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Abstract : Existing fouling monitoring of tubular heat exchangers relies heavily on historical operating conditions. Under fluctuating and
variable operating states, significant deviations arise between the current and historical monitoring data, making it difficult to accurately
capture fouling thickness and leading to false or missed alarms. This paper presents a study on digital twin-driven fouling monitoring and
thickness quantification for tubular heat exchangers. First, a high-precision and high-fidelity finite element simulation model of the heat
exchanger is developed. Through geometric modeling, unstructured tetrahedral meshing, and appropriate simulation assumptions,
physical data from all nodes during operation are obtained. Second, key low-dimensional modes are extracted using proper orthogonal
decomposition (POD) , and parameter generalization is enhanced with radial basis function (RBF) interpolation. On this basis, a data-
driven POD-RBF model order reduction method is proposed. An adaptive sampling layout optimization approach is also introduced to
reduce computational costs while maintaining accuracy, enabling the generation of multiple training datasets and the construction of a
digital twin model capable of real-time state prediction. Model errors are dynamically corrected via Kalman filtering to further improve
prediction accuracy. Finally, a fouling detection and thickness quantification model is derived from the heat transfer coefficient formula.

Fouling is identified by comparing overall heat transfer coefficient, inlet/outlet temperatures , and other parameters between the physical
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system and its twin. Thickness quantification is then achieved using the correlation between fouling thermal resistance and thickness.

For experimental validation, a transparent-shell heat exchanger was used with saturated calcium sulfate solution as the cold fluid.

By monitoring inlet/outlet pressures, flow rates, and temperatures, results show that under healthy conditions, the error between the

digital twin and actual operation is within 1%.

Under fouling conditions, the fouling detection rate reaches 100% , and the thickness

sensing error ranges from 5% ~ 25% , thus realizing reliable fouling monitoring and thickness quantification under variable operating

conditions.

Keywords : digital twin; fouling monitoring; fault quantification; variable operating conditions
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Fig. 1 Experimental setup for fouling test
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Table 1  Structural parameters of the experimental
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Table 2 Physical property parameters used in the experiment
YIS B L/ B
65°C ~75C KGR/ (W- (m-K) ") 0. 654 CaSO, W HE/ (kg-m™) 1 000
20°C ~30°C KM TR/ (W (m-K)™") 0. 607 CaSO, WA/ (1- (kg K) ™) 4168
KL/ (- (kg K) ™) 4182 M HE/ (kgom™) 8 690
WK BFE/ (kgom™) 998.2 R/ (W (m-K) ") 385
CaSO, HWHTHR/(W-(m-K) ™) 0.59 B/ (3 (kg K) ™) 385
(a) P IR 52.08; (b) PRkt IR SE: 61.78; (c) A AERE IR RE: 71.65;
Wik DR 37.93 WA DR E: 49.11 KU AR BE DR 61.96
(a) Hot_in: 52.08, Cold in:37.83 (b) Hot_in: 61.78, Cold_in:49.11 (¢) Hot_in: 71.65, Cold_in:61.96
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53.0
472
414 %
356 47T
298
(d) R R EE: 67.71; (o) F T AAIE ORLEE: 51.51;
AR TR 5929 AURARHE IR E: 37.82 2.0
(d) Hot_in: 67.71, Cold_in:59.29 (e) Hot_in: 51.51, Cold_in:37.82
K2 s py BRI = K
Fig. 2 Simulated temperature cloud map of the heat exchanger
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Table 4 Error between quantified fouling thickness
and actual thickness (mm)
THFS  SERMEEE  RAEITRREE REEE
T8 1 0.261 0.293 -0.032
T2 0.223 0.264 -0.041
T3 0. 281 0.304 -0. 094
T4 4 0.309 0.326 -0.017
TS 0.202 0.251 -0. 049
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