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a b s t r a c t 

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

can be recovered by using a heat exchanger. Conventional metal heat exchangers for wastewater heat re- 

covery have common problems of corrosion, fouling and clogging, which makes it necessary to develop a 

new type of heat exchanger for such low-grade thermal energy recovery applications. This study deals 

with a novel patented polymer heat exchanger (WO2020049233A1) made of soft polyurethane tubes 

that are capable of oscillation once subjected to external forces. Laboratory tests coupled with theoret- 

ical analyses show a stable global heat transfer coefficient of 100-110 W/m 

2 ·K, achieving 67-92% of the 

performance of titanium-, aluminum-, and copper-made heat exchangers with the same configuration. 

It further reveals that the performance of the soft heat exchanger can be enhanced by 30% when it is 

under oscillation. In addition, the external convective thermal resistance appears to be the dominant one 

instead of heat conduction through the wall material. The special operating condition of heat recovery 

from a sewer pipeline makes the polymer heat exchanger particularly adapted with its equivalent ther- 

mal performance but advantages of high flexibility, modularity, and low cost. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

The growing world urbanization and climate change bring im-

inent challenges for the sustainable development of the society.

 recent study by U.S. Energy Information Administration [1] pre-

icted an increase in world energy consumption by nearly 50% be-

ween 2018-2050, of which almost all the increase comes from

on-OECD countries having strong economic growth and rapid ur-

anization pace. Cities appear to dominate energy consumption

nd CO 2 emissions. In 2013, the world’s urban areas accounted

or about 64% of global primary energy use and produced 70% of

he total CO 2 emissions [2] . More recently, the Covid-19 crisis in-

vitably urge the society to strengthen effort s made to the energy-

limate transition. 

Accessible, low-cost and stable alternative solutions are key to

eplace fossil-based energy. One way is to expand the share of re-
∗ Corresponding author. 
∗∗ Corresponding author at: Université Gustave Eiffel, ESIEE Paris, department SEN, 

-93162 Noisy le Grand, France. 

E-mail addresses: wangcheng3756@163.com (C. Wang), xiaofeng.guo@esiee.fr (X. 
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ewable energies, such as solar photovoltaic (PV), wind, and bioen-

rgy. However, this usually requires a considerable amount of fi-

ancial support and their implementation is severely dependent

n policy implementation, including the building of new energy

nfrastructures. Moreover, PV might be in conflict with agriculture

hen it comes to land occupation, while bioenergy can be in com-

etition with food. The mismatch between demand and renewable

roduction can also be problematic [3] . An alternative solution is

o increase energy efficiency by reusing or converting waste en-

rgy (mostly in the form of heat) to other forms of energy from

xisting systems. 

In recent years, wastewater in urban sewer networks has at-

racted extensive interest for thermal energy recovery because of

ts easy accessibility and high abundance. Wastewater released

rom showers, sinks, and drains contains significant quantities of

hermal energy, much higher than organic energy [4] . An amount

f 1.16 kWh thermal energy can be gained, if 1 m 

3 of water is

ooled down by 1 °C. According to Mazhar et al. [5] , approximately

.5 kWh of thermal energy per person per day could be harvested

nd used directly to meet thermal demands. Moreover, reusing

eat from wastewater also helps to reduce greenhouse gas emis-

ions. Takashi et al. [6] conducted a feasibility study in wastewater

https://doi.org/10.1016/j.ijheatmasstransfer.2020.120256
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2020.120256&domain=pdf
mailto:wangcheng3756@163.com
mailto:xiaofeng.guo@esiee.fr
https://doi.org/10.1016/j.ijheatmasstransfer.2020.120256


2 S. Lyu, C. Wang and C. Zhang et al. / International Journal of Heat and Mass Transfer 161 (2020) 120256 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a  

f  

M  

b  

b

 

a  

e  

f  

t  

e  

d  

i  

g

 

l  

c  

s  

e  

c  

c  

m  

t  

t  

u  

a  

[

 

c  

m  

f  

m  

t  

m  

t  

c  

i  

[  

fi  

a  

a  

f  

t  

1  

m  

m

 

e  

h  

c  

c  

c  

t  

r  

s  

[  

c  

i  

m  

t  

s  

t  

u  

h  

o  

d  
Nomenclature 

A Heat transfer area of the pipe [m 

2 ] 

A c Cross-sectional area of the pipe [m 

2 ] 

c p Specific heat capacity of water [J/kg ·K] 

D Diameter of the pipe [m] 

f Friction factor [-] 

h Convective heat transfer coefficient [W/m 

2 ·K] 

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

L Length of a unit pipe [m] 

LMTD Logarithmic mean temperature difference [K] 

˙ m Mass flow rate [kg/s] 

N Number of peripheric pipes [-] 

Nu Nusselt number [-] 

P Wetted perimeter of the pipe [m] 

Pr Prandtl number [-] 
˙ Q Heat transfer rate [W] 

R Thermal resistance [K/W] 

Re Reynolds number [-] 

T Temperature [ °C] 

u Fluid velocity [m/s] 

U Overall heat transfer coefficient [W/m 

2 ·K] 

UA Heat conductance [W/K] 

Greek symbols 

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

μ Fluid dynamic viscosity [Pa ·s] 

ρ Fluid density [m 

3 /kg] 

Subscripts 

Al Aluminum 

c Central pipe 

Cu Copper 

D Diameter 

h Hydraulic 

HTF Heat transfer fluid 

i Pipe inside 

in Inlet 

m Middle 

o Pipe outside 

out Outlet 

p Peripheric pipe 

s Surface 

tot Total 

Ti Titanium 

w Water in LMTD calculation / Wall in thermal resis- 

tance 

heat recovery and concluded that 2.5 tons of CO 2 can be avoided

per 10 0 0 0 m 

3 of wastewater. Guo and Hendel [7] performed a

case study in Paris to evaluate the field performance of a district-

scale wastewater heat recovery system with an effluent flow rate

of 115 m 

3 /h, and reported that up to 75% CO 2 could be reduced

annually with a primary energy savings of 32%. Cold recovery case

studies have also been carried out in Amsterdam drinking water

network by van der Hoek et al. [8] . 

Conventionally, there are two techniques to extract heat from

wastewater in urban sewer channels by means of heat exchangers.

There are already some existing systems or demonstrating projects

using both technologies worldwide [9–12] . The first technique (in-

tegrated system) is to install a metal-made tubular heat exchanger

at the bottom of the sewer pipeline [7,13] . Several tubular exchang-

ers with long length are often connected in series to achieve the

desired heat capacity, due to their relative small heat exchanger

surface and low heat transfer coefficient [7] . Apart from weight
nd cost, metal heat exchangers also have issues of corrosion and

ouling that often cause low efficiency or even failures [14,15] .

oreover, in sewer pipes, the efficiency of the heat exchanger will

e largely reduced if its surface is surrounded by sediments or

iofilms or is not completely submerged [13] . 

The second technique (external system) is to pump the wastew-

ter to a heat exchanger installed outside of the sewer. Spiral heat

xchangers with advantages of compact design, large exchange sur-

ace, and high heat transfer coefficient are usually used in this

echnique [16] . Besides, the high-speed flow through spiral heat

xchangers can reduce the effect of fouling. However, it requires a

edicated by-pass piping network and high installation and pump-

ng costs [13] . Also, regular maintenance is necessary to avoid clog-

ing by solid matters in wastewater. 

Hence, facing this new application, it is desirable to find a so-

ution to overcome those problems associated with metal heat ex-

hangers. One promising solution is to use polymer materials in-

tead of metals for manufacturing heat exchangers. Many differ-

nt polymer materials have been studied for their physicochemi-

al properties, such as polypropylene (PP), polyethylene (PE), poly-

arbonate (PC), polytetrafluoroethylene (PTFE), etc. [15,17] . These

aterials have advantages of greater corrosion and fouling resis-

ance, higher geometric flexibility, and they are easier to manufac-

ure with reduced energy of formation and fabrication [15,17] . The

se of polymer heat exchangers also helps to reduce transportation

nd installation costs, which eventually lowers the total investment

14] . 

Nevertheless, polymer materials have significant low thermal

onductivities of typically less than 0.5 W/m ·K compared to most

etals which range from 10 W/m ·K to 400 W/m ·K [15] . There-

ore, extensive research has been carried out to improve the ther-

al performance of polymer heat exchangers. The commonly used

echnique is to dope the polymer thermal conductivity by adding

etal, ceramic, or carbon-based particles into the polymer ma-

rix [15] . Breuer and Sundararaj [18] reported that the thermal

onductivity of PP could be increased by 120% with 1 wt.% load-

ng of single-walled carbon nanotubes (SWCNTs). Mamuya et al.

19] studied the thermal conductivity of polyvinyl chloride (PVC)

lled with copper powders at different filler volume contents

nd reported 3-4 times thermal conductivity improvements with

 filler volume content of 30%. Compared with the thermal per-

ormance of metal heat exchangers, Chen et al. [14] have shown

hat a modified PP heat exchanger with thermal conductivity of

5 W/m ·K can achieve 95% of the titanium heat exchanger perfor-

ance and 84% of the aluminum or copper heat exchanger perfor-

ance with the same dimensions. 

In addition to conductivity enhancement of polymers, the op-

rating condition, in particular vibration or other movements, also

ave potentially high impacts on heat exchanger performance. Re-

ently, vibration effects on heat transfer enhancement have been

onfirmed numerically or experimentally. Shi et al. [20] numeri-

ally studied heat transfer enhancement by Vortex-Induced Vibra-

ion (VIV) generated by a cylindrical obstacle in a channel. Their

esults indicate that VIV can significantly increase the average Nus-

elt number up to 90.1% over that of a smooth channel. Liu et al.

21] used an experimental approach to study the effects of me-

hanical vibration on heat transfer characteristics of laminar flow

n a circular heated tube. An increased Nusselt number and a

aximum heat transfer enhancement of 14.94% was found owing

o the vibration. A more sophisticated technique is to use ultra-

onic vibration to enhance heat transfer. Chen et al. [22] inves-

igated the heat transfer enhancement under ultrasonic vibration

sing a stainless steel circular heater rod, and found a maximum

eat transfer increment of 1 557 W/m 

2 ·K with an increment ratio

f 3.01. In terms of energy input, however, their ultrasonic trans-

ucer requires a total power of 150 W with a frequency of 40 Hz.
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Table 1 

Different operating modes of the polymer heat exchanger. 

Cases Port 1 Port 2 Relative temperature Type of recovery 

Case 1 HTF in HTF out T HTF < T source Heat recovery 

Case 2 HTF out HTF in T HTF < T source Heat recovery 

Case 3 HTF in HTF out T HTF > T source Cold recovery 

Case 4 HTF out HTF in T HTF > T source Cold recovery 

Fig. 2. Schematic view of the heat exchanger in different positions and their cor- 

responding fluid flow patterns (left: straight position with parallel flow; right: ser- 

pentine position with mixed parallel-cross flow). 
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ndesirable local heating could be problematic for the use of ultra-

ounds [23,24] . To our knowledge, the use of unmodified polymer

eat exchanger in sewer wastewater heat recovery has yet not ap-

eared in the literature. 

In this paper, we report a newly patented polymer heat ex-

hanger (WO2020049233A1) designed for wastewater heat recov-

ry from sewers [25] . Laboratory experiments are carried out to

etermine its heat transfer characteristics, including heat transfer

ate, heat transfer coefficient, and thermal resistance. As a unique

dvantage, oscillational movement of the soft heat exchanger is

lso studied to explore the heat transfer enhancement potential

ompared with standstill position (which is true to all classical

igid heat exchangers). In the absence of established correlation

or serpentine-shape cylinder heat convection, theoretical results

btained from ideal models of parallel flow and crossflow heat ex-

hanger with the same dimension and working conditions are used

o define the upper and lower performance limits of the studied

eat exchanger. Based on the model, the sensibility of heat ex-

hanger performance on material thermal conductivity allows the

omparison with metal heat exchangers. The data and results from

his paper may offer some reference for the design and use of poly-

er heat exchanger in wastewater heat recovery or similar appli-

ations. 

. Polymer heat exchanger 

.1. Design and dimensions 

Fig. 1 shows schematically the structure of the novel heat ex-

hanger and the dimension of the tested prototype. The heat ex-

hanger is made of polymer polyurethane (PU), consisting of ten

eripheric pipes and one central pipe [25] . The pipes are connected

t one end by a cap for fluid return and this end is freely immersed

n the source-side fluid (wastewater). The peripheric pipes (Port 1)

nd central pipe (Port 2) at the other end allow the feeding and

eturn of the heat transfer fluid (HTF). 

Manufactured by extrusion, this soft polymer heat exchanger

olds important advantages of high modularity and flexibility.

amely, it can be prefabricated then cut into any length ac-

ording to the capacity requirement or installation environment.

he heat exchanger can be operated at four different modes de-

ending on the direction of HTF flow and relative temperatures

etween the HTF and source-side fluid, as shown in Table 1 .

eat recovery refers to the situations when HTF temperature is

ower than that of the source-side, while cold recovery refers to
Cap for HTF return

Source-side fluid

Peripheric pipes

Central pipe

Source-side fluid

Port 1

Port 2

Fig. 1. Basic structure of the soft polymer heat excha
he cases when HTF temperature is higher than the source-side

uid. 

.2. Flow patterns 

The soft nature of the material, together with the one end in

ree movement, makes the heat exchanger be easily deformed dur-

ng operation due to external forces (turbulent flow, natural con-

ection, thermocline, vortices, etc.). The deformation of the heat

xchanger changes not only the shape but also the flow pattern

etween the HTF and source-side fluid. Fig. 2 illustrates positions

f the heat exchanger (only one peripheric pipe is shown instead

f ten) in both straight and serpentine positions and their corre-

ponding flow patterns. In the straight position, parallel flow dom-

nates heat transfer between the HTF and source-side fluid, with

eripheric pipes being co-current and the central pipe in counter-

urrent configuration. However, a crossflow is created when the
nger (left) and dimension of the pipes (right). 
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heat exchanger is in the serpentine position, which could enhance

the external convection. Moreover, previous studies [26,27] have

shown that Dean vortices can be formed when a fluid flows in a

curved channel, resulting in an enhanced internal convective heat

transfer. In sum, the facility of deformation of the novel heat ex-

changer makes it potentially more performant compared to a rigid

heat exchanger under equal material and operating conditions. 

3. Theoretical model 

3.1. Overall heat transfer coefficient 

The overall heat exchange coefficient ( U ) depends on those of

peripheric ( U p ) and central pipes ( U c ). Each of them depends on in-

ternal and external convection and conduction through walls. The

thermal resistances for internal convective ( R i ), external convective

( R o ), and conductive heat transfer through walls ( R w 

) can be calcu-

lated using the Eqs. (1) - (3) [27] , hence the total thermal resistance

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

R i = 

1 

πh i D i NL 
(1)

R o = 

1 

πh o D o NL 
(2)

R w 

= 

ln 

(
D o 
D i 

)
2 πλNL 

(3)

R tot = R i + R o + R w 

(4)

The overall heat transfer coefficient of the peripheric pipes or

central pipe may be determined as follows [27] : 

 p = 

1 

A p · R tot ,p 
(5)

 c = 

1 

A c · R tot ,c 
(6)

The global heat transfer coefficient of the entire heat exchanger

is finally calculated by the sum of the overall heat transfer coef-

ficient of each pipe to the ratio of heat transfer area as shown in

Eq. (7) : 

 = U p · A p 

A p + A c 
+ U c · A c 

A p + A c 
(7)

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

 = 

1 

A · R tot ,p 
+ 

1 

A · R tot ,c 
(8)

3.2. Internal convective heat transfer coefficient 

To determine the internal convective heat transfer coefficient

( h i ), the Reynolds number of internal tube flow is calculated to de-

termine the flow regime: 

Re D = 

uρD i 

μ
(9)

For internal pipe flow, the flow can be considered as laminar

flow if Re D < 2300, and turbulent if Re D > 2900 [27] . It worth not-

ing that for N peripheric pipes, the mean velocity u is calculated

by the ˙ m p being divided by N ( N = 10). 

In the case of fully developed laminar flow with constant sur-

face temperature, and without considering the entrance develop-

ment zone, the Nusselt number can be considered as constant: 

N u D = 3 . 66 i f T s = constant (10)
For turbulent flow, the correlation provided by Gnielinski [27] is

sed to determine the Nusselt number: 

u D = 

( f/ 8 ) ( Re D − 10 0 0 ) Pr 

1 + 12 . 7 ( f/ 8 ) 
1 / 2 

(
P r 2 / 3 − 1 

) (11)

This correlation is valid for 0.5 ≤ Pr ≤ 20 0 0 and

0 0 0 ≤ Re D ≤ 5 · 10 6 , and it can be applied for both con-

tant heat flux and temperature conditions. In the equation, the

arcy friction factor f can be obtained from the Churchill equation

1977) [28] that is valid for all flow regimes: 

f = 8 ·

⎡ 

⎣ 

(
8 

Re 

)12 

+ 

⎛ 

⎝ 

{ 

2 . 457 · ln 

( 

1 (
7 
Re 

)0 . 9 + 0 . 27 

ε 
D i 

) } 16 

+ 

(
37530 

Re 

)16 
) −1 . 5 

⎤ 

⎦ 

1 
12 

(12)

here ɛ and D i are the surface roughness (0.0015 mm for PU) and

he inner diameter of the pipe. 

Once Nu D is obtained, the internal convective heat transfer

oefficient of the peripheric or central pipe is determined by

q. (13) : 

 i = 

Nu D k 

D i 

(13)

.3. External heat transfer coefficient 

The external convection coefficient ( h o ) depends on the relative

ow pattern between the HTF and source-side fluid. As the soft

eat exchanger is in a serpentine position, the complex flow pat-

ern involves both parallel and crossflow, the latter being more fa-

orable to convective heat transfer. Thus, the external convection

oefficient around a serpentine-cylinder should be limited by val-

es obtained by parallel and crossflow correlations. 

In parallel flow, the external convective heat transfer coefficient

s calculated by considering the peripheric and central pipe to be a

ingle united pipe. This united pipe together with the external wa-

er pipeline acts as a concentric tube annulus. The hydraulic diam-

ter of the concentric tube annulus is calculated using Eq. (14) : 

 h = 

4 A c 

P 
= 

D 

2 
ti 

− 10 D 

2 
po − D 

2 
co 

D ti + 10 D po + D co 
(14)

Then, Eq. (9) allows determining Reynolds number with D h in

lace of D i . The flow regime is laminar with calculated Re = 745

source-side fluid flow rate 60 g/s) and for the case of fully devel-

ped laminar flow in an annulus, with one surface insulated and

nother surface at a constant temperature, Nu o entirely depends

n the geometry of the concentric tube. Rohsenow et al. suggest

u o = 4.17 [29] . 

The external convective heat transfer coefficient is then deter-

ined using: 

 o = 

Nu o k 

D h 

(15)

In the case of crossflow, the flow structure can no longer be

onsidered as an annulus, Eq. (14) for calculating hydraulic diame-

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

 h = 

D 

2 
co + 10 D 

2 
po 

D co + 10 D po 
(16)

To determine the Nusselt number on the external surface with

alculated Re of about 52, the correlation for Re < 500 presented

y Hsu (1963) is used [30] , as shown in Eq. (17) . Although Churchill

nd Bernstein (1977) correlation [27] covers a larger range of Re
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hrough a single equation, the current study uses fixed source-side

ow rate having constant Re, which makes Eq. (17) sufficient. 

u = 0 . 43 + 0 . 48 Re 
1 
2 (17) 

The formula for the external convective heat transfer coefficient

n crossflow remains the same as described in Eq. (15) . 

.4. Heat transfer rates 

The heat transfer rate of the heat exchanger is calculated

ith the outlet temperatures determined by using the Logarith-

ic Mean Temperature Difference (LMTD) method. For the periph-

ric pipe and central pipe, the LMTD is expressed in Eqs. (18) and

19) [27] : 

MT D p = 

( T w, out − T HTF ,m 

) − ( T w, in − T HTF , in ) 

ln 

(
T w, out −T HTF ,m 

T w, in −T HTF , in 

) (18) 

MT D c = 

( T w, out − T HTF ,m 

) − ( T w, in − T HTF , out ) 

ln 

(
T w, out −T HTF ,m 

T w, in −T HTF , out 

) (19) 

It is worth noting the expression of LMTD is based on co-

urrent flow pattern for peripheric pipes and counter-current flow

or the central one. This is furtherly illustrated in Fig. 4 . 

Similarly, the heat conductance (UA) can be obtained for the

eripheric and central pipe from Eqs. (5) and (6) as follows: 

( UA ) p = 

1 

R tot ,p 
(20) 

( UA ) c = 

1 

R tot ,c 
(21) 
Water
pipeline

T

T

T

THTF,out

THTF,in

Tw,in
T

T

Thermostat 1

Thermostat 2

A

T

Source-

Sourc
flu

HTF

HTF ou

HTF inl

Thermo

Flowmeter

Flowmeter

Fig. 3. Schematic of the e
The outlet temperatures, including the middle and outlet tem-

erature of the HTF fluid ( T HTF, m 

, T HTF, out ) and the outlet temper-

ture of the source-side fluid ( T w, out ), can be derived by solving

 system of three equations (22) - (24) with known information of

nlet temperatures, flow rates, and heat conductance. 

( UA ) p LMT D p = 

˙ m HTF c p, HTF ( T HTF ,m 

− T HTF , in ) (22) 

( UA ) c LMT D c = 

˙ m HTF c p, HTF ( T HTF , out − T HTF ,m 

) (23) 

˙ 
 w 

c p,w 

( T w, out − T w, in ) = 

˙ m HTF c p, HTF ( T HTF , in − T HTF , out ) (24) 

With the solved outlet temperatures, the heat transfer rate is

btained respectively for the peripheric pipe and central pipe using

he heat transfer equations (25) - (26) . The global heat transfer rate

s the sum of two components in series ( Eq. (27) ). 

˙ 
 p = 

˙ m p c p, HTF ( T HTF , in − T HTF ,m 

) (25) 

˙ 
 c = 

˙ m c c p, HTF ( T HTF ,m 

− T HTF , out ) (26) 

˙ 
 = 

˙ Q p + 

˙ Q c (27) 

. Experimental procedure and data analysis 

.1. Experimental procedure 

The polymer heat exchanger is tested in a temperature-

egulated water pipeline (with an internal diameter of 90 mm) for

ource-side fluid under operating mode Case 1 ( Table 1 ), as shown

n Fig. 3 . The heat exchanger is designed to have a length of 1.65

, slightly shorter than the water pipeline. Both HTF and source-

ide fluid use water, and the inlet temperature of the source-side
Water
pipeline

T

T

w,out

HTF,m

B

side fluid flow

e-side
id

tlet flow

et flow

couples

xperimental setup. 
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Co-current
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Counter-current
section

Peripheric pipes
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Tw,in Tw,out
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Fig. 4. The heat exchanger model (left) and the expected temperature profile (right) in heat recovery operating mode. 
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models. 
and HTF is maintained at 30 °C and 20 °C respectively by two ther-

mostats. HTF is fed into the heat exchanger from the peripheric

pipes and returned to the thermostat from the central pipe. At the

heat exchanger inlet, outlet, and middle point, as well as the inlet

and outlet of the water pipeline, fluid temperatures are measured

by K-type thermocouples. The HTF-side pressure loss is measured

by an AST5100 wet-wet differential pressure transmitter, with cor-

responding flow rates measured by Coriolis mass flowmeters (mini

CORI-FLOW, Bronkhorst). The heat exchanger model and its corre-

sponding temperature profile in this working mode (Case 1) are

illustrated in Fig. 4 . 

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 higher

than the HTF flow rate (4.27-15.7 g/s) and allows a reasonable hy-

pothesis of fixed temperature wall condition during heat convec-

tion coefficient estimation. The experiment is kept running contin-

uously with varying HTF flow rates to determine its effects on the

thermal performance of the heat exchanger. At each level of the

HTF flow rates, four representative data points are chosen for fur-

ther calculation and analysis. As a preliminary study, the influence

of oscillation on heat exchanger performance is also tested. The os-

cillation is created manually by shaking the heat exchanger around

its longitudinal axis. With the other end of the soft heat exchanger

in free movement, a transient serpentine form is created with an

amplitude of ±35 mm and under a frequency of 1-2 Hz. Approx-

imatively 2-3 sinusoidal cycles constitute the total length of the

heat exchanger (1.65 m). 

The reading of thermocouples and flowmeters are automatically

recorded by a computer. The main measurement uncertainties are

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

4.2. Experimental data analysis 

The experimental heat transfer rate between the HTF and

source-side fluid can be calculated respectively for the peripheric

pipes and central pipe using Eqs. (25) and (26) , and the global

heat transfer rate is the sum of the two components in series

by Eq. (27) . The experimental LMTD is estimated using the same

Eqs. (18) and (19) for the peripheric pipe and central pipe, respec-

tively. 

The heat conductance (UA) is determined as follows using the

previously calculated LMTD: 

( UA ) p = 

˙ Q p 

LMT D p 
(28)

( UA ) c = 

˙ Q c 

LMT D 

(29)

c 
The overall heat transfer coefficient (U) can be calculated indi-

idually for peripheric and central pipe: 

 p = 

( UA ) p 
A p 

(30)

 c = 

( UA ) c 
A c 

(31)

Finally, the global heat transfer coefficient of the entire heat ex-

hanger is obtained using the Eq. (7) . 

. Results and discussion 

.1. Temperature profiles 

The outlet temperatures ( T w, out , T HTF, out and T HTF, m 

) of the poly-

er heat exchanger obtained from the experiment (EXP), paral-

el flow (PF), and crossflow (CF) theoretical models by the LMTD

ethod are compared at various HTF flow rates, as shown in

ig. 5 . Constant inlet temperatures T w, in and T HTF, in are averaged

t measured values of 30.14 °C and 20.75 °C, respectively. As al-

eady illustrated in Fig. 4 , the HTF temperature lift can be di-

ided into two parts: the temperature lifted in the peripheric pipes

 T HT F,m 

− T HT F,in ) and the temperature lifted in the central pipe

 T HT F,out − T HT F,m 

). Results reveal that, with about three-fold heat
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Experiments are conducted with serpentine-shape heat exchanger in a straight wa- 

ter 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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Fig. 8. Experimental global heat transfer coefficient and its upper and lower limits 

provided by theoretical cross-flow (CF) and parallel-flow (PF) models. 

Table 2 

Performance comparison between heat exchanger made of different materials in 

crossflow. 

Heat exchanger material λ [W/m ·K] U [W/m 

2 ·K] U/U Ti U/U Al U/U Cu 

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 

c  

F  

v  

s

 

p  

t  
ransfer area, the temperature lift in the peripheric pipes is sub-

tantially higher compared to the central pipe regardless of flow

atterns. For example, for the HTF flow rate at 8.71 g/s, the experi-

ental results show HTF temperature is increased from 20.75 °C to

4.26 °C after the peripheric pipes and then to 24.62 °C at the outlet

f the central pipe. Moreover, since the flow rate of the source-

ide fluid (60 g/s) is about 4 to 15 times higher than the HTF

ow rate, the temperature change in the source-side fluid is signif-

cantly smaller than that of HTF. According to experimental results,

he maximum temperature difference in the source-side fluid is as

ow as 0.7 °C while the value is 6.09 °C in HTF. In addition, com-

ared with inlet temperatures, the experimental outlet tempera-

ures in both HTF and source-side fluid (water) are between those

stimated by parallel flow and crossflow models, with crossflow

iving the highest temperature differences. This confirms the par-

icular parallel-cross mixed flow pattern between the serpentine-

hape soft heat exchanger and source-side fluid. 

.2. Experimental heat transfer rate 

Heat transfer rate has been commonly used to evaluate the heat

ransfer performance of heat exchangers. With Eqs. (25) and (26) ,

he experimental heat transfer rate of the polymer heat exchanger

s calculated, and the results are shown in Fig. 6 . For both periph-

ric and central pipes, the heat transfer rate increases with higher

TF flow rates. For the highest flow rate of 15.70 g/s, the total heat

ransfer rate under the test condition (hot and cold inlets being

espectively 30.14 °C and 20.75 °C) can achieve 168 W, leading to a

inear value of 102 W/lm (watt per linear meter). Moreover, the pe-

ipheric pipes dominate the performance of the heat exchanger, ac-

ounting for 87%-95% of the global heat transfer rate in the tested

ow range (22 W for the central pipe and 146 W for peripheric

nes in the case of 168 W). This is mainly due to the relatively

arger heat transfer surface of the peripheric pipe (0.145 m 

2 ) than

hat of the central one (0.052 m 

2 ). 

It worth noting the pressure loss of the HTF side is also mea-

ured for all flow rates and results show a maximal pressure drop

f 24 588 Pa for the total length of 1.65 m. Details are given in

ppendix A1 . 

.3. Comparison with theoretical models 

The characteristics of heat exchanger in crossflow and parallel

ow are studied with the theoretical LMTD model, which is vali-

ated by NTU- ε method (details in Appendix A2). The results are
ompared with the experimental ones, as illustrated in Fig. 7 and

ig. 8 . It worth noting that the aim of theoretical models is to pro-

ide upper and lower limits of the experimental performance, in-

tead of validating experimental results. 

Fig. 7 shows the global heat transfer rate obtained from the ex-

eriment, parallel flow and crossflow theoretical models. It shows

hat the experimental result is in between the data provided by
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Fig. 9. Thermal resistances of peripheric pipes in the cases of parallel flow and 

crossflow. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 

Performance comparison between heat exchanger made of different materials in 

parallel flow. 

Heat exchanger material λ [W/m ·K] U [W/m 

2 ·K] U/U Ti U/U Al U/U Cu 

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 
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c  
parallel flow and crossflow correlations. Comparing with the ex-

perimental results, the crossflow theoretical model gives 34%-64%

higher global heat transfer rate in the studied range of 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 parallel flow. Therefore,

it can be concluded that the actual flow in the heat exchanger dur-

ing experimental runs is neither pure parallel flow nor crossflow,

but a combination of the two. 

Fig. 8 shows similar trends in terms of the global heat trans-

fer coefficient. Compared with the experimental results, which

range from 100 to 110 W/m 

2 ·K, the theoretical overall heat transfer

coefficient in crossflow could double the experimental perfor-

mance, whereas the coefficient in parallel flow could be reduced

to 1/3. In other words, the theoretical model in crossflow and par-

allel flow prescribe an upper and a lower limit of thermal perfor-

mance to the actual flow in the heat exchanger. Moreover, as the

HTF flow rates increase and the corresponding internal flow regime

turns from laminar to turbulent flow, the global heat transfer co-

efficient keeps stable for all three data series. This implies that the

global heat transfer coefficient might be mainly limited by the ex-

ternal convection or the heat conduction through walls, instead of

the internal convection. 
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Fig. 10. Theoretical relation between global heat transfer coefficient and material therm

conditions: ˙ m HTF = 10.86 g/s, T HTF,in = 20.7 °C, T w,in = 30.1 °C, ˙ m w = 60 g/s). 
.4. Thermal resistances 

As over 87% of the global heat transfer rate is exchanged

hrough the peripheric pipes, only the thermal resistances of the

eripheric part is studied in this section. Fig. 9 illustrates the influ-

nce of HTF flow rates and flow patterns (parallel flow and cross-

ow) on the three thermal resistances of peripheric pipes (R pi , R pw, 

nd R po ). Clearly, the total thermal resistance is considerably lower

n crossflow than parallel flow, by a factor of about 7. Since the

nternal Dean flow for the case of crossflow pattern is considered

egligible in this study, the only difference between parallel and

rossflow lies in the external convention. It shows that external

onvective thermal resistance is the principal resistance in both

ow patterns, accounting for more than 90% of the total thermal

esistance in parallel flow and about 50% in crossflow. This is due

o the influence of a considerably lower external convective heat

ransfer coefficient caused by a larger hydraulic diameter on the

xternal surface in comparison with the internal one. Therefore,

he increase of HTF flow rates, which enhances the internal con-

ention only, has little influence on the global thermal resistances

n all flow rates and for both flow patterns. More importantly, com-

aring the three thermal resistances, the wall resistance in periph-

ric pipes ( R pw 

) is the lowest. The use of low-conductivity poly-

er can be potentially competitive to metal-made heat exchangers.

ince the situation is slightly different in the central pipe, global

eat exchange coefficient should be used to investigate the influ-

nce of thermal conductivity. 

.5. Comparison with metal heat exchangers 

With the theoretical model, the material thermal conductiv-

ty is studied to determine its effects on the thermal perfor-

ance of the heat exchanger in both cases of parallel flow and

rossflow. The results obtained with PU ( λ = 0.29 W/m ·K) are
0
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al conductivity in the case of crossflow (left) and parallel flow (right) (working 
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Fig. 11. Heat transfer rates comparison between fixed and oscillation positions at 

different HTF flow rates. 
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ompared with three selected metal heat exchangers, titanium,

luminum, and copper, whose thermal conductivity are 22 W/m ·K,

36 W/m ·K, and 398 W/m ·K, respectively. The global heat transfer

oefficient is used as bases for comparison under the same work-

ng conditions: ˙ m HT F = 10.86 g/s, T HTF,in = 20.7 °C, T w,in = 30.1 °C,

˙  w 

= 60 g/s. Three fictive PU with their thermal conductivities

ultiplied by a factor of 2, 4, and 6 are also analysed. 

Fig. 10 shows the theoretical results of the global heat trans-

er coefficient as a function of thermal conductivity in the case

f crossflow and parallel flow. The detailed comparison results, as

ell as their relative performance ratios to each metal heat ex-

hanger, are listed in Tables 2 and 3 . The polymer heat exchanger

hows promising performance compared with conventional metal

nes with the same dimension and working conditions. For cross-

ow in Fig. 10 , the polymer heat exchanger is expected to have

 U-value of 209.44 W/m 

2 ·K, while the best metal performance

Copper) gives 312.18 W/m 

2 ·K. For parallel flow, the values are re-

pectively 36.18 W/m 

2 ·K and 39.37 W/m 

2 ·K. From the comparison

esults in Tables 2 and 3 , it is clear that the thermal performance

f the heat exchanger made of PU can achieve about 67% and 92%

f the titanium, aluminum, or copper heat exchanger in crossflow

nd parallel flow, respectively. If the thermal conductivity is doped
Base line
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ig. 12. Heat transfer improvement by oscillation of the heat exchanger in the source-si

lobal heat transfer coefficients with respect to Re. 
y a factor of 6, reaching 1.74 W/m ·K, the heat exchanger per-

ormance can achieve about 90% and 99% of the three selected

etal materials, respectively in crossflow and parallel flow. As pre-

iously discussed, the experimental performance of PU-made heat

xchanger is limited by the parallel flow and crossflow models, it

s reasonable to conclude that the heat exchanger can achieve a

erformance of 67%-92% of titanium, aluminum, or copper heat ex-

hangers. 

Fig. 10 also provides a design guide for polymer heat exchang-

rs in terms of material choice. In the case of crossflow, there is

 critical value (about 5.0 W/m ·K) of material thermal conductiv-

ty that divides the performance curve into two parts. Below this

alue, the curve is very sharp, which means that improving ther-

al conductivity will considerably boost the heat exchanger ther-

al performance. However, over this value, the curve tends to be

at at 312 W/m ·K and thus improving thermal conductivity con-

ributes very little to the heat performance enhancement. In the

ase of parallel flow, the important critical value is about 1 W/m ·K.

bove this value, increasing thermal conductivity has little effect

n the curve since U-value tends to stay at a constant global heat

ransfer coefficient of approximately 40 W/m 

2 ·K. From the heat ex-

hange performance point of view, improving thermal conductivity

s worthless after the critical value since the main thermal resis-

ance comes from the convective heat transfer, in particular the ex-

ernal one, rather than the pipe heat conduction (see Fig. 9 ). As the

eal serpentine shape heat exchanger should be in between paral-

el and crossflow, the critical heat conductivity should be between

 and 5 W/m ·K. 

.6. Performance enhancement by oscillation – preliminary results 

As one of the advantages of using soft material, oscillation and

ts influence on thermal performance is studied experimentally.

anually agitation of the heat exchanger around its longitudinal

xis creates serpentine-like movement with transient deformation.

s described earlier, the heat exchanger deforms as an external

orce is applied, either from mechanical shaking or from the nat-

ral flow of the source side fluid. Fig. 11 shows some preliminary

xperimental results of the heat transfer rate for a continuous ex-

erimental run at four different HTF flow rates. It is found that

scillation significantly improves thermal performance by more

han 30% regardless of the HTF flow rates. This is presumably

ue to the disturbance of the flow characteristics by movement,
50
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which perturbs the thermal boundary layer and thus improves

the external heat convection. As previously discussed, results from

the theoretical model indicate that principal thermal resistance

lies in the external convection between the pipe and source-side

fluid. Disturbance from manual shaking allows a continuous reduc-

tion of the thermal boundary layer since the flow pattern alter-

nates between parallel flow and crossflow. As a result, the cross-

flow pattern would be more pronounced than in a stationary

situation. 

The thermal performance improvement by movement can be

better illustrated by comparing the experimental results (with and

without oscillation) with the theoretical performance limits (par-

allel flow and crossflow) under the same working conditions, as

shown in Fig. 12 (left). Compared with the stationary case, a clear

increase of 30% in heat transfer rate is observed for the heat ex-

changer under oscillation, which suggests an enhanced thermal

performance closer to that of crossflow ( + 60%). However, the per-

formance is still within the theoretical performance range limited

by parallel flow and crossflow correlations. It offers evidence that

more crossflow pattern is presenting in the heat exchanger sub-

jected to oscillational movement. The major heat transfer enhance-

ment under oscillation may be explained by plotting the global

heat transfer coefficient against Re in peripheric pipes, as shown

in Fig. 12 (right). In peripheral pipes, Re ranges from 379 to 873

with corresponding HTF flow rates from 6.35 to 15.59 g/s. A signif-

icant rise in the global heat transfer coefficient by about 50% can

be observed for the heat exchanger under movement. 

6. Conclusions and perspectives 

In this paper, a patented soft polymer heat exchanger for

wastewater heat recovery is studied to explore its heat transfer

characteristics, including heat transfer rate, heat transfer coeffi-

cient, and thermal resistance. The effect of material thermal con-

ductivity and oscillation on the thermal performance justifies the

interests of the novel heat exchanger. Both experiments and theo-

retical calculations are carried out. 

Experimental results show a global heat transfer coefficient be-

tween 100-110 W/m 

2 ·K for an HTF flow rate of 4.27-15.70 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

peripheric pipes are largely dominating (over 87%) the perfor-

mance of the heat exchanger in terms of heat transfer rate. In

addition, when subjected to a manually assisted serpentine-like

movement, the heat exchanger shows a significantly better perfor-

mance, with an increase of about 30% compared with a stationary

situation. 

The theoretical models demonstrate that the performance of

the polymer heat exchanger is in between the parallel and cross-

flow heat exchangers with the same configuration. More specifi-

cally, the experimental global heat transfer rate is up to 64% lower

than the theoretical value in crossflow while up to 62% higher than

those estimated by the parallel flow model. Hence, it reveals that

the actual flow pattern in the experiment is a combination of par-

allel flow and crossflow. In terms of thermal resistance, theoretical

results confirm that the external convective thermal resistance is

the dominant one, and the low thermal conductivity of polymer

does not significantly deteriorate the global heat transfer coeffi-

cient. 

With the theoretical models, a sensitivity study on the mate-

rial thermal conductivity on heat exchanger performance is inves-

tigated. The results show that there is a critical value that divides

the performance curve of the heat exchanger into two parts. Be-

low this value, improving thermal conductivity will considerably

boost the heat exchanger performance while over this value im-

proving thermal conductivity contributes very little to the heat
erformance enhancement. This critical value is about 5.0 W/m ·K
n the crossflow heat exchanger and 1.0 W/m ·K in the parallel flow

eat exchanger. For the specific polymer heat exchanger made of

olyurethane in this paper, it can reach 67% and 92% of the tita-

ium, aluminum, and copper heat exchanger performance in cross-

ow and parallel flow, respectively. It can be concluded that using

olymer materials to make heat exchangers can be thermally com-

etitive to the conventional metal-based heat exchangers. 

The polymer heat exchanger presented in this paper shows high

otentiality to be used in the wastewater heat recovery applica-

ion, not only because of the merits of using polymer materials but

lso its unique adaption to the installation environment. Firstly, it

s flexible and can be changed to any shape as required. Secondly,

ue to the low weight, it always floats on the upper part of the

astewater where the water temperature is usually higher than

he bottom part. In this way, the heat transfer between wastewa-

er and HTF can be maximized. As mentioned previously, the heat

xchanger performance potentially can be further improved in a

rossflow environment or under movement. Future works will be

ocused on the study of heat transfer enhancement by vibration

ith different frequencies and amplitudes preferably induced by

ource-side fluid. Other perspectives include the implementation

f the polymer heat exchanger in a real case with specific environ-

ents. 
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ppendices 

1. Pressure loss 

The pressure drop through the HTF side is measured by an

ST5100 wet-wet differential pressure transmitter. HTF flowrate

anges from 4.3 to 15.7 g/s, and it the same with the thermal per-

ormance part. The pressure loss follows a logarithmic trend with

espect to the mass flowrate, and its maximal and minimum val-

es are respectively 7 132 Pa and 24 588 Pa for the total length of

.65 m ( Fig. A1 ). 

2. Validation of LMTD with NUT- ɛ method 

In order to validate theoretical results calculated from the LMTD

ethod, NTU- ε method is used. The heat transfer rate is calculated

eparately for the peripheric pipe and central pipe. As the calcula-

ion procedures are the same, here taking the peripheric pipe as

n example. The heat capacity rates (C) for the two fluids are de-

ermined as shown in Eqs. (32) - (33) . The heat capacity ratio ( C r ) is

hen the minimum value to the maximum value of the two heat

apacity rates ( C HTF , C w 

). 

 HTF = 

˙ m HTF c p, HTF (32)

 w 

= 

˙ m w 

c p,w 

(33)
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Fig. A1. HTF side pressure loss at the full range of flow rates. 
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 r = 

min ( C HTF , C w 

) 

max ( C HTF , C w 

) 
(34) 

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

TU = 

( UA ) p 
min ( C HTF , C w 

) 
(35) 

The effectiveness ( ε) is then estimated from Eqs. (36) - (37) de-

ending on the flow patterns in the pipe [27] : 

 p = 

1 − exp [ −NTU ( 1 + C r ) ] 

1 + C r 

( in parallel flow , peripheric pipe ) (36) 

 c = 

1 − exp [ −NTU ( 1 − C r ) ] 

1 − C r exp [ −NTU ( 1 − C r ) ] 

( in crossflow , C r < 1 , central pipe ) (37) 

Finally, the heat transfer rate can be evaluated according to

qs. (38) - (39) from the above calculated results. The global heat

ransfer rate is calculated using Eq. (27) . 

˙ 
 p = ε p · min ( C HTF , C w 

) ( T w, in − T HTF , in ) (38) 

˙ 
 c = ε c · min ( C HTF , C w 

) ( T w, in − T HTF ,m 

) (39) 

With the heat transfer rates, the outlet temperatures can be de-

ermined as follows: 

 HTF ,m 

= T HTF , in + 

˙ Q p 

C HTF 

(40) 

 HTF , out = T HTF ,m 

+ 

˙ Q c 

C HTF 

(41) 

 w, out = T w, in −
˙ Q 

C w 

(42) 

The comparison results of the HTF outlet temperature in cross-

ow derived from LMTD and NTU- ε methods are illustrated in

ig. A2 . The results obtained from LMTD method are numerically

n line with that from NTU- ε method. The temperature differences

etween two methods are only 0.1 °C and 0.05 °C respectively at the

TF middle and outlet locations, which indicates that the LMTD

ethod is highly accurate. 
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