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ABSTRACT: To address the difficulty of predicting plate heat exchanger performance under variable-
flow and fouling-prone coastal conditions, this study developed a novel combined framework for a BR50
plate heat exchanger by integrating a steady-state heat transfer model with a transfer-function-based
dynamic wall-temperature model. The main innovation is that the framework simultaneously captures
steady thermal performance and transient wall-temperature response, while explicitly quantifying the
coupled effects of flow velocity and kinematic viscosity. The model was evaluated for sewage-side
velocities of 0.8—1.5 m/s and viscosities up to ten times that of clean water. Results show that wall
temperature increases slightly with velocity and can be described by a fourth-order polynomial. Its transient
response follows first-order inertia, and the time constant decreases as velocity increases, indicating faster
thermal response at higher flow rates. Both the sewage-side heat transfer coefficient and the overall heat
transfer coefficient increase with velocity but decrease with viscosity; increasing velocity from 0.8 to 1.5
m/s raises the sewage-side coefficient by 49.2%. Sensitivity analysis identifies kinematic viscosity as the
dominant factor affecting thermal performance, followed by flow velocity and wall temperature. The
framework provides a practical basis for seawater-source heat pumps and coastal heat recovery systems
under fouling-influenced conditions.

Keywords: Plate heat exchanger; Viscosity-velocity combined; Dynamic wall temperature; Heat transfer
prediction; Seawater-source heat pump; Coastal heat recovery

1. Introduction

Low-grade thermal energy recovery from the marine environment is receiving increasing attention as
a practical route to improving energy efficiency and reducing carbon emissions in shipping, offshore
platforms, islands, ports, and coastal infrastructure [1]. Among the available marine thermal resources,
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seawater is particularly attractive because of its large thermal capacity, broad availability, and relatively
stable seasonal temperature, which make it suitable as both a heat source and a heat sink for seawater-
source heat pump (SWHP) systems. Through SWHP technology, the thermal energy stored in seawater can
be recovered and upgraded for space heating, cooling, domestic hot water supply, and integrated coastal
energy systems. In this context, the efficient use of seawater thermal energy has become an important topic
in marine and coastal low-carbon energy research [2].

Alongside seawater-based systems, urban raw sewage has also been widely investigated as a low-grade
heat source because of its substantial volume [3], relatively stable year-round temperature (10-18 °C in
winter and 20-25 °C in summer) [4], and continuous availability [5]. These characteristics make sewage a
useful reference fluid for studying heat recovery under contamination-prone and variable-property
conditions, while sewage-source heat pump systems (SSHSs) remain one of the principal technologies for
extracting and upgrading low-grade thermal energy [6,7]. Although sewage and seawater differ in
composition, both fluids can impose additional thermal resistance, modify near-wall transport, and promote
exchanger fouling during long-term operation. For this reason, research on sewage-side heat transfer
behavior can also provide useful mechanistic insight into the design and operation of compact heat
exchangers for SWHP systems.

In SWHP applications, the heat exchanger is the core component that determines whether seawater
thermal energy can be recovered efficiently, stably, and economically. Seawater-side heat exchangers are
required to maintain high heat transfer performance under fluctuating flow conditions while resisting
biological fouling, suspended solids, salinity effects, and corrosion. Similar operational challenges are
encountered in SSHSs, where suspended contaminants, colloids, microorganisms, and inorganic ions can
also degrade thermal performance over time. As widely reported, fouling can significantly reduce heat
transfer efficiency, increase operating and maintenance costs, and impair the long-term stable operation of
both systems [8]. Accordingly, recent research has increasingly focused on compact and efficient heat
exchangers capable of operating reliably under harsh fluid conditions [9,10].

Among the available exchanger configurations, plate heat exchangers (PHEs), first developed in
Germany in the 1870s [11], offer several advantages over conventional shell-and-tube heat exchangers,
including high thermal effectiveness, compact structure, small footprint, and ease of maintenance [12]. Their
relatively uniform heat transfer characteristics and suitability for modular manufacturing make them attractive
for both SSHSs and SWHPs, particularly where compact installation and high area-to-volume ratio are
required [13]. As shown in Figures 1 and 2, PHEs have already been widely used in sewage heat recovery
systems ranging from small building units to district-scale thermal networks [14,15]. Their application
potential in seawater-source systems is likewise considerable, especially for coastal buildings, offshore
service facilities, and distributed marine energy utilization. Under such conditions, the dynamic thermal
response of the PHE directly affects system stability, heat recovery efficiency, and operational control [16].
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Figure 1. Single thermal plate schematic indicating front surface, port positions, and gasket placement.
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Figure 2. Structure of the PHE. (a) Illustrative schematic of PHE’s components; (b) Composed PHE.

A major difficulty in seawater thermal energy recovery lies in the complex transport behavior of real
working fluids. Untreated urban sewage is a complex fluid with relatively high viscosity; its apparent
viscosity varies with temperature [17], contaminant concentration, and flow velocity [18]. In addition,
sewage contains suspended solids, colloids, microorganisms, and inorganic ions that increase fouling risk
and hinder the reliable long-term operation of PHEs [19]. Although seawater generally has lower viscosity
than sewage, seawater-side heat exchangers also operate under non-ideal conditions involving suspended
matter, biological growth, and salinity-driven surface effects. Therefore, from the perspective of transport
degradation and fouling-induced thermal resistance, sewage provides a useful high-risk working-fluid
scenario for examining exchanger behavior relevant to SWHP applications.

Under such conditions, the coupled effect of fluid viscosity and flow velocity becomes a key factor
governing the internal flow regime and heat transfer performance of PHEs [20]. The interaction between
plate geometry, such as chevron angle, and flow direction affects the heat transfer coefficient, while
viscosity-velocity coupling further modifies boundary-layer development, turbulence intensity, secondary-
flow structure, and vortex evolution inside the plate channels [21]. These changes in turn influence key
thermo-hydraulic parameters, including heat transfer coefficient, pressure drop, and logarithmic mean
temperature difference. Elevated viscosity can also promote fouling deposition and growth by altering near-
wall transport and weakening convective mixing [22]. As fouling accumulates, exchanger performance
deteriorates continuously, and severe blockage may occur, thereby increasing operation and maintenance
costs and reducing long-term system reliability [23]. These issues are directly relevant to SWHP systems
because stable seawater energy recovery depends on maintaining acceptable thermal performance under
long-term fouling-prone operation.

Extensive efforts have been devoted to understanding the flow and heat transfer characteristics of PHEs.
Zhang [24] performed long-term thermophysical measurements on raw sewage from multiple sources and
found that key properties, including viscosity and density, show pronounced temperature dependence
distinct from that of clean water and secondary treated sewage. Niezgoda et al. [25] numerically
demonstrated that viscosity variations in particle-laden fluids alter the aggregation behaviour of suspended
particles in PHE channels, leading to substantially higher flow resistance than under clean-water conditions.
Yang et al. [26] combined computational fluid dynamics (CFD) simulations with experiments and
demonstrated that the structural parameters of PHEs influence wall-temperature distribution through their
effect on flow-field uniformity, thereby affecting fouling deposition behaviour. Zhu et al. [27] investigated
parallel plate heat exchanger arrays and found that the interaction between flow velocity and layout
significantly affects heat transfer efficiency and pressure drop. Xu et al. [28] proposed a full three-
dimensional thermo-hydraulic analysis method for microchannel plate heat exchangers to examine non-
uniform flow distribution and its impact on thermal performance. Shi et al. [29] and Wan et al. [30] further
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reported that viscosity-velocity coupling significantly modifies the secondary-flow intensity and vortex
distribution in PHE channels, which strongly influences heat transfer enhancement. Prabakaran et al. [31]
developed a response-surface-based prediction model for the condensation performance of low-GWP
refrigerants and showed that the combined effects of fluid viscosity and flow velocity can affect fouling-
layer porosity through changes in interfacial shear stress. Collectively, these studies indicate that viscosity-
related transport effects are central to the thermal design and operation of compact heat exchangers under
fouling-prone conditions, including those relevant to marine heat recovery.

Wall temperature is another key parameter in this context because it reflects the coupled state of flow
and heat transfer within the PHE and provides useful information on exchanger stability, thermal response,
and fouling development [32]. The spatial distribution and temporal response of wall temperature affect the
fluid-wall temperature difference and therefore influence the transient variation of convective heat transfer
coefficients [33]. Hirokawa et al. [34] used high-precision thin-wall temperature measurements to show
that wall-temperature distribution can effectively reflect local heat transfer conditions in PHEs, and that the
amplitude of temperature fluctuation is positively correlated with the dynamic response of the heat transfer
coefficient. Li et al. [35] similarly found in printed circuit heat exchangers that dynamic wall-temperature
fluctuations are closely associated with abrupt changes in fluid thermophysical properties. Wall temperature
is also linked to fouling development, since its temporal variation can influence fouling initiation, growth,
ageing, and partial detachment [36]. Microbial fouling is particularly sensitive to temperature, while wall-
temperature gradients can promote the migration of inorganic ions towards the heat transfer surface, thereby
favoring the formation of composite deposits. Ma Dong [37] reported that periodic wall-temperature
fluctuations in a wide-channel plate heat exchanger induced a three-stage fouling behavior involving rapid
growth, partial detachment, and regrowth, thereby impairing long-term heat transfer performance. This
points to a feedback process in which viscosity-velocity coupling affects wall-temperature fluctuations,
wall-temperature fluctuations influence fouling development, and the resulting fouling layer further
increases thermal resistance and aggravates temperature non-uniformity [38]. Such coupling is highly
relevant to SWHP systems, where fluctuating operating conditions and seawater-side fouling can intensify
interactions among wall shear stress, thermal response, and exchanger degradation [39].

Despite this progress, several issues still limit the accurate prediction and optimization of PHE
performance for seawater thermal energy recovery and related coastal applications. First, many existing
studies focus on treated sewage or clean water [40], while the coupled effects of viscosity and flow velocity
under realistic fouling-prone conditions remain insufficiently addressed [41]. Second, although wall
temperature can be measured relatively easily in building and energy management systems [42], predictive
models that describe the dynamic interaction between flow-induced temperature variations and fouling
development remain limited [43]. Third, quantitative relationships between wall temperature and fouling
resistance remain inadequate for online monitoring, performance diagnosis, and operation-oriented control.
These limitations hinder the reliable design and efficient operation of SWHP and SSHS units, especially
where long-term marine heat recovery requires stable performance, accurate seasonal assessment, and
manageable maintenance demand [44].

Therefore, a clearer understanding of viscosity-velocity coupling, its influence on wall-temperature
dynamics, and its role in fouling deposition is needed to support the development of efficient and reliable
compact heat exchangers for seawater-source heat pump systems and marine thermal energy recovery [45].

Against this background, the present study develops a combined prediction framework for a BR50
plate heat exchanger by combining a steady-state heat transfer model with a transfer-function-based
dynamic wall-temperature model. The model is used to examine the effects of sewage-side flow velocity
and kinematic viscosity on wall temperature, dynamic response characteristics, sewage-side heat transfer
coefficient, and overall heat transfer coefficient. The investigated velocity range is 0.8—1.5 m/s, and the
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kinematic viscosity is varied up to 10 times that of clean water to represent high-viscosity conditions
associated with untreated sewage.
The objectives of this study are threefold:

(1) to clarify how wall temperature and heat transfer performance vary under coupled changes in viscosity
and flow velocity;

(2) to characterize the dynamic response of wall temperature and its dependence on operating conditions; and

(3) to assess the relative importance of key parameters through quantitative sensitivity analysis.

Unlike conventional steady-state PHE models, which emphasize static thermal equilibrium and
consider only steady-state thermal resistance and pressure drop, this study incorporates a dynamic wall-
temperature model in transfer-function form for complex fluids. Within a unified framework, the proposed
model couples the relevant dynamic processes, quantitatively evaluates their direct coupling effects, and
specifically quantifies their combined influence on wall temperature, the heat-transfer coefficient on the
fouling side, and the overall heat-transfer coefficient.

Although raw sewage is used as the working fluid in this study, it is not intended as a direct substitute
for seawater. Instead, raw sewage is treated as a representative fouling-prone and variable-property medium
for examining the coupled effects of viscosity, flow velocity, and wall-temperature response in plate heat
exchangers. These issues are also relevant to seawater-source heat pump systems, where exchanger
performance may similarly be affected by transport degradation and additional thermal resistance under
non-ideal operating conditions. The present results should therefore be interpreted as mechanism-oriented
insight with potential relevance to seawater applications, while direct validation under actual seawater
conditions remains necessary.

2. Model Development
2.1. Heat Transfer Model

The BR50 plate heat exchanger investigated in this study is a corrugated-plate heat transfer unit in
which hot and cold fluids flow through alternating channels separated by thin metal plates [46,47]. The
corrugation pattern enhances turbulence, increases effective heat transfer area, and improves flow
distribution [48,49]. In the present configuration, untreated sewage is treated as the hot fluid and clean
water as the cold fluid.

The engineering design requirements of the investigated heat exchanger are summarized in Table 1. The
rated heat load is 1080 kW, with design inlet and outlet temperatures selected to represent typical operating
conditions of sewage-source heat pump systems and related low-grade heat recovery applications [50].

Table 1. Engineering design requirements of the investigated plate heat exchanger.

Inlet Temperature of Outlet Temperature of Inlet Temperature of Outlet Temperature of
Sewage (°C) Sewage (°C) Water (°C) Water (°C)
1080 15 10 7 12

Heat Load (kW)

The principal structural and material parameters of the BR50 PHE are as follows: plate thickness
0.0008 m, plate thermal conductivity 14 W/(m-°C), and equivalent channel diameter 7.6 x 10> m. The heat
transfer model was established by sequentially calculating the sewage-side heat transfer coefficient, the
clean-water-side heat transfer coefficient, and the overall heat transfer coefficient. Fluid properties were
evaluated using average inlet and outlet temperatures on each side.

For the sewage side, the heat transfer coefficient was determined from the Nusselt correlation
applicable to the BR50 PHE under turbulent-flow conditions. The sewage Reynolds number was calculated
from the characteristic velocity, equivalent diameter, and kinematic viscosity. At an average sewage
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temperature of 12.5 °C, the reference thermophysical properties used in the calculation were kinematic
viscosity 1.45 x 107> m?/s, thermal conductivity 58.6 x 1072 W/(m-°C), specific heat capacity 4.19
kJ/(kg-°C), and Prandtl number 88.95. The Prandtl number increases proportionally with viscosity;
therefore, when the viscosity is taken as ten times that of clean water, the Prandtl number also increases by
a factor of ten.

The sewage-side Nusselt number correlation used in this study is the empirical correlation obtained by
fitting the experimental data of plate heat exchangers for sewage applications. The correlation is obtained
under the working conditions of sewage flow velocity 0.3~1.8 m/s and Reynolds number 1500~18,000,
which match the application scenario of this study, so it is directly adopted.

Nu, = 0.313Re%7.prd4 (1)
Nu,, = 0.023Re3-Prd* ()
1
ts = 5 (tsl + tsz) (3)
R ul  ud A
e = oe— = —
Sov v )
A A
hs =NUT ZNUSE (5)

For the clean water side, the same procedure was followed. At an average clean-water temperature of
9.5 °C, the reference properties were kinematic viscosity 1.32 x 107® m?%/s, thermal conductivity 58.1 x 1072
W/(m-°C), specific heat capacity 4.19 kJ/(kg-°C), and Prandtl number 9.73.

1
tw = E(twl + ty2) (6)
Re. — ul  u,d
Y T ?
I8 Ay
hw =NuT :Nuwa (8)

The specific heat capacity and thermal conductivity of sewage in this study are derived from the long-
term measured average data of municipal sewage for municipal sewage with conventional suspended solid
concentrations, the specific heat capacity is 3.9~4.2 kJ/(kg-K), which is slightly higher than that of clean water
(4182 J/(kg-K)), the difference is within 5%, which can be approximated as a constant in the model calculation;
the thermal conductivity of sewage is 0.56~0.59 W/(m-K). The values adopted in this study are the average
values of the measured data, which are consistent with the actual working conditions of urban sewage.

The overall heat transfer coefficient was then obtained by combining the convective resistances on
both fluid sides, the conduction resistance of the plate wall, and an equivalent fouling resistance [51]. In
this study, a representative fouling resistance value was introduced to account for deposit-related thermal
resistance under practical operation. The introduction of a representative constant fouling thermal resistance
is intended to incorporate fouling effects into the steady-state thermal analysis in a simplified manner. This
approach is consistent with the rapid estimation method commonly used in engineering practice at the
conceptual design stage, typically for preliminary equipment selection and performance trend analysis. It
aims to provide the model with a baseline thermal resistance consistent with actual operating conditions,
where fouling is present, thereby enabling the coupled effects of viscosity and flow velocity to be examined
at the mechanistic level without making the model overly complicated by introducing a complex transient
fouling model.
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In this study, the value of sewage side fouling resistance is taken as 0.8 x 10~ m?-K/W, which is the
long-term average fouling resistance value of plate heat exchangers for urban sewage source heat pump
systems measured in field tests by existing studies. The basis for selecting this value is as follows: according
to the on-site monitoring data of domestic urban sewage source heat pump systems, after 3~5 years of
continuous operation, the fouling resistance of plate heat exchangers is generally in the range of 0.6 x
103~1.0 x 107 m?-K/W, this study takes the average value of the actually measured data, which is
consistent with the long-term average fouling level of plate heat exchangers in actual urban sewage
scenarios, and can reasonably reflect the actual thermal resistance of the equipment in normal operation.

1

1 5 1 ©)
E+rw+x+rs+h—s

K=

Based on the heat balance equation, the required heat transfer area was determined from the heat duty,
logarithmic mean temperature difference, and a safety factor of 0.9 to account for fouling and flow non-
uniformity. In the process of formula calculation, a safety correction factor ranging from 0.8 to 0.9 is
typically introduced to offset the decrease in heat transfer capacity resulting from long-term operation
fouling deposition as well as manufacturing and assembly deviations, which guarantees that the equipment
can satisfy the heat transfer requirements in long-term operation.

Q = KAAt, B (10)
Q
A= KAt.p (b

Table 2 lists the main design results at representative flow velocities. As expected, the heat transfer
coefficients on both sides and the overall heat transfer coefficient increase with flow velocity, whereas the
required heat transfer area decreases.

Table 2. Calculated design parameters at representative flow velocities.

Flow Velocity Sewage-Side Heat Transfer Water-Side Heat Transfer Overall Heat Transfer Heat Transfer

(m/s) Coefficient W/(m?-k) Coefficient W/(m?-k) Coefficient W/(m?-k) Area m?
u; = 0.8 6805.22 12,814.24 2716.45 147.25
u, =1.2 8810.73 16,590.64 315541 126.77
u, = 1.5 10,156.49 19,124.71 3402.63 117.56

2.2. Dynamic Wall Temperature Model

Because heat exchangers exhibit thermal inertia, a steady-state model alone cannot describe their
transient response under varying operating conditions. To capture wall-temperature dynamics, a transfer-
function-based model was developed from energy balances for the hot and cold fluids and the metal wall.

cyty, (tys - ty1) =hy A, (tb - %) (12)

. to Tt
csrns(tsl - tsZ) = hsAs ( - 2 = - tb) (13)

dt to, +
b A(sz sl

o TG
Cbrnba = DA P - tb) - hWAW (tb - P )

(14)

The clean-water-side and sewage-side energy equations were first expressed in terms of the respective
outlet temperatures, inlet temperatures, and wall temperature. The wall energy balance was then written as
a first-order differential equation describing the transient thermal storage of the plate wall. Based on
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Equations (12) and (13), they can be rearranged into Equations (15) and (16), where a and b are the heat
transfer characteristic coefficients of the cold and hot fluid sides, defined as:

- 2a . Jr2-a :

w2 = 5 bt 5w (15)

t, = 2b t +2_bt 16

52_2+bb 2+bsl ( )
h,A h.A

a= —~ b=—"- (17)
1y, c Iy

Substituting Equation (17) into Equation (14) and rearranging gives:

2eemy S~ oAl (22 2) wnoay (=2 2 )g+hoal (222 1) e, <Ay (222 1)t
Cbmbaf[s S(2+b' ) w W(2+a' )]b s (2 NN )“ <2+a )Wl (18)
N 2a hsAs LJFI)FSI 2a thw(ﬂJrl)m 2-a—
At,, = : 2+b + 2ta + Ay (19)
278 peymys - A, (325 -2) - heAy (22%2) 273 50 s hA, (zsz 2) - hWAW(22fa-2) 2+a
2-b  \— 2-a
Al 2b hsAs 2T+1)Atsl . 2-br+ 2b th (2+a+1) (20)
s2 : sl :
2+ 2b 2a 2+b 2+b 2b 2a
2epmys - hA, (5575 - 2) - hyAy (375 -2) 2epmy-s - hoA, (5575 - 2) - hyAy (575 -2)
2-b 2-a
__ ha (2+b+1)Atsl+h A, (2+a+1)
Aty = 2b 2a @D
2cbmb.s'hsAs(m'2) -hWAW(m-Z)

After Laplace transformation, the wall-temperature response to inlet temperature disturbances was
represented in transfer-function form. This first-order linear transfer function form is applicable to the
transient analysis of wall temperature in this study for two main reasons:

The dynamic response of plate wall temperature is dominated by the thermal inertia of the plate itself.
Since the heat capacity of the fluid on both sides is much smaller than that of the metal plate, the thermal
inertia of the fluid can be ignored, and the dynamic behavior of wall temperature can be accurately
approximated by a first-order inertia link, which has been verified by a large number of experimental studies
on the dynamic response of plate heat exchangers in existing literature.

This study focuses on the influence of parameter changes on the steady-state heat transfer performance,
and only needs a simple and reliable dynamic model to describe the basic response characteristics of wall
temperature to working condition disturbances. This first-order transfer function form meets the analysis
requirements of this study and clearly reflects the influence of key parameters, such as the heat transfer
coefficient and plate heat capacity, on the dynamic response speed.

The resulting wall-temperature dynamics show first-order inertial behavior. Based on the design results
and structural parameters of the BR50 PHE, transfer functions were obtained for three representative flow
velocities: 0.8, 1.2, and 1.5 m/s. Although the full expressions are omitted here for brevity, the calculated
results indicate that the time constant decreases as flow velocity increases. This implies that the heat
exchanger wall responds more rapidly to thermal disturbances at higher velocities. The key structural
parameters used in the dynamic model are listed in Table 3.

Table 3. Key parameters of the BR50 plate heat exchanger.

Parameter Value Parameter Value
Single plate heat transfer area: m> 0.52 Flange diameter: DN: mm 125
Plate spacing: mm 4.5 Operating temperature: °C <230

Single flow channel cross-sectional area: m?>  0.001672 Operating pressure: MPa 0.6,1.0,1.6,2.0,2.5
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Maximum processing capacity: m*/h 150 Corner hole diameter: mm 135, 140
Plate external dimension: mm 1380 x 495 x 0.8 Normal corrugation pitch: mm 16
Effective heat transfer area: m? 0.5088 Flow channel width: mm 445

Single plate weight: kg 4.55 Average plate spacing: mm 4.5
A fl h 1 -sectional :
Cormner hole size: mm 135 verage flow ¢ ann;crl 2cross sectional area 0.001672
Corrugation height: mm 3.8 Average equivalent diameter: mm 7.6
Corrugation type Isosceles triangle Plate material 304,316,316 L

The calculated parameters hs, hw, and c» and mb were substituted into the governing equations to obtain
the numerical transfer functions. The corresponding data are listed in Table 4.

Table 4. Heat exchanger design parameters (sewage viscosity of 1.45 x 107> m?/s).

Sewage-Side Heat Transfer Water-Side Heat Transfer =~ Overall Heat Transfer

Flow(z/esl)omty Coefficient Coefficient Coefficient Cb mp a b
W/(m?-°C) W/(m?-°C) W/(m?-°C)
us = 0.8 6805.22 12,814.24 1379.07 46036417.21 9.14
us = 1.2 8810.73 16,590.64 1483.87 46036420.7011.00
u, = 1.5 10,156.49 19,124.71 1536.36 46036423.0512.24

Flow velocity ug = u,, = 0.8 m/s, A = 147.25 m?

t,, + 1.164t,,
L e 11 22
%= 05555 1 2.164 (22)

Flow velocity ug = u,, = 1.2 m/s, A = 126.77 m?

ty + 1.150ty,
=~ WL 23
> 0.5385+2.150 (23)

Flow velocity ug = u,, = 1.5 m/s, A = 117.56 m?

t,, + 1.142t,,
o=l WL 24
> 0.528s +2.142 24)

From the above transfer functions, it can be observed that the wall temperature of the PHE behaves as
a first-order inertial system with respect to the inlet temperatures of the hot and cold fluids. The time
constant of this inertial system decreases with increasing flow velocity, indicating a faster dynamic response
for building system load regulation. This dynamic response characteristic is of great significance for the
stable operation of seawater-source heat pumps under variable marine load conditions.

3. Results and Discussion
3.1. Effect of Flow Velocity on Wall Temperature at 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 5. 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.
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Table 5. Time-step independence verification (sewage viscosity of 1.45 x 1075 m%/s).

Response
Time
()
100
600
1200

Velocity (m/s) Velocity (m/s)
0.8 12 15 0.8 12 15
Wall Temperature of Shell and Wall Temperature of Plate
Tube Heat Exchanger (°C) 10.57010.63510.668 Heat Exchanger (°C) 10.69710.72110.732
10.56810.63410.667 10.69710.72110.727
10.56710.63610.664 10.69710.72110.733

To evaluate wall-temperature behavior under severe operating conditions, simulations were performed
at a sewage kinematic viscosity corresponding to 10 times that of clean water. This condition represents a
high-viscosity, high-fouling-risk scenario relevant to untreated sewage and, by analogy, to some marine
fouling environments. Figure 3a—h illustrate the dynamic time-varying curves of wall temperature at various
sewage flow velocities ranging from 0.8 to 1.5 m/s under the extreme condition of 10x clean water viscosity.
Meanwhile, Figure 4 presents the steady-state variation curve of wall temperature as a function of sewage
flow velocity.

10.74 10.74
10.73F 10.73F
10.72F 1072F
10.71 - 10.71}
3 3
¥ 107 T 107
E] 2
K S
2 10.69 2 10.69
: :
= o
= 1068 = 1068 10.702°C
= 10.697°C =
10.67 10.67
10.66 10.66
10.65} 10.65
1064 . . . . . 1064 . . . . .
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time(s) Time(s)
(a) (b)
10.74 T T T 10.74 T T T
10.73}F 10.73}
10.72} 10.72f
10.71L - ol
—~ f —~
o o
T 107 : % 107}
E £
S © .
2 10.69 10.709°C 1 2 10.69F 10.714°C
: :
= 1068  10e8f
© O
= =
10.67 10.67}
10.66 10.66 |
10.65 10.65}
10.64 . . . ‘ . 10.64 . . : . .
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time(s) Time(s)

(©) (d)


https://doi.org/xxxx

Mar. Energy Res. 2026, 3(2), 10012. doi:10.70322/mer.2026.10012

11 of 25

10.74 T T T T T
10.73f b
10.72 r 3

10.71 bt

Wall Temperature(C)

10.67 b

10.66 b

10.65 1

10.64

10.

10.721°C

0 200 400 600 800 1000 1200
Time(s)

(e)

10.74 r T : . . c]

10.73

10.72 q

10.71F q

Wall Temperature('C)

10.67 q

10.66 [ q

10.65 q

10.64

10.730C

. , . \ .
0 200 400 600 800 1000 1200
Time(s)

(2

10.74 T T T T T

1073} 4
1o7zr P\‘ 4

10.71 | A\ 1

wrl 10.7241C

10.68 1

Wall Temperature(‘C)

10.67 h

10.66

10.65

10.64
0

200 400 600 800 1000 1200
Time(s)

10.74

10.73

10.72 q

10.71} 1

C)

1071 10.732°C ]

10.68 1

Wall Temperature(

10.67 q

10.66 q

10.65 1

1064 : . : . .
0 200 400 600 800 1000 1200

Time(s)

(h)

Figure 3. Dynamic simulation curves of wall temperature. (a) Sewage velocity 0.8 m/s; (b) Sewage velocity 0.9 m/s; (¢) Sewage
velocity 1.0 m/s; (d) Sewage velocity 1.1 m/s; (e) Sewage velocity 1.2 m/s; (f) Sewage velocity 1.3 m/s; (g) Sewage velocity 1.4
m/s; (h) Sewage velocity 1.5 m/s.
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The simulated wall-temperature histories at sewage velocities from 0.8 to 1.5 m/s show that the wall
temperature increases slightly with increasing flow velocity. At steady state, the wall temperature rises from
10.697 °C at 0.8 m/s to 10.733 °C at 1.5 m/s, corresponding to an increase of 0.036 °C. Although the absolute
change is small, the trend is physically consistent: higher velocity enhances turbulence intensity, reduces the
thickness of the thermal boundary layer, and improves convective heat transfer at the sewage side.

As depicted in Figure 5, a fourth-order polynomial was fitted to the steady-state wall temperature as a
function of sewage flow velocity, and the fit reproduced the calculated trend well within the investigated range.
This provides a convenient reduced-order description for operational prediction under high-viscosity conditions.

tp = 10.74676 - 0.26455ug + 0.38153ug% - 0.18371ug® + 0.0284 1 ug*

In dynamic terms, the wall temperature exhibits first-order inertial behavior, in agreement with the
transfer-function model. Higher velocity leads to a smaller time constant and a faster approach to steady
state. This suggests that flow regulation can influence not only steady heat transfer performance but also
transient thermal responsiveness.

10. 735
|~—®— Calculated data curve
Polynomial fitting curve
10. 730
©
~—
o 10.720 1
~
=
< 10. 715 4
~
D)
=
£ 10.710
&= Equation y = Intercept + Bx' + Byx* + Byx’ + Byx*
— Plotting Wall Temperature
— 10- 705 7] Weighting Unweighted
CBYS Intercept 10. 74676 + 0.40166
Bl -0. 26455 & 1.46201
— B2 0.38153 + 1.96389
10. 700 B3 -0.18371 £ 1.15452
B4 0.02841 + 0.2508
Residual Sum of Squares 3.41613 X 10°
10. 695 R-squared (COD) 0.99703
Adjusted R-squared 0. 99307
I v I ' I ' I ' I ' I ' I T I
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Sewage velocity (m/s)

Figure 5. Fitting curve of wall temperature.

3.2. Effect of Viscosity on Heat Transfer Performance

The sewage-side heat transfer coefficient shown in Figures 6 and 7 and the overall heat transfer coefficient
shown in Figures 8 and 9 were analyzed over the investigated viscosity and velocity ranges. The results show a
consistent pattern: both coefficients increase with flow velocity and decrease with increasing viscosity.
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Figure 6. Variation Curve of Sewage-Side Heat Transfer Coefficient with Flow Velocity.
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Figure 8. Heat Transfer Coefficient vs. Velocity Curve for Heat Exchanger.
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Figure 9. Heat Transfer Coefficient vs. Viscosity Curve for Heat Exchangers.

For all viscosity levels considered, the sewage-side heat transfer coefficient increases by 49.2% when
the sewage velocity rises from 0.8 to 1.5 m/s. This increase reflects the strong influence of Reynolds number
on convective transport in the plate channels. Higher velocity strengthens mixing and turbulence, which in
turn increases the local heat transfer coefficient.

The gain in the overall heat transfer coefficient also depends on viscosity. When velocity increases
from 0.8 to 1.5 m/s, the overall coefficient increases from 1379.07 to 1536.36 W/(m?*-K) at 10 times clean-
water viscosity, corresponding to an 11.4% increase. At 5 times clean-water viscosity, the increase is
10.52%, and at 2 times clean-water viscosity, it is 9.5%. These results indicate that the relative benefit of
raising flow velocity becomes somewhat more pronounced as viscosity increases.

From a physical perspective, increasing viscosity suppresses turbulence intensity, thickens the thermal
boundary layer, and increases resistance to momentum and heat transport. As a result, the heat transfer coefficient
decreases even when the wall temperature changes only slightly. This distinction is important because it shows
that wall temperature alone may not fully reflect the degree of thermal performance deterioration.

From an operational standpoint, increasing flow velocity is a practical way to offset part of the heat
transfer loss caused by high viscosity. However, this should be balanced against the additional pumping
power required. The present results therefore, provide a quantitative basis for evaluating the trade-off
between thermal performance improvement and flow-related energy consumption.

3.3. Effect of Viscosity on Wall-Temperature Dynamics

Figures 10 and 11 illustrate the overall evolution of wall temperature with flow velocity and viscosity
under various combined conditions. Wall-temperature behavior was further examined at three
representative flow velocities: 0.8, 1.2, and 1.5 m/s shown in Figures 12—14. Under all three conditions, the
wall temperature decreases monotonically with increasing sewage viscosity, and the total reduction remains
within about 3% as viscosity rises from 1 to 10 times that of clean water.
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Figure 10. Wall temperature variation at different sewage flow velocities.
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Figure 11. Wall temperature variation at different sewage viscosities.
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Figure 12. Wall temperature variation (Sewage flow velocity: 0.8 m/s). (a) Wall temperature variation curve; (b) Wall
temperature vs. viscosity fitting curve.
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Figure 13. Wall Temperature Variation (Sewage flow velocity: 1.2 m/s). (a) Wall temperature variation curve; (b) Wall
temperature vs. viscosity fitting curve.
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Figure 14. Wall Temperature Variation (Sewage flow velocity: 1.5 m/s); (a) Wall temperature variation curve; (b) Wall
temperature vs. viscosity fitting curve.

At 0.8 m/s, the wall temperature decreases from 10.960 °C to 10.697 °C, corresponding to a reduction
of 2.4%. At 1.2 m/s, it decreases from 10.964 °C to 10.721 °C, or 2.2%. At 1.5 m/s, it decreases from
10.964 °C to 10.732 °C, also about 2.2%. These results indicate that the effect of viscosity on wall
temperature is slightly stronger at lower flow velocity.

This trend can be explained by the reduced turbulence intensity at low velocity. When the base flow is
already weakly turbulent, a further increase in viscosity causes a more pronounced suppression of mixing
and a greater thickening of the thermal boundary layer. Consequently, the convective heat transfer between
sewage and wall is weakened more strongly, leading to a larger reduction in wall temperature.

For each representative velocity, a fourth-order polynomial was fitted to the steady-state wall
temperature as a function of viscosity. The fitted curves show similar shapes and provide a practical way
to predict wall-temperature variation over the investigated range.

0.8 m/s: t, = 11.06474 - 0.08618v¢ + 0.01041v%- 6.66641 x 10*v3 + 1.64259 x 105v*

1.2 m/s: tp = 11.05847 - 0.07796v + 0.00936v¢* - 6.02964 x 10*v> + 1.49855 x 105v¢*

1.5 m/s: t, = 11.05654 - 0.07717vg + 0.00974v¢*- 6.53018 x 10*v 3+ 1.67017 x 105v¢*
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3.4. Combined Effects of Viscosity, Velocity, and Wall Temperature on the Heat Transfer Coefficient

Three-dimensional response surfaces were used to quantify the combined effects of flow velocity and
wall temperature on the convective heat transfer coefficient under several viscosity levels, shown in Figures
15-17. Across the investigated range, the heat transfer coefficient increases almost linearly with velocity.
By contrast, the influence of wall temperature is much weaker. A wall-temperature increase of 0.1 °C raises
the heat transfer coefficient by only about 8—12 W/(m?-K), corresponding to less than 1% change.
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Figure 15. Combined effect diagrams under sewage kinematic viscosity 2.9 x 107° m?%s. (a) Contour plot; (b) 3D plot

T T T T T T
=
&
N ¢
= 1573
10.800 [
5 1535
o
< 1516
S
310. 795 % .ngs
o 8 1479
@ E 1460
4:5"104 190 7 g
5 < 1423
g &
(o) +
107854 8 i
— ==
=
<
=
10. 780 b
T T T T T T
0.8 0.9 1.0 1.1 1.2 1.3

Sewage Velocity (m/s)

()

1.4

1580

< 1560

2K

€ 1540

(W]

<

1520

nt

1500

1480

1460

1440

Heat Transfer Coefficiel

(b)

Figure 16. Combined effect diagrams under sewage kinematic viscosity 7.25 x 107% m?/s. (a) Contour plot; (b) 3D plot.
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The combined analysis also shows a strong, nonlinear negative relationship between kinematic
viscosity and the convective heat transfer coefficient, as shown in Figures 18-20. At fixed flow velocity,
each increase of 1 x 107% m?/s in kinematic viscosity reduces the heat transfer coefficient by approximately
60—100 W/(m?-K) on average. In parallel, wall temperature rises by around 0.2 °C as viscosity decreases.

At fixed viscosity, increasing the flow velocity from 0.8 to 1.5 m/s raises the heat transfer coefficient
by about 120-180 W/(m?-K), corresponding to an improvement of roughly 8-12%. The sensitivity to
viscosity is also more pronounced at higher velocity, which suggests that viscosity-induced property
changes remain important even when stronger mixing is present.

Overall, the coupled-response results indicate that velocity is the dominant operational variable for
heat transfer enhancement, whereas viscosity is the dominant physical factor constraining performance.
Wall temperature acts mainly as a secondary indicator rather than a primary control variable.
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Figure 18. Combined effect diagrams under sewage velocities of 0.8 m/s. (a) Contour plot; (b) 3D plot.
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Figure 19. Combined effect diagrams under sewage velocities of 1.2 m/s. (a) Contour plot; (b) 3D plot.
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Figure 20. Combined effect diagrams under sewage velocities of 1.5 m/s. (a) Contour plot; (b) 3D plot.

3.5. Quantitative Sensitivity Analysis

A quantitative sensitivity hierarchy was established by comparing the relative variation of the heat
transfer coefficient under comparable perturbation ranges. The analysis indicates that kinematic viscosity
is the most influential factor, followed by flow velocity, with wall temperature having the weakest effect.

Specifically, an increase of 1 x 10~ m?/s in kinematic viscosity causes a reduction of approximately
60—100 W/(m?-K) in the heat transfer coefficient. Over the investigated flow range of 0.8—1.5 m/s, raising

velocity leads to an 8—12% improvement in performance. By contrast, a 0.1 °C change in wall temperature
produces less than 1% variation in the heat transfer coefficient.

The resulting order of importance is therefore:
kinematic viscosity > flow velocity > wall temperature.

This hierarchy is consistent with the physical interpretation of the results. Viscosity directly alters the
flow regime and near-wall transport, whereas velocity functions as the principal adjustable operating
parameter. Wall temperature reflects the outcome of the coupled process but has a relatively limited direct
effect on heat transfer coefficient variation within the investigated range.

To verify the original importance ranking, the calculation of normalized sensitivity coefficients was added.

Ayly
NSC =220
M I, (25)

where NCS is Normalized Sensitivity Coefficient, yo is the baseline value of the output variable, and Ay is
the change in the output variable; xio is the baseline value of the i-th input parameter, and Ax; is the
perturbation change in the i-th input parameter. This coefficient reflects the influence of the input parameter
on the output as the ratio of percentage changes, thereby eliminating the effects caused by differences in
the perturbation ranges among different parameters and ensuring the rigor of the importance ranking.

We recalculated the normalized sensitivity coefficients for each parameter based on the original
perturbation data for all parameters, and the results are presented in Table 6 below. The normalized results
clearly show that the kinematic viscosity of wastewater has a much greater influence on the overall heat
transfer coefficient than flow velocity and mean wall temperature. The ranking of parameter importance

remains: kinematic viscosity > flow velocity > wall temperature. Therefore, the reliability of the original
conclusion is supported by the normalization-based analysis.


https://doi.org/xxxx

Mar. Energy Res. 2026, 3(2), 10012. doi:10.70322/mer.2026.10012 20 of 25

Table 6. Normalized Sensitivity Coefficient.

Parameter Baseline Value Perturbation Range Normalized Sensitivity Coefficient
v, (m?/s) 1.45 % 107 145 x 107°~1.45 x 10°° -0.812
us (m/s) 0.8 0.8~1.5 0.437
ty 10.96 10.7~10.96 0.124

3.6. Implications for Seawater-Source Heat Pump Systems

Although the present model was developed using untreated sewage as the working fluid, the identified
trends are relevant to seawater-source heat pump systems and other marine heat recovery applications. In
both cases, the heat exchanger may operate under variable flow conditions and in the presence of fouling-
related thermal resistance. The present results suggest that under such conditions, viscosity-related
performance degradation can be partially offset by increasing flow velocity, while the resulting changes in
wall temperature remain comparatively small.

The study should nevertheless be interpreted with appropriate caution. Seawater systems involve
additional factors not explicitly modelled here, including salinity-dependent property variation, corrosion,
and marine biofouling. Therefore, the present conclusions are best understood as mechanism-level guidance
rather than direct design values for real seawater operation. Further validation under actual or simulated
seawater conditions is required before quantitative extrapolation to site-specific marine systems.

4. Limitations

Several limitations of the present study should be noted. First, the model was developed and evaluated
for sewage-side conditions rather than direct seawater operation. Although the coupling trends may be
relevant to marine systems, the effects of salinity, corrosion, and biological fouling were not explicitly
included. It should be noted that the conclusions obtained in this study are based on simulation analysis of
municipal sewage, and the transferability to seawater-source heat pump (SWHP) systems requires cautious
extrapolation. Compared with urban sewage, seawater has unique characteristics, including high salinity,
indigenous biofouling tendency, and corrosivity, all of which are not considered in the present study. High
salinity will change the thermophysical properties of seawater and may accelerate the corrosion of plate
materials and change the surface adhesion characteristics of fouling; biofouling, in particular, will cause more
rapid growth of thermal resistance than inorganic particulate fouling in sewage, which may further change
the dynamic response behavior of wall temperature. Therefore, the conclusions of the viscosity-velocity
importance hierarchy obtained in this paper cannot be directly applied to SWHP systems without verification.

Second, the fouling resistance used in the steady-state heat transfer model was prescribed as an
equivalent thermal resistance rather than calculated from a time-dependent fouling growth model. The
present analysis therefore, captures the effect of fouling in an approximate thermal sense but does not
describe deposit evolution.

Third, the dynamic model represents wall-temperature behavior using a first-order transfer-function
framework. This provides a tractable reduced-order description, but more detailed distributed-parameter
models may be needed for strongly transient conditions or highly non-uniform flow distributions.

Finally, the conclusions are limited to the investigated velocity range of 0.8—1.5 m/s and the viscosity
range up to 10 times that of clean water. Extrapolation beyond these ranges should be treated cautiously.

Furthermore, the thermophysical properties of sewage (kinematic viscosity, thermal conductivity,
density, and specific heat) were held constant based on the average temperature of 12.5 °C in the calculation.
This constant-property assumption simplifies the mathematical model and allows the isolation of velocity—
viscosity interaction. However, it should be noted that the thermophysical properties of real urban sewage,
especially at high contaminant concentrations (leading to high viscosity), can vary with temperature. When
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the actual temperature difference across the plate heat exchanger is large, or when high sewage viscosities
are encountered, the temperature dependence of viscosity, thermal conductivity, and density may introduce
additional errors into the heat transfer calculation. The potential impact of temperature-driven property
variation on the model results has not been quantified in this study and therefore, should be regarded as a
source of uncertainty. In future work, a variable-property formulation that accounts for both temperature-
and composition-dependent changes should be considered to improve predictive accuracy under broader
operating conditions.

5. Conclusions

A combined steady-state heat transfer model and transfer-function-based dynamic wall-temperature
model were developed for a BR50 plate heat exchanger operating under variable-viscosity conditions.
Numerical simulations were performed for sewage-side flow velocities of 0.8-1.5 m/s and kinematic
viscosities up to 10 times that of clean water. The main conclusions are as follows.

e At fixed viscosity, wall temperature increases slightly with flow velocity. Under the highest investigated
viscosity, the wall temperature rises from 10.697 °C at 0.8 m/s to 10.733 °C at 1.5 m/s, corresponding to
an increase of 0.036 °C. The steady-state trend can be represented by a fourth-order polynomial.

e The wall-temperature dynamics follow first-order inertial behavior, and the time constant decreases
with increasing flow velocity. This indicates faster thermal response at higher velocity.

e Both the sewage-side heat transfer coefficient and the overall heat transfer coefficient increase with
flow velocity and decrease with kinematic viscosity [2]. When the flow velocity increases from 0.8 to
1.5 m/s, the sewage-side heat transfer coefficient increases by 49.2%.

e The relative gain in the overall heat transfer coefficient becomes more pronounced at higher viscosity.
The increase is 11.4% at 10 times clean-water viscosity, 10.52% at 5 times clean-water viscosity, and
9.5% at 2 times clean-water viscosity when the velocity increases from 0.8 to 1.5 m/s.

e Sensitivity analysis shows that the parameter importance follows the order: kinematic viscosity > flow
velocity > wall temperature. Viscosity is therefore the dominant physical factor governing thermal
performance, while flow velocity is the main adjustable operational variable.

Although the present study is based on untreated sewage, the identified viscosity-velocity coupling
behavior is relevant to plate heat exchangers used in seawater-source heat pump systems and other coastal
heat recovery applications where variable flow conditions and fouling may affect thermal performance.
Future work should include direct validation under seawater conditions and explicit treatment of salinity,
biofouling, and corrosion.

In summary, by integrating steady-state and dynamic approaches and providing a framework for
quantitative sensitivity analysis and the evaluation of coupled flow—viscosity parameters, this study offers
a more comprehensive mechanistic understanding and engineering assessment for optimizing the system
performance of plate heat exchangers under realistic, fouling-prone operating conditions, such as those
involving seawater-like fluids. Moreover, the conclusion obtained under the more severe operating
conditions of wastewater—namely, that viscosity is the dominant limiting parameter—can serve as an early
warning and provide guidance for heat exchanger design in SWHP systems, where increased fouling
thermal resistance and changes in flow regime may occur.
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Nomenclature
Latin Symbols

A—heat transfer area, [m?]

c—specific heat capacity, [kJ/(kg-°C)]
d—equivalent diameter, [m]

h—heat transfer coefficient, [W/(m?-°C)]
K—overall heat transfer coefficient of heat exchanger, [W/(m?-°C)]
m—mass, [kg]

m—mass flow rate, [kg/s]

Nu—Nusselt number

Pr—Prandtl number

Q—heat exchange capacity, [kW]
Re—Reynolds number

r—fouling resistance, [(m?-°C)/W]
t—temperature, [°C]

u—flow velocity, [m/s]

Greek Symbols
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0—wall thickness, [m]
A—difference

A—thermal conductivity, [W/(m-°C)]
v—Xkinematic viscosity, [m?/s]
—safety factor

Subscripts

b—heat exchanger wall
s—sewage water side
w—clean water side
si—sewage water inlet
so—sewage water outlet
wi—clean water inlet
w2—clean water outlet
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