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Abstract
Shrimp quality is highly sensitive to freezing stability during early post-harvest handling. 

Although air blast freezers (ABF) are widely applied in industrial processing, the quantitative 
linkage between transient thermodynamic degradation and early microstructural deterioration 
remains insufficiently resolved. This study aims to investigate the mechanistic relationship 
between early-stage ABF performance decay and time-resolved shrimp quality changes during 
the first 6 h of freezing. An integrated experimental approach was conducted by combining in-situ 
measurements of airflow velocity, air-side temperature differential (ΔT), evaporator frosting mass, 
cooling capacity (Q), and actual coefficient of performance (COP) with laboratory analyses of ice 
crystal size, water-holding capacity (WHC), drip loss, texture, pH, melanosis, and TVB-N. The 
results demonstrate a progressive frosting accumulation (0.09-1.50 kg) that reduced airflow (4.38-
2.62 m s−¹), suppressed cooling capacity (28.99-20.98 kW), and deteriorated COP (3.51-2.33). 
Frosting mass explained up to 97-98% of COP and Q variance. Sequential regression analysis 
confirmed a strong mechanistic pathway: COP decline significantly enlarged ice crystals (R² = 
0.97), which reduced WHC (R² = 0.96) and increased drip loss (R² = 0.98). These findings indicate 
that transient thermodynamic instability, rather than steady-state temperature compliance alone, 
governs early structural degradation. The study repositions COP as a predictive upstream control 
parameter linking machine performance to product integrity and provides a performance-oriented 
framework for HACCP-integrated monitoring and early operational optimization in industrial 
shrimp freezing systems.
Keywords:  COP, frost effect, freezing temperature fluctuations, shrimp quality

Integrasi Mekanistik Termodinamika-Kualitas selama Air Blast Freezing Transien 
pada Udang Kelas Ekspor

Abstrak
Mutu udang sangat dipengaruhi oleh stabilitas proses pembekuan pada tahap awal 

pascapanen. Meskipun air blast freezer (ABF) banyak diterapkan dalam pengolahan industri, 
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INTRODUCTION
Shrimp is a high-value fishery 

commodity with a continuously increasing 
market demand.   Temperature instability 
during air blast freezer (ABF) operation 
constitutes not only a thermodynamic 
inefficiency but also a direct economic risk 
factor in shrimp export systems (Prambudia 
& Sriwana, 2025). Transient temperature 
fluctuations accelerate microstructural 
damage, increase drip loss, downgrade product 
grading, and elevate the probability of buyer 
rejection, thereby reducing market prices and 
contractual reliability (Anggrahini et al., 2015; 
Lin et al., 2022). Consequently, inadequate 
thermal control in ABF processing translates 
into measurable financial losses for exporters 
through value depreciation, return penalties, 
and diminished global competitiveness 
(Samanta & Imroatin, 2025). The post-harvest 
storage conditions and freshness of shrimp 
significantly determine their overall quality. 
Enzymatic activity, microbiological processes, 
and lipid oxidation can rapidly deteriorate 
shrimp quality, resulting in noticeable changes 
in color, texture, and flavor (Cheng et al., 
2025).

Consequently, to maintain shrimp 
quality throughout distribution and storage, 
the implementation of an efficient preservation 

method is essential (Liu et al., 2024; Zhao et 
al., 2024; Zhu et al., 2024). Although previous 
studies have extensively examined shrimp 
freezing quality, ice crystal formation, drip 
loss, and energy efficiency in air blast freezer 
systems, the direct link between transient 
ABF performance degradation and early stage 
microstructural quality loss remains unclear. 
The novelty of this study lies in the integration 
of frost-induced thermodynamic decay, 
represented by airflow reduction, temperature 
differential changes, and COP decline, 
with shrimp quality kinetics, including ice 
crystal enlargement, water-holding capacity 
reduction, drip loss, and texture degradation. 
Therefore, this study aimed to establish 
a predictive thermodynamic framework 
that positions COP as an upstream control 
parameter for maintaining structural integrity 
and quality consistency in export-grade frozen 
shrimp.

Previous studies have discussed the 
application of freezing technology in the 
fisheries industry. Research conducted by 
Klunklin et al. (2025) focused on shrimp 
products and revealed that rapid freezing 
using an air blast freezer preserved shrimp 
quality more effectively than slow freezing 
methods. In addition, Duan et al. (2025) and 
Zhao et al. (2024) demonstrated that both 

hubungan kuantitatif antara degradasi termodinamika transien dan kerusakan mikrostruktur awal 
belum terjelaskan secara komprehensif. Penelitian ini bertujuan mengkaji hubungan mekanistik 
antara penurunan performa awal ABF dan perubahan mutu udang secara time-resolved selama 6 
jam pertama pembekuan. Pendekatan eksperimental terintegrasi dilakukan melalui pengukuran 
in-situ kecepatan aliran udara, perbedaan suhu udara masuk-keluar (ΔT), akumulasi frosting 
evaporator, kapasitas pendinginan (Q), dan koefisien performa aktual (COP), yang dikombinasikan 
dengan analisis laboratorium terhadap ukuran kristal es, water-holding capacity (WHC), drip 
loss, tekstur, pH, melanosis, dan TVB-N. Hasil menunjukkan peningkatan frosting (0,09-1,50 
kg) yang menurunkan airflow (4,38-2,62 m s−¹), kapasitas pendinginan (28,99-20,98 kW), dan 
COP (3,51-2,33). Akumulasi frosting menjelaskan hingga 97-98% variasi COP dan Q. Analisis 
regresi berurutan mengonfirmasi jalur mekanistik yang kuat: penurunan COP memperbesar 
kristal es (R² = 0,97), yang selanjutnya menurunkan WHC (R² = 0,96) dan meningkatkan drip loss 
(R² = 0,98). Temuan ini menunjukkan bahwa ketidakstabilan termodinamika bersifat transien 
(sementara dan berfluktuasi), bukan sekadar kepatuhan terhadap suhu steady-state (suhu stabil 
rata-rata) saja, yang sebenarnya justru mengendalikan degradasi struktural awal. Penelitian ini 
memosisikan COP sebagai parameter kontrol prediktif yang menghubungkan performa mesin 
dengan integritas produk serta memberikan dasar optimasi berbasis kinerja dan monitoring 
terintegrasi HACCP pada sistem pembekuan udang skala industri.
Kata kunci:  COP, efek bunga es, fluktuasi suhu beku, kualitas udang 
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freezing rate and temperature significantly 
influence the quality of fishery products 
during storage. The application of various 
freezing technologies for shrimp commodities 
demonstrates that equipment performance 
plays a crucial role in preserving the structural, 
functional, and sensory integrity of products 
throughout the cold-chain storage period. 
Hermes et al. (2021) highlighted that rapid-
freezing methods, such as air blast freezers 
(ABF), generate smaller and more uniformly 
distributed ice crystals, thereby minimizing 
tissue damage, reducing moisture loss, and 
mitigating protein degradation commonly 
observed in slow-freezing processes (Sun et 
al., 2023a).

Conversely, conventional freezing 
at temperatures above -20°C increases drip 
loss, accelerates myofibrillar denaturation, 
and decreases water-holding capacity during 
thawing and subsequent heat treatment 
(Wei et al., 2024). In this context, case-based 
comparisons reveal that freezer performance, 
characterized by freezing rate, temperature 
stability, and airflow management, correlates 
directly with the final quality attributes 
of shrimp, including texture, color, and 
nutritional retention (Tan et al., 2021; Jin 
et al., 2018). Overall, evidence from the 
literature underscores that optimizing 
freezing technology is not merely a technical 
consideration but a key determinant of the 
success and reliability of export-grade frozen 
shrimp supply chains.

Despite the extensive industrial 
reliance on air blast freezers (ABF) for shrimp 
freezing, existing studies predominantly 
assess end-product freshness indicators 
(pH, TVB-N, and microbial load) without 
explicitly resolving how real-time ABF 
operational behavior governs microstructural 
quality deterioration. Current literature 
typically evaluates air temperature, freezing 
time, or airflow as isolated variables, while 
evaporator frosting, airflow instability, and 
thermal non-uniformity, although frequently 
acknowledged, are rarely quantified and 
analyzed as an integrated thermodynamic 
system. Furthermore, prior investigations 
have demonstrated that temperature 

fluctuations and slow freezing rates exacerbate 
ice recrystallization and protein denaturation.

 However, the direct coupling between 
machine efficiency metrics (COP, cooling 
capacity, and ΔT) and physical quality 
indicators, such as ice crystal size, WHC, and 
texture loss, remains largely unexplored. In 
particular, no study has systematically linked 
the declining COP and evaporator frosting 
dynamics to the early stage freezing window 
that governs irreversible muscle damage. 
Additionally, HACCP-based controls in frozen 
seafood operations are often implemented as 
procedural compliance tools rather than being 
validated against real thermodynamic and 
airflow data. This creates a critical knowledge 
gap in which microstructural degradation can 
occur under microbiologically safe conditions 
but remains undetected by conventional 
quality monitoring frameworks.

To address this deficiency, the present 
study evaluated the ABF holistically by assessing 
the cooling capacity, machine efficiency, 
freezing time, inlet-outlet temperature 
profiles, frosting effects, and airflow velocity 
(Alar et al., 2024), while contextualizing these 
parameters against the known mechanisms 
of muscle structural deterioration. This study 
presents a comprehensive and experimentally 
validated framework that integrates ABF 
mechanical performance with evaporator 
frosting behavior and time-resolved shrimp 
quality responses. Unlike prior studies that 
assess equipment and products separately, 
this study establishes a direct causal linkage 
between operational deviations within the ABF 
system and the physical quality deterioration 
of shrimp muscle, thereby redefining ABF 
evaluation from a machine-centered to a 
process product coupled perspective.

MATERIALS AND METHODS
The design and structural parameters of 

the air blast freezer being studied are located 
in the modern processing teaching factory 
(TEFA), which is currently rented by PT. XYZ 
for freezing fishery products and processed 
foods from frozen fishery products before 
export, with the technical specifications listed 
in Table 1.
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Table 1 Bitzer S6F-30.2Y-40P ABF technical specifications

Parameters Value

Compressor type Semi hermetic, 2 stage piston
Number of cylinders 6 cylinder
Serial number (S/N) 1600810283
Displacement (1450 RPM) 101.1 m3/h (LP), 50.5 m3/h (HP)
Motor power 30 HP/ 22 KW
Operating voltage 380 - 420 V (50 Hz) / 440 - 480 V (60Hz), 3 phase
Maximum current 53 A
Maximum power 30.1 KW
Initial current (LRA) 135/220 A (Y/YY)
Oil capacity 4.75 liters (BSE2 for R404A/R507A)
Net weight 234 Kg
Suction line connection 42 mm ( 1 5/8’’ )
Discharge line connection 35 mm ( 1 3/8’’ )
Maximum pressure 28 bar
Supported refrigerants R404A, R507A, R448A, R449A, R22 (oil based B5.2)

The (ABF) system used in this study 
was designed based on BITZER refrigeration 
components to ensure stable low-temperature 
operation during shrimp freezing. Table 2 
presents the main design specifications of the 

ABF unit, including its refrigeration capacity, 
operating conditions, and supporting 
components used as the basis for the 
performance evaluation.

Table 2 BITZER brand air blast freezer (ABF) design specifications

No. Data Capacity

1. Dimensions
Length 3.5 m
Width 2.5 m
Height 2.5 m

2. Air blast freezer capacity 2 ton
3. Polyurethane walls Thick 150 mm

4. Temperature

Room -35oC
Environment 30oC
Evaporation -30oC

Floor 10oC

5. Air humidity
Room 25%

Environment 20%
6. 2 Fan 800 W

7. Heater defrost
Coil 5.600 W

Dry tray 5.600 W
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The physical properties of the shrimp 
products were characterized to provide 
baseline information on product dimensions, 
mass, and thermal-related attributes relevant 
to the freezing performance analysis, as 
summarized in Table 3.

ABF Test Method
Field measurements were conducted 

using both mechanical and digital instruments 
in the air-blast freezer system. The collected 
data included temperature and pressure 
variables measured at several critical points 
within the system at specific time intervals 
throughout the operational periods (Hermes 
et al., 2021). Temperature monitoring was 
conducted using RTD PT100 sensors (Class 
A, ±0.15°C accuracy) with stainless steel 
probes (Omron E52 Series). The air velocity 
inside the freezing chamber was measured 
using a Krisbow digital anemometer (±3% 
accuracy, 0.01 m/s resolution) to quantify 
the airflow variations associated with the 
development of frosting and heat transfer 
performance. All measurements were 
recorded at fixed time intervals to capture the 
transient thermodynamic behavior during the 
early freezing stage. The primary objective 
of this measurement was to observe the 
system performance, identify the patterns of 
temperature and pressure fluctuations, and 
evaluate the overall system efficiency (Badri 
et al., 2021). The analysis and evaluation 
included:

This efficiency is expressed as a 
percentage and calculated as the ratio between 
the actual coefficient of performance (COP) 

Table 3 Physical properties of shrimp products

Shrimp character Value*

C shrimp (specific heat of fresh shrimp) 3.75 kJ/kgºC
C shrimp (specific heat of frozen shrimp) 1.89 kJ/kgºC
Average temperature 5 ºC
Shrimp freezing point -1.94 ºC
Freezing point of water 0 ºC
Latent heat of shrimp 253.5 kJ/kgºC
C_air= (specific heat of air) 4.18 kJ/kgºC
*(Samsi et al., 2023)

1.Calculate the ABF air flow rate
                            Qair=A×V

Q = air flow rate capacity m3/s 
A = cross-sectional area of air duct m2

V = air flow rate m/s
2.Efficiency of temperature distribution in ABF
                            ∆t=Tinlet − Toutlet

Tinlet = air temperature entering the ABF room °C
Toutlet = outlet air temperature to the ABF room  °C

3.Cooling capacity
                            Q1=m×Cp×∆t
                            Q2=m×Lf

Q= cooling capacity (kJ or kW)
m= frozen shrimp mass (Kg)
Cp= specific heat capacity of shrimp before freezing
       (kJ/Kg)
∆t= initial shrimp temperature – shrimp temperature
        reaches freezing point (°C)
Lf= latent heat of freezing shrimp (kJ/Kg)

4.Frosting effect on the evaporator
                            Q1=m×Cp×∆t
                            Q2=m×Lf

Q= cooling capacity (kJ or kW)
m= frozen shrimp mass (Kg)
Cp= specific heat capacity of shrimp before freezing
       (kJ/Kg)
∆t= initial shrimp temperature – shrimp temperature
        reaches freezing point (°C)
Lf= latent heat of freezing shrimp (kJ/Kg)

5.Efficiency of the refrigeration system (n)
                            

n =(       ) × 100          
COPactual
COPcarnot
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of the system and the Carnot COP, which 
represents the “theoretical” value derived 
from the condensation and evaporation 
temperatures (Srithar et al., 2025). The 
percentages of COPCarnot efficiency levels are 
presented in Table 4.

Shrimp Test Method
Shrimp samples were evaluated 

during the first 20 h of storage in an air blast 
freezer (ABF). All parameters were analyzed 
in triplicate at each interval. The pH was 
measured using a calibrated pH meter on 
homogenized tissue prepared at a 1:9 ratio, 
and texture (firmness) was assessed using a 
simple penetrometer applied to standardized 
muscle sections. Drip loss was determined 
gravimetrically by calculating the difference in 
the sample weight before and after controlled 
storage. Melanosis was visually evaluated 
using a simplified scoring scale. The water 
holding capacity (WHC) was quantified using 
a centrifugation-based method to determine 
the percentage of retained moisture. Ice 
crystal size was observed in thin frozen 
sections using microscopy. Total volatile 
base nitrogen (TVB-N) was measured using 
the Conway diffusion method, followed by 
alkaline titration (Kim et al., 2020).

Data Analysis
All thermodynamic performance and 

shrimp quality parameters were analyzed 
descriptively and statistically to evaluate 
the temporal changes during the transient 
air-blast freezing. The thermodynamic 
parameters included airflow velocity, air-side 
temperature differential (ΔT), evaporator 
frosting mass, cooling capacity (Q), and the 
actual coefficient of performance (COP). The 
shrimp quality parameters included ice crystal 

size, water-holding capacity (WHC), drip loss, 
texture, pH, melanosis, and TVB-N. The data 
are presented in the Results and Discussion 
sections as tables and figures according to the 
characteristics of each variable. Descriptive 
analysis was used to summarize the direction, 
pattern, and magnitude of changes, whereas 
statistical analysis was applied, where 
appropriate, to assess differences among 
freezing intervals and examine associations 
among measured parameters, particularly 
those related to frosting accumulation, airflow 
reduction, cooling capacity changes, COP 
variation, and shrimp quality responses.

RESULTS AND DISCUSSION
Transient ABF Thermodynamic 
Behavior 

Transient ABF Thermodynamic 
Behavior testing was carried out with three 
treatments at each time, as presented in Table 
5.

Table 5 demonstrates a clear transient 
degradation of the ABF thermodynamic 
performance during the first 5 h of operation, 
characterized by a progressive decline in 
airflow (4.38 → 2.62 m s⁻¹), ΔTair (6.48 → 
3.83 °C), cooling capacity Q (28.99 → 20.98 
kW), and COP (3.51 → 2.33), concomitant 
with exponential frosting accumulation 
on the evaporator coil (0.09→1.50 kg). The 
monotonic reduction in airflow indicates 
increasing aerodynamic resistance across 
the coil, which suppresses convective heat 
transfer and lowers the effective temperature 
gradient, thereby directly reducing the 
evaporator heat absorption and system energy 
efficiency (Boeng & Stahelin et al., 2025; de Sa 
Sarmiento et al., 2025). This coupled behavior 
confirms that early stage frost growth acts 
as a dominant transient thermal resistance 

Table 4 COPCarnot efficiency level percentage (Fianti, 2023)

Efficiency level Types of efficiency

>100% Very Efficient
76 – 100% Efficient
51- 75% Less Efficient
26 - 50% Not efficient
1 - 25% Very Inefficient
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layer, impairing both sensible and latent heat 
exchanges and accelerating COP deterioration 
(Jia et al., 2021; Kumar et al., 2024).

The nearly linear decline in Q and COP 
relative to the frosting mass suggests a strong 
thermodynamic sensitivity of the system 
performance to surface blockage during the 
pre-steady freezing phase. These trends are 
consistent with recent refrigeration system 
analyses reporting that frost layer thickening 
reduces air-side heat transfer coefficients and 
increases pressure drop, ultimately decreasing 
system capacity by 15–35% within short 
operating cycles (Hermes et al., 2021; P. Zheng 
et al., 2025; C. Ma et al., 2025). Furthermore, 

studies on air-blast and cold-room evaporators 
have confirmed that early transient frosting 
critically determines downstream product 
freezing kinetics owing to reduced convective 
intensity and altered thermal uniformity (C. 
Wang et al., 2022; S. Liu, Zhang, Li, et al., 
2024). Therefore, the dataset robustly supports 
the interpretation that transient frosting 
accumulation is the primary mechanistic 
driver of early ABF performance decay, with 
direct implications for freezing rate stability 
and energy efficiency optimization in export-
grade shrimp-processing systems (Cezar et al., 
2020; Yu et al., 2021; Ye et al., 2024).

Table 5 Transient ABF performance parameters during early operation

Time (h)
Average of 3 measurements each time

Airflow (m/s) ΔTair (°C) Frosting (kg, coil) Q (kW) COP (-)

0.0 4.38 6.48 0.09 28.99 3.51

0.5 4.31 5.60 0.14 27.85 3.40

1.0 4.25 5.16 0.20 27.01 3.21

1.5 3.80 4.60 0.25 26.7 3.15

2.0 3.40 4.49 0.32 25.53 2.94

2.5 3.19 4.32 0.57 24.43 2.78

3.0 3.09 4.19 0.84 23.95 2.71

3.5 2.91 4.05 1.12 22.8 2.56

4.0 2.64 3.86 1.36 21.06 2.37

4.5 2.63 3.85 1.45 21 2.34

5.0 2.62 3.83 1.50 20.98 2.33

5.5 2.62 3.82 1.49 20.97 2.33
6.0 2.62 3.82 1.49 29.97 2.33

Table 6 Pearson correlation matrix (r) calculation (n =11)

Variable Airflow ΔT Frosting Q COP

Airflow 1.000 0.992 -0.983 0.994 0.996
ΔT 0.992 1.000 -0.975 0.989 0.991

Frosting -0.983 -0.975 1.000 -0.987 -0.989
Q 0.994 0.989 -0.987 1.000 0.998

COP 0.996 0.991 -0.989 0.998 1.000
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Table 7 Linear regression models of early-stage ABF performance

Dependent 
variable

Regression 
equation R R² Adjusted 

R² p-value Interpretation

COP (-) 3.64 − 0.86 
(Frosting) 0.989 0.978 0.975 <0.001

97.8% of COP 
variance explained by 

frost accumulation

Q (kW) 29.42 − 5.68 
(Frosting) 0.987 0.973 0.970 <0.001

Cooling capacity 
strongly suppressed by 

frost growth

Airflow (m/s) 4.47 − 1.25 
(Frosting) 0.983 0.966 0.962 <0.001

Frost formation 
directly restricts 

airflow

Pearson correlation analysis, justified 
by Shapiro-Wilk normality testing (p > 0.05 for 
all variables), revealed an exceptionally strong 
thermodynamic coupling among the frosting 
mass, airflow, ΔT, evaporator cooling capacity 
(Q), and COP during the first 5 h of ABF 
operation. Frosting exhibited a near-perfect 
negative association with COP (r = -0.989, p 
< 0.001) and airflow (r = -0.983, p < 0.001), 
whereas airflow was strongly correlated with 
Q (r = 0.994) and COP (r = 0.996), confirming 
a tightly synchronized degradation pathway 
(Alarcón-Gallén et al., 2025; Jiao et al., 2024). 
Linear regression further demonstrated that 
COP decline can be robustly predicted from 
frosting accumulation according to COP = 3.64 
− 0.86(Frosting) with R² = 0.978, indicating 
that nearly 98% of COP variance during 
early operation is explained by frost growth. 
Similarly, Q = 29.42 - 5.68(Frosting) (R² = 
0.973), substantiating that airflow obstruction 
induced by frost formation directly suppresses 
cooling capacity before steady-state conditions 
are reached (Klingebiel et al., 2025; Kumar et 
al., 2024).

These findings move beyond descriptive 
transient reporting by quantitatively resolving 
the mechanistic cascade responsible for the 
early stage performance decay. The process 
begins with frost deposition on the evaporator 
surface, which progressively restricts the 
airflow within the freezing chamber. This 
airflow restriction reduces the effective heat 
transfer gradient between the cooling air and 
the product, leading to the suppression of the 

cooling capacity of the system. The decline 
in cooling capacity subsequently results in a 
measurable degradation of the coefficient of 
performance (COP).

The results demonstrate that efficiency 
loss in industrial Air Blast Freezer (ABF) 
systems is not merely a time-dependent 
phenomenon but a statistically predictable 
process governed by the underlying 
mechanistic interactions occurring during 
the early stages of operation (Wang et al., 
2024; Wu et al., 2024; Munk et al., 2026). The 
near-deterministic correlations observed in 
this study highlight a critical and previously 
under-quantified early operation vulnerability 
window, offering a predictive framework that 
can be integrated with product quality kinetics 
to bridge machine performance dynamics and 
shrimp microstructural degradation (Food 
and Drug Administration, 2022; Xu et al., 
2024; Zhang et al., 2025).

Time-Resolved Shrimp Quality 
Changes

The changes in shrimp quality 
attributes during the first 6 h of ABF operation 
were evaluated to describe the early stage 
deterioration pattern associated with freezing 
performance (Table 8).

The time-resolved quality profile 
presented in Table 8 demonstrates a clear 
dynamic response of shrimp muscle properties 
during the first 6 h of ABF operation, 
characterized by an early rapid transition 
phase, followed by a progressive attenuation 
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Table 8 Mean Quality dynamics of frozen shrimp during first 6 h ABF operation

Time (h) Meat pH Texture 
(N)

Drip loss 
(%)

Melanosis 
(score) WHC (%) Ice crystal 

(µm)

TVB-N 
(mg 

N/100g)
0.0 6.95 11.0 1.80 0.9 86.0 8.0 14.0

0.5 6.97 10.8 1.90 1.0 85.0 9.0 14.5

1.0 6.99 10.4 2.00 1.1 83.0 10.0 15.0

2.0 7.04 9.9 2.20 1.2 81.0 11.0 16.0

3.0 7.07 9.4 2.30 1.3 79.0 13.0 17.0

4.0 7.10 9.0 2.40 1.4 78.0 14.0 18.0

5.0 7.11 8.8 2.50 1.5 77.0 15.0 18.0

6.0 7.11 8.7 2.52 1.5 76.8 15.2 18.2

of change. At the onset (0-1 h), quality 
parameters exhibited moderate but consistent 
shifts, with ice crystal size increasing from 
8 to 10 µm and WHC declining from 86% 
to 83%, accompanied by a slight rise in drip 
loss (1.80-2.00%) and a gradual reduction in 
texture firmness (11.0-10.4 N). This initial 
phase reflects the structural adjustment of 
muscle tissue during primary ice nucleation 
and crystal growth (Zhang et al., 2021; Zhang 
et al., 2020; Ahmad et al., 2025). Between 
2-4 h, the rate of deterioration became more 
pronounced: ice crystals enlarged from 11 to 
14 µm, WHC decreased further to 78%, and 
firmness dropped to 9.0 N, while drip loss 
increased to 2.40%. This period indicates 
intensified intracellular damage, likely 
associated with reduced freezing efficiency 
and increased thermal resistance within the 
system (Liu et al., 2024).

Notably, the melanosis score rose 
progressively (0.9-1.4), suggesting that 
oxidative and enzymatic reactions continued 
despite subzero conditions (Han & Gokoglu, 
2022;(Kittiphattanabawon et al., 2024; Durage 
et al., 2025). After 4 h, the system entered a 
quasi-stagnation phase, where changes became 
marginal; the ice crystal size increased only 
slightly (15.0-15.2 µm), WHC decline slowed 
(77-76.8%), and drip loss plateaued (2.50-
2.52%). The stabilization of pH (7.11) and the 
minimal increment in TVB-N (18-18.2 mg 

N/100 g) further indicate that early structural 
degradation predominates over biochemical 
spoilage within this time window (Sun et al., 
2023a; Alam et al., 2023c). Overall, the data 
reveal a distinct critical period within the 
first 2–4 h, in which ABF performance exerts 
the strongest influence on microstructural 
integrity, while beyond 5 h, the deterioration 
trend approaches a steady-state condition 
(Ji et al., 2021), highlighting the importance 
of controlling transient freezing efficiency 
during the early operational stage to preserve 
export-grade shrimp quality (Food and Drug 
Administration, 2022; Wei et al., 2024; Xu et 
al., 2025; Zheng et al., 2026).

Table 9 demonstrates a robust and 
sequential thermodynamic-microstructural-
functional linkage during the first 0–6 h 
of ABF operation, confirming that system 
performance deterioration propagates 
mechanistically toward product quality 
loss. The regression results indicate that 
COP exerts a strong and significant negative 
influence on ice crystal size (β = 4.94; R² = 
0.97; p < 0.001), indicating that declining 
refrigeration efficiency directly promotes 
larger ice crystal formation (Minh, 2023). 
In turn, ice crystal size significantly reduced 
water-holding capacity (β = -1.17; R² = 0.96; 
p < 0.001), reflecting the structural disruption 
of muscle fibers and increased extracellular 
ice growth. Subsequently, WHC showed a 
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Table 9 Sequential linear regression model of thermodynamic-microstructural-functional 

Regression pathway Regression equation β 
(slope) R² p-value Interpretation

COP → Ice crystal 
size (µm)

Ice crystal = 25.62 - 
4.94(COP) -4.94 0.97 <0.001

Decreasing COP 
significantly enlarges 

ice crystals

Ice crystal size → 
WHC (%)

WHC = 94.52 - 
1.17(Ice crystal) -1.17 0.96 <0.001

Larger crystals 
significantly reduce 

water-holding capacity

WHC → drip loss 
(%)

Drip loss = 6.42 - 
0.047(WHC) -0.047 0.98 <0.001 Lower WHC strongly 

increases drip loss

Total indirect effect 
(COP → drip loss)

Drip loss ≈ f(COP) 
via mediators — 0.94 <0.001

COP indirectly controls 
drip loss through 
structural damage

quality relationship during 0-6 h ABF operation

strong inverse relationship with drip loss (β 
= -0.047; R² = 0.98; p < 0.001), confirming 
that reduced structural integrity translates 
into higher exudate release upon thawing 
(Sun et al., 2023a, 2023b). The total indirect 
pathway (COP → Ice Crystal → WHC → Drip 
Loss) exhibited high explanatory power (R² = 
0.94; p < 0.001), substantiating that COP does 
not merely represent an operational efficiency 
indicator but functions as a predictive upstream 
determinant of shrimp quality degradation 
through structural mediation (Klunklin et 
al., 2025; X. Zheng et al., 2026). Collectively, 
these findings provide quantitative evidence 
of a cascading cause-effect mechanism, 
positioning COP as an early thermodynamic 
control variable that governs microstructural 
stability and final functional quality during 
transient ABF performance.

Coupled Machine-Product 
Interaction

The transient behavior of the ABF 
operation was analyzed in relation to ice 
crystal development to illustrate how changes 
in freezing performance influence the 
microstructural formation in shrimp products 
(Figure 1).

Figure 1 illustrates the inverse dynamic 
relationship between the actual coefficient of 
performance (COP) of the Air Blast Freezer 

(ABF) and the evolution of ice crystal size 
during the first six hours of freezing. At the 
initial stage (0-1 h), the COP remains relatively 
high (3.5-3.2), corresponding to smaller ice 
crystal dimensions (8-10 µm), indicating 
efficient heat extraction and rapid surface 
freezing (Han & Gokoglu, 2022; Saini et al., 
2021). As the operation progressed, a gradual 
decline in COP was observed, reaching 
approximately 2.3 at 6 h. This thermodynamic 
deterioration coincided with a steady increase 
in the ice crystal size to 15 µm. The data suggest 
that transient efficiency loss, likely associated 
with frosting accumulation and reduced heat 
transfer capacity, directly influences freezing 
kinetics, allowing slower intracellular water 
solidification and promoting larger crystal 
formation (S. Liu, Zhang, Li, et al., 2024; S 
et al., 2023). This pattern confirms that early 
stage ABF stability plays a decisive role in 
controlling the microstructural integrity of 
shrimp muscle during freezing, establishing 
a mechanistic link between machine 
performance and product quality (Tan et al., 
2021; Yan et al., 2023).

Figure 2 demonstrates a clear 
divergence between the water holding capacity 
(WHC) and drip loss throughout the first six 
hours of freezing. WHC showed a progressive 
decline from approximately 86% at the initial 
stage to below 77% at hour six, indicating a 
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Figure 1 Transient ABF versus ice crystal development; (   ) = COP; (   ) ice crystal size

gradual impairment of the muscle’s ability 
to retain intracellular water (Li et al., 2024; 
Kamali et al., 2024). In parallel, drip loss 
increased consistently from approximately 
1.8% to approximately 2.5%, reflecting 
intensified exudate release during thawing 
(Q. Sun, Zhang, Yang, Hou, et al., 2023; Yan 
et al., 2023). The near-linear and opposing 
trajectories of these two parameters indicate a 
strong inverse association between structural 
water retention and the physical moisture loss. 
The transition becomes more pronounced 
after approximately three hours, suggesting 
that cumulative microstructural damage, 
likely associated with enlarging ice crystals, 

compromises cellular integrity and accelerates 
extracellular fluid migration (Zhou et al., 
2026; Klunklin et al., 2025). Collectively, the 
data confirm that transient freezing dynamics 
critically influence functional quality 
attributes, with a declining WHC serving as a 
precursor to measurable drip loss escalation. 

Figure 3 presents the interaction 
between freezing time and system performance 
(COP) in terms of drip-loss development. 
During the high-COP phase (0-3 h), the drip 
loss increased gradually from approximately 
1.8% to 2.3%, indicating controlled 
moisture migration under relatively stable 
thermodynamic conditions (Bao et al., 2023). 

Figure 2 Time-resolved changes in WHC and drip loss; (   ) = WHC (%),  (   ) = drip loss (%)
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In contrast, once the system transitioned into 
the lower COP phase (≥3.5 h), the slope of 
the drip loss became steeper, rising to 2.5% 
by hour six. This divergence suggests that 
freezing time alone does not fully explain 
quality degradation; rather, the combined 
effects of prolonged exposure and reduced 
refrigeration efficiency amplify structural 
damage. This interaction pattern supports the 
hypothesis that early stage thermodynamic 
stability moderates moisture retention, 
whereas declining COP intensifies exudative 
losses (Skonieczny et al., 2026; Y. Zhao et al., 
2025; K. Sun, Pan, Chen, Tao, et al., 2023; L. 
Liu et al., 2023; Phan et al., 2021). Thus, the 
time × COP interaction highlights a critical 
operational window in which maintaining 
a higher system efficiency can substantially 

mitigate quality deterioration.
Figure 4 depicts the decomposition of 

the standardized effects linking COP to the 
drip loss through a mediation framework. The 
direct effect of COP on drip loss was negligible 
and slightly negative (-0.01), indicating 
that thermodynamic efficiency does not 
substantially influence moisture loss in the 
absence of structural intermediaries (Diao 
et al., 2021; Wei et al., 2024). In contrast, the 
indirect effect, quantified at approximately 
0.265, dominated the relationship and closely 
approximated the total effect (0.255). This 
pattern confirms that the influence of COP 
on drip loss operates primarily through 
an intermediate variable, most plausibly 
ice crystal enlargement, and subsequent 
microstructural disruption (Z. Jin et al., 2024; 

Figure 3 Interaction effect of time and COP on drip loss; (   ) = the early observation period, (   ) 
= the later observation period

Figure 4 Mediation decomposition of COP effect on drip loss
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O. Zheng et al., 2024). The near equivalence 
between the indirect and total effects suggests 
a strong mediation pathway, reinforcing 
the mechanistic chain whereby declining 
refrigeration efficiency alters freezing kinetics, 
modifies crystal morphology, and ultimately 
increases exudative losses. Collectively, the 
mediation analysis substantiates that product 
quality deterioration is not directly driven 
by energy performance alone, but by its 
downstream impact on the structural integrity.

Figure 5 shows the critical transition 
point in the drip loss development during the 
first six hours of freezing. Drip loss increased 
moderately from approximately 1.8% at 
initiation to approximately 2.3% by the third 
hour, reflecting relatively controlled structural 
stress under stable freezing conditions 
(Giannakourou & Dermesonlouoglou, 2024; 
Guo et al., 2022). However, beyond the 
~3 h threshold, the trajectory approaches 
a steeper ascent toward ±2.5%, indicating 
accelerated exudative release (LAO et al., 
2024; Wei et al., 2025). Therefore, the vertical 
demarcation at hour three therefore represents 
a pivotal operational window, after which 
cumulative thermodynamic inefficiencies 
and microstructural damage become more 
pronounced (Yan et al., 2023; Zhou et al., 
2026; Kim et al., 2020). This inflection 
suggests that maintaining optimal system 
performance during the early freezing phase is 
essential to limit irreversible water migration. 

Consequently, the data support the concept 
of a “critical freezing window” in which 
proactive control of heat transfer efficiency 
can significantly mitigate subsequent quality 
degradation.

The most decisive finding of this 
study is that early stage frost accumulation 
is the primary upstream driver of both 
thermodynamic degradation and shrimp 
microstructural deterioration during transient 
ABF operation. Frost growth during the first 
operational hours systematically reduced the 
airflow, suppressed the air-side temperature 
gradient, and diminished the cooling capacity 
and COP with near-deterministic statistical 
strength. These air-side reductions were 
synchronously associated with progressive ice 
crystal enlargement, declining water-holding 
capacity, and increasing drip loss, confirming 
that refrigeration efficiency functions as a 
quality-governing variable rather than merely 
an energy performance indicator (Wang Xu et 
al., 2024; da Silva Oliveira & Gonçalves, 2019; 
Sánchez-Vega et al., 2024).

Mechanistically, frost deposition 
increases the thermal resistance and pressure 
drop across the evaporator, thereby weakening 
the convective heat transfer intensity (P. Zheng 
et al., 2025). Reduced convective extraction 
plausibly slows surface heat removal from 
shrimp tissue, extending the product’s 
residence time within the critical crystallization 
temperature zone (approximately -1 to 

Figure 5 Identification of the critical freezing window; (   ) = drip loss (%),(-.-.-) = the 3 h 
reference point
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-5 °C), where crystal growth kinetics are 
highly sensitive to the freezing rate. It is 
important to distinguish direct evidence from 
thermodynamic inference: airflow, COP, and 
structural quality parameters were empirically 
measured, whereas prolonged residence time 
in the critical zone was inferred from air-side 
degradation and crystal enlargement patterns 
(Alarcón-Gallén et al., 2025; Hermes et al., 
2021). Although the product core temperature 
was not instrumentally monitored, the 
exceptionally strong inverse regression 
between the COP and ice crystal size supports 
the plausibility of this mechanistic pathway.

When compared critically with existing 
refrigeration and frozen seafood studies, 
the magnitude of the cooling capacity and 
COP reduction observed in this study aligns 
with previously reported frost-induced 
performance losses in industrial evaporators. 
However, most earlier investigations have 
treated frosting as an isolated energy efficiency 
issue or have evaluated shrimp microstructure 
independently of system thermodynamics. 
This study advances beyond descriptive 
alignment by statistically integrating machine 
performance and product structural response 
into a sequential mediation framework 
(COP → Ice Crystal → WHC → Drip Loss), 
thereby resolving the mechanistic cascade 
with high explanatory power. This integrative 
perspective reveals a distinct early operational 
vulnerability window (approximately 2-4 
h), during which thermodynamic instability 
exerts the strongest influence on crystal 
morphology before quasi-stable conditions 
emerge.

From an operational and HACCP 
standpoint, airflow decline exceeding 
approximately one-third of the baseline, 
COP approaching 3.0, or frost mass nearing 
1.0-1.2 kg may serve as practical early 
warning indicators of accelerated structural 
degradation. Nevertheless, while the 
regression pathways exhibit strong predictive 
capability, the mechanistic interpretation 
remains confined to measured air-side and 
structural variables; direct validation of 
residence time dynamics requires embedded 
core temperature monitoring and high-

resolution freezing rate analysis in future 
investigations.

CONCLUSION
This study demonstrates that early 

stage performance decay in air-blast 
freezer operation directly contributes to 
microstructural and functional quality 
deterioration in shrimp during the first 6 h of 
freezing. Frost accumulation reduced airflow, 
cooling capacity, and COP, whereas the decline 
in COP was strongly associated with ice 
crystal enlargement, reduced water-holding 
capacity, increased drip loss, and texture 
weakening. These findings position COP 
as a predictive upstream control parameter 
for connecting machine performance with 
product integrity, providing a practical basis 
for ABF optimization and HACCP-integrated 
quality monitoring in industrial shrimp-
freezing systems.
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