	Study Category
	CFD-Based Analysis
	AI/ML Prediction
	Heat Loss
	Head Loss
	Power Loss
	Multi-Target Prediction
	Uncertainty Quantification
	Explainable AI (SHAP)
	Novel Physics Informed Feature RHLI

	CFD Erosion and Corrosion Studies  [1–3]
	✓
	✗
	Partial
	Partial
	✗
	✗
	✗
	✗
	✗

	Rheology and Heavy-Oil Transport Studies  [4–6]
	✓
	✗
	Partial
	✓
	Partial
	✗
	✗
	✗
	✗

	ML-Based Pressure Prediction Studies  [8–9]
	✗
	✓
	✗
	✓
	✗
	✗
	✗
	✗
	✗

	Pipeline Failure and Corrosion Prediction Studies[10–11]
	✗
	✓
	✗
	✗
	✗
	✗
	✗
	✗
	✗

	AutoML and ML Pipeline Studies     [12–13]
	✗
	✓
	✗
	✗
	✗
	✗
	✗
	✗
	✗

	XAI-Based Pipeline Energy Studies  [14–16]
	Partial
	✓
	Partial
	Partial
	Partial
	✗
	✗
	✓
	✗

	COMSOL Pareto Optimization Study [17]
	✓
	✗
	✓
	✓
	✓
	✗
	✗
	✗
	✗

	Proposed Physics-Informed AI Framework
	✓
	✓
	✓
	✓
	✓
	✓
	✓
	✓
	✓


Table 1. Existing and Proposed Study
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	Symbol
	Value (units)

	Density
	
	7870 

	Thermal Conductivity
	
	   51.9 

	Specific heat capacity 
	
	    434  


Table 2. Material Properties of Pipeline 














Table 3. Parameters used for Omani crude oil
	Property
	Symbol
	Value / Range
	Unit

	Density
	

	935
	

	Plastic Viscosity
	
(PV)
	0.0018-0.0046
	

	Yield Stress
	
(Ys)
	10-12
	

	Model Parameter
	
(m)
	6000
	

	Thermal expansion coefficient
	

	0.0007
	




Table 4. Geometric flow and thermophysical parameters in simulation
	Thickness of the pipe 
	Temperature 
	Viscosity 
	Thermal Conductivity ()
	Specific heat capacity 

	0.01
	298.15
	1.2046
	0.13
	2100

	0.01
	313.15
	1.1028
	0.135
	2200

	0.01
	328.15
	1.0018
	0.14
	2300

	0.012
	298.15
	1.2046
	0.13
	2100

	0.012
	313.15
	1.1028
	0.135
	2200

	0.012
	328.15
	1.0018
	0.14
	2300

	0.015
	298.15
	1.2046
	0.13
	2100

	0.015
	313.15
	1.1028
	0.135
	2200

	0.015
	328.15
	1.0018
	0.14
	2300


*Used only in the Papanastasiou regularized form (not in the ideal Bingham limit).

Table 5. Mesh refinement levels and computational statistics
	Mesh Level
	Domain Elements
	Boundary Elements
	DOF
	Internal DOF
	Solution Time (s)

	Normal
	41,978
	3,635
	91,201
	3,667
	14

	Fine
	69,332
	4,672
	147,973
	4,709
	19

	Finer
	104,040
	5,839
	219,713
	5,881
	47



Table 6. Actual RHLI Thresholds from the dataset
	RHLI Regime
	RHLI Range

	Low RHLI
	RHLI < 0.008669

	Medium RHLI
	0.008669 ≤ RHLI < 0.014707

	High RHLI
	RHLI ≥ 0.014707



Table 7. RHLI Regime and Energy Losses
	RHLI Regime
	Heat Loss
	HL_Avg
	Power Loss
	RHLI

	Low RHLI
	609.65
	24.60
	1812.46
	0.00326

	Medium RHLI
	546.37
	76.40
	5933.46
	0.01200

	High RHLI
	684.32
	0.45
	54.42
	0.01781



Table 8. Model Performance Metrics for Heat Loss Prediction
	Model
	Test R²
	Test RMSE
	Test MAE
	Test MAPE (%)

	Ridge
	1
	0.1031
	0.0904
	0.0152

	Lasso
	1
	0.045
	0.0265
	0.0045

	Random Forest
	1
	0.0421
	0.0055
	0.0009

	Extra Trees
	1
	0.0018
	0.0004
	0.0001

	Gradient Boosting
	1
	0.0113
	0.0044
	0.0008

	XGBoost
	1
	0.0497
	0.0167
	0.0029

	LightGBM
	1
	0.0598
	0.0221
	0.0035

	Voting Ensemble
	1
	0.0243
	0.0101
	0.0017

	Stacking Ensemble
	1
	0.0078
	0.0035
	0.0006



Table 9. Model Performance Metrics for Power Loss Prediction
	Model
	Test R²
	Test RMSE
	Test MAE
	Test MAPE (%)

	Random Forest
	1.0000
	0.0981
	0.0358
	0.0944

	Extra Trees
	1.0000
	0.0117
	0.0000
	0.0078

	Gradient Boosting
	0.9999
	0.147
	0.1255
	0.4851

	XGBoost
	0.9999
	0.0497
	0.1954
	0.6344

	Stacking
	1.0000
	0.0133
	0.0046
	0.0109



Table 10. Model Performance Metrics for Head Loss Prediction
	Model
	Test R²
	Test RMSE
	Test MAE
	Test MAPE (%)

	Random Forest
	1.0000
	0.0981
	0.0358
	0.0944

	Extra Trees
	1.0000
	0.0117
	0.0040
	0.0078

	Gradient Boosting
	0.9999
	0.1470
	0.1255
	0.4851

	XGBoost
	0.9999
	0.1954
	0.1554
	0.6344

	SVR
	0.9987
	0.6854
	0.3028
	1.9482



Table 10. Model Performance Metrics for Head loss Prediction
	Model
	Test R²
	Test RMSE
	Test MAE
	Test MAPE (%)

	Ridge
	0.8983
	86.7048
	7.8681
	2.0218

	Lasso
	0.8645
	100.0812
	8.9835
	1.7024

	Random Forest
	0.9998
	3.9850
	0.4010
	0.0612

	Extra Trees
	1.0000
	0.0010
	0.0001
	0.0088



Table 11. Comparison of Ensemble-Learning Models for Heat, Head and Power-Loss Prediction
	Target Variable
	Ensemble Model
	Train R²
	Test R²
	Ranking

	Heat Loss
	Voting Ensemble
	1.0000
	1.0000
	1

	Heat Loss
	Stacking Ensemble
	1.0000
	1.0000
	1

	Head Loss
	Voting Ensemble
	0.9867
	0.9754
	2

	Head Loss
	Stacking Ensemble
	0.9997
	0.9995
	1

	Power Loss
	Stacking Ensemble
	1.0000
	1.0000
	1



	Target
	Best Model
	Preferred Deployable Framework

	Heat Loss
	Extra Trees
	Stacking Ensemble

	Power Loss
	Extra Trees
	Stacking Ensemble

	Head Loss
	Extra Trees
	Stacking Ensemble


Table 12. Best Predictive Models and Recommended Deployment Frameworks
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