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ABSTRACT: To address the lack of dynamic prediction methods for heat exchangers operating under 
variable-viscosity and fluctuating-flow conditions in marine integrated energy systems, this study develops a 
dynamic wall-temperature prediction model for a shell-and-tube heat exchanger under combined viscosity-
flow conditions. The model is established over flow velocities of 0.8–1.5 m/s and kinematic viscosities of 1.45 
× 10−6–1.45 × 10−5 m2/s, representing fouling-prone operating conditions relevant to seawater/sewage-source 
heat pump applications. The main novelty of the study lies in linking viscosity-flow combined with wall-
temperature dynamics in a unified prediction framework and in quantifying the nonlinear thermal response 
over a practically relevant operating range. The results show that a quartic polynomial relationship with flow 
velocity and viscosity can describe wall temperature. A distinct dynamic response pattern is observed: under 
low-viscosity conditions, wall temperature exhibits pronounced multi-peak fluctuations, whereas under high-
viscosity conditions, it shifts to a more stable single-peak or gently declining trend. This behavior helps clarify 
the physical mechanism governing wall-temperature evolution under combined transport effects. In addition, 
the sewage-side heat transfer coefficient increases by up to 41.3%, while the overall heat transfer coefficient 
increases by 18.2–20.6% over the investigated range. These findings provide a dynamic prediction tool for 
heat exchanger performance in seawater-source heat pump systems integrated with intermittent marine 
renewable energy (such as offshore wind and wave power), and further indicate that the proposed model can 
offer useful mechanism-level insight into the dynamic thermal behavior of fouling-prone heat exchangers, 
thereby supporting the design and operation of seawater/sewage-source heat pump systems integrated with 
intermittent marine renewable energy sources such as offshore wind power. 

Keywords: Shell-and-tube heat exchanger; Viscosity-flow combined; Dynamic wall-temperature response; 
Transfer function model; Marine integrated energy system; Seawater/sewage heat recovery 
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1. Introduction 

Offshore wind power, coastal floating photovoltaics, and tidal energy are typical intermittent marine 
renewable energy sources [1]. Although they offer substantial decarbonisation potential, their fluctuating 
output makes it difficult to continuously satisfy the heating and cooling demands of offshore platforms, 
ports, and coastal facilities. To improve system reliability and overall utilization efficiency, these 
intermittent power sources need to be integrated with relatively stable thermal resources and heat recovery 
technologies [2]. Among the available options, the seawater- and sewage-source heat pump systems shown 
in Figure 1 are promising solutions because they can recover and upgrade low-grade thermal energy from 
seawater, coastal sewage, and platform wastewater [3,4]. In such systems, renewable electricity drives the 
heat pump unit, while the source-side heat exchanger provides a relatively stable thermal source or sink 
[5,6]. This complementary power-heat configuration offers a practical pathway for meeting the heating and 
cooling demands of offshore platforms, port facilities, and marine energy stations [7,8], while also 
improving energy efficiency and reducing carbon emissions [9,10]. For example, wave-induced oscillatory 
flows and tidal current variations can cause time-dependent velocity fluctuations at the seawater intake, 
which our viscosity-velocity combined model can potentially capture by treating flow velocity as a time-
varying input. This connection directly links the present work to marine energy systems. 

Previous studies have shown that seawater/sewage-source heat pump systems can improve energy 
efficiency [11], reduce pollutant emissions [12], lower operating costs, and decrease dependence on fossil 
fuels in marine and coastal energy applications [13,14]. For example, Huang [15] used a life cycle assessment 
shown in Figure 2 to evaluate the carbon performance of a heat pump system combined with offshore wind 
power and reported a substantial reduction in carbon emissions compared with a conventional system. In 
addition, optimization studies have demonstrated that suitable operational strategies can further improve 
system performance. Li [16] developed a variable-condition energy consumption model for a 
seawater/sewage-source heat pump system and reported that a variable-flow control strategy reduced annual 
operating costs by 5.8% relative to a conventional operating mode. Lu [17] proposed a hierarchical regulation 
strategy for seawater-source heat pump systems in coastal marine energy projects, achieving a 12% 
improvement in the system energy efficiency ratio through coordinated load-side and source-side control. 

 

Figure 1. Flowchart of the Wastewater Source Heat Pump System. 1. Wastewater inlet; 2. Automatic Drille Machine; 3. Primary 
sewage submersible pump; 4. Sewage intake tank; 5. Fully automatic water intake and decontamination machine; 6. Secondary 
sewage circulating pump; 7. Sewage dedicated heat exchanger; 8. Intermediate water circulating pump; 9. Heat pump unit; 10. 
User terminal; 11. Refrigeration circulating pump; 12. Heating circulating pump; 13. Water replenishment and pressure 
stabilization device; 14. Make-up water tank; 15. Sodium-ion exchanger; 16. Wastewater discharge. 
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Figure 2. Energy-saving Intelligent Path of Sewage Source Heat Pump Technology. 

The source-side heat exchanger is one of the most important components in these systems because it 
directly determines thermal recovery performance, system stability, and long-term operating cost [18]. In 
marine and coastal applications, shell-and-tube heat exchangers (STHEs) are widely used owing to their 
structural robustness, operational reliability, and adaptability to complex service conditions. However, the 
long-term operation of sewage- and seawater-side STHEs is strongly constrained by fouling, corrosion, and 
transport degradation. During operation, suspended solids, microorganisms, colloids, inorganic salts, and 
other impurities may deposit on heat transfer surfaces and gradually form fouling layers, as shown in Figure 
3 [19,20]. The resulting additional thermal resistance reduces heat transfer efficiency, increases energy 
consumption, and may eventually lead to partial blockage, unstable operation, and higher maintenance costs 
[21]. These problems are often more severe in marine environments, where salinity, biological activity, and 
fluctuating hydrodynamic conditions can accelerate both fouling and corrosion [22,23]. 

 

Figure 3. Schematic diagram of the dirt layer. 

In seawater and sewage heat exchangers, fouling is frequently a mixed process involving both 
particulate and microbial components [24,25]. Such mixed fouling is particularly difficult to control [26,27] 
because particulate matter and microbial growth can reinforce each other during deposition and ageing [28–
30]. For this reason, a wide range of mitigation strategies has been investigated, including fluidized 
descaling [31], internal flow-guiding structures [32], ultrasonic cavitation cleaning [33–36], 
electromagnetic treatment and surface modification [37–39]. At the same time, advances in numerical 
simulation and multiphysics modelling have improved the understanding of deposition, erosion, and 
thermal resistance growth in complex fouling systems [40–42]. Hydrodynamic and thermal conditions have 
been identified as especially important because they influence both transport behavior and fouling 
development. Reduced flow velocity has been shown to increase fouling resistance [43], while viscosity-
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flow combined can alter particle distribution and flow resistance in heat exchanger channels [44]. Other 
studies have shown that fouling resistance is also sensitive to particle concentration [45–47], operating 
temperature [48–50], wall roughness [51–53], and flow velocity [54,55]. 

Among the relevant parameters, wall temperature is particularly important because it reflects the 
combined state of flow, heat transfer, and fouling development within the STHE. Wall temperature directly 
affects the local temperature difference available for heat transfer between the source fluid and the 
secondary working fluid, and its transient variation can lead to nonlinear changes in the heat transfer 
coefficient. It is also closely linked to fouling initiation and evolution. Excessively high wall temperatures 
may accelerate the deposition of organic matter, whereas lower wall temperatures may favor crystallization 
under certain conditions. In addition, dynamic wall-temperature fluctuations may destabilize the fouling 
layer, leading to repeated detachment and redeposition and thereby increasing overall thermal resistance. 
Once fouling has developed, the added thermal resistance further delays the wall-temperature response and 
aggravates temperature non-uniformity, creating a feedback relationship between heat transfer deterioration 
and fouling growth. 

Despite this progress, several issues remain unresolved for STHEs operating in seawater/sewage-
source heat pump systems. First, existing studies have mainly focused on clean water, treated wastewater, 
or single-factor effects, while the combined influence of viscosity and flow velocity under fouling-prone 
sewage conditions has received less attention. Second, although wall temperature is a measurable and 
practically meaningful variable, dynamic prediction models that describe its response over a representative 
range of flow velocity and viscosity conditions are still limited. Third, the mechanisms governing nonlinear 
wall-temperature behavior under variable-viscosity conditions, especially the transition from strong 
fluctuation at low viscosity to a more stable response at high viscosity, remain insufficiently understood. 
These limitations hinder the design, operation, and performance assessment of STHEs for long-term marine 
and coastal thermal energy recovery. 

To address these issues, the present study develops a dynamic wall-temperature prediction model for 
a shell-and-tube heat exchanger operating under variable-flow and variable-viscosity conditions relevant to 
seawater/sewage-source heat pump applications in marine energy systems. The investigated range covers 
flow velocities of 0.8–1.5 m/s and kinematic viscosities of 1.45 × 10−6–1.45 × 10−5 m2/s. Raw sewage is 
adopted as the working fluid, not as a substitute for seawater, but as a representative high-risk medium 
characterized by strong viscosity variation, suspended contaminants, and fouling tendency. The objective 
is to clarify how viscosity and flow velocity jointly affect the evolution of wall temperature and the dynamic 
thermal response under fouling-prone conditions. The resulting mechanism-level insight is expected to 
support the analysis and operation of STHEs used in seawater/sewage heat recovery systems and, more 
broadly, to facilitate the integration of relatively stable marine thermal resources with intermittent 
renewable electricity. 

The main contributions of this study are as follows. First, a dynamic wall-temperature prediction model 
is developed for an STHE under combined viscosity-flow conditions. Second, the effects of viscosity and 
flow velocity on wall-temperature response are quantified over a representative operating range relevant to 
seawater/sewage-source heat pump systems. Third, the study provides mechanism-based insight into fouling-
sensitive thermal behavior that may support exchanger operation in marine integrated energy systems. 

2. Model Establishment 

2.1. Calculated Operating Conditions 

The system parameters are: heat load Q = 1080 kW, inlet sewage temperature (ts1 = 15 °C), outlet 
temperature (ts2 = 10 °C), refrigerant water inlet temperature (tw1 = 7 °C), outlet temperature (tw2 = 
12 °C). The heat exchanger tube bundle features inner tubes (di = 20 mm)and outer tubes(do = 25 mm). The 
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selected materials are seamless steel-nickel steel, which offers excellent machinability, cost-effectiveness, 
corrosion resistance to salt-laden sewage in marine environments, and structural stability. The wall 
thickness of the heat transfer tubes is determined by their thermal conductivity (ω ≈ 3.5%, thermal 
conductivity: λb = 14.4 W/(mꞏK), wall thickness: δb = 2.5 × 10-3 m). 

Notably, the viscosity range (1.45 × 10−6–1.45 × 10−5 m2/s) covers the characteristics of coastal sewage 
(mixed with seawater) and offshore platform wastewater, ensuring the model’s applicability in marine 
energy complementarity scenarios. 

∆tm = 
∆tmax - ∆tmin

2
 (1)

Q = cwṁw(tw2 − tw1) = csṁs(ts1 − ts2) (2)

Rew = 
vwρwdi

w
 (3)

δ—wall thickness, [m]; ω—structural stability characteristic; Δt—temperature difference, [℃] 
Q—heat exchange capacity, [kW]; t—temperature, [℃]; c—specific heat capacity, [kJ/(kgꞏ℃)] 
ṁ—mass flow rate, [kg/s]; d—tube diameter, [mm]; Re—Reynolds number 
v—flow velocity, [m/s]; ρ—density, [kg/m3]; μ—dynamic viscosity, [kg/(mꞏs)]; i—inner diameter 
s—sewage water side; w—water side; s1—sewage water inlet; s2—sewage water outlet 
w1—water inlet; w2—water outlet. 
The cross-sectional area of fluid flow in the tube row near the center of the heat exchanger is: 

A0 = eD(1 − 
do

tᇲ
) (4)

0—flow area; A—heat transfer area, [m2]; D—shell diameter, [mm]; e—baffle spacing, [mm]; o—
outer diameter; t'—tube pitch, [mm] 

Arranged in a regular triangle: 

di = 
4(
√3
2

t′
2

 ି 
do

2

4
)

do
 (5)

The Prandtl numbers for the water side and wastewater side can be obtained from tables and calculated 
separately based on their temperatures and viscosities. As Rew ranges from 2 × 103 to 1 × 106. Set Φ = 
1.05. 

hw = 0.36ꞏ
λw

di
(Rew)0.55(Prw)

1
3Φ (6)

Res = 
ρsdi

vs

μs
 (7)

hs = 0.36ꞏ
λs

di
(Res)0.55(Prs)

1
3Φ (8)

K = 
1

1
hs

 + rs + rw
do
di

 + 
do

hwdi

 (9)

Aw = 
Q

hw(tw2 - tw1)
 (10)
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As = 
Q

hs(ts1 - ts2)
 (11)

A = 
1.2Q

Kꞏ∆tm
 (12)

h—heat transfer coefficient, [W/(m2ꞏ℃)]; Pr—Prandtl number; λ—thermal conductivity, [W/(mꞏ℃)]; 
r—fouling resistance, [(m²ꞏ℃)/W]; K—overall heat transfer coefficient of heat exchanger, [W/(m2ꞏ℃)]. 

2.2. Transfer Function Model 

In the previous section, Equations (1)–(12) describe the steady-state thermal calculation and the 
determination of the basic parameters for the shell-and-tube heat exchanger, including the heat transfer area, 
convective heat transfer coefficients, and overall heat transfer coefficient. These parameters provide the 
basis for the subsequent dynamic modelling. 

It should be noted that the present study focuses on the combined effects of viscosity and flow velocity 
rather than on a simple superposition of independent steady-state influences. Although viscosity and flow 
velocity are introduced as separate input variables, they jointly govern the Reynolds number, turbulence 
intensity, boundary-layer development, and overall thermal resistance. In this work, their interactive 
influence on the dynamic wall-temperature response is referred to as the viscosity-flow coupling effect. 

Based on the lumped-parameter method and transient energy balance, a dynamic transfer-function 
model is developed to characterize the time-domain response of the heat exchanger under different 
combinations of viscosity and flow velocity. The governing equations are derived as follows: 

cwṁw(tw2 - tw1) = hwAw(tb - 
tw2 + tw1

2
) (13)

csṁs(ts1 - ts2) = hsAs(
ts2 + ts1

2
 - tb) (14)

By rearranging Equations (13) and (14), we obtain Equations (15) and (16), where the values of a and 
b are determined by Equation (17). Assume a linear temperature distribution approximation for heat 
exchange. Where a, b are distribution coefficients determined by heat transfer conditions. 

tw2= 
2a

2 + a
tb+

2 - a

2 + a
tw1 (15)

ts2= 
2b

2 + b
tb+

2 - b

2 + b
ts1  (16)

a = 
hwAw

cwmw
, b = 

hsAs

csms
 (17)

The net heat flow into the wall equals the rate of change of internal energy storage: 

cbmb
dtb
dτ

 = hsAs(
ts2 + ts1

2
 - tb) - hwAw(tb - tw2 + tw1

2
) (18)

b—heat exchanger tube bundle; τ—time constant, [s]; m—mass, [kg]. 
Substitute Equations (15) and (16) into Equation (18) and rearrange. Take the Laplace transform with 

zero initial conditions: 

cbmb
dtb
dt

 = ൬hsAs
2b

2 + b
 - hwAw

2a

2 + a
൰ tb  ൅  hsAs ൬

2 - b

2 + b
 + 1൰ ts1 + hwAw ൬

2a

2 + a
 + 1൰ tw1 (19)
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cbmbꞏs = ൬hsAs
2b

2 + b
 - hwAw

2a

2 + a
൰ tbሺsሻ  ൅  hsAs ൬

2 - b

2 + b
 + 1൰ ts1(s) + hwAw ൬

2a

2 + a
 + 1൰ tw1ሺsሻ (20)

The wall temperature transfer function (input: ts1, tw1; output: tb) is: 

tb=
hsAs ቀ

2 - b
2 + b  + 1ቁ ts1 + hwAw ቀ

2a
2 + a  + 1ቁ tw1

2cbmbs - (hsAs
2b

2 + b  - 2) - hwAw ቀ
2a

2 + a  - 2ቁ
 (21)

In this model, viscosity directly affects the heat transfer coefficients, hs and hw, while flow velocity 
simultaneously influences the Reynolds number and turbulence intensity, thereby further affecting both the 
magnitude and response rate of wall temperature. These two parameters act together to determine the 
dynamic thermal behavior of the exchanger, forming the internal coupling relationship represented in the 
model. The proposed framework should therefore be understood as a dynamic prediction model that 
accounts for viscosity-flow coupling, rather than as a simple steady-state calculation. It is capable of 
describing the dynamic wall-temperature response under different coupling conditions and provides the 
basis for the subsequent analysis of dynamic thermal characteristics. 

Under the condition of a fixed heat transfer area, A = 432 m2, the calculated parameters hs, hw, and cb 
and mb were substituted into the governing equations to obtain the numerical transfer functions. The 
corresponding data are listed in Table 1. 

Table 1. Heat exchanger design parameters (sewage viscosity of 1.45 × 10−5 m2/s). 

Flow Velocity 
(m/s) 

Sewage-Side Heat 
Transfer Coefficient 

W/(m2ꞏ°C) 

Water-Side Heat 
Transfer Coefficient 

W/(m2ꞏ°C) 

Overall Heat 
Transfer Coefficient 

W/(m2ꞏ°C) 
cb mb a b tb 

𝑢௦ ൌ 0.8 2423.59  7131.83  992.18  0.469 3952.5 14.15 4.81 1 1
1.24

6.04 2.24

s w

b

t t

s
t




  

𝑢௦ ൌ 1.2 3029.06  8913.57  1123.13  0.469 3952.5 17.69 6.01 1 1
1.20

5.68 2.20

s w

b

t t

s
t




  

𝑢௦ ൌ 1.5 3424.59  10,077.48  1196.11  0.469 3952.5 20.00 6.79 1 1
1.18

5.52 2.18

s w

b

t t

s
t




  

The transfer function model for wastewater with viscosity 1.45 × 10−5 m2/s under three typical velocity 
(low-speed to high-speed) models is illustrated in the Figure 4. 

 
(a) 

 
(b) 
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(c) 

Figure 4. Dynamic Transfer Function Model. (a) Sewage velocity of 0.8 m/s; (b) Sewage velocity of 1.2 m/s; (c) Sewage velocity 
of 1.5 m/s. 

3. Results and Discussion 

3.1. Effect of Wall Temperature Change Under High Viscosity 

In this study, the wall temperature variation curves under different flow velocities were observed for 
sewage with extreme viscosity. First, the wall temperature changes at response times of 100 s, 600 s, and 
1200 s were verified for each velocity, as shown in Table 2. For comparative analysis, dynamic simulation 
results for plate heat exchangers under identical operating conditions were added. A time-step independence 
test was further performed to evaluate the numerical stability of the transient calculation. The results 
indicate that the predicted wall temperature gradually approached a stable state and became effectively 
steady after 1200 s. The deviation between the tested time-step cases was less than 1.8%, indicating that 
the selected temporal discretization provides sufficient numerical accuracy and stability for the present 
dynamic simulations. These results support the reliability of the proposed dynamic simulation framework. 

Table 2. Time-step independence verification (sewage viscosity of 1.45 × 10−5 m2/s). 

Response 
Time (s) 

Wall Temperature of Shell and 
Tube Heat Exchanger (°C) 

Velocity (m/s) 

Wall Temperature of Plate 
Heat Exchanger (°C) 

Velocity (m/s) 
0.8 1.2 1.5 0.8 1.2 1.5 

100 10.570 10.63510.668 10.697 10.72110.732
600 10.568 10.63410.667 10.697 10.72110.727
1200 10.567 10.63610.664 10.697 10.72110.733

When the sewage viscosity is measured at 10 times the water intake rate, the wall temperature-sewage 
velocity curves are shown in Figures 5 and 6 and Table 3. The data indicate that wall temperature increases 
with higher sewage velocities, reaching 10.57 °C at 0.8 m/s and 10.66 °C at 1.5 m/s. Figure 7 presents an 
enlarged comparison between 0.8 m/s and 1.5 m/s velocities. Although the temperature rise is only 0.09 °C 
for a 0.7 m/s increase, the slight elevation persists as the sewage temperature rises. The fitting results in 
Figure 8 yield the following curve: y = 9.00554 + 5.66309x − 7.82992x2 + 4.88446x3 − 1.1268x4. 

  
(a) (b) 
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(c) (d) 

 
(e) (f) 

  
(g) (h) 

Figure 5. Dynamic simulation curve of wall temperature. (a) Sewage velocity of 0.8 m/s; (b) Sewage velocity of 0.9 m/s; (c) 
Sewage velocity of 1.0 m/s; (d) Sewage velocity of 1.1 m/s; (e) Sewage velocity of 1.2 m/s; (f) Sewage velocity of 1.3 m/s; (g) 
Sewage velocity of 1.4 m/s; (h) Sewage velocity of 1.5 m/s. 
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Figure 6. Curve of wall temperature versus sewage velocity. 

Table 3. Wall temperature variation. 

Sewage Velocity (m/s) Wall Temperature (°C) 
0.8 10.564 
0.9 10.581 
1.0 10.597 
1.1 10.613 
1.2 10.630 
1.3 10.646 
1.4 10.663 
1.5 10.663 
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(a) (b) 

Figure 7. Amplified comparison of wall temperature. (a) Variation of sewage velocity from 0.8 to 1.5 m/s; (b) Comparison 
between the two flow velocities. 
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Figure 8. Wall temperature fitting curve. 

At higher flow velocity, the convective heat transfer intensity is significantly enhanced, leading to more 
heat being transferred from the sewage to the tube wall. Meanwhile, the increased turbulence suppresses 
the formation of a low-conductivity boundary layer near the wall. As a result, the wall temperature rises 
slightly with increasing velocity. The slight nonlinear increase in wall temperature with velocity (rise from 
0.8 to 1.5 m/s) is particularly important for offshore applications: stable wall temperature fluctuations 
(<0.1 °C) can reduce salt crystallization and microbial fouling induced by marine salt-laden sewage, 
extending the maintenance cycle of heat exchangers in offshore wind power complementation systems. 

3.2. Effect of Viscosity–Velocity Combined on Heat Transfer Performance 

This study investigates the effects of wastewater viscosity and velocity combined on heat transfer 
performance under varying conditions. The heat transfer coefficients of wastewater (Figures 9 and 10) and 
heat exchangers (Figures 11 and 12) are presented. The data demonstrate that both coefficients increase 
with rising wastewater flow velocity and decrease with increasing viscosity. 

When the wastewater flow velocity varies between 0.8–1.5 m/s, the heat transfer coefficient increases 
from 3434.8 (W/(m2ꞏ°C)) to 4853.47 (W/(m2ꞏ°C)) at 2 times the clear water viscosity, representing a 41.3% 
improvement. The heat exchanger’s coefficient rises from 1128.15 (W/(m2ꞏ°C)) to 1333.2 (W/(m2ꞏ°C)), 
showing a 18.2% increase. At 5 times the clear water viscosity, the wastewater’s heat transfer coefficient 
grows from 2816.32 (W/(m2ꞏ°C)) to 3979.63 (W/(m2ꞏ°C)), a 41.3% rise, while the heat exchanger’s 
coefficient increases from 1052.25 (W/(m2ꞏ°C)) to 1257.35 (W/(m2ꞏ°C)), a 19.5% improvement. At 10 
times the clear water viscosity, the wastewater’s heat transfer coefficient rises from 2423.59 (W/(m2ꞏ°C)) 
to 3424.59 (W/(m2ꞏ°C)), a 41.3% increase, and the heat exchanger’s coefficient grows from 992.18 
(W/(m2ꞏ°C)) to 1196.11 (W/(m2ꞏ°C)), a 20.6% rise. These results demonstrate that as wastewater flow 
velocity increases, the improvement in the overall heat transfer coefficient of the heat exchanger follows 
this order: 10 times viscosity > 5 times viscosity > 2 times viscosity. 
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Figure 9. Heat transfer coefficient on sewage side with velocity. 

 

Figure 10. Heat transfer coefficient on sewage side with viscosity. 
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Figure 11. Heat transfer coefficient variation with velocity for the heat exchanger. 

 

Figure 12. Heat transfer coefficient variation with viscosity for the heat exchanger. 
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increasing flow velocity may help maintain heat recovery performance under high-viscosity conditions and 
may support more stable thermal matching with intermittent marine renewable energy systems. 

3.3. Dynamic Wall Temperature Characteristics Under Viscosity–Velocity Combined 

Figures 13–15 shows the wall temperature curves over time and viscosity for sewage velocities of 0.8, 
1.2, and 1.5 m/s. The graph demonstrates that wall temperature decreases as sewage viscosity increases. 

  

(a) (b) 

Figure 13. Wall temperature variation (sewage velocity 0.8 m/s). (a) Dynamic variations under different viscosities; (b) Wall 
temperature versus viscosity fitting curve. 

  

(a) (b) 

Figure 14. Wall temperature variation (sewage velocity 1.2 m/s). (a) Dynamic variations under different viscosities; (b) Wall 
temperature versus viscosity fitting curve. 
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(a) (b) 

Figure 15. Wall temperature variation (sewage velocity 1.5 m/s). (a) Dynamic variations under different viscosities; (b) Wall 
temperature versus viscosity fitting curve. 
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Figures 16 and 17 present all test curves of wall temperature variations with different sewage velocities 
(0.8–1.5 m/s) and viscosity levels (1.45 × 10−6 m2/s to 1.45 × 10−5 m2/s). Figure 18 shows the gradient 
variation curve of wall temperature with sewage flow velocity. The data reveals that at a viscosity of 1.45 
× 10−6 m2/s, the wall temperature exhibits a “three-peak” fluctuation pattern. For viscosities of 2.9 × 10−6 
m2/s, 4.35 × 10−6 m2/s, 5.8 × 10−6 m2/s, 7.25 × 10−6 m2/s, 8.7 × 10−6 m2/s, 10.15 × 10−6 m2/s, 11.6 × 10−6 
m2/s, and 13.05 × 10−6 m2/s, the wall temperature follows a nonlinear “fluctuating rise and fall” pattern, 
though the specific fluctuation morphology varies by operational conditions. At a viscosity of 1.45 × 10−5 
m2/s, the temperature shows a single-peak trend characterized by “initial rise followed by gradual decline”, 
with no significant fluctuations during the high-speed phase and a more gradual downward trend. 

 

Figure 16. Wall temperature variation with different sewage viscosity. 

 

Figure 17. Wall temperature variation with different sewage velocity. 
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Figure 18. Gradient variation curve of wall temperature with sewage flow velocity. (a) Sewage kinematic viscosity of 1.45 × 10−6 
m2/s; (b) Sewage kinematic viscosity of 2.9 × 10−6 m2/s; (c) The Sewage kinematic of 4.35 × 10−6 m2/s; (d) The Sewage kinematic 
viscosity of 5.8 × 10−6 m2/s; (e) The Sewage kinematic viscosity of 7.25 × 10−6 m2/s; (f) The Sewage kinematic viscosity of 8.7 × 
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10−6 m2/s; (g) The Sewage kinematic viscosity of 1.015 × 10−5 m2/s; (h) The Sewage kinematic viscosity of 1.16 × 10−5 m2/s; (i) 
The Sewage kinematic viscosity of 1.305 × 10−5 m2/s; (j) The Sewage kinematic viscosity of 1.45 × 10−5 m2/s. 

Figure 19 presents the gradient variation curve of wall temperature versus wastewater viscosity. The 
graph reveals a nonlinear pattern: within the 0.8–1.2 m/s flow rate range, wall temperature exhibits “initial 
sharp fluctuations followed by gradual stabilization” as viscosity changes. In low-viscosity zones, 
temperature experiences dramatic fluctuations, while beyond a critical viscosity threshold, the amplitude 
of fluctuations significantly decreases, leading to overall stabilization. For flow rates of 1.2–1.5 m/s, the 
relationship between viscosity and wall temperature follows a common pattern of “intense fluctuations in 
low-viscosity zones and gradual stabilization in high-viscosity zones”, though the fluctuation patterns in 
low-viscosity zones vary across different operating conditions. 

   
(a) (b) (c) 

   
(d) (e) (f) 

  

 

(g) (h)  

Figure 19. Gradient variation curve of wall temperature with sewage viscosity. (a) Sewage velocity of 0.8 m/s; (b) Sewage 
velocity of 0.9 m/s; (c) Sewage velocity of 1.0 m/s; (d) Sewage velocity of 1.1 m/s; (e) Sewage velocity of 1.2 m/s; (f) Sewage 
velocity of 1.3 m/s; (g) Sewage velocity of 1.4 m/s; (h) Sewage velocity of 1.5 m/s. 
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Under low-viscosity conditions, the fluid flow is more sensitive to velocity variations, and the boundary 
layer near the wall is prone to repeated development, separation, and reattachment, leading to unstable 
multi-peak fluctuations in wall temperature. In contrast, high viscosity increases the momentum diffusion 
and flow stability. The flow and temperature fields tend to be steady, so the wall temperature shows a gentle 
single peak or a stable trend without drastic fluctuations. The “multi-peak fluctuation in low viscosity and 
stabilization in high viscosity” pattern reflects the adaptability of the exchanger to marine environmental 
changes: low viscosity corresponds to rainy season (diluted coastal sewage), while high viscosity 
corresponds to dry season (concentrated sewage with high salt content). This dynamic behavior may 
contribute to more stable heat exchanger operation under variable marine conditions. In addition, the 
weaker temperature reduction observed at higher flow velocity is consistent with fluctuating sewage-flow 
conditions in coastal and offshore environments, suggesting potential benefits for operational stability in 
marine integrated energy systems. 

4. Conclusions 

The dynamic thermal behavior of a shell-and-tube heat exchanger was investigated under the combined 
effects of wastewater viscosity and flow velocity. The main conclusions are as follows. 

(1) At a wastewater viscosity of 10 times that of water, the wall temperature increases slightly and 
nonlinearly with increasing wastewater velocity. As the velocity rises from 0.8 m/s to 1.5 m/s, the wall 
temperature increases by only 0.09 °C. Although the absolute variation is small, the overall trend 
indicates a gradual rise in wall temperature with increasing wastewater-side thermal transport. The 
fitted results further show that the relationship between wall temperature and wastewater velocity can 
be described by a nonlinear polynomial correlation within the investigated range. This relatively stable 
wall-temperature response suggests that flow regulation may be used to adjust thermal performance 
without causing large temperature disturbances. 

(2) The wastewater-side heat transfer coefficient shows the same general trend as the overall heat transfer 
coefficient: both increase with increasing sewage flow velocity and decrease with increasing viscosity. 
Within the investigated velocity range of 0.8–1.5 m/s, the wastewater-side heat transfer coefficient 
increases by 41.3% under all viscosity conditions. The improvement in the overall heat transfer 
coefficient is also more pronounced at higher viscosity, following the order: 10 times clear-water 
viscosity > 5 times clear-water viscosity > 2 times clear-water viscosity, with enhancement ranges of 
18.2–20.6%. These results indicate that increasing flow velocity is an effective operational approach 
for compensating, at least partly, for heat transfer deterioration under high-viscosity conditions. 

(3) This indicates that higher flow velocity weakens the sensitivity of wall temperature to viscosity 
variation. The fitted results further suggest that the relationship between wall temperature and 
wastewater viscosity follows a nonlinear quartic polynomial within the investigated range. Wall 
temperature increases nonlinearly with flow velocity under high viscosity; the absolute increase is 
small (<0.1%), suggesting that flow regulation can adjust thermal performance without causing large 
temperature disturbances. 

(4) The dynamic fluctuation pattern of wall temperature changes significantly with both flow velocity and 
viscosity. When wastewater flow velocity varies, different viscosity levels show distinct response 
characteristics. At a viscosity of 1.45 × 10−6 m2/s, the wall temperature exhibits a three-peak fluctuation 
pattern, whereas at 1.45 × 10−5 m2/s it shows a single-peak trend characterized by an initial rise 
followed by a gradual decline. When viscosity varies, all flow-velocity cases exhibit a common 
transition from stronger fluctuations in the low-viscosity range to a more stable response in the high-
viscosity range, although the detailed fluctuation pattern differs between the velocity intervals of 0.8–
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1.2 m/s and 1.2–1.5 m/s. These results highlight the nonlinear nature of viscosity-flow combined in 
dynamic wall-temperature behavior. 

Overall, the proposed model is intended as a dynamic trend prediction tool for clarifying the combined 
roles of viscosity and flow velocity, rather than as a high-precision measurement model. The results provide 
mechanism-level insight into the thermal response of fouling-prone heat exchangers and may inform the 
analysis and operation of seawater/sewage-source heat pump systems in marine integrated energy 
applications. Further work is needed to validate the model under actual seawater conditions, including the 
effects of salinity, corrosion, and marine biofouling. 

5. Limitations and Future Work 

Several limitations of the present study should be acknowledged. First, the dynamic model is 
established under idealized boundary conditions and relies on a lumped-parameter formulation assuming 
uniform wall temperature. Second, the heat transfer analysis is based on steady-state correlations and does 
not explicitly account for the real-time evolution of fouling. Third, the conclusions are restricted to the 
investigated operating ranges of flow velocity (0.8–1.5 m/s) and kinematic viscosity (1.45 × 10−6–1.45 × 
10−5 m2/s). Moreover, seawater-specific effects such as salinity variation, corrosion, and marine biofouling 
were not explicitly modelled in the present work. Future studies should incorporate more realistic marine 
operating conditions, including flow distortion caused by waves and tides, and further evaluate the 
applicability of advanced shell-and-tube heat exchangers in seawater-source heat pump systems. 
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