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Abstract

:

The roasting process of Gari (Gelatinized cassava mash), a shelf-stable cassava product, is energy-intensive. Due to a lack of information on thermal characteristics and scarcity/rising energy costs, heat and mass transfer calculations are essential to optimizing the traditional gari procedure. The objective of this study was to determine the proximate, density, and thermal properties of traditionally processed de-watered cassava mash and gari at initial and final processing temperatures and moisture contents (MCwb). The density and thermal properties were determined using proximate composition-based predictive empirical models. The cassava mash had thermal conductivity, density, specific heat capacity, and diffusivity of 0.34 to 0.35 W m−1 °C−1, 1207.72 to 1223.09 kg m−3, 2849.95 to 2883.17 J kg−1 °C, and 9.62 × 10−8 to 9.76 × 10−8 m2 s−1, respectively, at fermentation temperatures and MCwb of 34.82 to 35.89 °C and 47.81 to 49%, respectively. The thermal conductivity, density, specific heat capacity and diffusivity of gari, ranged from 0.27 to 0.31 W m−1 °C−1, 1490.07 to 1511.11 kg m−3, 1827.71 to 1882.61 J kg−1 °C and 9.64 × 10−8 to 1.15 × 10−8 m2 s−1, respectively. Correlation of all the parameters was achieved, and the regression models developed showed good correlation to the published models developed based on measuring techniques.
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1. Introduction


It has long been highlighted that processing conditions (temperature, pressure), food structure and composition are the key factors that control the thermal conductivity of food products during dehydration or refrigeration. The major components of foods are water, carbohydrates, total ash, crude proteins, crude fiber and crude fat [1]. Thermal properties of foods could be predicted by mathematical modelling and by conducting experiments under steady-state heat transfer or transient methods.



Many researchers have highlighted the importance of data and knowledge on the thermal properties of various agricultural produce and their processing into food to researchers and post-harvest processing equipment designers. Data on thermal properties are crucial for optimizing sterilization, heat transfer equipment, and de/rehydrating instruments in addition to being the means of predicting ideal temperature requirements, drying durations, and drying conditions during dryer design stages for reduced post-harvest losses [2,3,4].



Challenges associated with techniques to measure thermal properties in terms of specialized equipment and operator skill sets have been highlighted in many studies [5,6,7]. Choi [2] established that proximate composition (water, protein, carbohydrate, fat, ash and crude fiber) can be used to predict the thermal properties of food by considering the fractions by weight and comparing them to the volume fraction between −40 to 150 °C temperatures in various mathematical models.



Cassava is a traditional food security crop because it can be harvested when needed and is resilient to a range of biotic and abiotic problems (including low-fertility soils), and varieties differ in many ways [8]. However, cassava roots quickly deteriorate once they are harvested (shelf life of 1–2 days). Processing cassava into gari, a dry granulated cassava product, provides a conveniently available, shelf-stable and safe (in terms of reduction of cyanogenic glucoside during fermentation and roasting).



Gari is processed in households, small businesses, cooperatives, and village-based industries, the majority of which employ women [9]. It is a source of income for many people, and improving its value chain could help them achieve food sovereignty [9,10,11]. The gari industry is transitioning from domestic (traditional)-based to a mass scale at a rate not supported by new innovations in processing equipment development [12]. Moreover, roasting, the last step, consumes a large amount of firewood, exposes women and children to heat stress, and releases particulates that have negative impacts on their health and the environment. This has been exacerbated by the status of more than 700 million people lacking access to modern energy cooking services [12,13]. Data on cassava mash and gari thermal characteristics in Sub-Saharan Africa (SSA) and Togo in particular are scarce and intermittent. The Gari value chain must be strengthened by identifying its weaknesses and proposing research and development activities that would boost its impact on food autonomy. If the requirement to increase the credibility of the agriculture industry’s climate effect verification process through digitalization technology is to be realized, more site/crop-specific models and simulations should form the foundation of greenhouse gas monitoring tools rather than transposition [14]. There is a significant need for clean and sustainable cooking options because most of the gari consumed in the Sub-Saharan African countries (SSA) is produced using unsustainably produced firewood [8]. Understanding the thermal characteristics of both cassava and gari is vital for quality control and heat and mass transfer analysis/modelling [2,3,4]. Thermal property analysis advancements are critical for the continuous improvement of existing and future-generation cassava processing equipment for optimal energy efficiency, food quality/shelf life, and environmental safety.



The objectives of this study were to characterize the proximate composition, estimate the thermal properties using Choi’s [15] additive methods, develop prediction models of the traditional garification process (with the aim of using the models for easy heat and mass transfer predictions), and validate them with prediction models based on measuring techniques from the literature. By merely detecting temperature and moisture contents before and after roasting, the prediction models could be easily utilized to compute the thermal properties of the cassava processing in the regions with the same cassava varieties. Further, process temperatures, batch sizes and roasting durations were analyzed. This is in the pursuit of building on-site energy/heat and mass transfer simulations during cassava processing into gari in Togo’s Maritime region.




2. Material and Methods


2.1. Description of the Study Area


The study was conducted in collaboration with the following cooperatives and individual gari processors in the Maritime region in Togo:




	
Coopérative des femmes NOVIVA de Tokpo, code-named as NOVIVA;



	
Agro Pastoral (Ganave) code-named as AP;



	
An individual processor in Ganave, code-named as AT;



	
An individual processor in Wogba, Vagan) code-named as WB;



	
Coopérative d’Action pour le Développement (CAD) de (Wogba, Vagan) code-named as CAD.









2.2. Sampling and Data Collection


Five gari processors in Togo’s Maritime region provided the primary data, and their selection was based on snowball and census sampling methodology; because some processors were difficult to persuade to join, this chain-referral and non-probability sampling method was used [16]. Using a semi-structured questionnaire (qualitative research methods), primary data were gathered on the types of cassava grown, the type of firewood used, major players (labor/gender divide) and the typical sources of raw materials.




2.3. Raw Materials


2.3.1. Cassava Samples


The freshly harvested short-duration (10 to 12 months old) cassava cultivars used by the respective processors listed and code-named below, depending on processors, were considered in this study;



	(a)

	
Coopérative des femmes NOVIVA, code-named NVC (used for processing gari using four cookstoves code-named NVCS1, NVCS2, NVCS3 and NVCS4);




	(b)

	
Agro Pastoral code-named as APC. The de-watered cassava mash was used for gari processing at AP and AT with a cookstove code-named APCS and ATCS, respectively;




	(c)

	
Coopérative d’Action pour le Développement (CAD) de in Wogba, Vagan code-named as CADC. Processed into gari at participant WB’s facility with cookstoves WBCS1 and WBCS2 and at CAD with a cookstove code-named CADCS.







The cassava was peeled and washed before grating. At the point of roasting, the temperatures of the de-watered and fermented cassava mash were captured, and a kilogram was collected at each processing facility immediately for further laboratory analysis.




2.3.2. Experimental Methodology


Gari processing and samples: All the participants in this study were well-established and experienced cassava processors. The preparation of gari was followed and monitored from cassava harvesting, hand peeling, washing, mechanical grating, 24 h fermentation, mechanical de-watering, sifting and sieving, roasting using wood cookstoves with aluminum pans, gari sieving and final packaging. The actual traditional gari processing techniques were followed and were synonymous with the process described by other researchers [12,13,14,15,16,17]. To ensure originality and in situ functioning, the processors’ usual trends and procedures were maintained.



Each cookstove was regarded as a run, and all batches were completed as replications. At each stage, the batch size (cassava mash input and gari output), roasting duration, gari temperatures, and moisture contents were recorded (batch-wise).



Gari samples were coded according to the respective processor’s cookstoves; for NOVIVA, code-named as NVG1, NVG2, NVG3 and NVG4; for AP as APG, for AT as ATG; for WB as WBG1 and WBG2, and for CAD as CADG.





2.4. Proximate Composition Determination


The techniques of analysis of the American Association of Cereal Chemists (AACC) were applied for proximate analysis of cassava mash and gari [18]. This study examined moisture content (MC) in % using method 44–19.01, total ash (TA) in % using method 08–01.01, crude fiber (    C F   b    ) % using method 32–10.01, crude protein (CP) in % using method 46–30.01, crude fat (CF) in % using method 30–10.01, pH at 29.7 °C using method 02–52.01 and cyanide content (HCN)-(ppm) was analyzed using the picrate colorimetric methods as modified by [11]. These variables were crucial in determining the thermal characteristics of gari and cassava at various temperatures and moisture contents.



The following expression was used to calculate the carbohydrate content (%) (CHO):


  C H O = 100 − ( M C + T A +   C F   b   + C P + C F )  



(1)







On-site, roasted gari moisture content measurements were accomplished using a calibrated moisture meter (PCE-GMM 10-Meter) with an accuracy of 0.5% and validated in the lab using procedure 44–19.01.




2.5. Determination of Temperatures


The temperature profiles were captured by using the K-type thermocouples with a measuring range of −220 to +1100 °C with class 1 accuracy [19]. The thermocouples were secured in the combustion chamber of the cookstoves as shown in Figure 1, outside for the ambient (TC6), secured carefully 3 mm above the roasting pan surface for the cassava mash/gari (TC1) and in an inserting hole made on the roasting pan for the surface temperatures (TC2). The Fluke Hydra Series II Data acquisition unit 2625A, with ±0.025% accuracy (TDL), was used for data acquisition for further storage on the laptop (LC) [20]. A handheld K202 Voltcraft temperature data logger, with a basic accuracy of 0.3%, was used to validate gari temperatures recorded by TC5 immediately before and after the end of the batch (roasting). TC4 and TC3 were utilized, respectively, to track the temperatures of the de-watered cassava mash and the combustion chamber. The installation of every monitoring device was done so as not to inconvenience the operator. A TTDL testo 174 H data logger was used for humidity and ambient temperature monitoring.




2.6. Determination of Density and Thermal Properties


Based on the outcomes of the proximate analysis, predictive empirical models (Table 1) were used to calculate the thermal conductivities (k), specific heat capacities (Cp), diffusivity (α) and true density (ρp) (here referred to as density) of the cassava and gari samples. Due to over-dependence on temperatures by major food components like ash, protein, fat, carbohydrates (CHO), fibers, pure water, and ice, Y. H. Choi and Okos [15] developed and reported general density and thermal properties (k, Cp, α) equations at temperature ranges of −40 and 150 °C [21]. Based on published research that highlighted that conductive drying, such as cassava mash roasting into gari on a pan, obeys the thin-layer drying models, and granules have an isotropic physical structure, a parallel energy flow model was adopted in this study [22].





 





Table 1. Food components density and thermal property equations [21] (temperature varies between −40 to 150 °C).






Table 1. Food components density and thermal property equations [21] (temperature varies between −40 to 150 °C).





	
Thermal Property

	
Food Component

	
Thermal Property Model

	






	
Thermal conductivity, W/(m·°C)

	
Water

	
     k   w   = 5.7109 ×   10   − 1   + 1.7625 ×   10   − 3   t − 6.7036 ×   10   − 6     t   2     

	
(2)




	
Protein

	
     k   p   = 1.7881 ×   10   − 1   + 1.1958 ×   10   − 3   t − 2.7178 ×   10   − 6     t   2     




	
Fat

	
     k   f   = 1.8071 ×   10   − 1   − 2.7604 ×   10   − 3   t − 1.7749 ×   10   − 7     t   2     




	
Carbohydrate

	
     k   C H O   = 2.0141 ×   10   − 1   + 1.3874 ×   10   − 3   t − 4.3312 ×   10   − 6     t   2     




	
Fiber

	
     k   f i b   = 1.8331 ×   10   − 1   + 1.2497 ×   10   − 3   t − 3.1683 ×   10   − 6     t   2     




	
Ash

	
     k   a s   = 3.2962 ×   10   − 1   + 1.4011 ×   10   − 3   t − 2.9069 ×   10   − 6     t   2     




	
Density (kg/m3)

	
Water

	
     ρ   w   = 9.9718 ×   10   2   + 3.1439 ×   10   − 3   t − 3.7574 ×   10   − 3     t   2     




	
Protein

	
     ρ   p   = 1.3299 ×   10   3   − 5.1840 ×   10   − 1   t   




	
Fat

	
     ρ   f   = 9.2559 ×   10   2   − 4.1757 ×   10   − 1   t   




	
Carbohydrate

	
     ρ   C H O   = 1.5991 ×   10   3   − 3.1046 ×   10   − 1   t   




	
Fiber

	
     ρ   f i b   = 1.3115 ×   10   3   − 3.6589 ×   10   − 1   t   




	
Ash

	
     ρ   a s   = 2.4238 ×   10   3   − 2.8063 ×   10   − 1   t   




	
Specific Heat J/(kg·°C)

	
Water

	
     C   p w   = 4.1762 ×   10   3   − 9.0864 ×   10   − 2   t + 5.4731 ×   10   − 3     t   2     




	
Protein

	
     C   p p   = 2.0082 ×   10   3   + 1.2089 t − 1.3129 ×   10   − 3     t   2     




	
Fat

	
     C   p f   = 1.9842 ×   10   3   + 1.4733 t − 4.8008 ×   10   − 3     t   2     




	
Carbohydrate

	
     C   p C H O   = 1.5488 ×   10   3   + 1.9625 t − 5.9399 ×   10   − 3     t   2     




	
Fiber

	
     C   p f i b   = 1.8459 ×   10   3   + 1.8459 t − 4.6509 ×   10   − 3     t   2     




	
Ash

	
     C   p a s   = 1.0926 ×   10   3   + 1.8896 t − 3.6817 ×   10   − 3     t   2     









The Choi and Okos equations [15] used in this study to calculate the densities and thermal characteristics of cassava and gari at various operating parameters attained (temperatures and moisture contents) during processing are shown in Table 1.



2.6.1. Thermal Conductivity


In this study, the roasting pan and cassava mash components were assumed to be parallel to the orientation of the cookstove chamber, as highlighted by Sahin and Sumnu [21]. Therefore, to calculate the effective thermal conductivity, true density, specific heat capacity, and thermal diffusivity of cassava mash and gari samples, all constituents (n) were considered and calculated using volume fractions and thermal conductivities (ki) of each component (i), and the following expressions were applied:


    k   p a   =   ∑  i = 1   n      k   i     X   i   v      



(3)




where,


    X   i   v   =       X   i   w       ρ   i         ∑  i = 1   n          X   i   w       ρ   i            



(4)




where;



    X   i   v     = volume fraction of the ith constituent of cassava mash or gari,



    X   i   w     = mass fraction of the ith constituent of cassava mash,



    ρ   i     = density of the ith constituent of cassava mash or gari (kg m−3).




2.6.2. Determination of Specific Heat Capacities


Water makes up more than 60% of a cassava’s flesh weight. However, before gari roasting, some of this water is de-watered to a level of around 50% MCwb to reduce roasting time and, therefore, energy, and reduce the need to roast at higher temperatures, thereby avoiding sticking, agglomeration and browning [23]. The following expression, as stated by Sahin and Sumnu [21], was used to calculate the specific heat capacity of the de-watered cassava mash and gari:


    C   p   =   ∑  i = 1   n      X   i   w     C   p i      



(5)




where,



    X   i   w   =   mass fraction of component i,



    C   p i   =   specific heat capacity of component i (J kg−1 °C−1).




2.6.3. True Density Determination


The true density (    ρ   p    ), (otherwise referred to as density in this study) of food materials is temperature dependant, and if the constituents (pure water, CHO, protein, fat, ash, fiber and ice) of foods are known, the densities of different foods can be worked out from the models developed by [15] as highlighted in Table 1 and expressed below:


    ρ   p   =   1     ∑  i = 1   n        X   i   w     ρ i        



(6)




where     X   i   w   =   mass fraction of component i,     ρ   i   =   density of component i (kg m−3).




2.6.4. Thermal Diffusivity Determination


Thermal diffusivity   ( α )   in (m2 s−1) was worked using the following equation:


  α =   k   ρ T   C   p      



(7)




where,



k = thermal conductivity,



Cp = specific heat of cassava or gari.



This method is recommended mostly for materials subjected to temperatures higher than 13 °C [24].




2.6.5. Prediction Models Validation (Average Percentage Errors Method)


The findings of this study were compared to models established by other researchers based on data extracted via measurement techniques such as:




	
Thermal conductivity: Transient techniques via a hot-wire probe, thermal conductivity probe, dual probe methods and transient methods, including the light heat source method [5,7,25,26,27];



	
Specific heat capacities: Differential scanning calorimeter [28];



	
Density: Toluene pycnometer, water displacement methods and actual mass divided by actual volume methods [5,6,27,29];



	
Diffusivity: Transient heat source methods using a dual needle sensor KD2 Pro Controller, transient techniques via a hot-wire probe, and measured density-based calculations [25,28,30]








The models derived from the measured methods were fitted into the data achieved in this study, and results were compared through model fitting in JMP. The deviation between the values was expressed as the average percentage error, Eav, as follows:


    E   a v   =  ∑        d   a c   −   d   r e t     /   d   a c       ×   100  /  n    



(8)







Given,     d   a c     = results obtained from this study,     d   r e t     = comparable data from literature and n = number of data sets from the batches run. This validation method was applied by Erdogdu et al. [24,28].





2.7. Statistical Analysis


In this study, each processor was designated a treatment status, the cookstove utilized for gari roasting as a run, and the batches obtained as replications. However, it should be noted that this study was based on the owners’ preferences for the actual processing techniques used at each facility treatment (traditional gari processing methods).



The thermal conductivity, true density, specific heat capacity, and diffusivity were calculated using worksheets created in Microsoft Excel based on the calculations in Table 1. The data was then aggregated and organized based on the codes. All data were statistically processed using JMP Pro 17. For creating and analyzing the statistical significance of the data sets and comparing the regression models, regression analysis, multivariate methods, fit models, and ANOVA were employed. The coefficient of determination (R2) above 0.8 as a proportion of variation in the response to this study’s model was used for model screening. The R2 values below 0.8 were regarded as insufficient to explain the relationship between the models generated in the present study. Further, the Coefficients of Variations (CoV) were used for determining the extent of data dispersion and were maintained at less than 10 ± 3% to satisfy an adequate response model. These data-processing methods have been reported by [31,32].





3. Results and Discussion


3.1. Mean Operations Parameters Achieved


The mean garification process parameters achieved in this study are presented in Figure 2. Each site (treatment), the cookstoves used (runs) and the number of batches (replications) achieved are indicated on the left side. The maximum and minimum time spent was 32 min and 10 min, respectively. The garification parameters achieved in this study are comparable to other studies [33,34]. Temperatures and moisture contents (dry matter and wet basis) achieved are highlighted in Table 2.



The higher CoV values achieved between the batch size input (38%), batch output (39.23%) and roasting duration (21.97%) could be attributed to the substantial feeding gap witnessed during this study (0.76 kg to 6.46 kg/batch) and the different final gari moisture ranges witnessed (2.3% minimum to 11.8% maximum). Gari quality and output are largely influenced by the process implemented and operator [23].




3.2. Proximate Analysis of Cassava and Gari


The chemical composition of the cassava mash and the roasted gari from nine different cookstoves are compared and shown in Table 2. The dry matter (DM) for the cassava mash ranged from 50.77 ± 0.72% (NVC) to 52.18 ± 1.47% at APC and (not significantly different at p < 0.0001 level) with R2 = 0.30, with MCwb of 47.82 ± 1.47%, 48.3 ± 0.99% and 49.23 ± 0.72% at APC, CADC and NVC respectively (not significantly different at p < 0.0001 (R2 = 0.30). Similar DM and MCwb have been reported [17,35,36]. After roasting, a process that involved contact drying with frequent agitation on the roasting pan using wood cookstoves, the processed cassava mash’s (now gari) DM and MCwb were between 92.12 ± 0.05% (MCwb = 7.88 ± 0.05%) for CADG and 94.78 ± 0.04% (MCwb = 5.22 ± 0.04%) at CADG. The DM and MCwb at NVG1 and APG were not significantly different at p = 0.0001 (R2 = 0.02), just like NVG4 and WBG1 (R2 = 0.33). The rest of the DM and moisture values were significantly different at p = 0.0001. Similar DM and MCwb values have been reported [8,11,35,36].



Cassava is a carbohydrate-rich root, and in this study, the cassava mash had between 44.64 ± 0.71% (NVC) to 47.80 ± 1.02% at CADC. The CHOs for all cassava mash samples were significantly different at p < 0.0001 level (R2 = 0.68). Gari produced at CADG had the highest CHO (88.10 ± 0.08) followed by 87.33 ± 0.11% at NVG, and the least was APG with 85.81 ± 0.33 (all on a dry basis). CHO values of 52.62% to 94% for gari and 25.3% to 48% for cassava mash have been reported by other researchers [8,11,35,37,38,39]. It is to be noted that in this study, the properties of the de-watered and fermented cassava mash (MCwb = 38% to 50%) were used as opposed to the fresh cassava (MCwb = 54% to 90%). Moisture content has a great influence on the chemical composition of cassava [8,40,41].



The highest and least CFb of 1.96 ± 0.03% and 1.31 ± 0.03% was recorded at APC and NVC, respectively, lower than the reported 2.88 ± 0.10% to 5.01% by Laya et al. [11], but within the 0.43% to 5.85% reported by Akely et al. [36] and Oke [35] and the Codex standard. The initial higher CFb content of the cassava roots, an aspect already documented, and the increase in the concentration of the CFb per unit weight in gari after roasting may be responsible for the average 23.38% increase in CFb after roasting [11]. This verified the claim that the locally grown katawole cassava type in Togo is a very fibrous storage root [42].



The TA content ranged from 0.83 ± 0.04% (CADC) to 1.75 ± 0.02% (NVC), APC stood at 1.46 ± 0.07%, and all means were significantly different at p < 0.0001 value (R2 = 0.99). In gari, the TA was 2.62% (about 48.47% higher than the cassava mash TA) on average. The increase in TAs after roasting, witnessed by other researchers, could be attributed to the activities of the microorganisms on CHO conversion to fats during the fermentation process [11,43,44,45,46,47].



As for the CF, an average reduction of 11.11% after roasting was registered from about 0.63% availability in the cassava mash to about 0.56% in gari. The levels are within the reported ranges [36,43,48].



NVC ranked highest in CP content at 2.44 ± 0.02%, followed by APC at 2.16 ± 0.10%, and the lowest was CADC with 1.21 ± 0.02% (all protein means significantly different at p < 0.0001 (R2 = 0.99). However, gari registered between 12.67% to 48.1% losses, as can be seen in the ATG, which registered 1.88 ± 0.07% of protein content as opposed to the 2.16% initially present in the APC cassava mash, and WBG1 registered 0.63 ± 0.02% from the initial 1.21% present in CADC cassava mash. The deficiency of CP in gari has been adequately highlighted and could be associated with the microorganisms’ activities and the effect of heat [11,49,50].



The averages of the HCN from the Cyanogenic Glycoside were significantly different at p = 0.0001 (R2 = 0.99) with the highest of 45.69 ± 0.74 ppm (pH = 7.82 ± 0.03%), from CADC, 24.65 ± 1.51% (pH = 6.55 ± 0.13%) from APC and 17.84 ± 0.15 ppm (pH = 6.54 ± 0.17%) from NCV. The highest HNC levels reported in this study are lower than what Njankouo Ndam et al. [41] reported. However, there was a significant reduction from an average of 29.39 ppm to 4.7 ppm after the roasting of the cassava mash. This could be a result of the liberation of freer HCN in the gaseous form after undergoing acid hydrolysis at 100 °C heating effect. The values achieved weere within the recommended safe levels by WHO and achieved/reported by other researchers [8,36,51,52,53].



The pH of NVC and APC were not significantly different at p < 0.0001 (R2 = 1.85 × 10−4) but significantly different from CADC (R2 = 0.98). The pH was reduced by a mean of 39.45% (cassava—6.97 against gari—4.22) in gari and within the ranges reported by other authors (Table 2). The acceptability of gari is said to be based on and influenced by the lactic acid sourness, which also depends on the lengthy time of fermentation (the longer the fermentation period, the lower the pH and the sourer test on the gari). The pH above 4 helps in the hydrolyzation of Cyanogenic glucoside to free cyanide (HCN reduction) [9]. The reduction could be attributed to the microorganism-induced fermentation on the cassava mashes [54,55].



Generally, the three types of cassava mash used in this study had proximate compositions that were significantly different from those obtained after gelatinization at all facilities, which was consistent with earlier research [55]. It was discovered after interviewing all processors that the local cassava variety, known as Katawole, was used by all facilities. Therefore, the calculations were considered reliable enough to be applied for thermal and density characteristics computation.




3.3. Thermal Properties and Density


The thermal properties and other parameters attained in this study before and after the processing of the de-watered cassava mash into gari are highlighted in Table 3 and Table 4 and discussed individually.



3.3.1. Thermal Conductivities


The k-values ranged from 0.34 ± 0.002 to 0.35 ± 0.00002 W m−1 °C−1 for the cassava mash at initial fermentation temperatures of 34.82 ± 0.96 to 35.89 ± 0.78 °C and MCwb values of 47.82 ± 1.47 to 49.23 ± 0.72% (Table 3). After gelatinization at roasting temperatures of 98.9 ± 13.60 °C to 114.29 ± 5.78 °C, the gari presented significantly different (p < 0.0001) k-values of 0.27 ± 0.03 to 0.31 ± 0.01 W m−1 °C−1 at MCwb values of 5.22 ± 0.04 to 7.88 ± 0.05% (Table 4). The k-values between the cassava mashes decreased with increased roasting temperatures and reduced MCwb. The achieved k-values in this study are within the threshold of k-values of water and air (the highest and lowest food conductive mediums) of 0.614 and 0.026 W m−1 °C at 27 °C, respectively. The conductivity ratings of foods lay between these limits [21].



The lower thermal conductivity of gari compared to the cassava mash, as witnessed in this study, could be attributed to the fact that dry and porous materials like gari are poor conductors of heat and, as they dry up, the water with 0.614 W m−1 °C evaporates, leaving the pores to be occupied by air with lesser k-values of 0.026 W m−1 °C [21].



Correlation and Prediction Models of Thermal Conductivity, Temperature and Moisture


In the scatterplot matrix performed in this study, as presented in Figure 3, the correlation of MCwb, temperatures and k of all the samples are highlighted. The following prediction models were developed:


  T e m p = 119.87 + ( − 1.73 ×   M C   w b   )  



(9)






    k   t e m p   = 0.36 + ( − 6.4 ×   10   − 4   × T e m p )  



(10)






    k     M C   w b     = 0.28 + ( 1.32 ×   10   − 3       ×   M C   w b   )  



(11)







There was a strong negative correlation between the temperature and MCwb (R2 = −0.98) at p < 0.0001. As the roasting temperatures increased, the MCwb values reduced, and the two were related by a regression Equation (9). The temperature showed a weaker and negative correlation (R2 = −0.70) with k values and related by Equation (10) (ktemp), as compared to a much stronger and positive correlation MCwb had (Equation (11) (kMCwb) (R2 = 0.80). This shows that moisture had a more direct proportion effect on the thermal conductivity than temperature. This has been linked to the fact that during drying, as heat is applied to a mass in unit time, a vapor pressure differential arises between the granules’ moisture and the surrounding environment, forcing the inner moisture to migrate to the granules’ surface and then to the hot air [56]. As shown in Table 3 and Table 4, at lower MCwb, gari had lower k-values as compared to the cassava mashes. This behavior has been reported by other authors and could be attributed to the fact that moisture content (Water) dominates the composition of most agricultural products, and during drying, as the temperatures increase, the moisture reduces, thereby leaving pours that are then occupied by air a less conductive medium compared to water [28,57,58,59].



After subjecting all the data from all batches to the Multiple Linear Regression Model Fitting (MLRMF) in JMP, the thermal conductivity general model Equation (12) (kGeneral) was developed. Each gari processing facility’s data (treatment) were fitted to develop Equations (12)–(15) for NOVIVA (kNV), AP (kAP) and CAD (kCAD), respectively.


kGeneral = 0.068 + (1.74 × 10−3 × Temp) + (4.37 × 10−3 × MCwb)



(12)






kNV = 0.014 + (2.2 × 10−3 × Temp) + (5.1 × 10−3 × MCwb)



(13)






kAP = 0.024 + (2.0 × 10−3 × Temp) + (5.1 × 10−3 × MCwb)



(14)






kCAD = 0.16 + (1.12 × 10−3 × Temp) + (2.9 × 10−3 × MCwb)



(15)








Validation of k Prediction Models


Comparisons saved as the foundation for the validation of the general model (kGeneral) created in this study. The k-values obtained by other researchers utilizing the measuring techniques described in Table 5 presented a mean percentage error of 10.88% from kGeneral. The sweat model for meats and fish had the highest error of 31.2%, compared to the 6.18% obtained when only the MCwb and temperatures of the cassava mash were aggregated. These results could be a confirmation of the MCwb range this model was anticipated to fall within (60–80%) [31]. Even though Kustermann et al. [25] ramped their model to MCwb and temperatures of 8 to 45% and 5 to 45 °C, respectively, only a 13.1% error was exhibited when fitted with this study’s MCwb and temperature data with R2 of 0.93 (p < 0.0001). This could be attributed to almost the same range of moisture contents between the grain and the cassava mash/gari (6% to 49%). With a 6.3% error, Cansee et al.’s [27] model presented a minimum error. This might be explained by the homogeneity of the approximate qualities among the many cassava varieties. Between the models obtained from the processing facilities and the kGeneral, the error was between −0.2 to −3.3%. This could be a result of different cassava proximate qualities and process parameters. Gratzek and Toledo [60] measured the k-values of solid foods at higher temperatures between 20 and 140 °C and MCwb ranges of 90.3% to 94.4%. The findings they obtained showed a variance of 4.2% (−3.9 to 14.2% error) to this study after fitting their data to the kGeneral.





3.3.2. Density


The density values achieved in this study at initial and final temperatures and MCwb ranged from 1207.72 ± 0.12 to 1223.09 ± 0.35 kg m−3 for the cassava mash (Table 3) and 1490.07 ± 1.41 to 1511.11 ± 1.30 kg m−3 for gari (Table 4).



Correlation and Prediction Models of Moisture, Temperature and Density


Modelling of the relationship between density as a continuous response variable and temperatures and MCwb, was done, and results were presented in the scatterplot matrix in Figure 4. Density exhibited a strong negative correlation with MCwb (R2 = −1) described by Equation (17) (    ρ     p M C   w b      ), signifying an inverse proportion relationship exuberated by a negative relationship between the temperature and the MCwb represented by Equation (16) (R2 = −0.98) all at p < 0.0001. It was generally observed that as the temperature and roasting time increased, the initial volume of the cassava mash that had been added to the roasting pan and heated to high temperatures while being frequently agitated decreased. This may be explained by the findings made in this study that the densities of the gari (1490.07 ± 1.41 to 1511.11 ± 1.30 kg m−3) were higher than those of the cassava mash (1223.09 ± 0.35 to 1207.72 ± 0.12 kg m−3). Density increases as volume decreases under dehydration conditions [7]. Nevertheless, density increased with increased temperature modelled by Equation (18) (    ρ   p T e m p    ). This effect was also witnessed by other authors [6,10,21,28,60].



The general model (Equation (16)) was developed upon aggregation of all the data from all processors into a multivariate modelling phase. Data from each site was also modelled into Equation (20) for NOVIVA, Equation (21) for AP and Equation (22) for CAD.


    ρ   p G e n e r a l   = 1571.27 + ( − 7.07 ×   M C   w b   ) + ( − 0.25 × Temp )  



(16)






MCwb = 67.40 + (−0.55 × Temp)



(17)






    ρ     p M C   w b     = 1540.90 + ( − 6.64 ×   M C   w b   )  



(18)






    ρ   p T e m p   = 1094.53 + ( 3.65 × Temp )  



(19)







The models based on the processing site data were also developed as follows:


    ρ   p N O V I V A   = 1578.52 + ( − 6.99 ×   M C   w b   ) + ( − 0.33 × Temp )  



(20)






    ρ   p A P   = 1569.63 + ( − 7.22 ×   M C   w b   ) + ( − 0.23 × Temp )  



(21)






    ρ   p C A D   = 1553.78 + ( − 6.88 ×   M C   w b   ) + ( − 0.07 × Temp )  



(22)








Validation of Density Prediction Models


The validation of the density models achieved in this study is highlighted in Figure 5. The correlations provide values close to those measured via toluene pycnometer (TPy) at MCwb ranges of 6 to 51.8% and 25 °C for cassava mash as reported by Gevaudan et al. [6], whose values of 1509 to 1239 kg m−3, gave only −2.52% error and correlated very well (R2 = 1). Baik and Mittal [5] measured the density of Tofu by the TPy methods between 34 to 73% MCwb and fitted with an error of 6.27% with this study’s calculations (R2 = 1). Cansee et al. [27] reported densities between 1044 to 1119.8 kg m3 of cassava starch at different concentrations (20 to 50% w/w) and temperatures of 30 to 50 °C. The differences could be attributed to different concentrations and processing procedures applied. In their evaluation of the physical properties of cassava foam powder, the density of 1466 kg m3 was achieved by Ayetigbo et al. [29]. The density models for NV, AP and CAD correlated well with errors of −0.34, 0.33 and 0.06% average percent error.





3.3.3. Specific Heat Capacities


The Cp values of the cassava mash and gari ranged from 2849.95 ± 0.36 (APC) to 2883.17 ± 0.78 J kg−1 °C at NVC and from 1827.71 ± 2.19 (WBG2) to 1882.61 ± 3.39 J kg−1 °C at CADG respectively (Table 3 and Table 4). These were at the temperatures and MCwb values of 34.84 ± 0.83 °C to 34.82 ± 0.96 °C and 47.81 ± 2.24% to 49.28 ± 1.24% for the cassava mash and 98.90 ± 13.60 °C (CADG) to 114.29 ± 5.78 °C (WBG2) and 5.23 ± 0.04% (WBG2) to 7.85 ± 0.10% (CADG) for gari, respectively. The Cp, MCwb, and temperature values for the cassava mash and gari were found to be significantly different at p < 0.0001.



Correlation and Prediction Models of Cp MCwb and Temperature


The results of the multiple linear regression modeling of the relationship between Cp, temperatures and MCwb of the cassava mash and gari are presented in Figure 6. The Cp values reduced with increased gari temperatures (Inverse proportion relationship) with a strong negative correlation (R2 = −0.98%) and predictable by Equation (28) (CpTemp). However, at final gari temperatures, the MCwb were lowest (temperature in drying is inverse proportion to the moisture content) and had a strong negative correlation (R2 = −0.98) with a prediction model of Equation (27). The values of Cp and MCwb were directly proportional, as shown in the scatterplot matrix, with a strong positive correlation (R2 = 1 at p < 0.0001) and governed by Equation (29) (CpMCwb). These relationships have been highlighted by other researchers [24,27,29,56,61,62].



After data aggregation of all the Cp values, temperatures, and MCwb achieved from the respective operators, a general model (Cpgeneral), was presented as highlighted in Equation (23). The models achieved for NV, AP and CAD are as shown in Equations (24) to Equation (26), respectively.


CpGeneral = 1332.70 + 31.42 × MCwb + (−0.30 × Temp)



(23)






CpNOVIVA = 1326.45 + (31.81 × MCwb) + (−0.26 × Temp)



(24)






CPAP = 1338.83 + 31.01 × MCwb + (−0.26 × Temp)



(25)






CpCAD = 1442.82 + (29.97 × MCwb + (−1.46 × Temp)



(26)






Temp = 119.87 + (−1.73 × MCwb)



(27)






CpTemp = 3450.51 + (−17.63 × Temp)



(28)






CpMCwb = 1297.40 + (31.93 × MCwb)



(29)







The decrease of Cp at high temperatures might be attributed to the decrease in cassava mash granules’ free water, thereby increasing the density and water-free volume of the granules [7,27,28].




Validation of the Cp Models


The Cp values of the models achieved in this study were compared to the ones measured for cassava, yam and plantain using the Perkin-Elmer (DSC7) differential scanning calorimeter by fitting the prediction models in this study’s data and presented in Figure 7. The deviation between the models and the DSC7 expressed in average percent error (Err) was −8.67% for plantain, −7.24% for yam and −6.84% for cassava (negative sign shows lower Cp values compared to this study’s values). At 36 °C and 45% MCwb the authors reported 2736 J kg−1 °C−1 (0.04 to 0.26 standard deviation) for the cassava mash, which is in agreement with the 2834.88 J kg−1 °C−1 cassava mash Cp achieved in this study [28]. However, the models had a good correlation of R2 = 1 at p < 0.0001, with AP giving the lowest error of −0.04%. The Cp differences could be attributed to the MCwb and proximate composition differences of the samples at different temperatures. Elsewhere, reported values of 1804 to 1901 J kg−1 °C−1 by L. A. Sanni et al. [22] are within the achieved in this study but higher than the 1128 to 1760 J kg−1 °C−1 measured using the differential scanning calorimeter between −20 to 96 °C reported by Gevaudan et al. [6].





3.3.4. Thermal Diffusivity


The   α   values achieved in this study for the cassava mash (9.62 × 10−8 ± 1.003 × 10−10 to 9.76 × 10−8 ± 2.89 × 10−11 m2 s−1) highlighted in Table 3, are significantly different from the gari     α   G a     (9.64 × 10−8 ± 1.15 × 10−5 to 1.09 × 10−7 ± 4.15 × 10−9 m2 s−1) shown in Table 4. Gari had higher values than the cassava mash.



The values achieved are comparable to those achieved by other authors. Njie et al. [28] reported thermal diffusivity values between 1.66 × 10−7 and 7.9 × 10−8 m2 s−1 at 70 to 18% MCwb and in the same range of 7.77 × 10−8 to 8.31 × 10−8 as reported by Cansee et al. [27]. Cassava aged between 12 to 18 months gave thermal diffusivity values between 1.43 × 10−7 m−2 s−1 and 2.43 × 10−7 m−2 s−1 measured using the dual needle sensor KD2 Pro Controller as reported by Oriola [30].



The interaction between diffusivity and other parameters in this study is presented in Figure 7. The correlation between the temperatures and   α   with a weaker positive correlation of R2 0.48 was reported in this study. Diffusivity and MCwb correlated negatively (R2 = −0.35), causing   α   to increase at reduced MCwb, as can be seen in Table 3 and Table 4, showing that gari had higher values of   α   than the cassava mash. The weaker correlation factor could be a result of the strong influence the specific heat capacity had on temperatures. This action could be attributed to the fact that as the cassava mash has been roasted, the action of temperature on the water makes it evaporate, hence creating more volume for air pores, thereby higher values of thermal diffusivity because air has higher   α   values than the cassava granules. When investigating the thermal properties of shelled corn and grain, Kustermann et al. [25] also reported a lower correlation of R2 = 0.50 between temperature and   α  —a situation reported by other researchers [27,61,63].



As can be seen in the relationships of the   α   in Figure 7, Cp increased with TC, thereby increasing the thermal diffusivity (ability to store heat) of gari. Therefore, data on the thermal diffusivity (speed of heat diffusion) are very critical in coming up with food-processing duration prediction models.





3.4. Multivariate Interaction Analysis of All Parameters


To clearly understand the interactions and the relationships between all variables, multivariate correlation analysis results are presented in the scatterplot analysis in Table 6 using the heat map. The integer scale (from red (+1) to blue (−1) on the upper right of the scatterplot highlights the correlation between a pair of variables. The Cp showed a strong negative correlation with CHO, TA, Temperature and density with R2 −1, −0.86, −0.98 and −1, respectively, with a much weaker relationship with CFb. However, it shows a strong positive correlation with HCN (R2 = 0.83), MCwb (R2 = 1) and a much weaker with CP (R2 = 0.6) and with CF (R2 = 0.52). This could be due to the negative temperature effect (R2 = −98) on the MCwb in the cassava mash (evaporation of water), which resulted in an increase in CHO concentration and increased true density (R = −1 against MCwb). Cassava mash transformation into gari occurs at high temperatures and is based on MCwb degradation, resulting in minimal Cp values at higher true density values, as highlighted in Table 3 and Table 4. Protein (CP), an important nutrient is affected negatively during gari roasting and had a negative interaction with CHO (R2 = −0.64), temperature (R2 = −0.59), density (R2 = −0.59), CFb (R2 = −0.11) and thermal diffusivity (R2 = −0.40), this confirms other researcher’s observation that production of gari from cassava mash results in 20 to 40% loss of the crude proteins [35,64,65]. This study also shows that it is possible to reduce the HCN to acceptable levels as it had a negative interaction with CHO (R = −0.82), TA (R2 = −0.89), CFb (R2 = −0.57), temperature (R2 = −0.82) and density (R2 = −0.83). If carefully done, roasting could result in HCN reduction [8]. Generally, de-watered cassava mash (MCwb of about 46% to 50%) processing into gari results in dehydration using energy for temperature generation, further transforming the proximate and physical properties. Since energy plays a major part in food drying, its efficiency utilization through site/region-specific thermal models is key. This will further help in the design and implementation of cheaper renewable energy sources such as hybrid systems e.g., solar/waste-to-energy [66,67]. It has been identified in this study that, apart from CHO (R2 = 0.98), TA (R2 = 0.85), CFb (R2 = 0.66), density (R2 = 0.98) and thermal diffusivity (R2 = 0.48) that linearly associated positively with temperature and increased by 47.06%, 48.47%, 23.38%, 19.15% and 5.51% from the initial cassava mash to gari, respectively, other variables associated negatively.





4. Conclusions


Thermal properties of the traditionally processed de-watered cassava mash and gari in the selected places of the Maritime region in Togo were calculated at various moisture contents and temperatures using the proximate composition-based predictive empirical models developed by Y. H. Choi and Okos (1986) and published by Sahin and Sumnu (2007). The models obtained from the literature for the specific heat capacity, thermal conductivity, density and diffusivity developed based on measuring techniques showed a good correlation with the models developed from the proximate analysis results of the de-watered cassava mash and gari determined in this study. Through multivariate analysis, correlations and effects of the different components of the de-watered cassava mash and gari and their thermal properties at different temperatures and moisture contents before and after traditional garification, were identified. It was also discovered that the same cassava genotype planted at multiple locations had distinct proximate compositions (site and soil-specific), as seen by the HCN and protein levels. The models developed in this work could be used to analyze the thermal properties of food staffs with similar compositions, moisture ranges, and processing techniques (roasting or boiling). More research is needed to address applicability restrictions. The garification parameters achieved (temperatures, duration, moisture contents, and batch sizes) and the regression models created in this work as a function of moisture content and temperature are intended to provide a foundation for future research on the simulation and modeling of site-specific thermal properties of foodstuffs and how they affect energy demand to facilitate accurate, credible and site-specific climate impact analyses and verification.
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Figure 1. Schematic diagram for gari processing thermal system data mining. 
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Figure 2. Mean roasting process parameters achieved in this study. 
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Figure 3. Scatterplot matrix effects of the moisture and temperature on the thermal conductivity of cassava mash before and after garification. 
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Figure 4. Scatterplot of density, moisture and temperature correlation. 
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Figure 5. Comparison of (validation) densities obtained in this study and from other studies (NV, AP and CAD = data sites from this study and GEVA—Gevaudan [6], Baik = [5]. 
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Figure 6. Scatterplot matrix for specific heat capacity, temperature and MCwb of the cassava mash and gari. 
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Figure 7. Validation of this study’s Cp values (Negative Error sign means lower Cp values as compared to this study’s values. Njie—models used by Njie et al. [28]. 
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Table 2. Some physiochemical properties of de-watered cassava mash and gari.
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	Description
	Dry Matter (%)
	MCwb (%)
	Total Ash (%)
	Crude Fiber (%)
	Crude Protein (%)
	Crude Fat (%)
	CHO (%)
	pH
	HCN (ppm)
	Temp (°C)





	NVC
	50.77 ± 0.72 a
	49.23 ± 0.72 f
	1.75 ± 0.02
	1.31 ± 0.03 d
	2.44 ± 0.02 a
	0.64 ± 0.03 d
	44.64 ± 0.71 de
	6.54 ± 0.17 a
	17.84 ± 0.15 d
	34.82 ± 0.96 z



	NVG1
	94.24 ± 0.05
	5.76 ± 0.05 a
	2.33 ± 0.05 a
	1.99 ± 0.05 a
	1.33 ± 0.06 d
	0.62 ± 0.09 d
	87.98 ± 0.10 a
	4.09 ± 0.29
	3.17 ± 0.01 a
	111.44 ± 0.56 c



	NVG2
	92.63 ± 0.05
	7.37 ± 0.05 b
	2.36 ± 0.05 a
	2.05 ± 0.06 a
	1.31 ± 0.03 d
	0.65 ± 0.04 d
	86.25 ± 0.19 b
	4.18 ± 0.05 e
	3.25 ± 0.03 b
	104.51 ± 1.15 a



	NVG3
	94.55 ± 0.07
	5.45 ± 0.07 a
	2.33 ± 0.05 a
	2.00 ± 0.11 a
	1.37 ± 0.05 d
	0.62 ± 0.01 d
	88.24 ± 0.04 c
	4.13 ± 0.07 e
	3.09 ± 0.03 c
	112.83 ± 0.62 c



	NVG4
	93.16 ± 0.02
	6.84 ± 0.02 c
	2.35 ± 0.09 a
	1.99 ± 0.04 a
	1.34 ± 0.05 d
	0.63 ± 0.01 d
	86.86 ± 0.11 b
	4.55 ± 0.06 fe
	3.24 ± 0.04 b
	107.71 ± 0.44 h



	APC
	52.18 ± 1.47 a
	47.82 ± 1.47 f
	1.46 ± 0.07
	1.96 ± 0.03 x
	2.16 ± 0.10 x
	0.73 ± 0.05 c
	45.87 ± 1.42 de
	6.55 ± 0.13 a
	24.65 ± 1.51 g
	35.22 ± 0.54 g



	APG
	94.23 ± 0.06
	5.77 ± 0.06 a
	3.14 ± 0.04 b
	2.37 ± 0.05 b
	1.87 ± 0.06 b
	0.56 ± 0.02 a
	86.30 ± 0.02 b
	3.72 ± 0.03 c
	4.55 ± 0.11 e
	109.44 ± 0.39 b



	ATG
	93.59 ± 0.04
	6.41 ± 0.04 c
	3.15 ± 0.06 b
	2.68 ± 0.62 b
	1.88 ± 0.07 b
	0.56 ± 0.03 a
	85.32 ± 0.64 d
	3.71 ± 0.04 c
	4.51 ± 0.06 e
	108.10 ± 0.11 a



	CADC
	51.70 ± 0.99 a
	48.3 ± 0.99 f
	0.83 ± 0.04
	1.35 ± 0.04 r
	1.21 ± 0.02 q
	0.52 ± 0.05 a
	47.80 ± 1.02 e
	7.82 ± 0.03 d
	45.69 ± 0.74 z
	35.89 ± 0.78 g



	WBG1
	93.12 ± 0.06
	6.88 ± 0.06 c
	2.42 ± 0.03 a
	1.73 ± 0.02 c
	0.63 ± 0.02 c
	0.52 ± 0.05 b
	87.82 ± 0.10 a
	4.82 ± 0.03 f
	6.82 ± 0.03
	106.28 ± 0.61 f



	WBG2
	94.78 ± 0.04
	5.22 ± 0.04 a
	2.44 ± 0.04 a
	1.65 ± 0.03 c
	0.64 ± 0.03 c
	0.49 ± 0.02 b
	89.56 ± 0.08 e
	4.39 ± 0.06 b
	6.19 ± 0.06 a
	114.81 ± 0.27 k



	CADG
	92.12 ± 0.05
	7.88 ± 0.05 b
	2.35 ± 0.03 a
	1.73 ± 0.05 c
	0.64 ± 0.03 c
	0.49 ± 0.02 b
	86.91 ± 0.05 b
	4.39 ± 0.06 b
	6.19 ± 0.06 a
	94.5 ± 4.00 g







Each value represents the mean ± standard deviation. The values within a column with different letters differ by Tukey’s test (p < 0.0001). Source: Authors. Green background colour (NVC, APC and CADC) signifies the de-watered cassava mash samples used. 













 





Table 3. Thermal properties of cassava mash before garification. Each value represents the mean ± standard deviation.






Table 3. Thermal properties of cassava mash before garification. Each value represents the mean ± standard deviation.





	Parameter
	Temp (°C)
	MCwb (%)
	k (W m−1 °C−1)
	Density (kg m−3)
	Cp (J kg−1 °C−1)
	α (m2 s−1)





	NVC
	34 82 ± 0.96 a
	49.23 ± 0.72 f
	0.34 ± 0.002 c
	1223.09 ± 0.35 x
	2883.17 ± 0.32 u
	9.74 × 10−8 ± 3.63 × 10−10 v



	APC
	34.84 ± 0.83 a
	47.82 ± 1.47 f
	0.34 ± 0.004 c
	1207.72 ± 0.12 y
	2849.95 ± 0.15 t
	9.62 × 10−8 ± 1.003 × 10−10 h



	CADC
	35.89 ± 0.78 b
	48.30 ± 0.99 f
	0.35 ± 0.00002 f
	1214.33 ± 0.52 z
	2859.87 ± 0.35
	9.76 × 10−8 ± 2.89 × 10−11 v







The values within a column with different letters differ by Tukey’s test (p < 0.0001). Source: Authors.













 





Table 4. Thermal properties of gelatinized cassava mash (Gari) after roasting.
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	Parameter
	Temp (°C)
	MCwb (%)
	k (W m−1 °C−1)
	Density (kg m−3)
	Cp (J kg−1 °C−1)
	α (m2 s−1)





	NVG1
	111.57 ± 2.64 a
	5.76 ± 0.05 a
	0.28 ± 0.01 a
	1502.01 ± 1.72 b
	1843.94 ± 2.89 a
	1.02 × 10−7 ± 2.64 10−9 a



	NVG2
	104.65 ± 4.43 b
	7.37 ± 0.05 b
	0.31 ± 0.01 b
	1490.07 ± 1.41 c
	1879.43 ± 2.67 b
	1.09 × 10−7 ± 4.55 10−9 b



	NVG3
	112.58 ± 10.34 a
	5.45 ± 0.07 a
	0.27 ± 0.03 c
	1505.37 ± 4.28 b
	1834.52 ± 7.11 c
	9.76 × 10−8 ± 9.10 × 10−9 c



	NVG4
	107.75 ± 9.95 c
	6.84 ± 0.02 c
	0.30 ± 0.03 d
	1492.25 ± 8.08 c
	1870.53 ± 14.55 d
	1.07 × 10−7 ± 1.07 × 10−8 d



	APG
	109.31 ± 12.43 d
	5.77 ± 0.06 a
	0.27 ± 0.03 c
	1502.63 ± 9.02 d
	1844.85 ± 16.01 c
	9.64 × 10−8 ± 1.15 × 10−8 e



	ATG
	108.78 ± 9.21 c
	6.41 ± 0.04 c
	0.29 ± 0.02 e
	1496.76 ± 6.88 d
	1860.61 ± 12.01 e
	1.02 × 10−7 ± 8.50 × 10−9 a



	WBG1
	106.77 ± 8.78 c
	6.88 ± 0.06 c
	0.31 ± 0.03 b
	1498.96 ± 2.71 b
	1862.97 ± 5.13 d
	1.09 × 10−7 ± 9.55 × 10−9 b



	WBG2
	114.29 ± 5.78 e
	5.22 ± 0.04 a
	0.28 ± 0.01 a
	1511.11 ± 1.30 e
	1827.71 ± 2.19 c
	1.01 × 10−7 ± 3.69 × 10−9 f



	CADG
	98.90 ± 13.60 f
	7.88 ± 0.05 b
	0.30 ± 0.01 d
	1493.14 ± 1.82 f
	1882.61 ± 3.39 f
	1.09 × 10−7 ± 4.15 × 10−9 b







Each value represents the mean ± standard deviation. The values within a column with different letters differ by Tukey’s test (p < 0.0001).













 





Table 5. Comparison of this study’s thermal conductivity models to the measured values-based models from the literature.
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	Authors
	Model with Coefficients
	Methods
	Average (k)
	R2
	Pr > F
	E (%)





	TP
	kGeneral = 0.068 + (1.74 × 10−3 × Temp) + (4.37 × 10−3 × MCwb)
	CHOI
	0.31 ± 0.03
	
	
	



	TP
	kNV = 0.014 + (2.2 × 10−3 × Temp) + (5.1 × 10−3 × MCwb)
	CHOI
	0.31 ± 0.03
	0.98
	<0.0001
	−0.2



	TP
	kAP = 0.024 + (2.0 × 10−3 × Temp) + (5.1 × 10−3 × MCwb)
	CHOI
	0.32 ± 0.03
	0.93
	<0.0001
	−3.0



	TP
	kCAD = 0.16 + (1.12 × 10−3 × Temp) + (2.9 × 10−3 × MCwb)
	CHOI
	0.32 ± 0.02
	0.97
	<0.0001
	−3.3



	[25]
	kKust = 0.008 + (4.43 × 10−4 × Temp) + (5.84 × 10−3 × MCwb)
	TM-HWP
	0.27 ± 0.11
	0.93
	<0.0001
	13.1



	[26]
	kSweat (meats and fish) = 0.08 + 0.52 × (MCwb/100) (cassava mash/all process)
	TCP
	0.22 ± 0.10
	0.92
	<0.0001
	6.18/31.2



	[26]
	kSweat (fruits and vegetables) = 0.148 + 0.493 × (MCwb/100)
	TCP
	0.28 ± 0.10
	0.92
	<0.0001
	9.4



	[5]
	kBalk = 0.2112 + (8.943 × 10−3 × (MCwb/100)Temp) + (0.3077) × (MCwb/100)2
	DPM
	0.26 ± 0.04
	0.93
	<0.0001
	17.3



	[27]
	kCansee = 0.408 − (1.380 × 10−3 × Temp) − (5.865 × 10−4 × C)
	TM-LHSM
	0.29 ± 0.04
	0.8
	<0.0001
	6.3



	[7]
	kAnderson = (MCwb/100) × kwater + (1 − (MCwb/100)) × ksolids
	TM-LHSM
	0.36 ± 0.08
	0.92
	<0.0001
	−14.1







Where TP—This paper, kKust—model from Kustermann, kSweat (meats and fish) = Sweat, kSweat (fruits and vegetables) =, kBalk—Baik and Mittal, kCansee—Cansee, kAnderson—Modi., kwater—k of water (0.614 W m−1 °C), ksolids—k values of solids (0.2597 W m−1 °C), C—concentration ranges of 20 to 50%, TM-HWP—Transient Methods–Hot Wire Probe, TCP—Thermal Conductivity Probe, DPM—Dual Probe Method, and TM-LHSM—Transient Methods–Light Heat Source Method.













 





Table 6. Scatterplot matrix showing correlations of all parameters considered in this study.
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	CHO (%)
	CP (%)
	CF (%)
	TA (%)
	CFb (%)
	HCN (ppm)
	MCwb (%)
	Temp (°C)
	Dnsit (kg/m3)
	TC (W/m °C)
	Cp (J/kg °C)
	Diff (m2/s)





	CHO (%)
	1.00
	−0.64
	−0.54
	0.84
	0.66
	−0.82
	−0.99
	0.98
	0.99
	−0.80
	−0.99
	0.36



	CP (%)
	−0.64
	1.00
	0.65
	−0.17
	−0.11
	0.19
	0.61
	−0.59
	−0.59
	0.36
	0.60
	−0.41



	CF (%)
	−0.54
	0.65
	1.00
	−0.39
	−0.05
	0.18
	0.52
	−0.51
	−0.52
	0.36
	0.52
	−0.26



	TA (%)
	0.84
	−0.17
	−0.39
	1.00
	0.75
	−0.89
	−0.86
	0.85
	0.87
	−0.75
	−0.86
	0.21



	CFb (%)
	0.66
	−0.11
	−0.05
	0.75
	1.00
	−0.57
	−0.68
	0.66
	0.69
	−0.65
	−0.69
	0.09



	HCN (ppm)
	−0.82
	0.19
	0.18
	−0.89
	−0.57
	1.00
	0.83
	−0.82
	−0.83
	0.68
	0.83
	−0.28



	MCwb (%)
	−0.99
	0.61
	0.52
	−0.86
	−0.68
	0.83
	1.00
	−0.98
	−0.99
	0.80
	0.99
	−0.35



	Temp (°C)
	0.98
	−0.59
	−0.51
	0.85
	0.66
	−0.82
	−0.98
	1.00
	0.98
	−0.71
	−0.98
	0.48



	Density (kg/m3)
	0.99
	−0.59
	−0.52
	0.87
	0.70
	−0.83
	−0.99
	0.98
	1.00
	−0.82
	−0.99
	0.33



	TC (W/m °C)
	−0.80
	0.36
	0.36
	−0.75
	−0.65
	0.68
	0.80
	−0.71
	−0.82
	1.00
	0.81
	0.28



	Cp (J/kg °C)
	−0.99
	0.60
	0.52
	−0.86
	−0.69
	0.83
	0.99
	−0.98
	−0.99
	0.81
	1.00
	−0.34



	Diff (m2/s)
	0.36
	−0.41
	−0.26
	0.21
	0.09
	−0.28
	−0.35
	0.48
	0.33
	0.28
	−0.34
	1.00
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