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ABSTRACT

In order to save energy, the author developed & wfpair-wastewater source heat pump (AWSHP) wiagater
system. What presented here is about the experingetformance and empirical models of the AWSHsResy.
Experiments and analysis showed that when the tempes of waste water and city water varied in thages of
16.9~35.1 °C and 18.3~32.6 °C, respectively, theSAW® system could produce 41.2~53.9 °C hot watdr fiotv
rate of 3.53x10~9.31x10° n/s. The coefficient of heating performance (GORried from 3.89 to 5.35. On the
basis of energy balance, synthetic degree of gneigdénce (SDGI) and grey-box methods, it was fahad the
COR, and hot water flow rate depended on the rationtétiand outlet temperature differences of wasttewand
hot water, i.eAT,J/4T,. The input power of compressor was proportionathte outlet temperature of hot water.
Thus, the empirical correlation equations were aid.
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INTRODUCTION

In families and other fields such as artificial wasprings, sauna rooms and HVAC engineering, hdemia
generally required above 40 °C. But in these fieltgpecially in families and sauna rooms, the whstewater
generated during shower bath or sauna is directliyndd into the environment. This causes both gnemsting and
thermal pollution to the environment. Measuremesfiswed that the temperature of waste water gemktate
shower bath was in the range of 30~36 °C, whidiillsvaluable for utilizing. In order to recovdrd heat of shower
waste water and provide local air-conditioning tba basis of research results of [1-4], the autleoeloped a type
of air-water source heat pump (AWSHP). It usesaaid waste water, especially shower waste wateheas
sources. The AWSHP could produce enough hot watdsdthing by recovering the heat from air and showeaste
water, and showed satisfactory performance of enes@ving. What presented in this paper is about the
experimental performance and the data-based empmodels of the AWSHP water heater system, which i
further study on the performance of AWSHP presehbtefb].

FLOW CHART AND EXPERIMENTAL SET OF THE AWSHP

The basic flow chart diagram of the AWSHP watertbess shown in Figure 1. It can be installed ithbaom or
elsewhere. There is no need of hot water tank hisdnakes it more compact. Its basic principlehis $ame as
common water-source heat pump water heater. Intypiss of AWSHP, the air source evaporator (AE) avader
source evaporator (WE) are arranged in serial asté parallel to maintain the different evaporgtiemperatures.
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The AWSHP can efficiently recover heat from wastsex and air to save energy and avoid the heatitfmoil
caused by directly drained hot water.

In the experimental set, the outlet temperaturbatfwater is regulated by a condenser-pressurerdepé valve
which also controls the condenser pressure and deatyse by regulating cooling water flowing throutie
condenser.

The throttling part of the AWSHP is a set of capiyl tubes. The air source evaporator is a self-rhadé exchanger
with a fan. A plate-type heat exchanger and a g¢hbk heat exchanger are used as the condensevaaitel water
evaporator, respectively. The refrigerant is R2@ e input power of waste water pump is 25W.
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Figure 1. Diagram of flow chart and ener gy-exchanging of AWSHP water heater.
Comp—compressor; Cond—condenser; Cap—capillary; AiEseurce evaporator; WE—water evaporator; WWHE-tenavater heat
exchanger; WWCL—waste water collector.

A data acquisition system based on LabView virtnsfrument technology is equipped to the experialesdt. The
temperature sensors are T-type thermocouples. [bhe rites of hot water and waste water are meashyed
intelligent electromagnetic flow meters with acayaf £1.0%. The pressures are manually measuredftigerant
pressure gauges. The input power of the heat pwsiera is measured on line by a Fluke 43B powerityual
analyzer. The humidity of air flowing through thie source evaporator is measured by digital temtpezehumidity
meters with accuracy of +3.0% (for relative humllitand the velocity of air flow in the air souregaporator is
measured by an anemometer with accuracy of +2.0%.

CALCULATION BASIS

In the AWSHP water heater, driven by input powecampressor, the refrigerant only exchanges eneitly air,
city water and waste water, as shown in Figurerdmihe view of energy balance, the performanah®fAWSHP
should depend on input power of compresdirand heat capacities of condensgg)( air source evaporatoQfg)
and waste water source evaporatyg).

The coefficient of heating performance of the AWSKIEefined by Eq.1:

Q
COR = )

where,N can be measured by the Fluke 43B power qualitiyaea Q¢ is also the heat transferred to hot water.
If the heat loss of condenser is neglect@gcan be calculated from the parameters of hot vestdtq.2:

pCVhW (Thwo - Thwm)
= ' * 2
Qc 360¢ )
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whereT,, m is the temperature of hot water leaving off the WRY °C. T, m is determined by the heat exchanging
efficiency of WWHE and the initial temperature dfyavater named as,,i» (@s shown in Figure.1).

Based on the energy balance of the system, ifelaelbss of the system is neglected, there is Eq.3:

Qc =N +Que +Que €))
Where,
= ' ' 4
Que 360( X
Que = PaVa(hain —hao) (%)

In Egs.4 and 5T m is the temperature of waste water leaving off WW&/HE, °C (as shown in Figure Iy m is
determined by the heat exchanging efficiency of WE\&hd the initial temperature of waste water naaset,, in-.
V, is the volume flow rate of air flowing through tA&, m*/s. V4=v-F, v andF are the velocity of air flow (m/s)
and area (f) of the air supplying section of the air sourcamarator, respectively. Eq.3 also can be useddgeju
the heat loss of the system.

PERFORMANCE AND EMPIRICAL MODELSOF THE AWSHP

There are many theoretical models based on mathemagtations of compressor, condenser, throttl@evébr
capillary tube) and evaporator to simulate the grerfince of heat pump system, such as [2, 88f.all of the
theoretical models need many parameters and simaitést computer calculation. They are suitablesforulating
and designing the system but not convenient fomemging evaluation on the fields. Yu (1995) [16fablished an
empirical COP model solely depending on the tentpegadifference of condensing and evaporating teatpee,
but it is found not suitable for evaluating thefpemance of the AWSHP shown in Figure 1.

In order to investigate the performance and esthatiie empirical models of the AWSHP, experimentscarried
out at various conditions such as different ingghperatures of waste water and city water, witlvithout water-
water heat exchanger, different outlet temperaddifeot water, different volume of charged refrigaréR22), and
so on.

Experimental performance

Experiments and analysis show when the temperatiresste water and city water are in the rangé69~35.1
°C and 18.3~32.6 °C, respectively, the AWSHP cadpce hot water with temperature of 41.2~53.9 @l the
volume flow rate of hot water varies in the ran§®.d3~0.34 nih (3.53x1F ~ 9.31x10Fm?s). TheCOR, varies in
the range of 3.89~5.35. When the input power of pamd fan are taken into account, the overall gnefficiency
ratio (EER) varies in 3.74~5.10. It is also fourittthe WWHE deteriorates tHeOR,, but it can efficiently
increase the hot water flow rate. Therefore, the MBMs necessary to provide enough hot water whencity
water temperature is lower such as in winter.

Experiments show the temperature and relative hitynidl air at outlet of the AE vary in the range#.3~20.8 °C
and 83.1~93.4%, respectively. But the refrigerattapacity of the AE is just 5.2~13.2% of that proei by the
WE. Therefore, the influence of the AE on the perfance of AWSHP can be neglected in the presenysisalt
also indicates that the AE should be redesignedipply enough cold air for local air-conditioning.

Empirical models

The empirical models are based on energy-exchargjidgthe affecting factors of the AWSHP. It candeeluced
From Egs.1-3 that th€OR, of the AWSHP is the function dfi, Qae andQwe. As Qae and Que depend on the
temperatures and flow rates of air flow and wast¢ewflow, theCOR, can be expressed by thefunction of the
parameters as EqQ.6:
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COH1 :fl(N! hA,inv hA,O! VA! TWW,ianWW,Ov VWW) (6)

Because the experiments show that@ae is very small and it takes little effect @OR,, the parameters of the AE
can be omitted by adjusting other coefficients, &.g .. It is also found that thll is closely related to the outlet
temperature of hot watéf,, o). Thus, when the waste water flow ratg, is kept constant, Eq.6 can be simplified
as Eq.7:

COR’\ :fZ(ThW,O! Thw,ina Tww,ina Tww,o) (7)

Further analysis on experimental data shows @@, of the AWSHP closely depends on the ratio of temruee
differenceAT, /AT, whenV,,, is constantAT, /AT, can be calculated as Eq.8:

ATW — Tww,in _Tww,o

8
ATh ThW,o _Thw,in
Therefore, Eq.7 can be further simplified as Eq.9:
COR, =f3(ATW/ATy) 9)

Similar toCOR,, the influence factors of the performances ofAN¢SHP can be summarized &gyin, Tww,0r Thw,ins
Thwo ATw, AT, andAT,/AT,. Based on the analysis method of synthetic degfegey incidence (SDGI) proposed
by [11], the most important factors of the perfonoes of the AWSHP can be determinedAds/AT, and Toy o
Thus, the empirical models can be proposed by ¢hoas,,/AT, or Ty, , as the variables.

If the grey-box method is used to determine theigog models, when the waste water flow rate iptkeonstant,
the empirical regression equationsGdR,, V;,w andN can be established based on the experiment ddtariatiple
of the least square method as Eqgs.10-12:

2
cor=AfLN | vl sc (10)
AT, AT,
v, =DM+ E (11)
AT,
N=mT,,+n (12)

whereA, B, C, D, E, mandn are constant coefficients determined by regressdéda. The experiment data©OR,,
Viw @and N are shown in Figures 2—4. The corresponding eogbiriegression equations GOR,, V,, andN in
Figures 2—4 are EQgs.13-15:

2
cor =-25182 20w | +527045w +31159 (13)
AT, AT,
Vi, = 045450 400551 (14)
AT,
N = 0.0214T,,, +0.2032 (15)
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Figure 2. Relationship of COP, and AT,/ATh
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Validation and discussion of empirical models

In order to investigate the validity of models eegsed by Eqs.10-12, experiments were carried otieoAWSHP
with reduced charged refrigerant (R22). The ressitswed the perfect accordance of Eqs.10-12 anyl thal
constant coefficients were different. For exampghe COR, at this condition is shown in Figure 5, and the
corresponding empirical regression equatio@0fR, is expressed by Eqgs.16.
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2
cop =-13738 21w | 4+ 118955 4 23817 (16)
AT AT

h h

It demonstrates the validity of empirical modelpmssed by Eqs.10-12. As the temperatures of htervead
waste water can be easily measured, these modelsbe&aconveniently used to evaluate and modulate the
performances of water-source heat pump water eeatethe field.

It also indicates that th€OR, has a maximum or optimal value at certaAiR,/AT,. This provides an engineering
guide to improve the heating performance of the ARSThus, designers should keep in mind to seAthgAT;,
of AWSHP in close proximity to its optimal value ¢abtain the maximunCOR,.
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Figure 5. Relationship of COP, and ATw/ATy in the AWSHP with reduced charged R22.

Above analysis shows that the performance of theSA\R water heater can be determined using theanttbutlet
temperatures of wastewater and hot water, espedtadl ratio of temperature differences of wastewated hot
water (i.e. AT,/AT;). The variable oAT, /AT, makes the above empirical models different tootiers presented in
literatures in most of which the absolute, not tlkative temperatures of fluids were selected adehwariables.
Meanwhile, the empirical models presented in tlEipgy not only can be used to predict the G®Bt also can be
used to evaluate the hot water flow rate and tmepcessor power-consumption of the AWSHP water hedteus,
with the above empirical models, the performancAWSHP water heater can be investigated from diffepoints
of view, but not only from the CQP

The above empirical models also provide an easyfaagngineers to analyze and evaluate the perfocmaf the
AWSHP water heater because measuring the tempesatdrwastewater and hot water is easier than miagsu
refrigerant parameters. The empirical models ae laélpful for evaluating and optimizing operatibcenditions.
Though Eqgs.10-12 are obtained from experiment dhtae AWSHP, they are also suitable for evaluatiger
water-source heat pump water heaters because fthenice of air-source evaporator was neglectedhdtld be
mentioned that the constant coefficients in Eqsl20depend on operating conditions, such as chargkasine of
refrigerant, dimensions of capillary tube, withvaithout water-water heat exchanger, waste watev fiste and so
on.

CONCLUSION
Experiments and analysis indicate that the AWSHRemaeater has satisfactory energy saving perfocmarihis
system also provides a simple and efficient waphitain sustainable use of waste water by recovetiaglow-
grade heat from it. The main points of this pagmer be summarized as following:
1) The coefficient of heating performanc&dR,) varies in the range of 3.89~5.35. Though the WWieEeriorates

the COR, of AWSHP, it can efficiently increase the hot waflow rate. But the AE in the system should be
redesigned to provide enough cooling capacity.
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2) Based on the analysis of energy balance, SD&baey-box, empirical models are obtained and thdets show

that theCOR,, Vi, andN only depend on the temperatures of hot water amstew water, especially the ratio of

temperature differences of wastewater and hot wWaeerAT,/ATy).

3) The empirical models presented in this paperkbmmnised to predict the CQRhe hot water flow rate and the
compressor power-consumption of the AWSHP wateltteneat the same time. It can be conveniently used t

evaluate and modulate the performances of the AW&Hher water-source heat pump water heaterbefidld.
Further research on the performances of the AWSH®Pimproved air-source evaporator will soon beiearout.

Nomenclature
c specific heat of water, kJ/(kg°C)
fy, f,, f3  signs of functions

h specific enthalpy, kJ/(kg°C)
N input power of compressor, kW
Q heat capacity, kW

T temperature, °C

Y volume flow rate, ¥h

Greek symbols

AT temperature difference, °C
p density, kg/fh

Superscripts and subscripts

A air

A,in inlet air

A,0 outlet air

c condenser

h hot water

hw hot water

hw,in inlet of hot water
hw,m middle status of hot water
hw,o outlet of hot water

w water
WE waste source evaporator
ww wastewater

ww,in inlet of wastewater
ww,m middle status of wastewater
WW,0 outlet of wastewater
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