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Abstract— In this study, we proposed a dynamic heat transfer model for the thermal simulation of 

single-phase flow in heated pipes, which are widely used in industrial applications such as power 

plants, renewable energy systems, and other forced convection systems. At present, the proposed 

model achieves real-time calculations relied on lumped parameter models (LPM). While distributed 

parameter models (DPM) offered a better computational accuracy. Unlike traditional LPMs, which 

often oversimplify transient dynamics, our model incorporates a dynamic heat transfer equation with 

explicit variable representation, allowing for explicit time-marching calculations. Comparative 

analyses with DPMs and LPMs demonstrate that our model achieves higher accuracy than LPMs 

while maintaining computational efficiency suitable for real-time applications. This advancement 

addresses the limitations of existing methods, providing a cost-effective and precise solution for 

simulating heated pipe dynamics under transient conditions. Engineering applications could benefit 

from this study by incorporating the model as part of simulators for real-time optimization of thermal 

systems, such as single-phase heat transfer sections in power plant boilers and industrial systems. 

Future prospects include extending the model to water and superheated steam segments in two-phase 

flow, further improving its computational efficiency and applicability in complex industrial scenarios 

through moving boundary modeling. 

Keywords: single-phase flow heated pipes, mathematical model, lumped parameters, distributed 

parameters, simulator  

 

1. INTRODUCTION 

Heated pipes, externally warmed or cooled by outside sources and not generating heat itself, are 

employed in industrial settings to raise or decrease the temperature of working fluid for further 

processing. Their applications range from enhancing energy efficiency through improved waste heat 

recovery [1-3] to maintaining essential temperatures in coal-fired power plant equipment [4-6]. 

Additionally, heated pipes play a crucial role in renewable energy sectors, particularly in solar plant 

systems [7-9]. In electric vehicles, they improve performance and extend battery life by effectively 
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managing heat dissipation [10-13]. In electronics, heated pipes are vital for maintaining optimal 

component temperature, crucial for system performance and longevity [14-17]. The effectiveness of 

heated pipes hinges on the heat transfer between the tube wall and the working fluid, a critical aspect 

regardless of the heated pipes’ design or the phase of the working fluid. Recent studies have 

demonstrated that nanofluids, as a passive heat transfer enhancement method, significantly improve 

thermal conductivity, heat transfer rates, and energy efficiency in heat exchangers, with their 

performance influenced by factors such as nanoparticle concentration, Reynolds number, and particle 

size, while geometric optimizations like rib turbulators and finned tubes further amplify heat transfer 

efficiency, making them highly effective for industrial applications [18-28]. 

The simulation of heat dissipation in heated pipes predominantly adopts the distributed 

parameter model (DPM) approach, using computational fluid dynamics (CFD) for in-depth analysis 

[4, 15]. In contrast, simulator of heated pipes often relies on a lumped parameter model (LPM) 

simplified for fast real-time computation [29]. CFD is essential for simulating heat dissipation and 

fluid dynamics in heated pipes, enabling precise predictions of spatial temperature distribution and 

heat transfer, which inform design optimizations and enhance performance and energy efficiency. 

While CFD is adept at simulating the complex behaviors of fluid flow within heated pipes, it is not 

always the most efficient for real-time simulation system. Here, simplified LPMs offer a more 

computationally efficient alternative. LPMs reduce the complexity of heated pipes systems to 

manageable levels by conceptualizing them as assemblies of interconnected nodes with averaged 

behaviors. This simplification aids in developing simulation strategies that enable real-time 

optimization.  

Currently, real-time simulation systems are primarily used to simulate production processes 

(both normal and fault conditions), requiring the simulator to replicate actual dynamic processes at a 

1:1 scale or even faster. This means that the dynamic mathematical models developed for simulators 

must appropriately simplify internal flow process details. For single-phase heated pipes (SFHPs), 

these simplifications include: (1) assuming that the dynamic characteristics of parallel heated pipes 

are identical, so the modeling only requires developing a dynamic mathematical model for a single 

heated pipe; (2) considering that the fluid properties within the pipe vary only along the axial (length) 

direction, while ignoring radial non-uniformity, thereby simplifying the three-dimensional flow of the 

fluid to one-dimensional flow; and (3) dividing the pipe into several control volumes of equal length 

along the axial direction and treating the outlet parameters of each control volume as lumped 

parameters. Due to real-time constraints, the number of control volumes is limited, making it highly 

meaningful to improve the accuracy of the model for each control volume. In this study, we 

introduced a hybrid model integrating analytical and numerical solutions (HM-AN) to simulate the 

dynamic heat transfer process of SFHPs. This study is significant as it bridges the gap between 

computational efficiency and simulation accuracy, providing a practical solution for real-time thermal 

modeling of single-phase flow heated pipes, which are critical components in industrial systems such 

as power plants, renewable energy systems, and advanced heat exchangers. 

The core innovation and algorithmic novelty of this model include, firstly, the implementation of 

an explicit convergence solution that quickly accounts for the heat reservoir of the tube wall from the 

outside and the thermal release to the inside working fluid. This dynamic approach marks a departure 

from previous LPM, which relied on steady-state formulas to address the heat transfer from the tube 
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wall to the internal fluid [30]. Secondly, we derived Laplace transfer functions for the three models 

(LPM, DPM, and HM-AN) and conducted a theoretical comparison of the calculation errors among 

them. Lastly, we performed simulations of dynamic disturbances across all three models to assess 

their adaptability to varying conditions of thermal supply and demand. Operational simulations under 

specific scenarios were executed, considering disturbance input parameters such as inlet temperature, 

velocity of flow, and external heat duty, to evaluate the models' performance under these varying 

conditions. 

 

2. MATHEMATICAL MODEL 

2.1 A NEW DYNAMIC ANALYSIS OF HEAT RESORSE  

In Fig. 1, water/steam is depicted as a single-phase substance flowing through a single-phase 

SFHP unit. As it traverses the unit, it absorbs heat from the metal wall. Given the constrained length of 

the unit, physical parameters within it may be considered either constant or linear. Despite potential 

inhomogeneities in the physical properties of the fluid along the tube wall, it's possible to individually 

define the physical parameters for the fluid within each discretized unit. The mass and energy balance 

equations for the system are presented as follows: 
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Drawing upon principles from fluid mechanics, the heat transfer from the tube wall to the fluid 

across the entire unit is computed as follows: 

2 2 2 2 2( ) ( )j jq d T T U T T       (3) 

The momentum balance is expressed as: 
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The equation for the state of the fluid is presented as: 

( , )p T   (5) 

( , )h h p T  (6) 

Lastly, the heat balance equation for the tube unit is articulated as: 
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j

j j
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q q m c

d
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In Eq. (7), for a given unit along the z-direction, the temperature of the tube wall is assumed to be 

constant. / 0jT z   .The heat transfer initiates from the external heat source to the metal tube wall. 

In this context, q1 is considered a convenient boundary condition that encapsulates heat transfer 

components as described in the outer equations [19]. 

From Eq. (6), we derive the following expressions: 
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Upon substituting Eq. (8) and (9) into Eq. (2), we arrive at: 
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 (10a) 

With the given conditions for / 0jT z   and the flow formula D F , we obtain: 
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 (10b) 

Given the observation that the dynamic process of flow responding to changes in pressure occurs 

at a significantly faster rate compared to the process of enthalpy responding to temperature changes, it 

is commonly assumed that the flow-pressure dynamic has stabilized by the time enthalpy-temperature 

calculations are performed, leading to the conclusion that / 0p    . Furthermore, it is assumed that 

pressure within a unit is uniformly distributed along its length, pd =0. Consequently, we obtain: 
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At time τ, the spatial integration along the pipe length L is performed, and the outlet temperature, 

Tout, is used as a lumped parameter to represent the rate of temperature change. According to the 

boundary condition (Tj - T)z=0 = Tj - Tin, we obtain: 
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Where A2 represents the inner surface area of the entire tube unit, which, when integrated along the 

z-direction, equates to U2L. 

By integrating Eq. (3) and (11), we further derive the following result: 
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(13) 

Similarly, by integrating Equation (7) along the pipe length L, the dynamic equation for the 

heated pipe wall temperature is obtained. 

1 2
j

j j

dT
Q Q m c L

d
      (14) 

Here, Q1 represents the heat released by the external heating fluid to the heated pipe, where Q1 

= q1L. 

Eq. (12), (13), and (14) form a new dynamic mathematical model for the SFHP, where Q2 

represents the time-dependent heat release affecting the temperature change of the fluid inside. This 

model aligns with the steady-state results obtained from both the LPM and DPM, yet it introduces a 

dynamic calculation formula not previously deduced as the derivative of Tj with respect to time. In 

engineering contexts, Delay Partial Differential Equations (DPDEs) are employed within simulation 

and networked systems, where delays can lead to instability or impact system performance [31-33]. 
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This suggests that by identifying the key variables influencing system delays through mathematical 

modeling, we can design simulating strategies to enhance system efficiency. 

When the fluid temperature within the model reaches a steady state, / 0outdT d  . By 

integrating Eq. (12) and (13), we can derive the following result: 
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The subscript 0 denotes the steady-state parameter. In order to distinguish the coefficients and 

variables which to be solved as /outdT d , /jdT d  and Q2, we defined A y = S in the form of matrix as 

the following:  
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Where Mj = mjL. 

To address the effects of fluid specific heat and the absorbed heat of the tube wall, it is essential 

to incorporate the physical property continuity equations into the models. Drawing on the concept of 

traditional multi-stage lumped parameter modeling, the heated tube is segmented along its length, 

with the physical model of one segment depicted in Fig. 2. 

The rate of change of density with respect to time is represented as follows:  
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Substituting Eq. (17) into Eq. (1) leads to the derivation of the fluid continuity equation as 

follows:  
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` 

6 

 

Eq. (18), (12), (13), and (14) collectively form a hybrid model that accounts for changes in 

physical properties. The parameters to be determined for each segment of the model include the output 

fluid temperature, the metal wall temperature, the mass flow, and the heat transfer from the tube wall 

to the fluid, all expressed in explicit forms. When the heated tube is divided into continuous segments, 

the parameter vector y to be solved comprises a total of 4N elements, where N is the number of 

segments.   

,0 ,1 , 11 2
1 2 2,0 2,1 2, 1, ,... , , ,..., , , ,..., , , ,...,

T

j j j nn
n n

T T TTT T
y D D D Q Q Q
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



    
  

      
 (19) 

The DPM used for comparison was developed using ANSYS Fluent. This ensures the validity of the 

comparisons and the verification of HM-AN of LPM.  

 

3. THEORETICAL ANALYSIS 

 

3.1 LAPACE TRANSFORM 

The Laplace transform is a powerful integral transform widely used in various fields, notably in 

automatic industrial control theory. It facilitates the derivation of a transfer function from a given 

equation, mapping the relationship between input and output. In this paper, we applied Laplace 

transforms to three distinct models, highlighting subtle differences in the transfer functions of each 

(see Table 1). These differences are further illustrated through numerical simulations presented in the 

subsequent section. 

From Eq. (12), (13), and (14), the input-output fluid temperature, denoted as Wη(s), is derived 

using the Laplace transform as follows: 
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The input-output heat transfer function Wq (s) is 
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The input-output fluid velocity function Wd (s) is 
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The transfer functions characterizing the relationships between input-output fluid temperature, 

heat transfer, and fluid velocity within the DPM are presented in the following forms:  
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For the LPM, the transfer functions for input-output fluid temperature, heat transfer, and fluid 

velocity are given as follows: 
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3.2 THEORETICAL ERROR ANALYSIS 

In the realm of thermal engineering theory, the method of time domain analysis is employed to 

compare and scrutinize the dynamic characteristics of systems. By conducting a Taylor expansion of 

the transfer function around the point s→0 or s→∞ and leveraging the initial/final value theorem of 

Laplace transform, we find that the results align across the three models. 

The Taylor expansion for formulas (26) to (28) at s=0 is performed. Upon disregarding 

higher-order terms, the simplified expansions of the input-output temperature transfer functions for 

the three models are derived as follows: 
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The transfer functions for input-output heat across the three models are detailed below, providing 

insights into the heat dynamics within each system. 
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Similarly, the transfer functions for input-output fluid velocity for the three models are 

presented, highlighting the variations in fluid dynamics.  
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Subsequently, the transfer functions from the HM-AN, LPM, and DPM are compared. The 

results for the input-output temperature transfer function are as follows: 
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For the transfer function of input-output heat, the comparative results across the models are 

presented: 
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For the transfer function of input-output fluid velocity, assuming a fluid velocity factor of n=0.8, 

the comparative results are as follows: 

0 00.6 ˆ( ) ( ) ( ) ( )
2 2

d m d m
d dd d

T T
W s W s W s W s

    
     (40) 

The analysis underscores that the HM-AN aligns more closely with the DPM than with the LPM, 

indicating its enhanced capability in capturing the dynamics of the system.  

 

4. RESULTS  

4.1 SIMULATION CONDITIONS 

In current simulation studies, LPM is considered a viable method, and the differential equations 

are typically solved using the Runge-Kutta method [34]. In LPM, physical parameters such as the 

temperatures inside and outside the tube are represented by a single typical point. The working fluid's 

inlet and outlet parameters are represented by the arithmetic mean values at these typical points. The 

former is chosen for ease of calculating heat transfer to the working fluid within the heated tubes, 

while the latter is selected to describe variations in fluid parameters, such as mass flow. However, it is 

important to note that LPM inherently lacks the ability to display parameter variations along the tubes, 

a capability that DPM possesses. Despite this limitation, LPM provides sufficiently accurate results, 

especially in steady-state studies. 
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The boundary conditions play a critical role in solving the governing equations and ensuring 

accurate simulation results. For the Fluent model (see Fig. 3), the inlet boundary condition is defined 

as a mass-flow-inlet, the outlet boundary condition is set as a pressure-outlet, and the thermal 

boundary condition on the outer wall of the heated pipe is specified as a constant heat flux. These 

conditions allow for the accurate representation of heat transfer and fluid flow dynamics within the 

pipe. For HM-AN and LPM, implemented independently using C++ programming, the working 

pressure, inlet mass flow rate, inlet temperature, and heat flux are directly input into the model 

calculation functions. These boundary conditions are consistent across all models to ensure 

comparability. The simulation process begins with steady-state calculations to establish baseline 

conditions, followed by transient simulations where step disturbances in inlet temperature, mass flow 

rate, and heat flux are applied to evaluate the dynamic response of the system. This detailed treatment 

of boundary conditions ensures that the models accurately capture the physical behavior of the system 

under both steady-state and transient conditions. 

A theoretically verified approach enables reliable modeling of heated pipe systems and 

simulating transient responses before actual operation [16]. Advances in LPM now allow dynamic 

calculation of key parameters for supercritical fluids in boiler-turbine systems [18], while DPM has 

been developed for subcritical coal-fired boilers [35]. Further mathematical studies cover thermal 

hydraulics in ultra-supercritical boilers [36-37] and advanced simulating techniques using AI and 

fuzzy-neural networks [38-391]. Although mathematical modeling is crucial for power plant 

simulating, the dynamic response to disturbances is nonlinear, leading to uncertainties and calculation 

errors due to un-modeled dynamics [40]. Traditional modeling involves dynamic simulations based 

on fundamental physical and semi-empirical laws, balancing calculation speed and accuracy. This 

requires validation for both transient and steady-state reliability, along with the need for rapid, 

economical performance in the optimal simulation system [40-42]. 

Current studies on fluid and heat dynamic simulating primarily focus on establishing 

mathematical models based on lumped and distributed parameters. Lumped parameter modeling 

facilitates simulation due to its fast computation speeds and accelerated convergence [43], though its 

equation fitting properties are limited in scope, making it challenging to capture detailed information 

about local features during transient processes. Distributed parameter modeling, on the other hand, 

relies on establishing 2-D or 3-D models that require extensive numerical calculations to achieve 

computational accuracy [44-45]. Numerous commercial, in-house, and freeware CFD codes have 

been developed, with ANSYS Fluent frequently used as a reliable tool for design and optimization in 

both scientific studies and technological applications [46]. 

In traditional practice, simulation platforms aim to integrate all reliable sub-models of the 

working fluid in discretized component parts, enabling dynamic simulation of the entire boiler. 

Typically, LPM, rather than DPM, proposes a 1-dimensional discretized simplified model for 

dynamic process simulation, where all equations of mass, momentum, and energy are numerically 

solved in each discrete unit. As a crucial aspect of modeling boiler systems, SFHPs play a significant 

role in the heated surfaces of power plant boilers, and mathematical modeling of SFHPs remains a 

pivotal research topic in the simulation field of power plants. Over the past decades, numerous models 

of SFHPs have been established [47-49], exploring optimal solutions between accuracy and 

convergence rate.  
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The single-phase heated pipe in this validation case has a length of 27,610 mm, an outer diameter 

of 38 mm, and a wall thickness of 5.5 mm. In the Fluent simulation, the pipe was divided into two 

regions: the pipe wall (metal) and the working fluid (internal flow). A fully coupled mesh was used at 

the interface to compute heat transfer between the two regions. The pipe wall was divided into three 

radial layers to account for the temperature gradient, while the fluid region included a five-layer 

boundary layer near the wall to capture velocity gradients, with thicknesses increasing radially by a 

factor of 1.2 up to 2 mm. The remaining fluid region was meshed with tetrahedral elements, and both 

regions were divided into 5,000 axial segments to align the mesh nodes at the interface. The 

computational mesh consisted of 480,000 control volumes and 640,128 nodes for the pipe wall, and 

1,250,000 control volumes and 1,335,267 nodes for the fluid region.The specific boundary parameters 

for the validation case included a pressure of 26.7 MPa, a mass flow rate of 0.3739 kg/s, inlet 

temperatures of 553.15 K for water and 743.15 K for steam, and heat fluxes of 30,185.75 W/m² for 

water and 35,760.14 W/m² for steam. Additionally, transient simulations were performed by 

introducing step changes of +10% in the inlet mass flow rate, +10 K in the inlet temperature, and 

+10% in the heat flux. 

4.2 SIMULATION RESULTS 

After confirming the consistency of steady-state values with three theoretical models, we 

simulated the dynamic behavior of a heated tube subjected to disturbances such as changes in mass 

flow rate, inlet fluid temperature, and external heat duty from fuel gas. In simulating systems, 

regulating operational conditions in response to load variations is crucial. In this study, disturbances 

were represented by variations in mass flow rate, inlet fluid temperature, and heat duty, which 

correspond to changes in feed water conditions and fuel supply rates, respectively.  

For a detailed analysis of how the three models perform under variable working conditions, we 

selected the super-heater of an ultra-supercritical boiler as the simulation subject. The models were set 

with a pressure of 26.7 MPa, a mass flow of 0.3739 kg/s, an inlet water temperature of 553.15 K, and 

a heat flow of 30185.75 W/m². The characteristic parameters were τ₀ = 4.0 s and Tm = 21.8 s. The 

dynamic simulation results of the three models are compared in Fig. 4. 

Fig. 4(a) illustrates the dynamic process of outlet water temperature when the inlet water 

temperature was disturbed by a 10K increase. After 140 seconds, the three models approached a 

steady state, showing consistent results for outlet water temperature. Despite the increase in inlet 

water temperature, the outlet water temperature initially remained nearly constant, a delay consistent 

with the actual operation due to the tube-wall's length from inlet to outlet. Among the three models, 

the hybrid model consistently produced results between those of the LPM and the DPM, indicating 

that it aligns closely with the ANSYS Fluent results. 

Fig. 4(b) displays the dynamics when the inlet water flow mass was increased by 10%. The outlet 

water temperature is observed to decrease over time, eventually stabilizing. The hybrid model's 

simulation results again closely matched those of the DPM calculated by ANSYS Fluent, more so than 

the LPM. 

Fig. 4(c) shows the response to a 10% increase in external heat duty. Initially, the hybrid model's 

curve resembled that of the LPM but aligned more closely with the DPM as it approached steady state. 

Overall, the steady-state results of the LPM and hybrid model were consistent with the DPM, but the 

dynamic behavior of the hybrid model was intermediary between the LPM and DPM. This suggests 
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that, with the same number of tube units (N=5), the hybrid model's calculations more closely resemble 

those of the DPM. 

To further validate the hybrid model's rationality, this paper compares dynamic curves from the 

three models by dividing the tube into three units, using steam as the working medium. The 

thermo-physical properties of steam, which vary with temperature, were set differently in each unit. 

Given that ANSYS Fluent simulations are generally considered highly accurate—despite longer 

computation times—it was used as the benchmark DPM. The super-heater of an ultra-supercritical 

boiler was again the simulation subject, with a time step of 0.1s. The conditions were set to a pressure 

of 26.7MPa, a mass flow of 0.3739kg/s, an inlet steam temperature of 743.13K, and a heat flow of 

35760.14W/m². 

From Fig. 5(a), there is a noticeable temperature rise with a time delay when the inlet steam 

temperature was disturbed by a 10K increase, observable in both the distributed parameter and hybrid 

models, but not in the lumped parameter model with N=3. 

Fig. 5(b) and 5(c) show the dynamic processes of outlet steam temperature when the inlet steam 

flow mass and external heat duty were increased by 10%, respectively. Although differences exist 

among the dynamic curves of the three models, the hybrid model's results were superior to those of the 

LPM and more closely resembled the ANSYS Fluent simulation results.  

The real-time simulation results of the proposed HM-AN provide significant physical insights 

into the heat transfer and fluid flow dynamics within single-phase heated pipes. Unlike traditional 

LPM, the HM-AN model dynamically couples the heat transfer rates with the fluid and wall 

temperatures, capturing transient phenomena such as transport delays and thermal inertia. This 

coupling ensures that the model reflects the physical reality of heat transfer processes more 

accurately, particularly under transient conditions, such as step changes in inlet temperature, flow rate, 

or external heat flux. 

The comparison with ANSYS Fluent results highlights the differences in focus between the two 

approaches. ANSYS Fluent, as a high-fidelity DPM, provides detailed spatial distributions of 

temperature, velocity, and turbulence parameters across the computational domain. This level of 

detail is essential for understanding localized phenomena, such as boundary layer development and 

turbulence effects. However, the computational intensity of Fluent makes it unsuitable for real-time 

applications. 

In contrast, the HM-AN model simplifies the spatial resolution by dividing the pipe into finite 

segments with uniform or linearly varying physical properties. This approach sacrifices some spatial 

detail but achieves rapid convergence and computational efficiency, making it ideal for real-time 

simulation. Despite these differences in focus, the results of the HM-AN model align closely with 

those of Fluent in terms of key outputs, such as outlet temperature and dynamic responses to step 

changes. This agreement demonstrates the ability of the HM-AN model to capture the essential 

physics of the system while maintaining computational efficiency. 

For example, the improved response of the HM-AN model to step changes in inlet temperature 

can be attributed to its ability to account for transport delay, which depends on pipe length and fluid 

velocity. This phenomenon is often overlooked in traditional LPMs but is accurately captured by the 

proposed model. Similarly, the dynamic coupling of heat transfer with fluid and wall temperatures 

enhances the accuracy of the model's response to variations in inlet flow rate and external heat flux.  
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These results are consistent with ANSYS Fluent simulations, confirming the validity of the proposed 

model while emphasizing its suitability for real-time industrial applications. 

 

5. CONCLUSIONS 

This paper introduces a novel method for modeling the dynamics simulation in convective 

heated surfaces of SFHPs. The proposed method involves solving the mass, energy, and continuity 

equations within a one-dimensional framework, utilizing an explicit acceleration solution. In this 

HM-AN approach, boundary conditions are adjustable, accounting for external heat duty and a 

time-dependent internal heat release, rather than the traditional constant value. Computations are 

executed along the flow path of the heated medium, either in a single or in consecutive tube units. 

Initial and steady-state values of lumped parameters, distributed parameters, and hybrid models 

align in the dynamic process following a disturbance. Thus, it is essential to compare the errors in the 

dynamic process between the hybrid model and the LPM theoretically. The introduction of Laplace 

transforms in the three models highlights subtle differences in their transfer functions. Through Taylor 

expansion and the omission of higher-order terms, analysis indicates that the hybrid model aligns 

more closely with the DPM than with the LPM.  

Given the need for SFHPs to adapt to varying thermal load conditions, operational simulations of 

the three models were conducted under specific disturbances in input temperature, flow mass, and 

heat duty. Utilizing the highly reliable CFD simulation of ANSYS Fluent software as a reference for 

DPM, we compared the dynamic response curves of the hybrid model with those of the LPM. The 

super-heater of an ultra-supercritical boiler was selected as the simulation object for the SFHP, with 

water as the working medium in a system divided into five tube units. Results showed that the hybrid 

model's calculations more closely resembled those of the DPM, displaying characteristic time-delay 

responses at the onset of disturbances. Furthermore, during the dynamic process, the curve 

approximation of the hybrid model was nearly consistent with the ANSYS Fluent results. 

Additionally, the results demonstrated that the accuracy of the hybrid model surpassed that of the 

LPM, also reflecting the systemic characteristics of a time-delay in response to disturbances. This 

hybrid model could be effectively applied in the design of real-time simulating systems.  
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Nomenclature  

2A   Internal surface area of tube (
2

m ) jT   Wall temperature ( K ) 

jc   Wall specific heat ( /  kJ kg K ) 0jT   Wall temperature at steady state ( K ) 

pc   Specific heat of fluid ( /  kJ kg K ) mT   Heat storage time constant of metal 

tube-wall ( s ) 

0pc   Specific heat of fluid at steady state  

( /  kJ kg K ) 
outT   Outlet temperature of fluid ( K ) 

2d   Internal diameter of tube ( m ) 0outT   Outlet temperature of fluid at steady state 

( K ) 

D   Mass flow ( /kg s ) 2U   Inner circumference of tube ( m ) 

0D   Mass flow at steady state ( /kg s ) z   Axial unit length ( m ) 

inD   Input fluid mass flow ( /kg s )   

F   Area of cross-section (
2

m ) Greek Symbols 

h   Enthalpy of fluid ( /kJ kg )    Density of fluid ( 3
/kg m ) 

L   Length of tube ( m )    Velocity of flow ( /m s ) 

jm   Wall mass per unit length ( /kg m ) 0   Velocity of flow at steady state ( /m s ) 

jM   Wall mass ( kg ) 2   Heat transfer coefficient of the inner wall 

to fluid (
2

/kW m K ) 
N   Numbers of control body 20   Heat transfer coefficient of the inner wall 

to fluid at steady state (
2

/kW m K ) 
p   Pressure of fluid ( MPa )    Time ( s ) 

dp   Pressure losss per unit length (

/MPa m  ) 
0   Flow time ( s ) 

1q   External heat flow per unit length (

/kW m ) 

  

1Q   External heat flow ( kW ) Subscript 

10Q   External heat flow at steady state ( kW ) i   Index of control body 

2q   Internal heat flow per unit length (

/kW m ) 

p   Constant pressure 

2Q   Internal heat flow ( kW ) T   Constant temperature 

20Q   Internal heat flow at steady state ( kW ) Dimensionless parameter 

T   Fluid temperature ( K ) 2K   Ratio of heat transfer coefficient to nth 

power of mass flow 

inT   Inlet temperature of fluid ( K ) n   nth power of mass flow 

0inT   Inlet temperature of fluid at steady 

state ( K ) 
d   Dynamic parameter 
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Table 1 Transfer Function Sheet 

        Parameter Formula 

Heat release coefficient in tube 

in steady state 20 2 0

nK D   

Heat storage time constant of 

metal tube-wall 
20 2 20 2

j j j j

m

m c M c
T

U A 
 

 

Dynamic parameter 
20 2

0

d

p

A
a

D c




 

Flow time 0

0

L




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FIGURE CAPTIONS 

Fig. 1. The schematic diagram of working principle of a SFHP. 

 

Fig. 2. The schematic diagram of working principle of one segment of SFHP unit, considering 
physical property change. 
 
 

 
 
 
 

 
 
 
 
Fig. 3. The geometry modeling of a SFHP in DPM. The algorithm of ANSYS Fluent is SIMPLE 
(Semi-Implicit Method for Pressure-Linked Equations). Unlike LPM, DPM not only deals with the 
working fluid and the innner wall in details, but also takes into account thickness of the wall and its 
heat transfer. 
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Fig. 4. Dynamic curves of output water (as liquid) temperature change by the step disturbance of input 
parameters. (a) The dynamic curve of output water temperature when the input temperature rise is 
10K. (b) The dynamic curve of output water temperature with 10% step increase of input flow mass. 
(c) The dynamic curve of output water temperature with step of 10% increase of outside heat-duty. Of 
the three figures, DPM and HM-AN (a) shows the delay characteristics of the system. The curves 
showed the accuracy of HM-AN is superior to LPM. 
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Fig. 5. Dynamic curves of output steam (as gas) temperature change of input parameters by the step 
disturbance. (a) The dynamic curve of output steam temperature when the input temperature rise is 
10K. (b) The dynamic curve of output steam temperature with 10% step increase of input flow mass. 
(c) The dynamic curve of output steam temperature with step of 10% increase of outside heat duty. Of 
the three figures, DPM and HM-AN (a) shows the delay characteristics of the system. The accuracy of 
HM-AN is superior to LPM. 
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