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 10 

ABSTRACT 11 

Wastewater released from showers, sinks, and washers contains a considerable amount of waste heat that can be recovered 12 

by using a heat exchanger. Conventional metal heat exchangers for wastewater heat recovery have common problems of 13 

corrosion, fouling and clogging, which makes it necessary to develop a new type of heat exchanger for such low-grade thermal 14 

energy recovery applications. This study deals with a novel patented polymer heat exchanger (WO2020049233A1) made of soft 15 

polyurethane tubes that are capable of oscillation once subjected to external forces. Laboratory tests coupled with theoretical 16 

analyses show a stable global heat transfer coefficient of 100-110 W/m2·K, achieving 67-92% of the performance of titanium-, 17 

aluminum-, and copper-made heat exchangers with the same configuration. It further reveals that the performance of the soft 18 

heat exchanger can be enhanced by 30% when it is under oscillation. In addition, the external convective thermal resistance 19 

appears to be the dominant one instead of heat conduction through the wall material. The special operating condition of heat 20 

recovery from a sewer pipeline makes the polymer heat exchanger particularly adapted with its equivalent thermal performance 21 

but advantages of high flexibility, modularity, and low cost.  22 
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NOMENCLATURE 26 

A [m2] Heat transfer area of the pipe Subscripts 

Ac [m2] Cross-sectional area of the pipe  

cp [J/kg·K] Specific heat capacity of water Al Aluminum 

D [m] Diameter of the pipe c Central pipe 

f [-] Friction factor Cu Copper 

h [W/m2·K] Convective heat transfer coefficient D Diameter 

k [W/m·K] Thermal conductivity of the fluid h Hydraulic 

L [m] Length of a unit pipe HTF Heat transfer fluid 

LMTD [K] Logarithmic mean temperature difference i Pipe inside ��  [kg/s] Mass flow rate in Inlet 

N [-] Number of peripheric pipes m Middle 

Nu [-] Nusselt number o Pipe outside 

P [m] Wetted perimeter of the pipe out Outlet 

Pr [-] Prandtl number p Peripheric pipe ��  [W] Heat transfer rate s Surface 

R [K/W] Thermal resistance tot Total 

Re [-] Reynolds number Ti Titanium 

T [°C] Temperature w Water in LMTD calculation / Wall in thermal resistance 

u [m/s] Fluid velocity   

U [W/m2·K] Overall heat transfer coefficient   

UA [W/K] Heat conductance   

    

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0017931020331926
Manuscript_51156b5af58ee84168254b5f972300fa

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0017931020331926
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0017931020331926


Greek symbols   

     

λ [W/m·K] Thermal conductivity of polymer material   

μ [Pa·s] Fluid dynamic viscosity   

ρ [m3/kg] Fluid density   

 27 

 28 

INTRODUCTION 29 

The growing world urbanization and climate change bring imminent challenges for the sustainable development of the 30 

society. A recent study by U.S. Energy Information Administration [1] predicted an increase in world energy consumption by 31 

nearly 50% between 2018-2050, of which almost all the increase comes from non-OECD countries having strong economic 32 

growth and rapid urbanization pace. Cities appear to dominate energy consumption and CO2 emissions. In 2013, the world’s 33 

urban areas accounted for about 64% of global primary energy use and produced 70% of the total CO2 emissions [2]. More 34 

recently, the Covid-19 crisis inevitably urge the society to strengthen efforts made to the energy-climate transition.   35 

Accessible, low-cost and stable alternative solutions are key to replace fossil-based energy. One way is to expand the share 36 

of renewable energies, such as solar photovoltaic (PV), wind, and bioenergy. However, this usually requires a considerable 37 

amount of financial support and their implementation is severely dependent on policy implementation, including the building of 38 

new energy infrastructures. Moreover, PV might be in conflict with agriculture when it comes to land occupation, while 39 

bioenergy can be in competition with food. The mismatch between demand and renewable production can also be problematic 40 

[3]. An alternative solution is to increase energy efficiency by reusing or converting waste energy (mostly in the form of heat) 41 

to other forms of energy from existing systems. 42 

In recent years, wastewater in urban sewer networks has attracted extensive interest for thermal energy recovery because of 43 

its easy accessibility and high abundance. Wastewater released from showers, sinks, and drains contains significant quantities of 44 

thermal energy, much higher than organic energy  [4]. An amount of 1.16 kWh thermal energy can be gained, if 1 m3 of water is 45 

cooled down by 1 °C. According to Mazhar et al. [5], approximately 3.5 kWh of thermal energy per person per day could be 46 

harvested and used directly to meet thermal demands. Moreover, reusing heat from wastewater also helps to reduce greenhouse 47 

gas emissions. Takashi et al. [6] conducted a feasibility study in wastewater heat recovery and concluded that 2.5 tons of CO2 48 

can be avoided per 10 000 m3 of wastewater. Guo and Hendel [7] performed a case study in Paris to evaluate the field 49 

performance of a district-scale wastewater heat recovery system with an effluent flow rate of 115 m3/h, and reported that up to 50 

75% CO2 could be reduced annually with a primary energy savings of 32%. Cold recovery case studies have also been carried 51 

out in Amsterdam drinking water network by van der Hoek et al. [8].  52 

Conventionally, there are two techniques to extract heat from wastewater in urban sewer channels by means of heat 53 

exchangers. There are already some existing systems or demonstrating projects using both technologies worldwide [9–12]. The 54 

first technique (integrated system) is to install a metal-made tubular heat exchanger at the bottom of the sewer pipeline [7,13]. 55 

Several tubular exchangers with long length are often connected in series to achieve the desired heat capacity, due to their 56 

relative small heat exchanger surface and low heat transfer coefficient [7]. Apart from weight and cost, metal heat exchangers 57 

also have issues of corrosion and fouling that often cause low efficiency or even failures [14,15]. Moreover, in sewer pipes, the 58 

efficiency of the heat exchanger will be largely reduced if its surface is surrounded by sediments or biofilms or is not 59 

completely submerged [13].  60 

The second technique (external system) is to pump the wastewater to a heat exchanger installed outside of the sewer. Spiral 61 

heat exchangers with advantages of compact design, large exchange surface, and high heat transfer coefficient are usually used 62 

in this technique [16]. Besides, the high-speed flow through spiral heat exchangers can reduce the effect of fouling. However, it 63 



requires a dedicated by-pass piping network and high installation and pumping costs [13]. Also, regular maintenance is 64 

necessary to avoid clogging by solid matters in wastewater. 65 

Hence, facing this new application, it is desirable to find a solution to overcome those problems associated with metal heat 66 

exchangers. One promising solution is to use polymer materials instead of metals for manufacturing heat exchangers. Many 67 

different polymer materials have been studied for their physicochemical properties, such as polypropylene (PP), polyethylene 68 

(PE), polycarbonate (PC), polytetrafluoroethylene (PTFE), etc. [15,17]. These materials have advantages of greater corrosion 69 

and fouling resistance, higher geometric flexibility, and they are easier to manufacture with reduced energy of formation and 70 

fabrication [15,17]. The use of polymer heat exchangers also helps to reduce transportation and installation costs, which 71 

eventually lowers the total investment [14].  72 

Nevertheless, polymer materials have significant low thermal conductivities of typically less than 0.5 W/m·K compared to 73 

most metals which range from 10 W/m·K to 400 W/m·K [15]. Therefore, extensive research has been carried out to improve the 74 

thermal performance of polymer heat exchangers. The commonly used technique is to dope the polymer thermal conductivity 75 

by adding metal, ceramic, or carbon-based particles into the polymer matrix [15]. Breuer and Sundararaj [18] reported that the 76 

thermal conductivity of PP could be increased by 120% with 1 wt.% loading of single-walled carbon nanotubes (SWCNTs). 77 

Mamuya et al. [19] studied the thermal conductivity of polyvinyl chloride (PVC) filled with copper powders at different filler 78 

volume contents and reported 3-4 times thermal conductivity improvements with a filler volume content of 30%. Compared 79 

with the thermal performance of metal heat exchangers, Chen et al. [14] have shown that a modified PP heat exchanger with 80 

thermal conductivity of 15 W/m·K can achieve 95% of the titanium heat exchanger performance and 84% of the aluminum or 81 

copper heat exchanger performance with the same dimensions. 82 

In addition to conductivity enhancement of polymers, the operating condition, in particular vibration or other movements, 83 

also have potentially high impacts on heat exchanger performance. Recently, vibration effects on heat transfer enhancement 84 

have been confirmed numerically or experimentally. Shi et al. [20] numerically studied heat transfer enhancement by Vortex-85 

Induced Vibration (VIV) generated by a cylindrical obstacle in a channel. Their results indicate that VIV can significantly 86 

increase the average Nusselt number up to 90.1% over that of a smooth channel. Liu et al. [21] used an experimental approach 87 

to study the effects of mechanical vibration on heat transfer characteristics of laminar flow in a circular heated tube. An 88 

increased Nusselt number and a maximum heat transfer enhancement of 14.94% was found owing to the vibration. A more 89 

sophisticated technique is to use ultrasonic vibration to enhance heat transfer. Chen et al. [22] investigated the heat transfer 90 

enhancement under ultrasonic vibration using a stainless steel circular heater rod, and found a maximum heat transfer increment 91 

of 1 557 W/m2·K with an increment ratio of 3.01. In terms of energy input, however, their ultrasonic transducer requires a total 92 

power of 150 W with a frequency of 40 Hz. Undesirable local heating could be problematic for the use of ultrasounds [23,24]. 93 

To our knowledge, the use of unmodified polymer heat exchanger in sewer wastewater heat recovery has yet not appeared in 94 

the literature. 95 

In this paper, we report a newly patented polymer heat exchanger (WO2020049233A1) designed for wastewater heat 96 

recovery from sewers [25]. Laboratory experiments are carried out to determine its heat transfer characteristics, including heat 97 

transfer rate, heat transfer coefficient, and thermal resistance. As a unique advantage, oscillational movement of the soft heat 98 

exchanger is also studied to explore the heat transfer enhancement potential compared with standstill position (which is true to 99 

all classical rigid heat exchangers). In the absence of established correlation for serpentine-shape cylinder heat convection, 100 

theoretical results obtained from ideal models of parallel flow and crossflow heat exchanger with the same dimension and 101 

working conditions are used to define the upper and lower performance limits of the studied heat exchanger. Based on the 102 

model, the sensibility of heat exchanger performance on material thermal conductivity allows the comparison with metal heat 103 

exchangers. The data and results from this paper may offer some reference for the design and use of polymer heat exchanger in 104 

wastewater heat recovery or similar applications.  105 



 106 

 107 

 108 

POLYMER HEAT EXCHANGER 109 

Design and dimensions 110 

Figure 1 shows schematically the structure of the novel heat exchanger and the dimension of the tested prototype. The heat 111 

exchanger is made of polymer polyurethane (PU), consisting of ten peripheric pipes and one central pipe [25]. The pipes are 112 

connected at one end by a cap for fluid return and this end is freely immersed in the source-side fluid (wastewater). The 113 

peripheric pipes (Port 1) and central pipe (Port 2) at the other end allow the feeding and return of the heat transfer fluid (HTF). 114 

Manufactured by extrusion, this soft polymer heat exchanger holds important advantages of high modularity and flexibility. 115 

Namely, it can be prefabricated then cut into any length according to the capacity requirement or installation environment. The 116 

heat exchanger can be operated at four different modes depending on the direction of HTF flow and relative temperatures 117 

between the HTF and source-side fluid, as shown in Table 1. Heat recovery refers to the situations when HTF temperature is 118 

lower than that of the source-side, while cold recovery refers to the cases when HTF temperature is higher than the source-side 119 

fluid. 120 

 121 

  

Figure 1 Basic structure of the soft polymer heat exchanger (left) and dimension of the pipes (right). 

 122 

Table 1: Different operating modes of the polymer heat exchanger. 123 

Cases Port 1 Port 2 Relative temperature Type of recovery 

Case 1 HTF in HTF out THTF < Tsource Heat recovery 

Case 2 HTF out HTF in THTF < Tsource Heat recovery 

Case 3 HTF in HTF out THTF > Tsource Cold recovery 

Case 4 HTF out HTF in THTF > Tsource Cold recovery 

 124 

Flow patterns 125 

The soft nature of the material, together with the one end in free movement, makes the heat exchanger be easily deformed 126 

during operation due to external forces (turbulent flow, natural convection, thermocline, vortices, etc.). The deformation of the 127 

heat exchanger changes not only the shape but also the flow pattern between the HTF and source-side fluid. Figure 2 illustrates 128 

positions of the heat exchanger (only one peripheric pipe is shown instead of ten) in both straight and serpentine positions and 129 

their corresponding flow patterns. In the straight position, parallel flow dominates heat transfer between the HTF and source-130 

Cap for HTF return

Source-side fluid

Peripheric pipes

Central pipe

Source-side fluid

Port 1

Port 2



side fluid, with peripheric pipes being co-current and the central pipe in counter-current configuration. However, a crossflow is 131 

created when the heat exchanger is in the serpentine position, which could enhance the external convection. Moreover, previous 132 

studies [26,27] have shown that Dean vortices can be formed when a fluid flows in a curved channel, resulting in an enhanced 133 

internal convective heat transfer. In sum, the facility of deformation of the novel heat exchanger makes it potentially more 134 

performant compared to a rigid heat exchanger under equal material and operating conditions.  135 

 136 

 

Figure 2 Schematic view of the heat exchanger in different positions and their corresponding fluid flow 

patterns (left: straight position with parallel flow; right: serpentine position with mixed parallel-cross 

flow). 

 137 

THEORETICAL MODEL 138 

Overall heat transfer coefficient 139 

The overall heat exchange coefficient (�) depends on those of peripheric (��) and central pipes (��). Each of them depends 140 

on internal and external convection and conduction through walls. The thermal resistances for internal convective (��), external 141 

convective (�	), and conductive heat transfer through walls (�
) can be calculated using the Eqs. (1)-(3) [27], hence the total 142 

thermal resistance is the sum of them by Eq. (4): 143 

�� = 1
ℎ����� (1) 

�	 = 1
ℎ	�	�� (2) 

�
 = �� ��	�� �2
���  
(3) 

��	� = �� + �	 + �
 (4) 

The overall heat transfer coefficient of the peripheric pipes or central pipe may be determined as follows [27]: 144 

�� = 1�� ⋅ ��	�,� (5) 

HTF

HTF

Source-
side fluid

Source-
side fluid

Return & collect

HTF

HTF

Source-
side fluid

Source-
side fluid

Return & collect



�� = 1�� ⋅ ��	�,� (6) 

 145 

The global heat transfer coefficient of the entire heat exchanger is finally calculated by the sum of the overall heat transfer 146 

coefficient of each pipe to the ratio of heat transfer area as shown in Eq. (7): 147 

� = �� ⋅ ���� + �� + �� ⋅ ���� + �� (7) 

Substituting Eq. (5) and (6) in (7), the Eq. (7) becomes: 148 

� = 1� ⋅ ��	�,� + 1� ⋅ ��	�,� (8) 

 149 

Internal convective heat transfer coefficient 150 

To determine the internal convective heat transfer coefficient (ℎ�), the Reynolds number of internal tube flow is calculated 151 

to determine the flow regime: 152 

��� = � ��!  (9) 

For internal pipe flow, the flow can be considered as laminar flow if ��� < 2300, and turbulent if ��� > 2900 [27]. It worth 153 

noting that for N peripheric pipes, the mean velocity � is calculated by the �� � being divided by N (N=10). 154 

In the case of fully developed laminar flow with constant surface temperature, and without considering the entrance 155 

development zone, the Nusselt number can be considered as constant: 156 

��� = 3.66 *+ ,- = ./�012�1 (10) 

For turbulent flow, the correlation provided by Gnielinski [27] is used to determine the Nusselt number: 157 

��� = (+ 8)(��� − 1000)78⁄1 + 12.7(+ 8⁄ ); <⁄ (78< =⁄ − 1) (11) 

This correlation is valid for 0.5 ≤ 78 ≤ 2000 and 3000 ≤ ��� ≤ 5 ⋅ 10@, and it can be applied for both constant heat flux and 158 

temperature conditions. In the equation, the Darcy friction factor + can be obtained from the Churchill equation (1977) [28] that 159 

is valid for all flow regimes: 160 

+ = 8 ⋅ A� BCD�;< + EF2.457 ⋅ ln J ;� KLM�N.OPQ.<R STU
VW;@ + �=RX=QCD �;@YZ;.X[

\\]
  (12) 

where ^ and ��  are the surface roughness (0.0015 mm for PU) and the inner diameter of the pipe. 161 

Once NuD is obtained, the internal convective heat transfer coefficient of the peripheric or central pipe is determined by Eq. 162 

(13): 163 

ℎ� = ���_��  (13) 

 164 



 165 

 166 

External heat transfer coefficient 167 

The external convection coefficient (ℎ	) depends on the relative flow pattern between the HTF and source-side fluid. As the 168 

soft heat exchanger is in a serpentine position, the complex flow pattern involves both parallel and crossflow, the latter being 169 

more favorable to convective heat transfer. Thus, the external convection coefficient around a serpentine-cylinder should be 170 

limited by values obtained by parallel and crossflow correlations.  171 

In parallel flow, the external convective heat transfer coefficient is calculated by considering the peripheric and central pipe 172 

to be a single united pipe. This united pipe together with the external water pipeline acts as a concentric tube annulus. The 173 

hydraulic diameter of the concentric tube annulus is calculated using Eq. (14): 174 

�` = 4��7 = ���< − 10��	< − ��	<��� + 10��	 + ��	  (14) 

Then, Eq. (9) allows determining Reynolds number with �` in place of �� . The flow regime is laminar with calculated Re = 745 175 

(source-side fluid flow rate 60 g/s) and for the case of fully developed laminar flow in an annulus, with one surface insulated 176 

and another surface at a constant temperature, ��	 entirely depends on the geometry of the concentric tube. Rohsenow et al. 177 

suggest ��	 = 4.17 [29]. 178 

The external convective heat transfer coefficient is then determined using: 179 

ℎ	 = ��	_�`   (15) 

 180 

In the case of crossflow, the flow structure can no longer be considered as an annulus, Eq. (14) for calculating hydraulic 181 

diameter is adjusted to Eq. (16)  as follows [27]: 182 

�` = ��	< + 10��	<��	 + 10��	 (16) 

To determine the Nusselt number on the external surface with calculated Re of about 52, the correlation for Re < 500 183 

presented by Hsu (1963) is used [30], as shown in Eq. (17). Although Churchill and Bernstein (1977) correlation [27] covers a 184 

larger range of Re through a single equation, the current study uses fixed source-side flow rate having constant Re, which 185 

makes Eq. (17) sufficient.  186 

�� = 0.43 + 0.48��;< (17) 

The formula for the external convective heat transfer coefficient in crossflow remains the same as described in Eq. (15). 187 

 188 

Heat transfer rates 189 

The heat transfer rate of the heat exchanger is calculated with the outlet temperatures determined by using the Logarithmic 190 

Mean Temperature Difference (LMTD) method. For the peripheric pipe and central pipe, the LMTD is expressed in Eqs. (18)-191 

(19)  [27]: 192 



�a,�� = b,
,	c� − ,def,gh − b,
,�i − ,def,�ih�� j,
,	c� − ,def,g,
,�i − ,def,�i k  
(18) 

�a,�� = b,
,	c� − ,def,gh − b,
,�i − ,def,	c�h�� j,
,	c� − ,def,g,
,�i − ,def,	c�k  
(19) 

It is worth noting the expression of LMTD is based on co-current flow pattern for peripheric pipes and counter-current flow for 193 

the central one. This is furtherly illustrated in Figure 4. 194 

Similarly, the heat conductance (UA) can be obtained for the peripheric and central pipe from Eqs. (5) and (6) as follows: 195 

(��)� = 1��	�,� (20) 

(��)� = 1��	�,� (21) 

The outlet temperatures, including the middle and outlet temperature of the HTF fluid (,def,g, ,def,	c�) and the outlet 196 

temperature of the source-side fluid (,
,	c�), can be derived by solving a system of three equations (22)-(24) with known 197 

information of inlet temperatures, flow rates, and heat conductance.  198 

(��)��a,�� = �� def.�,defb,def,g − ,def,�ih (22) 

(��)��a,�� = �� def.�,defb,def,	c� − ,def,gh (23) 

�� 
.�,
b,
,	c� − ,
,�ih = �� def.�,defb,def,�i − ,def,	c�h (24) 

With the solved outlet temperatures, the heat transfer rate is obtained respectively for the peripheric pipe and central pipe 199 

using the heat transfer equations (25)-(26). The global heat transfer rate is the sum of two components in series (Eq. (27)). 200 

��� = �� �.�,defb,def,�i − ,def,gh (25) 

��� = �� �.�,defb,def,g − ,def,	c�h (26) 

�� = ��� + ��� (27) 

 201 

EXPERIMENTAL PROCEDURE AND DATA ANALYSIS 202 

Experimental procedure 203 

The polymer heat exchanger is tested in a temperature-regulated water pipeline (with an internal diameter of 90 mm) for 204 

source-side fluid under operating mode Case 1 (Table 1), as shown in Figure 3. The heat exchanger is designed to have a length 205 

of 1.65 m, slightly shorter than the water pipeline. Both HTF and source-side fluid use water, and the inlet temperature of the 206 

source-side and HTF is maintained at 30 °C and 20 °C respectively by two thermostats. HTF is fed into the heat exchanger from 207 

the peripheric pipes and returned to the thermostat from the central pipe. At the heat exchanger inlet, outlet, and middle point, 208 

as well as the inlet and outlet of the water pipeline, fluid temperatures are measured by K-type thermocouples. The HTF-side 209 

pressure loss is measured by an AST5100 wet-wet differential pressure transmitter, with corresponding flow rates measured by 210 



Coriolis mass flowmeters (mini CORI-FLOW, Bronkhorst). The heat exchanger model and its corresponding temperature 211 

profile in this working mode (Case 1) are illustrated in Figure 4. 212 

During the experimental runs, the flow rate of the source-side fluid is kept at a constant value of 60 g/s. It is 4 to 15 times 213 

higher than the HTF flow rate (4.27-15.7 g/s) and allows a reasonable hypothesis of fixed temperature wall condition during 214 

heat convection coefficient estimation. The experiment is kept running continuously with varying HTF flow rates to determine 215 

its effects on the thermal performance of the heat exchanger. At each level of the HTF flow rates, four representative data points 216 

are chosen for further calculation and analysis. As a preliminary study, the influence of oscillation on heat exchanger 217 

performance is also tested. The oscillation is created manually by shaking the heat exchanger around its longitudinal axis. With 218 

the other end of the soft heat exchanger in free movement, a transient serpentine form is created with an amplitude of ±35 mm 219 

and under a frequency of 1-2 Hz. Approximatively 2-3 sinusoidal cycles constitute the total length of the heat exchanger (1.65 220 

m).  221 

The reading of thermocouples and flowmeters are automatically recorded by a computer. The main measurement 222 

uncertainties are from the thermocouples and flowmeters and are within ±0.5 °C and ±0.1 g/s, respectively. 223 

 224 

 

Figure 3 Schematic of the experimental setup. 
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Figure 4 The heat exchanger model (left) and the expected temperature profile (right) in heat recovery operating mode. 
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 227 

Experimental data analysis 228 

The experimental heat transfer rate between the HTF and source-side fluid can be calculated respectively for the peripheric 229 

pipes and central pipe using Eqs. (25)-(26), and the global heat transfer rate is the sum of the two components in series by Eq. 230 

(27). The experimental LMTD is estimated using the same Eqs. (18)-(19) for the peripheric pipe and central pipe, respectively. 231 

The heat conductance (UA) is determined as follows using the previously calculated LMTD: 232 

(��)� = ����a,�� (28) 

(��)� = ����a,��  (29) 

The overall heat transfer coefficient (U) can be calculated individually for peripheric and central pipe: 233 

�� = (��)���  (30) 

�� = (��)���  (31) 

Finally, the global heat transfer coefficient of the entire heat exchanger is obtained using the Eq. (7). 234 

 235 

RESULTS AND DISCUSSION 236 

Temperature profiles 237 

The outlet temperatures (,
,	c� , ,def,	c�  and ,def,g) of the polymer heat exchanger obtained from the experiment (EXP),  238 

parallel flow (PF), and crossflow (CF) theoretical models by the LMTD method are compared at various HTF flow rates, as 239 

shown in Figure 5. Constant inlet temperatures ,
,�i  and ,def,�i are averaged at measured values of 30.14 °C and 20.75 °C, 240 

respectively. As already illustrated in Figure 4, the HTF temperature lift can be divided into two parts: the temperature lifted in 241 

the peripheric pipes (,def,g − ,def,�i) and the temperature lifted in the central pipe (,def,	c� − ,def,g). Results reveal that, 242 

with about three-fold heat transfer area, the temperature lift in the peripheric pipes is substantially higher compared to the 243 

central pipe regardless of flow patterns. For example, for the HTF flow rate at 8.71 g/s, the experimental results show HTF 244 

temperature is increased from 20.75 °C to 24.26 °C after the peripheric pipes and then to 24.62 °C at the outlet of the central 245 

pipe. Moreover, since the flow rate of the source-side fluid (60 g/s) is about 4 to 15 times higher than the HTF flow rate, the 246 

temperature change in the source-side fluid is significantly smaller than that of HTF. According to experimental results, the 247 

maximum temperature difference in the source-side fluid is as low as 0.7 °C while the value is 6.09 °C in HTF. In addition, 248 

compared with inlet temperatures, the experimental outlet temperatures in both HTF and source-side fluid (water) are between 249 

those estimated by parallel flow and crossflow models, with crossflow giving the highest temperature differences. This confirms 250 

the particular parallel-cross mixed flow pattern between the serpentine-shape soft heat exchanger and source-side fluid. 251 



 

Figure 5: Comparison of outlet temperatures derived from experiment and theoretical models.  

 252 

Experimental heat transfer rate 253 

Heat transfer rate has been commonly used to evaluate the heat transfer performance of heat exchangers. With Eqs. (25)-254 

(26), the experimental heat transfer rate of the polymer heat exchanger is calculated, and the results are shown in Figure 6. For 255 

both peripheric and central pipes, the heat transfer rate increases with higher HTF flow rates. For the highest flow rate of 15.70 256 

g/s, the total heat transfer rate under the test condition (hot and cold inlets being respectively 30.14 °C and 20.75 °C) can 257 

achieve 168 W, leading to a linear value of 102 W/lm (watt per linear meter). Moreover, the peripheric pipes dominate the 258 

performance of the heat exchanger, accounting for 87%-95% of the global heat transfer rate in the tested flow range (22 W for 259 

the central pipe and 146 W for peripheric ones in the case of 168 W). This is mainly due to the relatively larger heat transfer 260 

surface of the peripheric pipe (0.145 m2) than that of the central one (0.052 m2).  261 

It worth noting the pressure loss of the HTF side is also measured for all flow rates and results show a maximal pressure 262 

drop of 24 588 Pa for the total length of 1.65 m. Details are given in Appendix A1.  263 

 264 

 

Figure 6 Experimental heat transfer rates for peripheric and central pipes at different HTF flow rates. (Error bars represent the 

standard deviation for a set of 4 repetitive test results) 
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 265 

Comparison with theoretical models 266 

The characteristics of heat exchanger in crossflow and parallel flow are studied with the theoretical LMTD model, which is 267 

validated by NTU-ε method (details in Appendix A2). The results are compared with the experimental ones, as illustrated in 268 

Figure 7 and Figure 8. It worth noting that the aim of theoretical models is to provide upper and lower limits of the 269 

experimental performance, instead of validating experimental results. 270 

Figure 7 shows the global heat transfer rate obtained from the experiment, parallel flow and crossflow theoretical models. It 271 

shows that the experimental result is in between the data provided by parallel flow and crossflow correlations. Comparing with 272 

the experimental results, the crossflow theoretical model gives 34%-64% higher global heat transfer rate in the studied range of 273 

HTF flow rate, of which 64% occurs at the highest HTF flow rate of 15.70 g/s; while the values are 50%-62% lower in the 274 

parallel flow. Therefore, it can be concluded that the actual flow in the heat exchanger during experimental runs is neither pure 275 

parallel flow nor crossflow, but a combination of the two. 276 

Figure 8 shows similar trends in terms of the global heat transfer coefficient. Compared with the experimental results, 277 

which range from 100 to 110 W/m2·K, the theoretical overall heat transfer coefficient in crossflow could double the 278 

experimental performance, whereas the coefficient in parallel flow could be reduced to 1/3. In other words, the theoretical 279 

model in crossflow and parallel flow prescribe an upper and a lower limit of thermal performance to the actual flow in the heat 280 

exchanger. Moreover, as the HTF flow rates increase and the corresponding internal flow regime turns from laminar to 281 

turbulent flow, the global heat transfer coefficient keeps stable for all three data series. This implies that the global heat transfer 282 

coefficient might be mainly limited by the external convection or the heat conduction through walls, instead of the internal 283 

convection.  284 

  285 

 

Figure 7 Comparison between experimental and theoretical global heat transfer rate. 

 Experiments are conducted with serpentine-shape heat exchanger in a straight water pipeline, which is a combination of 

crossflow and parallel flow. The theoretical results from crossflow and parallel flow convection correlation provide upper and 

lower limits of the heat exchanger performance. 
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Figure 8 Experimental global heat transfer coefficient and its upper and lower limits provided by theoretical cross-flow (CF) 

and parallel-flow (PF) models. 

 288 

 289 

Thermal resistances 290 

As over 87% of the global heat transfer rate is exchanged through the peripheric pipes, only the thermal resistances of the 291 

peripheric part is studied in this section. Figure 9 illustrates the influence of HTF flow rates and flow patterns (parallel flow and 292 

crossflow) on the three thermal resistances of peripheric pipes (Rpi, Rpw, and Rpo). Clearly, the total thermal resistance is 293 

considerably lower in crossflow than parallel flow, by a factor of about 7. Since the internal Dean flow for the case of crossflow 294 

pattern is considered negligible in this study, the only difference between parallel and crossflow lies in the external convention. 295 

It shows that external convective thermal resistance is the principal resistance in both flow patterns, accounting for more than 296 

90% of the total thermal resistance in parallel flow and about 50% in crossflow. This is due to the influence of a considerably 297 

lower external convective heat transfer coefficient caused by a larger hydraulic diameter on the external surface in comparison 298 

with the internal one. Therefore, the increase of HTF flow rates, which enhances the internal convention only, has little 299 

influence on the global thermal resistances in all flow rates and for both flow patterns. More importantly, comparing the three 300 

thermal resistances, the wall resistance in peripheric pipes (Rpw) is the lowest. The use of low-conductivity polymer can be 301 

potentially competitive to metal-made heat exchangers. Since the situation is slightly different in the central pipe, global heat 302 

exchange coefficient should be used to investigate the influence of thermal conductivity.   303 
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Figure 9  Thermal resistances of peripheric pipes in the cases of parallel flow and crossflow. 

 306 

Comparison with metal heat exchangers 307 

With the theoretical model, the material thermal conductivity is studied to determine its effects on the thermal performance 308 

of the heat exchanger in both cases of parallel flow and crossflow. The results obtained with PU (λ = 0.29 W/m·K) are 309 

compared with three selected metal heat exchangers, titanium, aluminum, and copper, whose thermal conductivity are 22 310 

W/m·K, 236 W/m·K, and 398 W/m·K, respectively. The global heat transfer coefficient is used as bases for comparison under 311 

the same working conditions: �� def = 10.86 g/s, THTF,in =  20.7 °C, Tw,in = 30.1 °C, �� 
 = 60 g/s. Three fictive PU with their 312 

thermal conductivities multiplied by a factor of 2, 4, and 6 are also analysed.  313 

Figure 10 shows the theoretical results of the global heat transfer coefficient as a function of thermal conductivity in the 314 

case of crossflow and parallel flow. The detailed comparison results, as well as their relative performance ratios to each metal 315 

heat exchanger, are listed in Table 2 and Table 3. The polymer heat exchanger shows promising performance compared with 316 

conventional metal ones with the same dimension and working conditions. For crossflow in Figure 10, the polymer heat 317 

exchanger is expected to have a U-value of 209.44 W/m2·K, while the best metal performance (Copper) gives 312.18 W/m2·K. 318 

For parallel flow, the values are respectively 36.18 W/m2·K and 39.37 W/m2·K. From the comparison results in Table 2 and 319 

Table 3, it is clear that the thermal performance of the heat exchanger made of PU can achieve about 67% and 92% of the 320 

titanium, aluminum, or copper heat exchanger in crossflow and parallel flow, respectively. If the thermal conductivity is doped 321 

by a factor of 6, reaching 1.74 W/m·K, the heat exchanger performance can achieve about 90% and 99% of the three selected 322 

metal materials, respectively in crossflow and parallel flow. As previously discussed, the experimental performance of PU-323 

made heat exchanger is limited by the parallel flow and crossflow models, it is reasonable to conclude that the heat exchanger 324 

can achieve a performance of 67%-92% of titanium, aluminum, or copper heat exchangers.   325 

Figure 10 also provides a design guide for polymer heat exchangers in terms of material choice. In the case of crossflow, 326 

there is a critical value (about 5.0 W/m·K) of material thermal conductivity that divides the performance curve into two parts. 327 

Below this value, the curve is very sharp, which means that improving thermal conductivity will considerably boost the heat 328 

exchanger thermal performance. However, over this value, the curve tends to be flat at 312 W/m·K and thus improving thermal 329 

conductivity contributes very little to the heat performance enhancement. In the case of parallel flow, the important critical 330 

value is about 1 W/m·K. Above this value, increasing thermal conductivity has little effect on the curve since U-value tends to 331 

stay at a constant global heat transfer coefficient of approximately 40 W/m2·K. From the heat exchange performance point of 332 
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view, improving thermal conductivity is worthless after the critical value since the main thermal resistance comes from the 333 

convective heat transfer, in particular the external one, rather than the pipe heat conduction (see Figure 9). As the real 334 

serpentine shape heat exchanger should be in between parallel and crossflow, the critical heat conductivity should be between 1 335 

and 5 W/m·K. 336 

 337 

  

Figure 10 Theoretical relation between global heat transfer coefficient and material thermal conductivity in the case of 

crossflow (left) and parallel flow (right) (working conditions: �� def = 10.86 g/s, THTF,in = 20.7 °C, Tw,in = 30.1°C, �� 
 = 60 g/s). 

 338 

Table 2 Performance comparison between heat exchanger made of different materials in crossflow. 339 

 340 

Table 3 Performance comparison between heat exchanger made of different materials in parallel flow.  341 

 342 
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Heat exchanger material λ [W/m·K] U [W/m2·K] U/UTi U/UAl U/UCu 

Polyurethane (PU) 0.29 209.44 0.678 0.671 0.671 

2·PU 0.58 242.10 0.783 0.776 0.776 

4·PU 1.16 267.74 0.866 0.858 0.858 

6·PU 1.74 279.36 0.904 0.895 0.895 

Titanium (Ti) 22 309.03 1 0.990 0.990 

Aluminum (Al) 236 312.05 1.010 1 1.000 

Copper (Cu) 398 312.18 1.010 1.000 1 

Heat exchanger material λ [W/m·k] U [W/m2·K] U/UTi U/UAl U/UCu 

Polyurethane (PU) 0.29 36.18 0.920 0.919 0.919 

2·PU 0.58 37.62 0.957 0.956 0.956 

4·PU 1.16 38.45 0.978 0.977 0.977 

6·PU 1.74 38.75 0.985 0.984 0.984 

Titanium (Ti) 22 39.32 1 0.999 0.999 

Aluminum (Al) 236 39.37 1.001 1 1.000 

Copper (Cu) 398 39.37 1.001 1.000 1 



 345 

Performance enhancement by oscillation – preliminary results 346 

As one of the advantages of using soft material, oscillation and its influence on thermal performance is studied 347 

experimentally. Manually agitation of the heat exchanger around its longitudinal axis creates serpentine-like movement with 348 

transient deformation. As described earlier, the heat exchanger deforms as an external force is applied, either from mechanical 349 

shaking or from the natural flow of the source side fluid. Figure 11 shows some preliminary experimental results of the heat 350 

transfer rate for a continuous experimental run at four different HTF flow rates. It is found that oscillation significantly 351 

improves thermal performance by more than 30% regardless of the HTF flow rates. This is presumably due to the disturbance 352 

of the flow characteristics by movement, which perturbs the thermal boundary layer and thus improves the external heat 353 

convection. As previously discussed, results from the theoretical model indicate that principal thermal resistance lies in the 354 

external convection between the pipe and source-side fluid. Disturbance from manual shaking allows a continuous reduction of 355 

the thermal boundary layer since the flow pattern alternates between parallel flow and crossflow. As a result, the crossflow 356 

pattern would be more pronounced than in a stationary situation.  357 

The thermal performance improvement by movement can be better illustrated by comparing the experimental results (with 358 

and without oscillation) with the theoretical performance limits (parallel flow and crossflow) under the same working 359 

conditions, as shown in Figure 12 (left). Compared with the stationary case, a clear increase of 30% in heat transfer rate is 360 

observed for the heat exchanger under oscillation, which suggests an enhanced thermal performance closer to that of crossflow 361 

(+60%). However, the performance is still within the theoretical performance range limited by parallel flow and crossflow 362 

correlations. It offers evidence that more crossflow pattern is presenting in the heat exchanger subjected to oscillational 363 

movement. The major heat transfer enhancement under oscillation may be explained by plotting the global heat transfer 364 

coefficient against Re in peripheric pipes, as shown in Figure 12 (right). In peripheral pipes, Re ranges from 379 to 873 with 365 

corresponding HTF flow rates from 6.35 to 15.59 g/s. A significant rise in the global heat transfer coefficient by about 50% can 366 

be observed for the heat exchanger under movement.  367 

 368 

 

Figure 11 Heat transfer rates comparison between fixed and oscillation positions at different HTF flow rates. 
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Figure 12 Heat transfer improvement by oscillation of the heat exchanger in the source-side fluid: (left) experimental results 

and theoretical limits and (right) experimental global heat transfer coefficients with respect to Re.  

 370 

 371 

CONCLUSIONS AND PERSPECTIVES 372 

In this paper, a patented soft polymer heat exchanger for wastewater heat recovery is studied to explore its heat transfer 373 

characteristics, including heat transfer rate, heat transfer coefficient, and thermal resistance. The effect of material thermal 374 

conductivity and oscillation on the thermal performance justifies the interests of the novel heat exchanger. Both experiments 375 

and theoretical calculations are carried out. 376 

Experimental results show a global heat transfer coefficient between 100-110 W/m2·K for an HTF flow rate of 4.27-15.70 377 

g/s and 60 g/s at the source side. It is further found that with a heat transfer area three times larger than the central pipe, the 378 

peripheric pipes are largely dominating (over 87%) the performance of the heat exchanger in terms of heat transfer rate. In 379 

addition, when subjected to a manually assisted serpentine-like movement, the heat exchanger shows a significantly better 380 

performance, with an increase of about 30% compared with a stationary situation.  381 

The theoretical models demonstrate that the performance of the polymer heat exchanger is in between the parallel and 382 

crossflow heat exchangers with the same configuration. More specifically, the experimental global heat transfer rate is up to 383 

64% lower than the theoretical value in crossflow while up to 62% higher than those estimated by the parallel flow model. 384 

Hence, it reveals that the actual flow pattern in the experiment is a combination of parallel flow and crossflow. In terms of 385 

thermal resistance, theoretical results confirm that the external convective thermal resistance is the dominant one, and the low 386 

thermal conductivity of polymer does not significantly deteriorate the global heat transfer coefficient. 387 

 With the theoretical models, a sensitivity study on the material thermal conductivity on heat exchanger performance is 388 

investigated. The results show that there is a critical value that divides the performance curve of the heat exchanger into two 389 

parts. Below this value, improving thermal conductivity will considerably boost the heat exchanger performance while over this 390 

value improving thermal conductivity contributes very little to the heat performance enhancement. This critical value is about 391 

5.0 W/m·K in the crossflow heat exchanger and 1.0 W/m·K in the parallel flow heat exchanger. For the specific polymer heat 392 

exchanger made of polyurethane in this paper, it can reach 67% and 92% of the titanium, aluminum, and copper heat exchanger 393 
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performance in crossflow and parallel flow, respectively. It can be concluded that using polymer materials to make heat 394 

exchangers can be thermally competitive to the conventional metal-based heat exchangers. 395 

The polymer heat exchanger presented in this paper shows high potentiality to be used in the wastewater heat recovery 396 

application, not only because of the merits of using polymer materials but also its unique adaption to the installation 397 

environment. Firstly, it is flexible and can be changed to any shape as required. Secondly, due to the low weight, it always 398 

floats on the upper part of the wastewater where the water temperature is usually higher than the bottom part. In this way, the 399 

heat transfer between wastewater and HTF can be maximized. As mentioned previously, the heat exchanger performance 400 

potentially can be further improved in a crossflow environment or under movement. Future works will be focused on the study 401 

of heat transfer enhancement by vibration with different frequencies and amplitudes preferably induced by source-side fluid. 402 

Other perspectives include the implementation of the polymer heat exchanger in a real case with specific environments.     403 
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APPENDICES 469 

A1: Pressure loss 470 

The pressure drop through the HTF side is measured by an AST5100 wet-wet differential pressure transmitter. HTF flowrate 471 

ranges from 4.3 to 15.7 g/s, and it the same with the thermal performance part. The pressure loss follows a logarithmic trend 472 

with respect to the mass flowrate, and its maximal and minimum values are respectively 7 132 Pa and 24 588 Pa for the total 473 

length of 1.65 m.  474 

 475 

 

 

Figure A1 HTF side pressure loss at the full range of flow rates. 

 476 

A2: Validation of LMTD with NUT- l method 477 

In order to validate theoretical results calculated from the LMTD method, NTU-ε method is used. The heat transfer rate is 478 

calculated separately for the peripheric pipe and central pipe. As the calculation procedures are the same, here taking the 479 

peripheric pipe as an example. The heat capacity rates (C) for the two fluids are determined as shown in Eqs. (32)-(33). The 480 

heat capacity ratio (mn) is then the minimum value to the maximum value of the two heat capacity rates (mdef, m
).  481 

mdef = �� def.�,def (32) 

m
 = �� 
.�,
 (33) 

mn = min(mdef , m
)max(mdef , m
) (34) 

The Number of Transfer Units (NTU) is defined as: 482 

�,� = (��)�min(mdef, m
) (35) 

The effectiveness (ε) is then estimated from Eqs. (36)-(37) depending on the flow patterns in the pipe [27]: 483 
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s� = 1 − expv−�,�(1 + mn)w1 + mn   (in parallel flow, peripheric pipe) (36) 

s� = 1 − expv−�,�(1 − mn)w1 − mn expv−�,�(1 − mn)w   (in crossflow, mn<1, central pipe)  (37) 

 Finally, the heat transfer rate can be evaluated according to Eqs. (38)-(39) from the above calculated results. The global heat 484 

transfer rate is calculated using Eq. (27).  485 

��� = s� ⋅ min (mdef, m
)(,
,�i − ,def,�i) (38) 

��� = s� ⋅ min (mdef , m
)(,
,�i − ,def,g) (39) 

With the heat transfer rates, the outlet temperatures can be determined as follows: 486 

,def,g = ,def,�i + ���mdef (40) 

,def,	c� = ,def,g + ���mdef (41) 

,
,	c� = ,
,�i − ��m
 (42) 

 487 

The comparison results of the HTF outlet temperature in crossflow derived from LMTD and NTU-ε methods are illustrated in 488 

Figure A2. The results obtained from LMTD method are numerically in line with that from NTU-ε method. The temperature 489 

differences between two methods are only 0.1 °C and 0.05 °C respectively at the HTF middle and outlet locations, which 490 

indicates that the LMTD method is highly accurate.    491 

 

 

Figure A2 A comparison between the HTF outlet temperatures in crossflow as calculated from LMTD and NTU-ε methods. 
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