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ABSTRACT

Sewage wastewater heat exchanger (SWHE) has a significant role in the performance of
sewage wastewater sourced heat pump (SWSHP) system as it provides to transfer the energy
of wastewater to intermediary fluid or working fluid. Thus, a theoretical analysis of the
SWSHP system was carried out to investigate the effects of SWHE design parameters on
the system’s performance. For this purpose, a simulation program based on the proposed
mathematical model of the SWSHP system was developed in MATLAB. Afterward, the
indirect type SWSHP system that can meet 50 kW heating load was theoretically designed.
The influences of SW temperature, its mass flow rate, the inner diameter of the heat exchanger
tube, and intermediary fluid mass flow rate on the performance of the designed SWSHP
system were analyzed. The results indicate that variation of SW temperature affects the
COPgys more than the variation of SW mass flow rate. Considering the ranges of parameters
investigated, the COPgys raises from 2.56 to 4.51 and 2.89 to 4.27 with the variations of SW
temperature and SW flow rate, respectively. Moreover, an increase in the intermediary fluid
mass flow rate provides an improvement on the COPsys and COP,,i. However, SWSHP
performance is adversely affected by the increasing value of the inner diameter of the tubes.
As a result, small changes in the design parameters of the SWHE directly affect the system
performance and system operating conditions.
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INTRODUCTION

With the developing technology and increasing world
population, the energy demand is gradually growing. Most
of this energy demand is met by fossil fuels such as crude
oil, natural gas, and coal. However, these energy resources
are non-renewable, create economic problems if they are
imported, and lead to negative impacts on the environ-
ment. Therefore, shifting the energy demand from fossil
fuels to domestically produced renewable energy should be
a high priority for the governments.

The share of heating load plays an important role in the
residential and public buildings’ total energy demand which
is generally relied on fossil fuels. Therefore, heat pump
(HP) technology could be a promising alternative to reduce
and possibly eliminate the reliance on fossil fuel for meet-
ing the heating load of buildings due to its cost-effective,
energy-efficient, and environmentally friendly characteris-
tics, and it has been successfully used in many commercial
and industrial applications, recently [1-3]. In HP systems,
water, air, and soil are generally used as low-temperature
heat sources [4] . Unlike these heat sources, the systems
assisted by sewage wastewater (SW) have also been devel-
oped in recent years. The sewage wastewater-sourced heat
pump (SWSHP) systems were first developed in Norway in
the early 1980s and later, a 3.3 MW system was installed in
Sweden [5]. SWSHP systems have not been studied exten-
sively in the literature and have not received enough atten-
tion. However, some of the studies on the heat recovery
from sewage waste or the SWSHP designs in the literature
are stated as follows. Zhou and Li [6] investigated the char-
acteristics of SW, and the HP system installed in a waste-
water treatment plant in China in terms of economical and
technical aspects. The authors reported that SW tempera-
ture and flow rate do not show significant variation dur-
ing the year, and it is an important resource for HP systems
due to its cost-effective feature. Cipollo and Maglionico [7]
monitored the daily and seasonal alteration of the tempera-
ture and flow rate of the SW in Bologna, Italy. The authors
reported that the SW temperature varies from 11 °C to 16 °C
in winter and the thermal power potential of Bologna’s sew-
age system is 74 kW with a 5.9°C temperature drop and 3
L/s flow rate. In general, the researchers have acknowledged
that energy recovery from wastewater has a salient poten-
tial, and its utilization can greatly reduce carbon emissions
and pollutants released into the environment [8-11]. Oh et
al. [12] dynamically analyzed the thermal storage tank of
the SWSHP in a vertical water treatment building using the
TRNSYS simulation program. Both single and double HP
systems have been studied by taking into account different
heating zones of the building. The average COP values for
single and double HP systems were calculated as 4.79 and
4.92 for heating, and 3.76 and 3.68 for cooling, respectively.
Cho and Yun [13] reported that the raw wastewater HP
system designed with the flow rate of 190 L/min which is

approximately 3.17 kg/s for the heating and cooling of the
control room in a treatment plant is more efficient compared
to the air-sourced HP system; in addition, it was found that
the average COP value is 3.3 and 7.2 for heating and cooling
seasons, respectively. Li and Li [14] compared the perfor-
mance of the SWSHP system with the performance of the
geothermal water sourced HP system. It was reported that
the efficiency of the SWSHP system is higher than that of
the geothermal-water-sourced HP system under the same
operating conditions. It was also mentioned that the exergy
losses occurred mostly in the compressor. Additionally,
in the literature, two different design approaches, namely
direct and indirect have been used to transfer heat from SW
to the refrigerant fluid. In the direct systems, SW enters the
evaporator and releases its heat to the refrigerant. On the
other hand, in the indirect type systems, the SW enters an
external heat exchanger and the heat is transferred from the
SW to the intermediate fluid. Then, the intermediate fluid
enters the evaporator and transfers its heat to the refriger-
ant. Qian [15] emphasized in his study that the COP value
of the directly designed system is 0.3 higher and the SW
temperature affects the performance linearly in both system
designs. The direct type design shows higher performance,
but in order to implement it on the system, SW must be
treated before entering the evaporator since heat trans-
fer is negatively affected by the presence of dirt and other
particles in the SW. Therefore, directly designed systems
are equipped with filtering devices to prevent the stated
problem[16]. However, filtering devices cannot completely
remove particles smaller than 2 mm; hence, these small
particles enter the heat exchanger and cause fouling [17].
Fouling adversely affects the performance and life of the sys-
tem, and thanks to that, many researchers have conducted
studies to investigate the consequences, reduction, and pre-
diction of fouling. While generally artificial wastewater is
used in experimental studies, Song et al. [18] used the real
SW in their study and developed a mathematical model to
calculate the asymptotic fouling resistance. In the devel-
oped model, the author expressed the asymptotic fouling
resistance as a function of the initial velocity of the SW and
time constant and it can be used in the theoretical design
of heat exchangers. Many researchers have conducted stud-
ies on the various type of sewage heat exchangers [19-21]
using different materials like steel, plastic [22], and com-
posite [23]. However, Culha et al. [24] reported that most
academic studies and commercial applications occur on the
exclusive design of shell and tube heat exchangers. Shen et
al. [25] conducted experimental and theoretical studies on
a direct type shell and tube heat exchanger called DESTE.
They reported that increasing the wastewater mass flow rate
from 0.45 L/s to 1.43 L/s approximately increases the COP
from 2.45 to 3.5. Also, they reported that the capacity of the
heat exchanger decreases when the thermal resistance -due
to fouling- is greater than 2.5x10. Liu et al. [26] experimen-
tally and numerically tested the heating performance of the
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actual indirect HP system using untreated SW with an inlet
temperature of 11°C as a source and reported that the ther-
mal resistance caused by convection and pollution consti-
tutes 80% of the total thermal resistance. Qin and Hao [27]
theoretically analyzed the performance of a direct sewage
source heat pump when the temperature of SW at the inlet
is between 12 °C and 13 °C. It was pointed out that the sys-
tem’s COP is approximately 3.75.

In the available literature, it is observed that the effect
of fouling resistance on the performance of sewage heat
exchangers is generally neglected or evaluated by using
the estimated values of fouling resistance. In addition,
numerical studies investigating the temperature and flow
rate effects on the system components are scarce, or not
reported in detail. In this framework, unlike to open litera-
ture, a mathematical model of the SWSHP system includ-
ing the fouling effect in an indirect type SW heat exchanger
is proposed by benefiting from up-to-date literature, and
then a simulation program is built in MATLAB within the
framework of this model to analyze the several SW heat
exchanger design parameters and operating conditions in
detail. Afterward, the indirect type SWSHP system that can
meet 50 kW heating load is theoretically designed. Finally,
the effects of the temperature of the SW, its flow rate, the
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inner diameter of the heat exchanger tube, and the inter-
mediary fluid mass flow rate on the performance of the SW
heat exchanger, fouling resistance, total pumping power,
evaporator temperature, refrigerant’s mass flow rate and its
quality at the inlet of the evaporator and overall system per-
formance are numerically analyzed.

MODELLING

The SWSHP systems consist of three cycles: end-user,
HP, and SW cycle. The HP cycle consists of an evapora-
tor, compressor, condenser, throttling valve, and auxiliary
equipment. The SW side includes a specially designed heat
exchanger and intermediary fluid section to transfer the
waste heat to the evaporator. In the designed system, the
end- user cycle was not considered, and a mathematical
model was developed for the combined HP and SW cycles.
The schematic view of the SWSHP system and the P-h dia-
gram of the HP cycle are given in Fig la. and 1b.

Heat Pump Cycle

The developed thermodynamic model for the HP cycle
is presented as follows. The compressor’s power required to
raise the refrigerant pressure from point 1 to 2 was evaluated

P,;zpl

=Y

(b)

Figure 1. a) the schematic view of the SWSHP system, b) the P-k diagram of the HP cycle.
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by taking its isentropic, electrical, and mechanical efficien-
cies into account and computed by Eq. (1).

vvvcomp — mr'(hZS _hl)

77m 'nel 'nis

(1)

It was assumed that there is no heat loss in the con-
denser, and hence, the Egs. (2) and (3) can be written.

m,(h,—h)=m.c, (T, ,~T,,) 2)
(h h ) W p w (Tw_in _Tw_a) (3)

The rate of heat transfer from refrigerant to air in the
condenser and SW to the refrigerant in the evaporator can
be easily calculated by the logarithmic mean temperature
difference (LM'TD) approach.

Q. =U_A, AT,

im_c

and Q,=U,.A AT, . 4)

Where,

(1, - ) (-1,
N e (s
(1, ~1)(5,0 -1,

Tone = ln[(Tw,a -1, )/(TW in TI)]

The refrigerant enthalpy was assumed to be the con-
stant through the throttling valve (h3;=h,) because of the
negligible heat transfer.

(5)

Sewage Wastewater Cycle

Special attention needs to be given to the design of
SWHE because of the fouling problem adversely affecting
the heat transfer. In this study, the SW part of the system
was equipped with the most preferred shell and tube heat
exchanger in the literature. The heat transfer model for the
SWHE is presented below. The maximum rate of heat that
can be benefited from SW through the SWHE is expressed
by Eq. (6). The amount of heat transferred to the intermedi-
ary fluid from the SW is specified by Eq. (7).

st = msw‘cp_sw'<’1-;w_in _Tlsw_o) (6)
QW :mw‘cp_w'(Tw_o _Tw_in) (7)
The overall heat transfer coefficient (U,,,.) for the

SWHE is evaluated by Eq. (8). In this equation, the foul-
ing resistance on the intermediary fluid side was neglected
since it is very small compared to the other thermal
resistances.

g =1/ (R, _,, +1In(d, /d,) /(27 LK,)+1/a,, +1/a, ) (8)

Fouling resistance is defined as a function of the time
and the initial velocity of the SW and it approaches an
asymptotic value over time [18]. In this work, the asymp-
totic value of the fouling resistance of the SW side (R o)
was taken into account and evaluated by Eq. (9) that can be
used in the range of wastewater velocities from 0.82 m/s to
1.60 m/s for SW velocity.

R 12.9—-4.75V

f_sw ( sw zmtml) 1074 (9)
In the modeling, it was assumed that the SW flows
through the tubes and the intermediary fluid passes through
the shell side in SWHE. The convective heat transfer coef-
ficients for the tube and shell side are given in Egs. (10) and

(11), respectively.

a, :0.012.(Re°'87—280).Pr0'4[H—(di Ly 3].(km /d,) (10)

a, =0,7.0,35.Re" .Pr"* (k, /d, ) (11)
The velocity of the SW passing through the tubes was
computed by Eq. (12) [28].

Vi =(4m,,s/7dlp, ) [1/C.((Dyy —002)/d,)'| (12)

Eqs (13) includes a set of equations. It was first used
to design the shell part of the heat exchanger in ques-
tion, andthen, to evaluate the velocity of intermediary fluid
which flows through the shell side [28,29].

S, =1.25d,, D,, ., =1.27/d,.(S} —0.785d. ),
D, ,=11/d,.(S —0917d})

A =(S,—d,)eD,, /S, e=L/(N,+1)

shell _ca

VW :mw/pw'Ashell_ca (13)
The Number of Transfer Units (NTU) method is applied
to estimate the outlet temperatures of the SW and interme-
diary fluid. The effectiveness of the SWHE was evaluated by
the Eq. (14) employed for one shell and n tube pass cross-

flow heat exchangers without mixing fluids.

1+exp|-NTU(1+C})" ]

—2{1+C +(1+C*)"/
) ( ) lfexp[ —NTU 1+C2 05]

Egs. (15) and (16) were used to calculate the outlet tem-
peratures of the SW and intermediary fluid.
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T, ,=T.

SW_o sw_in

— s.Cmm.<Tsw_,n -T, ., )/msw.cp_sw (15)

T, ,=T, —s.Cmm.<Tsw_m —Tw_i)/mw.cp_w (16)

Pressure Drop in SWHE

The pressure drop (AP) in the SWHE's tubes was calcu-
lated by Eq. (17) [29]. The f, expresses the Fanning friction
coeflicient and can be computed by the Eq. (18) [30].

AP, =p,,(2.f N, LV} /d,+125N,.V.,)

W

(17)

f, =0.079/Re}> (18)

sw

The pressure drop in the shell side (AP, ) was evaluated

by Eq. (19)[31]

shell

AP, = 8'jf7k‘<Dshell/Ded7t ).(L/e).(pW.VWZ/Z)

—0.14 (19)
-(NW/MWH )

The following correlation proposed by Kizilkan is uti-
lized to evaluate the dimensionless pressure factor (j ,)
[31]. In the below equation, x represents the In(Re).

—0.1292x° +6.332x* —136.3x> +1257x°
—5232x 47703
x* +45.12x* —604.9x +1136

Inj, , = (20)

u,,, needs to be evaluated at wall temperature (T, ) that
can be estimated by Eq. (21).

Twall = 0’5'[(’11514/71'14 +71w70>/2+<Tw7in + TW,O )/2] (21)

Performance Analysis of the System

The coefficient of performance of the heat pump cycle
(COP ) and the whole system (COPM) are defined as in
Egs. (22) and (26), respectively.

COPtmit = Qlaud /M/comp (22)
CO}Dsys = Qload/(m/vcomp + Wp_t + Wp_shell) (23)

where,
W, =AP.m/p.n, (24)

The correlations proposed in the literature were utilized
to calculate the thermophysical properties of SW, interme-
diary fluid (clean water), and refrigerants [25,32,33].

In the next subsection, a general designing of SWSHP
to conduct the parametric study was done by a MatLab

simulation program based on the proposed mathematical
model of the SWSHP system.

Design of the HP Unit and SWHE

Firstly, by benefiting the literature [33-35], the follow-
ing operating conditions were taken into consideration to
the size the capacity of HP parts for various refrigerants
such as R134a, R404a, R410a, R502, R22, and R12.

o The heating load or capacity of the condenser was

assumed to be 50 kW.

o The ambient temperature was constant at 23°C.

o Condenser and evaporator temperatures

accepted to be 35°C and 1°C, respectively.

o Air enters the condenser at 20°C and goes out at

30°C.

o Intermediary fluid enters the evaporator at 8°C and

comes out at 5°C.

o The compressor’s isentropic, mechanical, and electri-

cal efficiencies are 0.70, 0.85, and 0.90, respectively.

Fig 2a shows the algorithm of HP part design and, algo-
rithm for SWSHP system performance analyses is given in
Fig 2b. Under the conditions presented above, the capacity
of the HP system’s parts for various refrigerants was deter-
mined by benefiting from the developed simulation pro-
gram in MATLAB based on the proposed thermodynamic
model above. The obtained results from this analysis are
presented in Table 1. It is clear from Table 1 that R134a and
R12 refrigerants have a superior impact on the COP . In
this study, R134a was chosen to be the refrigerant since it is
more environmentally friendly and leads to a higher COP
value.

Due to its characteristics, SW causes significant foul-
ing in the heat exchanger. This fouling adversely affects the
performance of the heat exchanger and hence, the perfor-
mance of the overall system. Therefore, special attention
needs to be given to the design of the SWHE. In this work,
the SWHE was re-designed by taking the following recom-
mended criteria in the literature into consideration [35,36]
The velocity of the SW, the inner diameter of the tubes and
the difference between the inlet and outlet temperatures of
the SW were taken to be around 0.9-1.1 m/s, 16-20 mm and
2-4 °C, respectively. According to the proposed mathemati-
cal model, a MATLAB program based on a trial and error
approach was developed to design the SWHE in question.
In the SWHE design, it was assumed that the SW enters
the SWHE with a flow rate of 4.50 kg/s at 14°C, while the
intermediary fluid enters the SWHE at a flow rate of 3.28
kg/s at a temperature of 5°C and leaves at a temperature of
8°C. The values of the output parameters under the assumed
operating conditions are presented in Table 2.

were

Parametric Analysis on the SWHE and SWSHP System

Up to this point, the HP and SWHE are designed
according to the assumed design input parameters given
in section 2. In fact, the parameters such as the flow rate
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Input Given Value
Heating, R134a, Qload, Tia, Tok, nu_is, nu_m, nu_eL TS, T6, Tc,Te

v

Calculate

UAc, Pe. P T1,h1s1,526125, T26,h2, T2 s2.h3,

y

Determination of Point 4
Estimate quality of refrigerant

(x4_as=0.001)

Calculate
h4 cal

hdcal-h3<0

x4_as=x4, hdcal=h4

Calculate

mr, Qe, Weomp, UAe, COPuait, mw

v

End

@

Input given parameters

Heating, R134a, Qc, Lt, Dshell, d:, do.kw, Nb, s, duz_tip, msw 7, T6 , mw, np, Tia,

Toa, nu_m, nu_el, UAc, Te, UAe

x4_as=x4_as+0.0001

v

Calculate

QswE, Ts, Ts, Wp, Re_sw, Vsw...

v

Calculate

Weomp, Te, Pe, Pe, T3, h3, s3,T1, hi, s1,

v

Determination of point 4
Estimate quality of refrigerant (x4_as=0.001)

Calculate
h4_cal

hdcal - h3<0

x4_as=x4_as+0.0001

x4_as=x4, hdcal=h4
Calculate

my, Qe, h2, T2s, h2s, 525, T2, 52, Weomp, Qc, ma,

COPunit. COPsys.....

End

(b)

Figure 2. a) Algorithm for the HP part design b) Algorithm for the SWSHP system performance analyses.

Table 1. The capacity of HP system’s parts for various refrigerants

Refrigerant

R134a R404a R410a R502 R22 R12
COP, i 4.40 3.97 391 4.03 4.16 4.41
Q. (kW) 41.31 40.35 40.22 40.50 40.81 41.35
P, (bar) 3.03 6.11 8.27 5.58 5.12 3.19
(UA).(kW/C) 7.70 7.53 7.50 7.55 7.61 7.71
Q. (kW) 50 50 50 50 50 50
P, (bar) 8.85 15.74 21.42 14.46 13.46 8.53
UA.(kW/C) 5.49 5.49 5.49 5.49 5.49 5.49
W, (kW) 11.36 11.35 12.78 12.41 12.01 11.30
X 0.2437 0.3110 0.2603 0.2713 0.2086 0.2158
m; (kg/s) 0.2757 0.3555 0.2466 0.3679 0.2527 0.3453
m,, (kg/s) 3.28 3.20 3.19 3.21 3.24 3.28
mq (kg/s) 4.98 4.98 4.98 4.98 4.98 4.98
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Table 2. Design parameters of SWHE
INPUT DESIGN PARAMETERS OUTPUT DESIGN PARAMETERS
Geometrical Parameters Geometrical Parameters Heat Transfer Values
L (m) 2.43 N, 38.00 Uswie (W/m°C) 584
di (m) 0,017 Si (m) 0.0263 UAswrr (W/m) 7.11
d, (m) 0,021 e(m) 0.0714 Qswre (kW) 41.35
Dipen (m) 0.240 Ded (m) 0.0149 Tov 0 (°C) 11.89
Ny 13 Aspell_ ca (M?) 0.0034 Tw., (°C) 8.00
Arrangement Triangle Apta (M) 12.184
s 2 Flow Properties Circulation Pump Load
Intermediary Fluid Ve (m/s) 1.05 AP, (kPa) 317.66
m,, (kg/s) 3.28 Vy (m/s) 0.96 APy (kPa) 97.36
Tw_in (°C) 5.00 Rey, 5879 W, (kW) 1.79
SW Re, 9386 Wo_shert (kW) 0.40
My, (kg/s) 4.50 Thermal Resistances Convection Coefficients
Ts_in (°C) 14.00 R:(m°C/ W) 0.00023 s (W/m°C) 2318
Other Ry 4 (M°C/ W) 0.00079 a,, (W/m°C) 3887
fp 0.80
ki (W/m.°C) 60.00
and temperature of the SW may vary in seasonal or daily U, and Qg in SWHE. It is also clear that SWHE with

periods and hence, the SWSHP system’s performance.
Additionally, SWHE’s tube inner diameter and interme-
diary water mass flow rate have great importance on the
SWHE performance. Therefore, a parametric analysis
has been conducted to examine the influence of these
parameters on the fouling resistance, rate of heat transfer
in the SWHE, total pumping power, evaporator tempera-
ture, the intermediary fluid temperature at the evaporator
inlet, steam quality, refrigerant mass flow rate, COP_and
CoP

sys

RESULTS AND DISCUSSION

The Effect of Investigated Parameters on the SWHE
Performance

The effects of the investigated parameters on the V_
and the R, are presented in Fig. 3. It is seen that the V|
increases linearly as the m_ is increased. As it is expected
that when the m_ is decreased, the V_ decreases and the
R, increases accordingly. An increase in d, results in a
decrease in the V and hence, an increase in the R, . The
temperature of SW and m_ are a negligible influence on the
vV andR .

Fig. 4 shows the influence of investigated parameters on
the Q. and Uy, ... The U . is positively affected by the
increasing value of m_ . The reason behind this behavior can
be explained by the fact that an increase in the m_ causes a

decrease in the Rf ., Which creates an enhancement on both

the U, . are adversely affected as the d, is increased. Since,
an increase in d, causes a decrease in the V_ and hence, an
increase in the R, . The influence of SW temperature on

fosw’
the U, . is very small as it is compared to Q,,,,,, in SWHE.

This iéwglie to the fact that the physical properties of the SW
do not vary significantly in the range of SW temperature
investigated, and thus, the U, , almost remains the con-
stant. Additionally, it is stated above that R variation with
SW temperature is also very small. The seen positive effect
on the Q. in SWHE is sourced from an increase in tem-
perature difference between fluids. A significant enhance-
ment on the Q in SWHE is also observed as the m_ is
increased.

The influence of investigated parameters on the W,
is shown in Fig. 5. The W, increases with the increasing
value of m_ since it causes higher AP . The variation in the
SW temperature does not affect the V_ and the thermos-
physical properties of the SW, and hence, the W, nearly
remains constant. An increase in d, leads to a decrease
in the V_, and hence, W, . The increasing value of m
creates an adverse influence on the W because of the

p_total
mcreasing pressure drop.

SWHE

w

The effect of considered parameters on the HPu;
performance

In indirect type SWSHP systems, the amount of
energy extracted from the SW directly affects the work-
ing conditions and capacities of the HP parts. The effects
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Figure 7. The effect of investigated parameters on x and m_

inner diameter, d) intermediary water mass flow rate.

of investigated parameters on T, and T ,  are presented
in Fig. 6. The T, ,  increases from 7.74 °C to 8.13 °C with
the increasing value of m . That change occurs due to the
increasing Q. in SWHE which results in an increase in
T, , .asthem isincreased.Itisalso clear from Fig. 6 that
the T decreases from 1.34 °C to 0.81°C with the increase in
stm in SWHE and the T, . . The observed effect of SW
temperature on T, and T, is almost the same as that of
them . Anincreasesin d, and m_ increase the T  while caus-
inga decrease in the T, . . However, the effect of d, on the
Tand T, ,  areverysmall

The influences of investigated parameters on the x and
m_are shown in Fig. 7. An increase in m_, SW temperature,
and m_ slightly increases the x and m , while an increase in
the d, causes a decrease in x and m_due to the decrease in Q
in SWHE, and hence, Q..

The effects of investigated parameters on the COP
and COP__ are given in Fig. 8. It is clear that the COP
and COP__are around 3 and very close to each other at low
m,, values (m_ = 3.5 kg/s). The COP__ and COP__gen-
erally increase with the increasing value of m_. However,
when the m_ is increased, the COP_ increases less than the

oA
COP . dueto theincrease in the AP, It is also obvious that

a) wastewater flow rate, b) wastewater temperature, c) tube

the COP__ and COP__atlow SW temperatures are almost
the same and increase as the SW temperature is increased.
Also, the effect of SW temperature on the COP and COP_
is more remarkable than that of m_ . On the other hand, an
enhancement on COP_ and COP,__can be achieved when
the m_ is increased. Besides, the increasing value of the d,
creates a deterioration on COP_ . and COP,_

Some design parameters with COP_ results for indi-
rect and direct type SWSHP are given in "Table 3. From the
table, SW flow rate can be a design parameter at both high
and low flow rates depending on the quantity of heating or
cooling load, however, SW temperature range generally is
preferred from 11 to 15°C due to its characteristic prop-
erty. It is obvious from Table 3 that the presented results
for COP__are well-agreed with each other. On the other
hand, the observed deviation between the COP results can
be sourced from heat exchanger design parameters, heat
pump operating conditions and used refrigerant, etc. It
can be stated that the most important parameters affecting
the performance of SWSHP systems are the fouling resis-
tance and the SW temperature. As stated in Ref. [27], the
thermal resistance increases significantly over time due to
the fouling of the heat exchanger and thus, the efficiency
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Figure 8. The effect of parameter changes on coeflicients of performance. a) wastewater flow rate, b) wastewater temperature,

c) tube inner diameter, d) intermediary water mass flow rate.

Table 3. A comparison between the COP__of the present study and literature

Reference Type of SWSHP Design Parameters Average COP_
SW mass flow rate (kg/s) SW temperature (°C)
Cho and Yun [13] Indirect ~3.17 3.0-15.0 3.00
Liu et al. [26] Indirect ~36.11 11.0 3.60
Qin and Hao [27] Direct 0.63 12.0-13.0 3.75
Qian [15] Direct N/A 9.0-11.0 3.50
Indirect N/A 9.0-11.0 3.20
Present study Indirect 4.50 14.00 3.80

of the heat exchanger is severely reduced. Therefore, a sig-
nificant decrease in the COP__of the SWSHP system was
observed. Also, it is empha51zed in Ref. [13] that the COP

value varies between 1.9 and 3.2 with the variation of SW
temperature. The present study showed that temperature
varjations have a greater impact on the system perfor-
mance than variations in mass flow rate. As a result, heat
exchanger design parameters have a significant influence
on SWSHP system performance. Focusing on the usage
of different types of heat exchangers in SWSHP systems

and conducting extensive parametric investigations both
experimentally and numerically will contribute to come up
with more effective designs and hence, the development of
SWSHP systems.

CONCLUSION

In this study, a numerical study was carried out on the
indirect type SWSHP system designed for space heating.
The paper researches how changes on SW temperature,
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mass flow rate, the inner diameter of the heat exchanger
tube, and intermediary fluid mass flow rate affect the
performance of the SWSHP system. The results show
that the effect of SW temperature on COP_ _and COP
is more remarkable compared to the SW mass flow rate.
Considering the specified parameter value ranges, the
system performance coeflicient increased from 2.56 to
4.51 for the changes on wastewater temperature while it
increased from 2.89 to 4.27 for changes on wastewater
flow rate. Also, an enhancement on COP_ and COP_
can be achieved when the intermediary mass flow rate is
increased, and an increase in the tube’s inner diameter
unfavorably influences the COP_ -and COP .. In conclu-
sion, SWE design influences the indirect SWSHP system
performance and its operating condition, and conse-
quently more theoretical and experimental studies are
carried out on sewer heat exchanger designs to improve

SWSHP system performance.

NOMENCLATURE

COP  Coefficient of performance
HP Heat Pump

NTU  Number of transfer units
SW Sewage wastewater

SWSHP Sewage wastewater sourced heat pump
SWHE Sewage Wastewater heat exchanger
area (m?)

coeflicients for heat exchanger design
specific heat, (kJ/kg.K)

heat capacity ratio

tube diameter, (m)

shell diameter, (m)

distance between baffles, (m)

friction coefficient

enthalpy, (kJ/kg.K)

dimensionless pressure factor
thermal conductivity, (W/m.°C)
length, (m)

mass flow rate, (kg/s)

number

pressure, (bar, kPa)

pressure drop

Prandtl number

thermal resistance, (W/m)!
Reynolds number

tube pass number

tube pitch, (m)

temperature, (°C)

temperature difference, (°C)

heat transfer rate, (kW)

overall heat transfer coefficient, (W/m.°C)
quality of steam

velocity, (m/s)

work, power, (kW)

oL o>
S

O

shell

ks

o= = 0

§<>< Qo:q“mm ?%:U%“U2§h

Greek Symbols

o convective heat transfer coefficient,(W/m.°C)
U dynamic viscosity, (Pa.s)
n efficiency

p density, (kg/m)

€ efficiency coeflicient
Subscripts

a air

b baffle

c condenser

ca cross sectional area
comp  compressor

e evaporator

ed equivalent diameter
el electrical

f fouling

hta heat transfer area

i inner

in inlet

is isentropic

Im logarithmic mean

m mechanical

0 out

p pump

r refrigerant

sq square

sw sewage wastewater
SWHE sewage wastewater heat exchanger
sys system

t tube

tr triangle

w water
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