (shrinkage, color, and texture ) was investigated at the TX station. The processing parameters had a significant effect on the mass transfer processes. Vacuum frying is a process that could be used to produce potato chips (and other fried snacks) with lower oil content and desirable color and texture.  

Moisture and mass loss were determined during atmospheric steam cooking of skipjack tuna by measurement of muscle moisture content in whole fish and on-line measurement of mass and temperature in fillets at the NC station. Thermal denaturation temperatures of muscle proteins were measured by differential scanning calorimetry. Muscle moisture content and mass loss were dependent on muscle temperature. Temperature distribution was predicted and mass loss rates were calculated in fillets. A decreasing rate of mass loss was followed by a steady rate period and a resumption of a decreasing rate period. The increased loss of mass during the steady period corresponded to thermal denaturation temperatures of muscle proteins. Changes in mass loss rates resulted from a gradient of muscle changes produced by the temperature gradient created during cooking.

The control of moisture uptake in foods is critical to maintaining product quality, especially during shelf life.  In many foods, moisture uptake can lead not only to undesirable physical and chemical changes, but also to microbial growth.  The process of moisture migration into a glassy matrix and the accompanying matrix relaxation is being studied at the WI station.

Future needs and work: Further studies need to be carried on to better understand the phenomenon of oil absorption during the process. This study will be pursued by the TX and VA stations. Any changes produced during nonthermal processing will be investigated by several stations.
C3 Momentum Transfer

During extrusion processing, transport processes are important to controlling product quality. The rates of heat, mass and momentum transfer during extrusion, coupled with the kinetics of physical and mechanical reactions, lead to the desired product characteristics. Transport processes in extrusion will be studied. This is an area that will be strongly pursued by the NC-136 members during the new five years cycle.

A method to measure the effect of process technique on evaporator fouling was reported by the IL station.  Surface fouling tendencies were determined with a probe immersed in fluids from food processes.  Fouling rates varied by a factor of 5 to 7 times depending on the process, showing the effect of membrane filtration on downstream processing.  

OBJECTIVE D: To develop mathematical models for analysis, design and improvement of food processes

Mathematical models are based on a fundamental understanding of the mechanisms that underlie a process, and the influence of process, product or equipment variables on the quality and safety attributes of the food product. Once a model has been proven accurate, it can be used to simulate process conditions and reduce the need for pilot and plant scale trials. Strategies such as feed forward, adaptive, and artificial intelligence-based control are only possible with the availability of advanced mathematical models that accurately simulate food processes. Many developments have been accomplished through the continuous collaboration of several stations. Attempts have been made to disseminate awareness, description and access by the scientific community for utilization of the many models already developed by the various collaborating member stations of NC-136. One excellent example is the development of a freezing model
.  This software is now used in the industry. A new book with 17 food processing simulations based on work done under NC 136 projects has been published
.

The modeling ad hoc committee (CA, NC, and NY-I, MI, OH and TX stations) worked on the development of a collection of resources for modeling food processes, especially in the area of fluid flow, heat transfer and mass transfer. The entire group of research / education/ extension personnel associated with NC-136 has collaborated to lead to an important set of resources for all three functions to be shared nationwide. This can be seen on the web, at http://www.biotransport.net/NC136/NC136.htm . It is one of a kind resource easily (and freely) available to design engineers in industry and researchers in academia who would be using models to optimize food process, product or equipment development.  It is a continuing project that should eventually produce the most comprehensive collection of modeling resources, covering most of the important food processes.

A modeling software package has been developed and used to simulate and compare the heating behavior of real and simulated (polymer-based) food products in order to design and fabricate an appropriately conservative design of simulated particles to be used as thermo-sensitive and remotely detectable implants for time-temperature and residence time measurements respectively.

D1 Thermal Processing

D1.1 Canning
The introduction of commercially available thermal process simulation software to the food canning industry offers food companies the tools they need to achieve increased safety assurance of sterilized canned foods for the consuming public with optimum quality and lower cost, as well as improved manufacturing efficiency and global competitiveness of the industry. The FL station developed user-friendly commercial thermal process simulation software for use by industry, government and academia in design, optimization and control of thermal processes for the manufacture of shelf-stable foods. As part of this work the Florida station developed a demonstration project linking their thermal process simulation software with the control system of a commercial pilot-scale steam retort.  This control system was capable of automatically extending process time to compensate for any unexpected temperature deviations that might occur during the scheduled process while delivering the precise target level of sterilization required without over processing the product.

Future needs and work: The increased amount of food products and packaging materials with different heat transfer properties call for a detailed investigation of this conventional thermal process.

D1.2 Baking

In some food processes such as baking, the engineering understanding is limited by the difficulties associated with large volume change. The NY-I station investigated such processes by including volume change in modeling the heating or drying of food. A multiphase transport model for porous media is established first, in which transient equations of mass and energy balance are used to describe the temperature and moisture changes. Non-equilibrium nature of phase change between water and vapor is considered. Pressure gradient inside the porous food causes deformation, which is solved for by employing the Principle of Virtual Work (PVW) equation. Geometry is then updated during the simulation process. Food is considered to be a viscoelastic material. Transport and deformation are fully coupled in the model and are solved using finite element method. As an application, the model is used to study the baking process and shows more realistic results than those from previous non-deforming models. Current studies in collaboration with the ID station include using hybrid mixture theory of porous media for modeling quality changes in food processes such as drying, rehydration, crack formation, and controlled release of flavors.

D1.3 Drying

Nuclear Magnetic Resonance (NMR) experiments were designed and conducted at the ID station to visualize the moisture profiles during drying of pasta.  Experiments validated the previously developed multiscale theory, which predicts that fluid transport in biopolymers is Fickian in the rubbery state but non-Fickian in the vicinity of glass transition.  Experiments in the glassy state are in progress.  A finite-element based user-friendly computer program was developed using Borland C++ Builder to solve the generalized fluid transport equation. Idaho (ID) station is involved in using hybrid mixture theory of porous media for modeling quality changes in food processes such as drying, rehydration, crack formation, and controlled release of flavors.

D1.4 Frying
Stochastic modeling of a fried product and simulation of its three dimensional structure during frying enabled a better control of the frying process. Simultaneously, product quality can be enhanced by a better perceptive of the distribution of the several components (oil, water, air and solids) within the product. This work was conducted at the TX station.

Immersion frying is widely used in the fast-food industry, imparting desirable sensorial properties to foods while having a high throughput. Limitations to the process include an inherent variation in oil quality and need for oil handling and disposal. While fried products are highly desirable, their high oil content may have a negative impact on consumer health. An alternative frying process using radiant heating was developed at the NC station. Critical to the success of the new process was the controlled application of radiant energy from the emitter to the product. Mathematical modeling was proposed as a potential tool in refining the process. The objective of this study was to develop and solve a one-dimensional simulation of convection and radiation heat transfer with variable emitter heat flux and target material properties. Temperature distributions were calculated for a one-dimensional slab. A uniform radiant energy was assumed incident upon the food surface, allowing shape factor considerations between the radiant emitter and the food material surface to be neglected. Penetration of radiant energy within the food material surface was assumed to follow Beer’s Law. Heat transfer equations included an internal generation term for absorbed radiant energy as well as conduction and convection heat transfer terms. Simulations were carried out for both steady and unsteady state heat flux conditions. The mathematical model was solved using explicit finite differences. A laboratory scale infrared heater was designed and constructed to produce finish fried potato slabs. Simulated and experimental temperature profiles agreed well. Input conditions with greatest impact on output were radiant energy surface reflection and internal dissipation coefficients. The simulation now serves as a tool for determination of the heating effects of radiant processing parameters and material temperature profiles.

A commercial pressure fryer will be modified to include injected steam or Nitrogen at the VA station. An ultrasonic instrument will be used to collect sound profiles transmitted through breaded fried foods. This will be correlated to sensory crispness obtained using trained panelists. Edible film coatings will be used to enhance the crispness and produce low-fat crispy fried products (Innawong and Mallikarjunan, 2003). This study should demonstrate that frying with nitrogen gas as opposed to steam and incorporating an edible film coating into the pre-dust significantly increases the crispness of breaded fried chicken nuggets. In addition, there are clear advantages of using nitrogen as a pressurizing medium, including economic gain due to the extension of the oil fry-life, reduction in product waste from using smaller fry loads and the willingness of consumers to pay a little extra for products fried using nitrogen gas. By adapting the suggested modifications to the existing fryers in the restaurants, there could be a significant reduction in oil waste and the resulting value-added products will bring additional revenue to the food industry. 

Future needs and work: The high interest in frying processing makes this area of great importance to several NC-136 stations (NC, TX, VA).

D1.5 Other Processes

Heat transfer during cryogenic cooling of shell eggs was simulated by the finite element method at the NC station. The following assumptions were made: 1) unsteady-state, two dimensional heat transfer, 2) egg of elliptical shape, composed of shell, albumen, yolk and air. A mesh of 4300 elements and 4111 nodes was created. Initial and boundary conditions and the egg properties were defined. Experimental temperature data was obtained in eight different locations in an egg using K-type thermocouples connected to a data logger, and a laboratory scale cryogenic cooler was used.  Cryogenic CO2 egg cooling was characterized by two stages: rapid cooling, and equilibration. During rapid cooling, egg components close to the shell quickly reached 0°C and an ice layer formed at the interface of the shell and albumen. The temperature in the center of the egg dropped 7°C to 18°C at the end of the cooling process. During equilibration, the ice-layer thawed and the temperature of the internal components decreased to an equilibrium temperature of 45°F. The simulation results compared favorably with results from laboratory testing.

Future needs and work:  Heat and mass transfer model verification by data obtained with MRI techniques needs to be investigated.
D1.6 Impingement Methods

Air impingement has been used in paper and textile drying to increase drying rates. Only recently it has been considered for food applications. In impingement applications, multiple jets of the air are forced perpendicular to the surface of a product. The nozzles for the jets are either circular or slot shaped. To date, typical applications of this technology are food drying, baking, paper and textile drying, glass quenching and quenching of electronic parts. Heat transfer coefficients obtained in impingement systems are on the order of 100-400 W/m²K, much higher than for air blast freezing (17-26 W/m²K) or fluidized bed freezing (85 W/m²K). This makes air impingement a promising technology for rapid freezing of foods. There are numerous design and operating issues that must be resolved for this technology to be used in an energy efficient manner. A review of published research and industrial applications makes it abundantly clear that while impingement technology has great promise, poorly designed systems will remain energy inefficient and its benefits will be unrealized. Clearly, the key characteristics of this technology include: high jet exit velocities (20-100 m/s); high heat transfer coefficient (h-value) but may be spatially variable depending on product shape and size; turbulence in the fluid flow field with potential problems of entrainment, confinement and stagnation. These characteristics strongly impact the heat transfer and the freezing process. Important design factors of the equipment include nozzle to product distance, jet velocity at nozzle exit, nozzle-to-nozzle spacing, and nozzle type and nozzle length. Several stations (CA, NJ) have initiated studies on air impingement heating as well as freezing of foods using computational fluid dynamics and particle imaging velocimetry. 

Numerical simulation and experimental investigation of conjugate heat transfer between a turbulent hot air jet impinging on a cookie-shaped object has been completed.

Cooling in a post-harvest application (strawberries) and thawing of frozen food (e.g., meat analog) using impingement methods were both evaluated experimentally and modeled at the CA station. The modeling of the cooling of packaged strawberries was performed with both a Navier-Stokes analysis for turbulent flow and a porous media approach.  The modeling resulted in recommendations to re-arrange the strawberry package and pallet positioning for improved cooling. 


Air impingement freezing is a conjugate fluid flow and heat transfer processes with change of phase occurring inside the food product. Developing a numerical model is an ideal method to optimize such processes. Such a numerical model was developed at the CA station and consists of a flow model and boundary layer model. The flow model was validated using Particle Imaging Velocimetry (PIV) measurements in the flow field. Simulated temperatures inside the product were validated by freezing of 77 % moisture content Tylose. Simulated and experimentally determined freezing times showed agreements within 10 %. The freezing profiles showed agreements within ±2oC except in a region of supercooling, and in parts of the product under the flow separation region. The validated model was used to perform a sensitivity analysis to identify critical parameters in the impingement operation. The sensitivity analysis indicated that the rate and uniformity of freezing depend on equipment design parameters and on product related parameters. These results demonstrate that the numerical model can be used to optimize various design parameters of the impingement systems for different types of food products.

Expanding the application and utility of advanced analytical sensors (e.g., UDV and MRI) requires incorporating physical property variations in data analysis and modification/redesign of the sensor system. Physical property variations will be included by modeling. Redesign of sensor will include microfabrication and miniaturization to increase sensitivity and lower costs. This effort is led by the CA station.

Future needs and work: Combining microwave with jet impingement and/or infrared heating has great potential in providing the desirable qualities such as crispiness and surface color produced by conventional heating with the increased speed of microwave heating. Models for combination microwave-jet impingement baking and cooking are being developed in NJ and NY-I stations.
D1.7 Microwave Combination Heating

Microwave heating combined with infrared and/or hot air can overcome some of the disadvantages of microwave-only heating such as non-uniformity, edge overheating, soggy texture and lack of browning, without compromising the advantages of microwave heating such as speed.  Combining the various heating sources at the right level and sequence is a challenge. Comprehensive engineering understanding of combined microwave-infrared and microwave-jet impingement heating has been achieved through coupled models of microwaves and heat transfer.  In radiative heat transfer portion of the model, wavelength dependence of food reflection and absorption properties (measured as part of the project) are precisely accounted for the first time.  Using quantitative measures such as mean temperature rise and standard deviation, it was demonstrated exactly how the various heating modes work and how much each mode of heating contributes to uniformity (or the lack of it). Addition of infrared heating to microwaves was shown to improve the uniformity in surface temperatures.  Jet impingement seems to play dominant roles for the surface heating during the initial times and interior heating at later times.  These results should lead to optimization of combination heating, which is a very active area in the industry.  Both the primary U.S. manufacturers of combination heating ovens have gotten interested in the research done at NY-I and NJ stations.  They have supplied the stations with ovens for research purpose and are quite eager to learn from their findings. 

Future Needs and Work: The combined microwave and heat transfer models need to be extended to studying moisture transfer and quality changes.  This has already started in NJ station, but significantly more work needs to be done and the predictions (such as moisture) need to be validated more precisely.  Since there are many operating variables, combination of heating modes that maximizes speed and quality is far from over.  Also, scale-up of these combination heating processes is extremely important to industry applications and need to be investigated.

D1.8 Aseptic Processes

The convective heat transfer coefficient in a helical heat exchanger is known to be higher than that in a conventional tubular heat exchanger. Dimensionless correlations were developed to predict the convective heat transfer coefficient in a helical heat exchanger for different process temperatures and flow rates for two different coil diameters and for two different flow rates of heating medium. CFD-ACE was used to model fluid flow and heat transfer in helical holding tubes and comparisons were made between flow patterns and heat transfer rates in conventional and helical holding tubes for particulate flows. 

A computer program was developed for implementation of conservative design principles for fabrication of simulated food particles used in thermal process monitoring and validation at the NC station. A study was also conducted and a model was developed to investigate the factors that influence corrosion during heat pasteurization. 
Future needs and work: Continued work on modeling of process parameters is needed.
D2 Extrusion Processing

Using the results from twin-screw extrusion of corn meal, both energy consumption and extruder efficiency were found to be significantly correlated with screw speed and specific feeding load (SFL), which is defined as the ratio of feed rate over screw speed.  An increase in the specific feeding load decreased the total specific mechanical energy, but increased the extruder efficiency.  SFL influenced the extruder efficiency more than the screw speed.  Increasing the screw speed from 300 to 450 rpm at a constant SFL level increased the extruder efficiency by 6-11%, whereas an increase of SFL from 0.0026 to 0.0038 kg rev-1 raised the extruder efficiency by 30%.  Of the mechanical energy consumed per unit mass of extrudate, over 98% were used for shearing or viscous dissipation and less than 1.5% were used for pumping during twin-screw extrusion of corn meal.

Convective mixing within a twin screw extruder was experimentally evaluated using magnetic resonance imaging (MRI) and mathematically modeled by the dispersion model.  The objective of this work was to improve product quality by quantifying the extent of mixing with a vessel dispersion number. Magnetic resonance imaging provided a means to noninvasively examine mixing of starch gel within a twin screw extruder.  This technique can be extended to evaluate mixing at multiple axial positions with physically dissimilar feed materials.  The information would assist to enhance screw design, optimize operating conditions, and validate numerical simulations of mixing. 

The NE station continued on modeling efforts of the extrusion process with neural networks and fuzzy logic. The emphasis has been on developing two-step models linking the process parameters, system parameters and the product properties during extrusion. A die was built to measure the velocity of melt dough in the die which will allow for more accurate determination of longitudinal expansion, viscosities and other system parameters. Also, they worked on modeling flow and heat transfer in a single screw extruder. 

Future needs and work: Although significant progress has been made regarding extrusion technology through the contributions of NC-136 members during the last five years, there is still a lot to be learned. Models of the melting mechanism in the single screw extruders and the flow and heat transfer in a twin-screw extruder and the expansion phenomenon during extrusion of starch will be pursued by the NE station and others. Efforts on modeling the retention of nutraceuticals in extruded foods will be conducted at the MI station.

D3 Alternative (Nonthermal) Processes

D3.1 Pulsed Electric Fields

Pulsed electric field technology of processed foods will likely enter the market place with premium quality products or products with high nutritional or functional value. The use of pulsed power technologies has been shown to significantly reduce electrolytic processes. A model for moderate electric field processing continues to be in development at the WA station (Espachs-Barroso et al., 2003).  A number of processes including fermentation and blanching have been and continue to be investigated. A PEF pilot plant was constructed to meet the research and evaluation needs in academia and industry. Construction was in completed August 2002. This plant is set up and operational. Equipment includes a production scale (2000 L/h orange juice pasteurization) PEF system, a pilot scale (200 L/h) viscous and particulate (<0.32cm) PEF processing system, a vertator deaerator, a Benco thermal form aseptic fill and seal machine running at 12 cups per minute, and other items for product preparation. This facility is open to industry for test production.

Future needs and work: Although progress has been made regarding these alternative technologies through the contributions of NC-136 members during the last five years, there is still a lot to be learned. A theoretical model for predicting the efficacy of pulse electric field food processing is under development at the NJ station with collaboration with the OH and WA stations. The efficacy of ultrasonic sealing technology to reduce seal defects and inspection cost of the food industry will be investigated. Recently accumulated evidence indicates that moderate electric fields have significant and possibly economically far-reaching effects on the processing of cellular materials. Some promising applications are in speeding up drying processes by a brief electrical treatment, acceleration of fermentation by moderate electric fields, reduction of water use during industrial blanching, and improvement of extraction. These processes will be of great importance in the coming years. If this research is successful, industry will not only benefit from increased productivity by the use of Moderate Electric Fields (MEF), but could do so with energy savings and reduced environmental costs. A fundamental investigation is necessary to more fully exploit these effects.  
D3.2 Irradiation
The dose at each point in an object exposed to electrons is affected by the shape and thickness of the object because electrons are easily attenuated and scattered by the material they pass through. Obtaining a uniform dose in inherently irregular shape objects such as a whole chicken or a prepared meal package is much more difficult. Furthermore, convenience foods such as packaged meals may contain components which require different doses. The TX station has established a knowledge base on the critical gaps in the field of electron beam irradiation technology applications for food safety. They conducted an extensive literature search on current problems regarding food safety and electron beam irradiation technology. Specific information is needed on the doses required to inactivate the common pathogens and the factors that may alter the percentage killed, and the interactions of radiation injury of the pathogen with other treatments (physical or chemical). Conventional dose calculation methods do not adequately account for the complex 3D structure of foods, inhomogeneity corrections, and the lack of secondary electron equilibrium in and around the object. Selected food samples were scanned to obtain multi-sliced Computer Axial Tomography (CAT) scan data.  Using this data, the sample geometry was constructed through an image-processing algorithm, i.e. scanning the CAT data. This procedure was applied to all food slices data. After that, a 3-D geometry was constructed using extrapolation techniques. The CAT scan data were used to describe the product's exact geometry using the image processing software (Image Processing Toolbox 3.1) of MATLAB-11 (MathWorks Inc.). Monte Carlo transport simulation tools were used to predict the behavior of irradiation particles as they interact with atoms in the food during a typical radiation treatment.
Results from the simulation helps to setup the irradiation procedure by indicating how to rotate the product so that the most uniform dose distribution is obtained in the product (Kim et al., 2004).

Future needs and work: Validation of irradiation dose calculation models is still needed to fine-tune the predictive tools. Simulation of  the interaction of 5 MeV X-rays with foods will be conducted at the TX station to better understand dose distribution patterns in the food products. Protocols to quantify the biological effects of food irradiation should be established.
D3.3 High Pressure Processing
High quality, and fresh flavor is generally reduced when foods are pasteurized (heated) to assure their safety. "Non-thermal" pasteurization methods, such as high pressure, increase the competitiveness and consumer appeal of food products. For this technology to be successfully commercialized, properties of foods under pressure need to be made predictable. The OH station is leading the efforts to develop methods and instruments to measure a key property of foods, compressibility, under high pressure. The data obtained at different food compositions, temperatures, and pressures will allow thermodynamic modeling, and therefore prediction of compressibility under commercial processing conditions. 
Procedures and instrumentation to conduct experiments for in situ measurements of food properties under high pressure in an isostatic are being investigated. The main objectives of this research effort include obtaining pressure- and temperature dependence of thermodynamic expressions for volume/compressibility of food-based model liquid solutions and the effects of their components using ultrasound velocity measurements and the pulse-echo method; and comparing the properties predicted by mathematical models with those measured for real food systems. 

In 2003, scientists at the OH station developed and instrumented an ultrasonic high-pressure measurement cell. This cell can withstand 600 MPa pressure for extended periods of time. It sends an ultrasonic signal through the liquid sample and measures the time it takes for the sound to reflect back. The cell and the liquid sample are placed in the 2 liter chamber of a prototype high-pressure treatment unit equipped with independent temperature- and pressure-monitoring and control instrumentation. Measurements were taken over a range of pressures up to 600 MPa and temperatures between 10 and 30C with four different simulated liquid food systems (binary aqueous solutions of sucrose, glucose and citric acid at different concentrations, and pure water). The resulting sound velocity data along with atmospheric pressure data on density, specific heat capacity and thermal expansion coefficient were used to derive the important thermodynamic properties of specific volume/density, isentropic and isothermal compressibility and isentropic pressure thermal coefficient at elevated pressures. These results also led to an interpretation of the pressure-, temperature-, and concentration-dependence behavior of each property, allowing prediction of each property as a function of temperature, pressure and composition. The thermodynamic relationships of partial molar properties of solute and solvent in each solution have also led to a better understanding of the interactions between solute and solvent under the influence of pressure, temperature, concentration and solute type in model aqueous food systems. 

Future needs and work: Existing thermodynamic models to predict compressibility will be extended and modified to include pressure as a variable. It is anticipated that models to predict important thermodynamic properties of liquid foods will be developed. Thermodynamic heating during pressurization can then be accurately calculated. The developed ultrasonic cell can be used in other applications involving high pressure. Work is continuing in developing mixture models of thermodynamic properties.
D3.4 Ultrasound

The food industry is looking for alternative treatments for heat sensitive materials, e.g., milk and apple cider to avoid side-effects of conventional treatment. Further evaluation to determine if ultrasound can be used as an alternative processing treatment to reduce pathogen levels in milk and apple cider without causing major compositional and structural change will be pursued at IL station.

Future needs and work: Identification of alternative processing technologies that may serve as a feasible alternative to thermal pasteurization could provide many juice processors, particularly small operations, with an economically viable means of complying with federal juice HACCP requirements. Providing alternative processing options, and the education to implement them, could allow small juice processors to continue processing juice products and improve the fiscal stability of such companies.
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� Kolbe, E, LA Wilson,  R Hartel. 1999. A round robin evaluation of differential scanning calorimetry to measure transition enthalpy and temperatures. J. Food Eng. 40:95-99.
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