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Abstract

Study on the performance ofsteam

generation heat pump using waste

heat source with suctionline/liquid -
line heat exchanger

Jae Ho Lee
Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

Steam generation heat pupwhichis a heat pump cyclesing waste heat
source toprodu@ industrial steam whose temperaturealsout 120 , has
different characteristics with other heat pump cycle like air source heat pump.
It hashigh compression ratio because the mmaxin temperature of refrigerant
in the cycleis more than 125 . Besides, the temperature gradient in the heat
exchanger is ab different because the secondary fluid at condenser is steam
which is twephase state. Thushe experiment of SGHP basic cycle is

conducted firstin order to investigate the distinctifeatures of SGHRnd



possibility toimprove performancand to replace boileBy conducting basic
SGHP experiments of 8 kVeb-scale experimental equipment, heating capacity,
coefficient of performan¢€OP) are calculated with variables of refrigerant
charge, waste heat source temperature and degree of eatpeklso, other
resultssuch as compressor work, cooling capac#ftigerant mass flow rate
and so on are calculatedth estimated temperature, pressure and mass flow
rate at important poinis order toanalyze the cycle in detail.

Additional experimats are also conducted after applying suetion
line/liquid-line heat exchanger which is internal heat exchangerder to
solve the performance degradation problem of basic SGHP cycle due to high
degree ofsuperheat and compression ratierformance immvement is
confirmed compared to basic cycle : COP increase of 0.4 anddyeapacity
increase of 3862% And the cause of improvement is analyzed by pressure
enthalpy diagram compiaon with basic cycle: evaporator pressure and degree
of subcooling increaseAlso, guideline for using SLHXo SGHP cycle

efficiently are suggested.

Keywords: Steam generation heat pump, Waste heatcovery, Internal
heat exchanger, Suctiodine/liquid -line heat exchanger.

Studentldentification Number: 2016-20662
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Chapter 1. Introduction

1.1Background of the study

As the consumption of fossil fuel iscreasing, environmentéssues are
emerging, and it becomascessary to use energy efficiently in order to prevent
waste of energy while reducing the use of fossil fuBise ofthe way is to
recovery the unused waste heat sourRattner and Garimellg2011)
researched thahe energy ohigh temperature exhaust from power plant is
same t@27% of residential air conditioning in the USPhey alsdnvestigated
the potentiato cutprimary energy demard USAby 12% and CO2 emissions
by 13%through wast heat recovery. In the repory BJSA Department of
Energy (2008), about 60% of waste heatwrder 230 and many facilities
only coolthe exhaust gases to about 150Fig. 1.1 shows there is the most
waste heat and work potential at low temperature u28@r . Therefore, it is
necessary to utilize the waste heat source at low temperasiragich as
possiblein order to save energy and additional costs for cooling the waste heat

In the report by USA Department of Ener@p03),Steam generation heat
pumpis akind of industrialheat pump system thdilize the waste heat source
to producenhigher temperature producthose temperature is more tha®10
Steamis very useful because latent heat is used in heat exchange so has good
heat transfeperformanceand constant temperature in heat exchange process
(Cengel, Y., 2003)By these advantagesteam takes a third of total industrial

energy in USA and is widely being used in various field such as papermaking,
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Fig. 1.1 Unrecovered waste heat idifferent temperature groups

(U.S. Department of Energy, 2008)




drying, sterilization and so qiyS Energy Information Administratiqr2012)

Existing way to generate steam is boiler, which is easy to make a lot of
steam with fossil fuah Fig. 1.2 However, its efficiency is less than 1 and a lot
of waste heat come out. Also there is a lot of heat loss at pipe and pipe cost
because boiler tends to be very far from the process for thermal management
and exhaust gas treatmemhese drawbacks of beil can be solved heat
pump cyde is usedo generatessteam.Fig. 1.3 is SGHP cycle installed at the
processSGHP generates more heat tltampressor workAlso contaminated
water, which is most of wasteeat source form, could be usenhich helps
energy savingAccording to the report from IEA, heat pump could cut global
CO2 emissions up to 8%n addition, SGHP can hastalled in each process
and supply steam with the specific requirement for each industrial process, and
waste heat from each pess can be managed well.

SGHP operates in high temperature conditions, whose secondary fluids are
120 at condenser and 50~70 at evaporator. So ktas a high compression
ratio because the maximum temperature of the refiges more than 125
degreeCelsus. Also somerefrigerants usually used at air source heat pump
could not be useth SGHP cyclebecause refrigerant must rim go through
the property change or decomposition at high temperaé@orat SGHP cycle,
different refrigerant, R245fa in thisugty, operates in different high temperature
at different pressur&esides, the temperature gradient in the heat exchanger is
also different because tiséate ofsecondary fluid asome part of andenser is
two-phase statewhich is steam. These varioufactors cause distinctive

tendency of SGHP which is not possible to know by simulation or analytic
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access. So it is necessary to investigate atmeutistinctivefeatures of SGHFRFor
improving efficiency and performance. Also the performance of SGHP system should
be compared to boiler in order to check if SGHP is possible to replace the boiler.
Therefore, the experiments of SGHP basic cycle is conducted first.

Another important timg is to find the way to improve the performance of SGHP
system. Because SGHP is ditnt to other heat pump cyclBetmost efficient way
to improve the performandégdifferentas well High temperature operating cotidn
causes some performance deigmng issues of SGHP basic cycle, which mainly result
from decrease of evaporator pressure. Because there is big temperature difference
between refrigerants at high and low pressure, there is possibility to improve
efficiency and solve the basic cycle pranis.Fig. 1.4 is the heat pump cycle with a
suctionline/liquid-line heat exchager. By addingthe heat exchanger, the refrigerant
at evaporator outlet can be heated again by the refrigerant at condenser outlet. So it
iS necessary to investigate tblearateristics andendencychange wherSLHX is
appliedto SGHPbasic cycleln order to use the SLHX to SGHP cycle well, the
guideline for using SLHX is also needed. And checking how much the performance
of SGHP get improved by SLHX is important to know the effect of SLHX. Therefore,
the experiments of SGHP cycle applied by SLidXconducted and the results are

compared to the basic cycle.
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1.2 Literature survey

1.2.1Industrial heat pumpsystem

Many researchers studied on heat pusgptemto rise the temperature of
fluid to more than 100 by using waste healhere were many attempts to
make heat pump for increasing the temperature of something to more than 100C
usng waste heat. Chamoun et &0{4)investigated a new high temperature
heat pumpwith water as a refrigerant in the condensing temperature range of
130140 . By experimental and numerical simulation, the starphase, heat
enhancement and transient trends were anal\&eblin and Bourin(2012)
presented the feasibility and low CO2 emissions ofladde high temperature
industrial heat pump whose maximum temperature is 14Based on
experimental data with ECO%, R245fa, R1234ze, R345mfc, R236fa and
R717. They demonstrated that it wasgible to generate steam efficiently until
125 , but there was degradation of COP between 125 and 140

Kaida et al. (R15) evaluated theechnical possibilities for better
performance oflab-scale SGHP gstem generating 165 steam, which
motivate thereadymade SGHP systervhose steam temperature is 120
(SGH120) and 165€C (SGH16%y Kobe Steel, LtdTheyinvestigated steam
generation ratesnergy efficiency angerformance of the SGH165 with various
operating conditionsMany researairs also studd on high temperature
industrial heat pumpystemundermaximum temperaturef 120 (Lee et al,

2017 Cao efal, 2014; Assaf et al, 201&jm et al, 200%. In order togenerate



steam of 120 using various waste heat source temperature more efficiently,

investigation of the characteristics and trends in SGHP cycle is necessary.

1.2.2Application of SLHX

There are some studiea SLHX applied at the refrigeration cycle, which
are usually aisource heat pump@\pera et al. (199%alculated the advantages
of applying SLHX tothe idealrefrigerant cycleCOP difference of the SGHP
cycle with and without SLHX are calculated with own simple equation and
compared througharious (CHC)s and (HCFC)gpes of. However, his paper
are analyzedt only onecondtion of outdoor temperaturddomanski et al
(1994)screened twentyine fluids for their sensitivity to SLHXycle which
has constant pressuom a theoretical basis. The fluidghich has differat
properties such afeat capacity, latent heat, andefficient of thermal
expansiorare compared with COP and volumetric capacity. Klein ¢2800)
take into account the mass flow rate degradation with DSH and pressure drop
for calculating the effectof SLHX analytically. They conclude some
refrigerants such as R22 and R32 have degradation of performance with SLHX,
and SLHX which has a minimal pressure are useful dther refrigerant
systems such as R134a, R410A and soHermes(2013) calculated the
improvement by SLHX more similarly to real cycle at the conditions of
constant presse, constant cooling capacitjowever, peviousstudiessawthe
effect of SLHX to vapor compression refrigeration system on a theoretical basis.

Becausedeal case is different to real case, it is necessary to consiger so



variablessuch as pressure change of evaporator and condeosésentropic
compression and so on. There is also DSH and DSC at basic cycle in order to
prevent the compressor, so itnscessary to compare both cycle at the same
DSH.

In order to see the performance improvement in more real case, in this paper,
additional experiments are conducted after applying suction/liquid line heat
exchanger which is internal heat exchanger. Amdctiiuse of improvement is
analyzed by presswenthalpy diagram comparison with SGHP basic cycle.

Also, guideline for using SLHX to SGHP cycle efficiently are suggested.

1.3 Objectives and scopes

There is different features compared to air sohea pump system, and
the tendency of SGHP cycle are also different whether SLHX is applied or not.
A goal of this study is to investigate tblearacteristics 0cBGHP cyclén detail
in order to find the way for improving the performangad another godk to
compare to SGHP cycle with and without SLHXor these objectives, two
different experiments are conducted.

In chapter 2many cases o#xperiments of SGHP basic cyakehich is
mainly composed of compressor, condenser, expansion valve and evaporator
areconducted. Mny variables such as heating capacity, heat transfer rate at
each components, compressor work and so on are calculated by some equations.

For this variables, properties oéfrigerantand secondary fluiit some key

10



points of the cyle areestimated such as temperature, pressure and flow rate.
In chapter 3, another type of experiments are conducted after applying
SLHX. The different features of the cycle compared to basic cycle are checked.
Also the way for applying SLHX to SGHP cycle efficiently is analyzed and
suggested. And the efficiency and capacity is calculatequitging if it's

possible to replace the boiler.

11



Chapter 2. Study onPerformance of SGHP basic

cycle

2.1 Introduction

In this chapter, the characteristics and trends of the basic SGHP cycle are
identified throughlab scale experiment§he efficiency and capacitgrealso
calculated in order to judge if SGHP is possible to replace the boiler.
Experiments wee conductedwith respect torefrigerantcharge,degree of
superheaaind waste heat sourtemperatureWhen SGHP is applied at the
industrial process, determining refrigerant charge is necessary. \Bo\yg
therefrigerantcharge change of performanand the pressurésinvestigated.

The performance aralso compared according to the waste heat source
temperaturebecause the efficiency and capacity of the cycle depend on the
temperatureSome variables such asfrigerant flow rate, compressor work,
cooling and heating capacitgre also analyzed in order to improve the
performanceAnd experiments are conducted with variable of DSH because

SGHP needs high DSH and optimal DSH for efficiency should be determined.

12



2.2 Experimental method
2.2.1Experimental equipment

Fig. 2.1and Fig 2.4s a schematiand photoof experimental equipment.
Specification of the equipment is at Table Basic SGHP cycle is mainly
composed of compressor, condensgpansion valve and evaporatiororder
to improve heat transfer performance and to supply sttabty, there is a flash
tank atwhich steam is generatedhe 120 water movesfrom the tankto
condenser, and water from thermostat which irmithe waste water heat source
moves to evaporatoBecause the flow rate of tap water is exactly same to the
rate of steam, water level at flash téamkinchanged. So COP and capacitis
be calculated bg e ¢ 0 n d a renegyfbdlamde equatiorHeating capacity
and cooling capacity is calculated frdfg. (2.1) and Eq. (2.2)

0p «a §O) & o) Y 2.1)

oL & 0 Y 'Y (2.2)

However, because it is necessary to compare theg@sualétail according to
main variablesthe capacity are caildated with refrigerant propeesfrom Eq.

(2.3) and Eqg. (2.4Compressor work is estimated by digital power meter and
calculated by multiplying voltage and current from Eq. (2.5). COP is calculated

by dividing heating capacity by compressor work from Eq. (Bgestimating

13
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Table 2.1Specification of experimental equipment

Model
Component Contents
(manufacturer
4DES7-20D | Reciprocating compressor
Compressor ] ] ]
(Bitzer) Frequencys controlled by inverter
. ISO 320 standard
Compressorib | CPI4214320 ] ]
Oil for hightemperature
B25TH X 26 | Brazed plate heat exchanger
Heat exchanger
(SWEP) Plate number of 26
_ DPF(O)3.2
Expansion valve 2000 step conttable EEV
(SANHUA)
Water pump for MGES80B Pump for high temperature
condenser (Grunfos), Frequency is controllable
Water pumgor HBI o
Frequency is fixed
evaporator (Daeyoung
_ Width x depth xheight=
Flash tank Self-design

150x150x550mm

16



temperature, pressure, amdss flow rate at important point, various variables are

calculated such as enthalpy, entropy, DSH and so on.

0p ¢ Q@ 5 Q ; (2.3)
bp & Qi Q (24)
® 62) (2.5
COP= 0 o s 4 (2.6)

2.2.2Experimental conditions

Main variables are refrigerant charge, waste heat source temperature and suction
DSH. Experiment are conducted by fixing the value of all variables but three main
variables. EEV opening percent, valve opening for supplying tap water, heat source
temperature are controlled through LABVIEW progremi-ig. 2.3 and Fig. 2.4ll
the values are obtained at steady state.

Steam supply rate are controlled through needleevafter flash tank in order
to maintain the pressure of flash tank toba&r. Compressor frequency, steam
temperature, flow rate afecondarnyluid at evaporatoandcondenserand so on are

fixed of the value at Table 2.2.

17
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Table 2.2Experimental conditions of SGHP basic cycle

Variable Value
Compressor frequency (Hz) 40
Steam temperature () 120
Flash tankpressure (bar) 2
Flow rate of 2¢fluid at evaporator (g/s) 1100
Flow rate of 2¢fluid at condenser (g/s) 760
Refrigerant charge (kg) 10~16
Waste heat source temperature)( 50, 60,70
Suction DSH ) 12, 15, 18

20



2.3 Experimental result

2.3.1 Characteristics of SGHPwith waste heat source temperature

Fig. 2.3 and Fig. 2.4 show COP and heating capacity of SGHP basic cycle with
various refrigerant charge and heat source temperature at suction DSH .oT &
results represent thgserformance increases as waste heat source temperature
increases: COP is 1.73, 2.07, 2.48 and heating capacity is 4.34, 6.65, 9.69 kW at each
optimal charge. These values represent that SGHP basic cycle has nice performance
to replace the boiler for gendireg steam.

Some features of SGHP cycle are confirmed through presstinalpy diagram
of Fig. 25. First, Compression ratiovhich is defined from Eq. (2.7} very high
compared to other heat pump cycle because temperature differeseeonfary
fluids of condenser and evaporator is 50~7@ompression ratio is about 5 as source
temperature is 70 and even about 10 as the temperature is 580 the way to

decrease the compression ratio is necessary.

0€ani Qi WREE 2.7)

Secondly, evaporator pressure increase of 207, 285, 388 kPa as the source
temperature increase. It cause the compression ratio and compressrdecrkase.
Plus, heat transfer perfoance and waste heat recovery rate also high at high source

temperature because the refrigerant quality at evaporator inlet after expansion process

21
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which is calculated from E2.8),get lower as the evaporator pressure increase

W (2.9

Thirdly, SGHP needs high DSH for safe operation by preventing liquid state
refrigerant from entering to compressor. SGi¢eds more DSH than air source heat
pump which needs about 5 because the saturatimaporline of the refrigerans
operating in high tempenate condition changes sharply at low pressure.

There is another variable which is not possible to seetbdiBgramFig. 2.6 shows

that mass flow rate also increaseghessource temperature increase. Because mass
flow rate is related to the specific volume at compressor inlet by eq. (2.9), high
pressure refrigerant at higher source temperature has bigger mass flow rates Here,

is volumetric efficiency of compressor amdOis piston displacement per second.
Increasing of refrigerant flow rateau® heating and cooling capacity to increase
Also, steam generation rate is calculated by eq. (2B&ause the amount of tap
water supplying is exactly same to the steam mass flow rate, steam generation rate is

calculated.

a s —- (2.9

(2.10
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Increase of refrigerant flow rate cause cooling capacity and compressor work to
increase as well in Fig. 2.7. Cooling capacity which is waste heat recovery rate
increase as the source temperature increase. By the @S#ltget increase because

compressor work increase less tistgam generation rate and cooling capacity.

2.3.2 Performancewith refrigerant charge

There isoptimal charge at each source temperature. When the refrigerant are
charged less or much more than optimal charge, COP degradation happens. The
results ae related to condenser pressure. As Eig.condenser pressuoéthe cycle
increase when the refigrant charge increase. Fig. 2.9 shows degree edealing
increases as the charge increase because saturation temperature of refrigerant at
condenser increases, which contribute to performance of heat transfer. Heat transfer

rate and DSC is calculatem Eq. (2.11) and Eq. (2.12).

0p Yoy Y (2.11)
0°Y8 Y ;Y 4 (2.12
However, when refrigerant is overcharged,

reason that optimal chargexists. And the optimal charge varies as the source
temperature change because refrigerant density at some points changes due to
difference of evaporating pressure. Optimal charge is 1.1, 1.2, 1.5kg each.as the

source temperature is 50, 60, 70
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2.3.3 Performance with degree of superheat

Fig.2.10shows the variation of CQdhd heating capacityith respect to degree
of superheat which is defined from Eq. (2.18hough high DSH is necessary at
SGHP cycle, COP decreases as DSH increase. It is lreeau®SH increases,
evaporatig pressure decreasedHig. 2.11 Refrigerant temperature at outlet must be

less than heat source inlet temperature, causing saturation tempterdamease by

Eq. .14).

oOYO 'Y 5 Y (2.13)

YOo"Y Y (2.14

So compressor work increase and the quality of refrigerant at evaporator inlet increase.
Additionally Fig.2.12shows refrigerant mass flow rate also decre@kerefore, it

is goodfor performance to have the lowest DSH without liquid refrigerant inflow into

the compressor. That DSH is calculated to 18, 15, 1& the source temperature of

50, 60, 70 by various experiment cases.
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2.4 Summary

Several features of SGHP cycle svanvestigated through the experiments of
SGHP basic cycle. The performance of cycle changes according to DSH, waste heat
source temperature and refrigerant chavgee evaluatedhereis optimal charge at
each SGHP cycle because heating capacity depends on congeessure.
Performance improvement wadso confirmed as the source temperature increase.
And there are proper DSH at each source temperature, whichelizr efficiency
without liquid refrigerant inflow to compressdarhe results show that performance

of cycle is quite nice to replace the boiler for generation steam.
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Chapter 3. Research on Performance oSGHP with

Suction/Liquid Line Heat Exchanger

3.1 Introduction

The characteristics of SGHP basic cycle were analyzed at chapter 2.
However, some disadvantages causing performance degradation were
discoveed. The compression ratio of SGHP basic cycle is too high because
evaporatopressire decrease in the processbfaining high DSHas Fig 3.1
In case of R245fa, evaporator pressure decrease of about 170 kPa when 15
DSH is obtained compared to 0 DSH. Also, sharp change of saturation
vapor line of R245fa at low pressure causedhality of refrigerant increase.

So heat transfeperformance decrease because the region of latent heat
decrease and refrigerant temperature increase at superheated region.

These problemgan be solved by adding SLHX.eBause heat of high
temperature refgerant at condenser outlet are transferred to low temperature
refrigerant at evaporator outlet, DSH are obtained without degradation of
evaporator pressure am¥SC are additionally obtaineid Fig. 3.2

In this chapter, the experiments of SGHP cycle asggpby SLHX are
conducted in order to investigate the performance improvement and the
reason of improvement are analyzed by pressanthalpy diagranand some
variables. Also, proper guideline for applying SLHX to SGHP cycle is
suggested by analyzing perfoance change according tefrigerant state at

evaporator outlet and DSH at compressor inlet.
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3.2 Experimental method

Fig. 3.3 showsSLHX is newly added to the experimental equipment
of SGHP basic cycle. Two valves are also added after evaporator outlet
in order to control the mass flow rate to the SLHX. All variables are
same but main variables: Refrigerant charge is 1.8 to 3.6 kgevesat
source temperature is 50, 60, 70 and especially DSH is 12, 15, 18,
21, 24 in order to see the state of evaporatutlet and compressor inlet
in detail. By increasing the DSH, it is possible to know when the state
of evaporator outlet would be superheated vapor st&evised

experimental conditions are at TabR 1
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Table 3.1Experimental conditions of SGHP cycle with SLHX

Variable Value
Compressor frequency (Hz) 40
Steam temperature () 120
Flash tank pressugbar) 2
Flow rate of 2¢fluid at evaporator (g/s) 1100
Flow rate of 2 fluid at condenser (g/s) 760
Refrigerant charge (kg) 1.8~3.6
Waste heat source temperature)( 50, 60,70

Suction DSH )

12, 15,1821, 24

41



3.3 Experimental result

3.31 Performance with waste heat source temperature

Fig. 3.4and Fig.3.5show COP and heating capacity of SGHP cycle with
and without SLHXfor various refrigerant charget each source temperature.
Table.3.1is theresult of COP and heating capaciBOP increase about 0.4
compared to basic cyclEspecially heating capacity has considerable increase.
For example, heating capacity at heat source temperaturei®b@fyer than
the capacity of basic cycle at heat source temperature of 8@mpared to
basic cycle, heating capacity increase G&%vaste heat source temperature of
70 and 38% at 50 .

The performance improvement resulirom several reasons. First,
evaporator pressure increases. Bi§.and Fig 3.% pressurenthalpy diagram
at 50 and70 . As evaporator pressure increase from 207 to 295 kPa,
compression ratio decrease. Secondly, quality of the refrigeemnéake by
additional cooling before expansion, causing enthalpy difference at evaporator
and heat transfer coefficient increaseirdlly, refrigerant mass flow rate also
increases as Fi§.8., causing heating capacitgyicrease In Fig 3.9, cooling

capacityand CORncrease as weltausing increase of COP.
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Fig. 3.6 Pressureenthalpy diagram comparison of SGHP cycle with and

without SLHX at waste heat source of 50
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