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ABSTRACT

T he effect of refrigerant injection techniques on the performance of heat pump system based
on exergy analysis was studied theoretically. Three refrigerant injection techniques were used,
the first was achieved by injected vapour in volume ratios from 1 to 7% in the accumulator. The
second was injection liquid refrigerant in the discharge line with the aid of Liquid Pressure
Amplification (LPA) pump, with volume ratios from 1 to 10%. The third was a hybrid injection
with volume ratios of injected vapour and liquid varied from 1 to 3% and 1 to 10%; respectively.
The following improvements in cycle performance were observed. For vapour injection
technique, the best ratio of injection was 5%, the exergy destruction reduced by 21% and exergy
efficiency enhanced by 14.6%. For liquid injection technique the best ratio of injection was 6%,
the reduction in exergy destruction was 34% while the exergy efficiency increased by about
21.4%. The hybrid injection technique increased the exergy efficiency by 23% when the volume
ratio of vapour and liquid injections are 3% each. The effect of condensing pressure on the cycle
performance was studied also. The optimum exergy efficiency of the cycle was 54.55% achieved
when the condensing pressure was 15 bars.

Keywords: refrigerant injection, LPA technology, exergy, heat pump

bl adla (s 485 3 4 ) o ddilaal Lgha g g ABUAY) Julas

RENRIPIIEN T4 G O Al daad galgllae
2ol (ayde M i)
Aany — dpaigl) Ayl A< Aany — dpaigl) duiasl) 2 Alany — dnaigl) dgiail) 40<0)
dadal)

GO aladind 4| o SV el g 4y ) jall daadl elal o ay il dan s s il s Gl 3 s A o
LN ) mene JA1 %7 () T Oe Aseaa Aoy S s Gasha e il (W) e il Jas s el s
) %10 A 1 e daess e Sl Jaiia aidiiat Aaiae aladiuly adall Jad A 3 ) Jas s il (s
Gl gl el e %10 15 %3 1 oe onsiaadl il Jlaall dpeas sy 750 3all (sl cals 230G
G5 %21 (Mailall o 5anSYI G 045 ciall D Juadl CilS Ll s 4 by all & A il
Lein %34 Y dailall oo 50V QB 046 Giall A Juad) cilS Jilad) (s 48 9414.6 () (o2 oaeSY) 36l
Al culs \:AJ.\.:; %23 & @J—st\y‘ 3oL Chala )l GJJ‘}A\ Caad) A ‘_g 9%21.4 @_),,\MS‘}“ 3 e Chinead
3o al Loayl 5 0l ¢a) Ao ad€ill ana il Al o i Lagie JS193 (i siaadl il 5 LA diaaal)

101


mailto:ahaddi58@yahoo.com
mailto:johaintech@yahoo.com
mailto:haiderkareem277@yahoo.com

@) Number 11 Volume 22 November 2016 Journal of Engineering
Db 15 isal) Jaria oIS Ladie Lgle J guanll 239454.55 5 92l (s S

MJ\PQ\MA‘GA);MAS"LPAM‘J&)ﬂ\h&}u&A:MJ“Qm‘

1. INTRODUCTION

It is known that all real thermodynamics cycles are irreversible due to heat transfer,
friction, throttling, mixing and non-isentropic compression or expansion. The irreversibilities in
cycle components caused entropy generation within each one of them, which leads to destruct
exergy flowed and transported to the system. As the individual exergy destruction is identified,
the source of thermodynamics inefficiencies can be defined, and the performance of each cycle
components, as well as, the overall cycle performance can be evaluated and improved. Many
works calculated and investigated the exergy destruction in vapour compression refrigeration
cycle. Torrella, et al., 2010 described a Second Law Analysis based on experimental data of a
two-stage vapour compression facility driven by a compound compressor for medium and low-
capacity refrigeration applications. The experimental analysis is performed for an evaporating
temperature range between -36°C and -20°C and for a condensing temperature range between
30°C and 47°C using the refrigerant R-404A. The exergetic analysis of a vapour compression
refrigeration system with selected refrigerants was introduced by Reddy, et al., 2012. They
computed various parameters such as COP and exergetic efficiency in the system. Effects of
condenser temperature, evaporator temperature and sub-cooling of condenser outlet, supper-
heating of evaporator outlet and effectiveness of vapour liquid heat exchanger were also
computed and discussed. It was found that R134a has the better performance in all respect,
whereas R407C refrigerant has poor performance. The Voorhees’ compression process was
studied by Morosuk, et al., 2012. The VVoorhees compression process is achieved at constant
total volume with the help of injection of working fluid in the beginning of the compression
process. They presented a conventional and an advanced exergetic analysis for Voorhees’
compression process. This work focused theoretically on the exergy destruction and exergy
efficiency of suggested heat pump cycle. A heat pump of 5 ton capacity, charged with R-22, was
modified by injection of refrigerant in different phases and different locations in the cycle. The
Engineering Equation Solver (EES) software was used to simulate the cycle.

2. EXERGY ANALYSIS

A heat pump cycle of 5 ton capacity, shown in Fig. 1 was modified by installing liquid
receiver, accumulator, secondary expansion valve and Liquid Pressure Amplification (LPA)
pump. An attempt to improve the exergetic behaviour are done by three methods, the first by
injection R-22 vapour in suction line, the volume ratio of injected vapour varied from 1 to 7% of
the total refrigerant charge. The second by injecting liquid refrigerant in the discharge line, the
ratio of injected liquid varied from 1 to 10% of the total refrigerant volume. While in third
method, a hybrid injection is used, in which both vapour and liquid refrigerant is injected in the
cycle at the same time. The volume ratios of injected vapour and liquid are varied from 1 to 3%,
and 1 to 10% respectively. The thermal mathematical model for the energy analysis was adopted
from the work of Khalifa, et al. The exergy analysis of this suggested cycle is as follows;

The exergy and energy analysis of compressor are as follows Borgnakke, and Sonntag,
20009:

Power consumed by compressor is:
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I/i/'comp. = ri’lcomp- (hy — hy) (1)

The exergy destruction in compressor is:

lPdest.comp. = r.ncompTo (s2 — 51) (2)

The exergy efficiency of compressor is the ratio of reversible to actual work, Dincer, and Marc,
2013.

_ I/'/;”(—zv. =1— llJdest.cornp.

n €Xcomp. w.

i VVcomp.

(©)
The rate of heat rejected from condenser is:

Qcond. = Mcong.- (ha — h3) 4)

and the exergy destruction in the condenser is:

. Qcon .
Waest.cond. = Meona.- To(S3 —84) — Toni )
The exergy efficiency of condenser is the ratio of exergy flow due to heat transfer to the

total exergy flow through condenser due to mass flow rate, Borgnakke, and Sonntag, 20009.
T,
Qcond (1 - 2 )

Tkond

. _ —1_ LIJdest.cond. (6)
Xcond I:ﬂcond. (II)S - l,[)4) Ihcond. (l»bS - l»b4)

The power consumed by LPA pump is:

VVpump = rhliquid(hs — hy) (7)

and the exergy destruction and exergy efficiency of the pump are:

lPdest.pump. = rhliquidTo (S5 — Sa) (8)
W, b Y
T]expump — V;ev. -1- d?st.pump (9)
i VVpump
The exergy destruction in capillary tube is:
LPdest.cap.tube = IhevapTo (s¢ — S5) (10)

The exergy efficiency of the expansion device is zero, which is more meaningful since
none of the expended exergy is recovered. An expansion valve is highly irreversible as the
pressure of the refrigerant is decreased with no product output, Dincer, and Marc, 2013.

The rate of heat absorbed by evaporator is:

Qevap. = rhevap.(h6 — hy) (11)
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and the exergy destruction and exergy efficiency of evaporator is, Borgnakke, and Sonntag,
2009.:

3 Q -
Wyestevap. = Mevap.To(S7 = S6) — Tevap (12)
evap.
T,
— 1—2 )
) _ Qevap ( Tevap 1 lpdestf.evap- (13)
ex.evap mevap.('wbé —,) rhevap.(lrbé —Y7)

The overall exergy efficiency of the cycle is the ratio of actual COP to Carnot COP
Dincer, and Marc, 2013:

COP

Noverall = COPcarmot (14)
Qevap.
COP =———7+——— 15
WComp.+Wpump ( )
_ Tcond.
COPrgrmor = ——S2nd (16)

Tcond.— Tevap.

The energy and the exergy models were programmed using the EES software suitable for solving
thermal models equations efficiently and according to the flowchart shown in Fig. 2.

3. RESULTS AND DISCUSSIONS

To validate the current mathematical model, a comparison was made with available
experimental data from Khalifa et al 2015 as shown in Fig. 3. The figure depicts a reasonable
qualitative and quantitative agreement to render the results of the current model acceptable.
Condensing pressure affects both discharge temperature, suction temperature as well as, power
consumed by the cycle, as the condensing pressure increases the balance point of the cycle shifts
to another one. The shifting of balance affects exergetic behaviour of the all cycle components as
shown in Fig. 4. From the figure it can be seen that for a given condensing pressure, the highest
exergy destruction occurs in capillary tube, since the expansion of refrigerant through capillary
tube produces no work. As the condensing pressure increases, discharge and suction
temperatures increased also, thus entropy generation within condenser increased leading to
increase condenser exergy destruction. The evaporator is the only cycle component that recovers
its exergy as condensing pressure increases, due to high efficient heat transfer between low
evaporation temperature and environment. From the figure it can be seen that, the optimum
condensing temperature for a given VCR cycle operating under Baghdad condition is about 40°C
that corresponds to condensing pressure of about 15 bars, this condensing pressure can give
higher exergy efficiency as shown in Fig. 5. While Fig. 6 shows the effect of volume ratio of
injected vapour on the exergy destruction in heat pump components. It can be seen from the
figure that, the injection of vapour can recover the exergy for all cycle components, except
evaporator, since the reduction in refrigerant mass flow rate through evaporator reduces the heat
pump capacity. As a result of injected vapour, in the ratio of 5%, the system overall exergy
destruction is minimized by 21%, and the overall heat pump exergy efficiency is increased by
about 14.6%, as shown in Fig. 7 and Fig. 8 respectively. Fig. 9 shows the effect of LPA and
liquid injection technologies on the exergy destruction of modified heat pump system
components. The figure shows that the exergy destruction of the compressor decreased when
applying these two technologies; due to reducing the compressor work as a result of decrease the
pressure ratio. Then the exergy destruction is further reduced with the increasing in the volume
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ratio of liquid injected; as a result of decrease the inlet temperature to the compressor. It is
observed from the figure that the exergy destruction of the expansion device reduces with
increase in the volume ratio of liquid injecte. While the exergy destruction in the evaporator
shows insignifcant effect until the injected liquid ratio becomes more than 5%, it is believed that
the injection of liquid in the discharge line has a little effect on the suction temperature with the
ratio limits mentioned above. The exergy destruction through evaporator tends to reduce as
liquid injection percentage increases more than 5%. Fig. 10 shows the effect of volume ratio of
injected liquid on the total exergy destruction of modified heat pump system. The total exergy
destruction decreased about 14.71 % by LPA pump with no injection, and by about 40.26 % as a
result of injected liquid in the ratio of 10%. The reduction in exergy destruction improves the
overall exergy efficiency of heat pump; until the injected liquid ratio reaches 5%, after this ratio
the overall exergy efficiency tends to reduce, as shown in Fig. 11. The exergetic behaviour of
heat pump with hybrid injection shows the same trend as mentioned in vapour and liquid
injection, as shown in Fig. 12, 13, and 14 for different volume ratios of injected vapour of 1, 2
and 3%. Fig. 15 shows the effect of volume ratio of injected vapour in hybrid injection, it can be
seen from the figure that the ratio 1% of injected vapour gives minimum PF for the cycle for all
liquid injected ratios, while ratio of 2% for vapour injected appears efficient when the ratio of
injected liquid is more than 3%. Finally when injected vapour is in the ratio of 3%, the injected
liquid should not exceed 3%.

4. CONCLUSIONS
1- The condensing pressure in Iraq should be in the range of 14 to 15 bars; this range gives
maximum exergy efficiency which equals about 54.55%.
2- The best volume ratios of injected refrigerant are as follows:
a- 5% of injected vapour reduces the total exergy destruction by about 21% and
increases the total exergy efficiency by 14.6%.
b- 5% of injected liquid enhances the exergy efficiency by about 19.6% and
deteriorates the exergy destruction by 30.3%.
c- At 3% volume ratio for both vapour and liquid, at these ratios cycle exergy
efficiency increases by 22%.
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NOMENCLATURE:

Symbols
h= specific enthalpy, kJ/kg.
m= mass flow rate, kg/s.

Q= rate of heat transfer, kW.

s= specific entropy, kJ/kg. K.

T= temperature, K.

W= rate of work, kW.

Y= flow availability, kJ/kg.
n= efficiency, %.

Subscripts

cond.= condenser

dest.= destruction
evap.= evaporator

ex. = exergy

cap. tube= capillary tube
rev.= reversible

0= dead state
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Figure 1. Schematic and P-h diagrams of heat pump cycle with LPA and hybrid injection
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Figure 2. Flowchart of the EES program.
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