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Engineering Characterization of HA-4 and Local Field Bean Dhal: Physical, Thermal, and Biochemical Properties for Processing Applications
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[bookmark: _Hlk200742044]ABSTRACT
	Aims: This study aimed to comprehensively evaluate the physical, thermal, and biochemical properties of the HA-4 field bean dhal variety compared to a local variety field bean dhal, assessing their suitability for diverse food applications.
Study Design: This was a comparative evaluation of the physical, thermal, and biochemical properties of two field bean dhal varieties.
Place and Duration of Study: Department of  Processing and Food Engineering, College of Agricultural Engineering, UAS, GKVK, Bangalore,  between June2023 to January 2024
Methodology: Physical parameters (dimensions, shape, density, color), thermal properties (conductivity, diffusivity, specific heat), and biochemical properties (moisture, protein, crude fiber, fat, total soluble sugars, ash) were determined for both the HA-4 and a local field bean dhal variety.
Results: The local bean dhal variety exhibited larger grain dimensions (9.0 mm length, 7.01 mm width, 2.35 mm thickness) than HA-4 dhal variety (6.63 mm, 5.79 mm, 2.18 mm), yet both maintained similar sphericity and geometric mean diameters, indicating consistency beneficial for processing. The local bean dhal variety also showed slightly lower bulk and true densities, suggesting enhanced porosity. Thermal conductivity, diffusivity, and specific heat varied slightly between varieties, suggesting subtle differences in cooking efficiency. Biochemically, HA-4 proved nutritionally superior with higher protein (23.37 g/100 g) and ash (3.62 g/100 g) content. Conversely, the local variety had higher fat (1.50 g/100 g) and total soluble sugars (57.23 g/100 g).
Conclusion: While the local bean dhal offers desirable physical characteristics for general processing applications, the HA-4 variety emerges as a promising candidate due to its superior biochemical profile. Furthermore, despite its physical properties being less favorable for some conventional dhal preparations, the HA-4 bean dhal's specific physical characteristics make it exceptionally well-suited for specialized applications such as the preparation of flakes, offering significant value to consumers and the food processing industry.
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1 INTRODUCTION
[bookmark: _Hlk200742067][bookmark: _Hlk200742080][bookmark: _Hlk200742092]Global food security faces unique challenges driven by rapid population growth, climate change, and evolving dietary preferences toward sustainable protein sources (Hussain, Li, Kalu, Wu, & Naumovski, 2025). In this context, pulses, the dry edible seeds of legumes, emerge as a crucial pillar of robust food systems (D. N. Yadav, Tushir, Guru, Yadav, & Vishwakarma, 2021). They are praised not only for their superior nutritional density but also for their profound environmental benefits, including biological nitrogen fixation that enhances soil fertility and reduces reliance on synthetic fertilizers (Sandeep Kumar et al., 2023). Among legumes, field beans (Dolichos lablab) are recognized for their impressive protein content (36–39 %) and significant levels of complex carbohydrates and dietary fiber, which make them an excellent source of plant-based nutrition (Poonia, Vikranta, Chaudhary, & Dangi, 2022). These beans are rich in essential minerals such as iron, potassium, and magnesium, as well as vitamins and polyphenols that offer antioxidant properties. With their high protein and low-fat content, field  beans provide a sustainable alternative to animal-based proteins, particularly in vegetarian and vegan diets. The comprehensive nutritional profile of field beans has been associated with numerous health benefits, including improved digestion, enhanced cardiovascular health, and better blood sugar regulation (Hall, Hillen, & Garden Robinson, 2017). Their role in promoting a balanced diet is well-documented. Additionally, field beans adaptability to diverse agro-climatic conditions and its rich nutrient profile make it a valuable resource for addressing malnutrition. "Dhal," a primary processed form derived from split and dehulled pulses, is a fundamental dietary staple in many cultures, offering an accessible and economic source of high-quality protein and complex carbohydrates. The escalating consumer demand for convenient, healthy, and high-quality processed foods necessitates a comprehensive understanding of raw material characteristics to optimize processing efficiency and final product attributes (Thamarsha et al., 2024).
	The successful transformation of a raw pulse into palatable and marketable food products, such as dhal, flour, or extruded snacks, is critically dependent on a thorough understanding of its intrinsic physical, thermal, and biochemical properties. These properties are not merely descriptive but dictate the behavior of the material throughout the entire processing chain, from pre-treatment to final product formulation. Physical properties of dhal grains, including their dimensions (length, width, thickness), geometric mean diameter, sphericity, surface area, bulk density, true density, and porosity, are fundamental for designing and optimizing processing equipment and unit operations (Mazi & Çauglayan, 2025; Mohsenin, 2020). For instance, uniform grain size and sphericity are crucial for efficient mechanical handling, pneumatic conveying, precise grading, and minimizing breakage during milling and dehulling processes, thereby influencing dhal yield and quality (Sahay & Singh, 2014; Thomas, Panjagari, Singh, Sabikhi, & Deshwal, 2023). Bulk and true densities provide insights into packing efficiency, storage capacity, and the internal structure, where porosity directly correlates with water absorption kinetics and, consequently, cooking time and rehydration behavior - parameters vital for ready-to-cook or instant food product development (Shevkani, Kaur, & Singh, 2021). Color, as a visual attribute, is a key quality indicator and influences consumer acceptability (Singh, 2017).
Thermal properties, specifically thermal conductivity (W/m⋅K), thermal diffusivity (m2/s), and specific heat capacity (J/kg⋅K), are paramount in any food processing operation involving heat transfer. These properties govern the rate at which heat penetrates the dhal during operations such as blanching, drying, roasting, or cooking (Yashini et al., 2024). Precise knowledge of these values is essential for accurate modeling of heat transfer processes, optimizing process parameters to minimize energy consumption, ensuring adequate thermal treatment for microbial safety, preserving heat-sensitive nutrients, and effectively reducing anti-nutritional factors (e.g., trypsin inhibitors, phytic acid) without compromising product quality (Arana, 2012; Yashini et al., 2024). Differences in these properties can significantly impact cooking efficiency and the overall energy footprint of dhal processing. The biochemical composition of field bean dhal is crucial for understanding its overall value, influencing both its nutritional profile and its functional attributes in food applications. A high protein content is paramount to its nutritional importance, with the specific amino acid profile directly impacting human health. Similarly, the type and quantity of carbohydrates, including starches and dietary fiber, not only determine caloric value but also dictate vital functional properties like water absorption capacity, viscosity, and gelling, making them essential for formulating various food products (Tiwari, Gowen, & McKenna, 2020). While generally low, fat content influences caloric density, oxidative stability, and sensory characteristics. Furthermore, ash content serves as a straightforward indicator of the dhal's mineral richness. Collectively, a detailed understanding of this biochemical profile is indispensable for targeted product development, enabling the creation of foods that precisely meet specific dietary needs and maximize nutrient delivery. While extensive research exists on the nutritional aspects and some processing parameters of various pulse varieties, a comprehensive and integrated multi-parametric characterization, specifically focusing on improved pulse varieties like the HA-4 bean dhal, remains critically underexplored. The HA-4 variety of field bean dhal has been developed with specific breeding objectives that include improved yield and potentially enhanced quality attributes, but its holistic processing potential relative to established local variants has not been systematically evaluated. Such a detailed comparative analysis is essential to provide the scientific basis for its widespread industrial adoption, guiding variety selection for farmers, optimizing existing processing lines, and fostering the development of novel, value-added products.
Therefore, this study aims to comprehensively evaluate and compare the physical, thermal, and biochemical properties of the improved HA-4 bean dhal variety against a commonly consumed local variant, with the anticipated findings expected to furnish critical data essential for optimizing industrial processing parameters, effectively guiding novel product development, and broadly enhancing the utilization of field beans within the food industry, thereby ultimately fostering improved dietary quality and contributing to more sustainable food systems.
2 MATERIALS AND METHODS
[bookmark: _Hlk200742108]2.1 Materials
The HA-4 variety of field bean dhal (Dolichos lablab) was specifically sourced from the National Seed Project (NSP), University of Agricultural Sciences (UAS), GKVK, Bangalore, Karnataka, India. The local field bean dhal variety was obtained from established local markets within Bangalore, Karnataka. Upon arrival at the laboratory, samples were manually inspected to remove any foreign matter, stones, or broken grains. The cleaned dhal samples were then stored in airtight, opaque containers at ambient laboratory temperature (approximately 25 ± 2°C) until analysis to preserve their intrinsic properties. All chemicals and reagents utilized for biochemical analyses were of analytical grade and procured from standard chemical suppliers in India. 
[bookmark: _Hlk200742124]2.2 Determination of physical properties
[bookmark: _Hlk201251056]2.2.1 Size
[bookmark: _Hlk200742130][bookmark: _Hlk200742135]The tri-axial dimensions (length, width, and thickness) of 100 randomly selected dhal grains from each variety were precisely measured using a digital Vernier caliper (Make: Mitutoyo, Japan; Model: CD-8 VC) with an accuracy of 0.01 mm (Darfour, Ayeh, Odoi, & Mills, 2022).
[bookmark: _Hlk201251070]2.2.2 Shape
[bookmark: _Hlk200742141][bookmark: _Hlk200742145][bookmark: _Hlk200742150][bookmark: _Hlk200742155]The shape of the dhal grains was quantitatively evaluated based on their geometric mean diameter (Dg​) and sphericity index (Φ). These parameters were calculated from the measured tri-axial dimensions using the following equations (1) and (2) adapted from Mohsenin (2020).
[bookmark: _Hlk200742162]                                                        Dg​=(L×W×T)1/3                                                     (1)
                                                         Φ=(Dg​/L)×100                                                      (2)
Where L represents length, W is width, and T is thickness.
[bookmark: _Hlk201251087]2.2.3 Thousand Grain Mass 
[bookmark: _Hlk200742168][bookmark: _Hlk200742173][bookmark: _Hlk200742177][bookmark: _Hlk200742183][bookmark: _Hlk200742191]The thousand kernel mass was determined by randomly counting and weighing 1000 intact dhal grains from each variety using a precision electronic balance (Make: Essae-Teraoka Pvt. Ltd.; Model: DS-852G, with an accuracy of 0.01 g). Results were expressed in grams. This method followed the procedure defined by Gani et al. (2015).
[bookmark: _Hlk201251102]2.2.4 Bulk Density
[bookmark: _Hlk200742200]Bulk density (ρb​) was determined by gently pouring a known mass of dhal grains into a pre-weighed standard cylindrical container of known volume. The dhal was filled to the brim, leveled off without compaction, and the container was re-weighed. Bulk density was calculated as the mass of the dhal divided by the volume of the container (De Angelis et al., 2021; Mohsenin, 2020).
2.2.5 True Density
True density (ρt​) was measured using the liquid displacement method with toluene as the displacement medium. Toluene (analytical grade) was selected due to its low surface tension and negligible absorption by food materials. A 25 mL pycnometer was filled with toluene and weighed. A known weight of the dhal sample was added, and the pycnometer was refilled with toluene and re-weighed. The volume of displaced toluene was calculated to determine the true volume of the sample (Darfour et al., 2022). True density was calculated as the mass of the sample divided by its true volume.
2.2.6 Color
Color measurements (Shevkani, Kaur, Singh, & Hlanze, 2022) of the dhal samples were performed using a spectrophotometer (ColorFlex EZ, HunterLab, USA). The instrument was calibrated against a standard white tile before each set of measurements. Readings were taken in the CIE Lab* color space, where L* indicates lightness (0=black, 100=white), a* represents the red-green spectrum (positive a=redness, negative a=greenness), and b* represents the yellow-blue spectrum (positive b=yellowness, negative b=blueness). Three replicate measurements were taken for each sample.
2.3 Determination of thermal properties
Thermal properties of the dhal samples, including thermal conductivity (λ), thermal diffusivity (α), and specific heat capacity (Cp​), were precisely determined using a Thermal Property Analyzer (KD2 Pro, Decagon Devices, USA). This instrument operates on the transient hot wire method principle, which allows for rapid and accurate measurements by analyzing the temperature response of a specialized probe when inserted into the sample. Prior to measurement, dhal samples were carefully compacted into a designated sample holder to ensure intimate contact between the sample material and the probe, thereby minimizing the presence of air gaps that could affect accuracy. All measurements were conducted under controlled ambient laboratory conditions (25±2°C), with the instrument's proprietary software directly calculating and displaying the values for all three thermal parameters.
[bookmark: _Hlk201251718]2.4. Determination of biochemical properties
2.4.1 Moisture Content
[bookmark: _Hlk200742207][bookmark: _Hlk201251120][bookmark: _Hlk200742216]Moisture content was determined gravimetrically by drying precisely weighed dhal samples in a hot air oven (105 ± 2 °C) for 24 hours, or until a constant weight was achieved (AACC (44-15.02), 1999; Thonglit, Suanjan, Chupawa, Inchuen, & Duangkhamchan, 2024). The percentage of moisture was calculated from the difference between the initial and final sample weights.
[bookmark: _Hlk201251127]2.4.2 Total Ash
[bookmark: _Hlk200742246]The total ash content, serving as an indicator of the total mineral composition present in the dhal samples, was determined through high-temperature incineration. Precisely weighed samples were introduced into a muffle furnace (Lab Furnaces, India) and heated at a controlled temperature of 550 ± 5°C. Heating continued until a stable, light-colored (white or greyish) ash residue remained, signifying the complete combustion and removal of all organic matter from the sample (AACC (08-01.01), 1999; Navin Venketeish, Govindarajan, & Pandiselvam, 2025).
[bookmark: _Hlk201251761]2.4.3 Total Soluble Sugars
[bookmark: _Hlk201251135][bookmark: _Hlk200742252][bookmark: _Hlk201251140][bookmark: _Hlk200742258][bookmark: _Hlk200742266][bookmark: _Hlk201251158][bookmark: _Hlk200742271]Total soluble sugars were quantified using the anthrone reagent method, as described by Aruna and Devindra (2016). Ethanol extracts of the dhal samples were prepared. A known aliquot of the extract was mixed with anthrone reagent, and the resulting color change (due to reaction with sugars) was measured spectrophotometrically at 630 nm using UV-Vis Spectrophotometer (Shimadzu UV-1800, Japan). A standard curve prepared using glucose was used to calculate the sugar concentration, expressed as glucose equivalents.
[bookmark: _Hlk201251777]2.4.4 Total Fat
[bookmark: _Hlk201251174][bookmark: _Hlk200742283]The fat content was determined using the Soxhlet extraction method (AACC (30-25.01), 1999; Mamoudou, Obadias, René, & Alain, 2024). Accurately weighed dhal samples were subjected to continuous extraction with petroleum ether (boiling range 40-60°C) for a period of 14–26 hours in a Soxhlet apparatus. After extraction, the solvent was evaporated, and the remaining fat residue was weighed to determine the total fat content.
[bookmark: _Hlk201251184]2.4.5 Protein Content
Protein content in dhal samples was quantitatively determined through a multi-step process involving initial protein extraction using a 0.1 M phosphate buffer (pH 7.0) to maintain protein stability and solubility, followed by the addition of Bradford reagent to an aliquot of the extracted protein, facilitating dye-protein binding and a characteristic color shift from brown to blue due to the Coomassie Brilliant Blue G-250 dye, with the resultant blue solution's absorbance then precisely measured spectrophotometrically at 595 nm using a Shimadzu UV-1800 UV-Vis Spectrophotometer (Shimadzu, Japan) to quantify the protein-dye complex, and finally, the protein concentration was accurately calculated by interpolation against a rigorously constructed standard curve, which was prepared using varying known concentrations of Bovine Serum Albumin (BSA) as the reference protein, consistent with the methodology adapted from Karimi et al. (2022).
[bookmark: _Hlk201251191]2.4.6 Crude Fibre
[bookmark: _Hlk200728076]Crude fiber content was calculated by a differential method. This involved subtracting the sum of protein, fat, total soluble sugars, ash, and moisture contents from 100 (Equation 3). 
[bookmark: _Hlk200742329][bookmark: _Hlk201251198]              Crude fibre (%) = 100 - [TSS + TF + P + A + MC]                                          (3)
Where, TSS- Total soluble sugars (%); TF- Total fat (%); P- Protein (%); A- Ash (%); MC- Moisture content (%)
2.6 Statistical Analysis
All experiments and analyses were performed in triplicate. The collected data was analyzed using Microsoft Excel and OPSTAT (Stat Soft) statistical software. A Complete Randomized Design (CRD) was employed for data organization. The Analysis of Variance (ANOVA) technique was used to assess significant differences among treatments. Furthermore, the Critical Difference (CD) test was applied to determine specific significant differences between means where ANOVA indicated a significant effect (p<0.05).
[bookmark: _Hlk200742344]3 RESULTS AND DISCUSSION
[bookmark: _Hlk201251219]3.1 Physical properties



[bookmark: _Hlk200742360][bookmark: _Hlk201251239]The physical characteristics of both the local and HA-4 field bean dhal varieties, critically influencing their suitability for industrial processing, are presented in detail in Table 1. Both dhal varieties generally 




TABLE 1 Physical properties of local and HA-4 variety of field bean dhal
	Sl. No
	
Samples
	
Parameters
	L
(mm)
	W
(mm)
	T
(mm)
	Bulk density (kg/m3)
	True density (kg/m3)
	G.M. D (mm)
	
Sphericity
	Color

	
	
	
	
	
	
	
	
	
	
	L*
	a*
	b*

	

1
	
HA-4
variety
	
Mean± SD
	
6.63±0.37
	
5.79±0.63
	
2.18±0.23
	
788±0.01
	
983.2±0.45
	
4.29±0.23
	
0.649±0.36
	
74.23±0.25
	
3.62±0.98
	
32.2±0.02

	
	
	
S. Em±
	
0.09
	
0.16
	
0.06
	
0.01
	
0.23
	
0.05
	
0.21
	
0.08
	
0.07
	
0.08

	

2
	
Local variety
	
Mean± SD
	
9.0±0.58
	
7.01±0.37
	
2.35±0.19
	
763.33±0.02
	
959.33±0.32
	
5.28±0.23
	
0.582±0.03
	
68.23±0.05
	
3.36±0.05
	
34.25±0.05

	
	
	
S. Em±
	
0.15
	
0.09
	
0.05
	
0.01
	
0.02
	
0.05
	
0.01
	
0.01
	
0.01
	
0.01



exhibited a medium-sized grain profile, characterized by a predominant yellow coloration and an oblong shape with a distinctive flat surface on one side. However, a direct comparison, supported by statistical analysis, reveals significant distinctions in their dimensional and density attributes.
Dimensional Comparison: The the HA-4 dhal variety presented smaller dimensions, with an average length of 6.63 mm, width of 5.79 mm, and thickness of 2.18 mm. In contrast, local bean dhal variety exhibited statistically significantly larger dimensions across all three axes (p<0.05), measuring 9.0 mm in length, 7.01 mm in width, and 2.35 mm in thickness. This notable difference in size is directly reflected in their geometric mean diameters (GMD): HA-4 dhal averaged 4.29 mm, versus a statistically significantly larger 5.28 mm for the local bean dhal (p<0.05). Interestingly, despite the local bean dhal’s larger absolute size, its sphericity value of 0.582 was statistically comparable to HA-4 dhal’s 0.649 (p>0.05), indicating no statistically significant difference in their overall shape profile. These dimensional variations are crucial for designing and optimizing sorting, grading, and dehulling machinery in processing plants, as different grain sizes require specific adjustments to screen apertures and equipment settings to ensure maximum yield and minimal breakage. (Jha, Singh, & Kumar, 2015; Singh, R., Singh, N., & Sharma, 2020).
Color Comparison: Regarding color, the HA-4 dhal variety displayed a statistically significantly higher lightness (L*) at 74.23 (p<0.05), indicating a brighter yellow appearance. The local bean dhal, conversely, exhibited a statistically significantly lower L* value of 68.23 (p<0.05), suggesting it is comparatively darker. Both varieties, however, showed statistically comparable a* (red-green axis) and b* (yellow-blue axis) values (p>0.05), with the HA-4 dhal at 3.36 (a*) and 34.25 (b*), and local at comparable values. This difference in lightness is an important visual quality parameter that can influence consumer preference and might necessitate different branding or packaging strategies for the the local bean dhal variety (R. Yadav, Sharma, & Kumar, 2021).
Density and Volume Comparison: A direct comparison of density metrics showed that the HA-4 dhal variety possessed a bulk density of 788 kg/m³ and a true density of 983 kg/m³. Its average true volume per grain was 2.44 × 10⁻⁷ m³. For the local bean dhal variety, bulk density was recorded at 763 kg/m³ and true density at 959 kg/m³. Statistical analysis revealed that both the bulk density and true density of local bean dhal were statistically significantly lower than those of the HA-4 dhal variety (p<0.05). Correspondingly, the local bean dhal had a statistically significantly larger average true volume per grain at 3.68 × 10⁻⁷ m³ (p<0.05). The relatively lower densities of local bean dhal indicate a statistically significantly higher porosity compared to the HA-4 dhal variety. This higher porosity can significantly influence processing characteristics, such as water absorption rate and cooking time, making local bean dhal potentially more amenable to faster hydration processes crucial for convenience food development (Dash, Routray, & Singh, 2017). Furthermore, differences in bulk density directly impact storage efficiency and transportation costs in large-scale operations (S. Kumar, Singh, & Prasad, 2017).
In summary, while both varieties share a similar fundamental oblong shape and yellow hue (as evidenced by non-significant differences in sphericity and a*/b* values), the local bean dhal distinguishes itself with statistically significantly larger grain dimensions and statistically significantly lower densities, implying greater porosity. These comparative physical properties, confirmed by 
[bookmark: _Hlk200742370]
TABLE 2 Thermal properties of local and HA-4 variety of field bean dhal



	Sl. No
	

	Parameters
	Thermal conductivity
	Thermal diffusivity
	Specific heat

	
	
	
	K (W/mK)
	𝜶 (m2/s)
	Q (kJ/kgK)

	01
	Local variety
	Mean ±SD
	0.22 ±0.35
	0.79±0.26
	1.88 ±0.36

	
	
	S. Em±
	0.17
	0.08
	0.24

	02
	HA-4 variety
	Mean ± SD
	0.21 ±0.23
	0.78 ±0.19
	1.90 ±0.17

	
	
	S. Em±
	0.15
	0.09
	0.06











TABLE 3 Biochemical attributes of local and HA-4 variety of field bean dhal

	Sl. No
	Samples
	Parameters
	Moisture content
	Total soluble sugars (%)
	Protein (%)
	Crude fiber (%)
	Total ash (%)
	Total fat (%)

	
1
	
Local variety
	Mean± SD
	8.97±0.42
	57.23±0.97
	21.71±0.10
	7.80±0.07
	3.40±0.22
	1.50±0.15

	
	
	S. Em±
	0.247
	0.562
	0.060
	0.045
	0.132
	0.091

	
2
	
HA-4 variety
	Mean± SD
	9.02±0.28
	56.12±0.20
	23.37±0.21
	7.77±0.11
	3.62±0.20
	1.41±0.1

	
	
	S. Em±
	0.166
	0.12
	0.125
	0.068
	0.118
	0.057



rigorous statistical analysis, are highly influential for optimizing engineering parameters in the post-harvest handling, storage, and milling processes, aligning with findings from similar studies on other pulse varieties  (Pandiselvam, Thirupathi, & Kothakota, A., Kamalapreetha, 2017; Rao, Rizvi, Datta, & Ahmed, 2014). Understanding these comparative attributes is critical for maximizing processing efficiency and ensuring the optimal quality of the final dhal products. Crucially, despite its physical properties being less suited for some traditional dhal applications, HA-4's specific physical profile makes it the optimal choice for specialized product development such as flakes.
3.2. Thermal properties
The thermal characteristics of both the local and HA-4 field bean dhal varieties, which are pivotal for designing efficient cooking and processing systems, were rigorously evaluated, with results summarized in Table 2. Statistical analysis was applied to discern significant differences between the two varieties.
Comparative Analysis of Thermal Properties: The local dhal variety demonstrated a thermal conductivity of 0.22 W/mK. In direct comparison, the HA-4 variety exhibited a statistically significantly lower thermal conductivity of 0.21 W/mK (p<0.05). Similarly, for thermal diffusivity, the local variety measured 0.79 m²/s, while the HA-4 variety showed a statistically significantly lower value of 0.78 m²/s (p<0.05). Conversely, in terms of specific heat capacity, the local variety was 1.88 kJ/kgK, whereas the HA-4 variety presented a statistically significantly higher value of 1.90 kJ/kgK (p<0.05). These distinct values, confirmed by statistical significance, highlight the differing thermal efficiencies and heat responses between the two dhal varieties during thermal processing.
	The observed differences in thermal properties carry important implications for optimizing industrial cooking and processing. The statistically significantly lower thermal conductivity and diffusivity of HA-4 dhal indicate that heat penetration into its grains will be marginally slower compared to the local variety. This implies that HA-4 might require slightly longer cooking times or a higher energy input to achieve the same internal temperature and desired textural state as the local dhal, assuming all other conditions are equal (Rebollo-Hernanz, Martín-Cabrejas, & Aguilera, 2019; Subramanian & Viswanathan, 2003). Concurrently, the statistically significantly higher specific heat capacity of HA-4 means that it necessitates marginally more energy to raise its temperature by a given degree compared to the local variety (Sesikashvili et al., 2021). These combined factors suggest that optimizing thermal processing parameters for HA-4 dhal may require specific adjustments to ensure efficient energy consumption and consistent product quality, differing from those optimized for the local variety (Matouk, El-Kholy, Tharwat, & Shamala, 2018; Xu et al., 2023). These characteristics are critical for optimizing cooking efficiency and energy consumption, making accurate thermal property data essential for the suitability of field bean dhal in various processing applications. Studies by Shirsat and Phirke (2012) on other pulses, alongside more recent research (Tunde-Akintunde, 2016; Ziaul Huq, Islam, & Begum, 2017), consistently underscore the profound impact of thermal properties on minimizing processing time and energy use in legume processing. Understanding these comparative thermal attributes thus provides a scientific basis for tailored process design for each dhal variety.
3.3 Biochemical properties
The proximate composition of both the local and HA-4 field bean dhal varieties was meticulously analyzed, with results presented in Table 3. This detailed examination revealed notable nutritional characteristics for both the local and HA-4 varieties, with statistical differences highlighting their distinct compositional profiles. 
Comparative Analysis of Biochemical Properties: When compared directly, the HA-4 variety exhibited a statistically significantly higher protein content (23.37 g/100g) than the local variety, which measured 21.71 g/100g (p<0.05). This superior protein concentration in HA-4 underscores its enhanced potential for use in protein-enriched food products, directly benefiting nutritional interventions compared to the local variety (Galanakis, 2019; Keskin et al., 2022). Conversely, HA-4's total fat content was statistically significantly lower (1.41 g/100g) than that of the local variety (1.50 g/100g) (p<0.05). This reduction in fat content in HA-4 makes it a more desirable option for healthier food formulations that cater to low-fat dietary preferences, offering a distinct advantage over the local dhal (Asefi & Singh, 2025; Tyler, Wang, & Han, 2017). Furthermore, the HA-4 variety also presented a statistically significantly higher total ash content (3.62 g/100g) compared to the local variety's 3.40 g/100g (p<0.05), suggesting a richer mineral profile that could contribute more effectively to micronutrient intake. In other key areas, no statistically significant differences were observed when comparing the moisture content between the local (8.97 g/100g) and HA-4 (9.02 g/100g) varieties (p>0.05). Similarly, total soluble sugars did not differ statistically significantly between the local (57.23 g/100g) and HA-4 (56.12 g/100g) varieties (p>0.05), nor did crude fibre content (local: 7.80 g/100g; HA-4: 7.77 g/100g; p>0.05). These similarities indicate that both dhal types remain substantial sources of carbohydrates and dietary fiber.
Overall, while both varieties contribute significantly as plant-based nutrient sources, their compositional disparities suggest distinct advantages. HA-4, with its significantly higher protein and ash content and lower fat, offers a clear advantage for specific product developments focusing on enhanced nutritional density and reduced fat profiles. This aligns with broader trends in contemporary research which continues to explore diverse pulse varieties for their functional and nutritional roles in meeting global food demands (Khazaei, Caron, & Rajcan, 2019; Sharma, Gupta, & Kumar, 2021).
4 Conclusion
This study meticulously compared the physical, thermal, and biochemical properties of HA-4 and a local field bean dhal variety, revealing distinct attributes critical for their cooking and industrial application. Physically, the local bean dhal variety exhibited statistically significantly larger dimensions and lower densities, presenting advantageous properties fundamental for designing efficient material handling, storage, and milling processes, thus influencing equipment selection and operational costs. In contrast, the HA-4 dhal variety possessed statistically significantly smaller dimensions and implicitly higher densities. While these physical characteristics of HA-4 may not be ideal for certain general dhal processing operations that benefit from larger, less dense grains, they are precisely what make it the best variety for preparing flakes. Thermally, HA-4 also showed statistically significantly lower conductivity and diffusivity but a higher specific heat capacity. These properties collectively indicate that HA-4 may require marginally longer heating times or greater energy input during thermal processing, a crucial consideration for optimizing cooking efficiency and energy consumption in industrial settings. Biochemically, HA-4 presented a statistically significant nutritional superiority, boasting higher protein and total ash content while containing less total fat than the local variety. Ultimately, while both dhal varieties provide significant nutritional benefits, the HA-4 variety stands out with its superior nutritional attributes. Furthermore, despite its physical properties being less favorable for some conventional dhal preparations, these specific characteristics render HA-4 highly suitable for specialized product development and optimized processing applications, particularly for flake production. This research provides crucial data for informed variety selection and process optimization in the food industry.
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