IHHOBAL|Il B CYAHOBYAYBAHHI TA OKEAHOTEXHILII XI MDKHAPOOHA HAYKOBO-TEXHIYHA KOH®EPEHLUIA

[11] Radchenko, A., Bohdal, L., Zongming, Y., Portnoi, B., Tkachenko, V. (2020). Rational designing of gas turbine
inlet air cooling system. In Tonkonogyi, V. et al. (Eds.) Advanced Manufac-turing Processes. InterPartner-2019,
Lecture Notes in Mechanical Engineering (pp. 591-599). Springer, Cham.

[12] Meteomanz. Meteomanz Homepage. Retrieved from http://www.meteomanz.com.

[13] SE SPCGTC “Zorya”-“Mashproekt” (2004). Nikolaev gas turbines of industrial application. Nikolaev.

PapueHko, A., Ctaxens, A., ®opayn, C., MNopTtHon, B., PisyH, O.

AHANI3 E®EKTUBHOCTI KOMMJIEKCY OXONOOXXEHHA NOBITPA HA BXOAI r'TY 3 rPAOUPHAMU

Ha npuknadi 2azomypb6iHHOi ycmaHoeku 0ociiOXeHi npouyecu OXOJIOOKeHHsI noeimpsi Ha exodi e
eHep20yCmaHo8KU Men/I08UKOPUCMOBYOYUMU XOSI00UIbHUMU MalWuHaMu 3 ymuni3ayiero menna
euxsionHux 2asie 3 eideedeHHsIM 8i0 HUX HalNUWKOeO20 mernsa 2padupHAMU cucmemMu 060pPOMHO20
oxos100keHHs1. [lokazaHa MoXiueicmb 36inbWeHHs1 eKOHOMIT nasuea 3a paxyHOK OXOJTI00KeHHs1 noeimpsi Ha
exo0i e 2aszomypb6iHHY ycmaHO8Ky 3a paxyHOK 3MeHWEeHHs1 Kinbkocmi epadupeHb | eumpamu
eslekmpoeHepeii Ha npugid eeHMunsmMopie 2padupeHsb.

Knroqoei criosa: 2azomypbiHHa ycmaHoeka, merniosukopucmosytoya xornodunibHa MalluHa, meniose
HasaHMaxXeHHs, 2padupHsi.
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THE EFFICIENCY OF REFRIGERATION CAPACITY REGULATION IN AMBIENT AIR CONDITIONING SYSTEMS
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Abstract. A new method and approach to analyzing the efficiency of ambient air conditioning system has been
developed, according to which the overall range of changeable heat loads is divided in two zones: the zone of ambient
air processing with considerable fluctuations of the current heat load and a zone without fluctuations. The proposed
method of the refrigeration capacity regulation allows to increase the efficiency of utilizing the installed refrigeration
capacity in current climatic conditions.

Keywords: annual refrigeration energy production, design refrigeration capacity, current cooling load.

Introduction

The operation of the ambient air conditioning systems (ACS) is characterized by significant fluctuations of the
heat load in accordance with the current ambient air temperature tamp and relative humidity @ambp [1]. At the same
time, the operation of closed type ACS (processing of indoor air) is characterized by relatively insignificant
fluctuations in the heat load on the air coolers (AC), corresponding to changes in the room air temperature within
narrow range (about 5 °C). For such closed type ACS it is very effective to use compressors with frequency
converters that provide refrigeration capacity regulation from nominal (rated) to 50% of nominal and lower.

The aim of the study is to develop an approach to the analysis of the efficiency of regulating the refrigeration
capacity of an ACS compressor with a frequency converter for actual climatic conditions.

Literature review

In a number of investigations, the air conditioning is considered as one of the technologies for combined
cooling, heating and power (CCHP) [2]. Some of technical innovations and methodological approaches in waste heat
recovery might be applied for traditional refrigeration technologies in air conditioning, in particular, evaporative
cooling [3], two-stage air cooling, as well as methods to choose rational design value of refrigeration capacity to
match current cooling demand [4].

Numerous researchers have studied the energy efficiency of the VRF system [5] and proposed some practical
recommendations [6]. The simulation results in work [7] show that the VRF systems would save around 15-42% and
18-33% for HVAC site and source energy uses compared to the rooftop unite variable air volume systems (RTU-
VAV) systems. The author [8] propose the method of calculating thermal load of building. The VRF systems operate
with high part-load efficiency [9], that results into high daily and seasonal energy efficiency, so as ACS typically
spend most of their operating hours T in the range of 40% to 80% of maximum capacity [10]. Results [11] show that
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ACS have great potential for energy saving, and the adjustability of VRF ACS is better than that of centralized air
conditioning system. The authors [12] study analyzes the cooling load rules of a typical room comparatively under
intermittent and continuous running of ACS.

A combination of HVAC system with RTU used as the outdoor air processing (OAP) system in the VRF and
control strategies to enhance its energy performance and thermal comfort were proposed [13]. The VRF system with
energy recovery ventilation (ERV) [14] and a dedicated outdoor air system (DOAS) was introduced [15]. The
evaluation of indoor thermal environments and energy consumption of the VRF system [16] with a heat pump
desiccant (HPD) was conducted [17].

The authors [18] developed a control algorithm of the supply air temperature (threshold temperature) in the
outdoor air processing (OAP). A higher energy reduction compared with conventional operation without refrigerant
flow regulation, revealed when the outdoor air temperature was closer to the indoor temperature set point, was quite
evident due to superlative applying the variable speed compressor in part load modes. The authors [19] on the base
of field test results revealed that the actual OAP capacity should be less than 30% of the design outdoor unit capacity
to prevent a lack of indoor units cooling capacities.

Research Methodology

In general case, an overall heat load of any ACS comprises the unstable heat load zone, corresponding to
ambient (outdoor) air processing with considerable heat load fluctuations in response to actual climatic conditions,
and a comparatively stable heat load zone for subsequent air cooling (subcooling) to a target temperature.

In modern VRF systems the load modulation is performed by varying refrigerant feed to air coolers. The COP,
and the specific (per unit of refrigerant mass flow) generated refrigeration capacity are stabilized due to a change in
the rotational speed of the piston compressor while reducing the heat load to 50% of the nominal.

Authors developed a methodological approach to the analysis of the efficiency of regulation of the cooling
capacity of ACS in actual climatic conditions, according to which the overall range of changes in current heat loads is
divided into two zones: the zone of effective regulation of refrigeration capacity without energy loss and the zone of
reduced not adjustable (unregulated) refrigeration capacity.

For convenience of calculation for other refrigeration capacities of ACS the heat loads are represented in
relative (specific) values per unit air mass flow (Ga = 1 kg/s)— as specific heat load, or refrigeration capacity of a
refrigerating machine (RM), go = Qo/Ga, kJ/kg, where Qo is the total heat load (refrigeration capacity) for air flow Ga.

The rational value qorat Of specific refrigeration capacity go on the AC, required for cooling the ambient air to
a target temperature 10°C, ensures the maximum specific annual refrigeration capacity production 3 (qo'T) taking into
account the actual current climatic conditions [20]. The specific cooling capacity is calculated as: qo = & Cma-(tamb —
ta2), kJ/kg, where: § — coefficient of water vapor condensation heat, calculated as ratio of the overall heat removed
from the air being cooled, including the latent heat of water vapor condensed from the ambient air, to the sensible
heat removed; ca — humid air specific heat. The specific annual refrigeration capacity production Y (goT) =
Y (€ ca(tamb — ta2) - T).

The specific refrigeration capacity consumption in the zone of its frequency regulation o.102reg>0 (pOSitive
values in the zone of adjustable refrigeration capacity from 100 to 50% — above threshold value qo.10rat/2) defined as
Qorzreg>0 = (o — Qora/2 20, as well as below the range of its frequency regulation qo.102reg<0 (positive values in the
unregulated range of refrigeration capacity below 50% — below qo.10rat/2): Qorzreg <0 = Qorat/2 — o 20. The values of the
unused excess of the installed refrigeration capacity: qo.iora/2— Qo.10/2reg>0 in the zone of its frequency regulation
(above Qo.orai/2), its excess: Qo.iora/2— Qo.aoi2reg<o  OUtSide the range of its regulation (below qo.iorat/2), the total
expenditures of increasing consumption Z(qo.102reg>0T) = Z[(qo.10 — qo.10ra/2)-T] 20 and excess of refrigeration capacity
2[(go.10rat/2 — Qo.10/2reg >0)'T] = Qo.10 — Qoora’2 = 0 in the zone of its regulation (above qo.ora’2) and consumption
2 (o.102reg<0°'T) = Z[(qo.10ra’2 — qo.10)'T] 20 and excess of installed refrigeration capacity Z[(go.10rat/2 — (o.10/2reg <0)-T] =
2[(qo.10 — go.10rat/2)'T] 20 below the range of its regulation (lower go.1orat/2).

Results

For the climatic conditions of the south of Ukraine, when air is cooled to ta2 = 10 °C, the maximum specific
annual refrigeration capacity production  (qo-1) takes place at specific refrigeration capacity qo = 34 kJ/kg as rational
Qorat [20]. Current values of tamb, Specific heat loads at the ACS air cooler (AC) qo.i0, consumption of specific
refrigeration capacity in the zone of its frequency regulation qo.10/2reg>0 = go.10 — fo.10rat/220 (positive values in the zone
of adjustable refrigeration capacity from 100 to 50% — above threshold value qo.10ra2 in Fig. 1(a)) and below the
range of its frequency regulation Qo.ior2reg <0 = Qo.iora/2 — (o0 20 (positive values in the unregulated range of
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refrigeration capacity below 50% — below go.10ra/2 in Fig. 1(b)) for climatic conditions (Voznesensk, Nikolaev region,
2015) are shown in Fig. 1.
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Fig. 25. Current values of tamb, refrigeration capacity go.10, consumption go.1or2reg>0 and unused excess (qo.1orat/2 —

go.10/2reg>0), total monthly consumption Z(qo.10/2reg>0-T) and excess Z[(qo.10rat/2 — qo.10/2reg>0)-T] Within frequency
regulation (a), values of qo.10/2reg<0 and (go.10rat/2 — go.10/2reg<0), Z(o.10/2reg<0°T) @and Z[(o.10rat/2 — o.10/2reg <0)*T] below
regulation (b): go.10/2reg>0 = go.10 — fo.10ra’2 20 (adjustable range); go.10/2reg<0 = go.10rat/2 — qo.10 20 (unregulated range);
threshold value qo.10rat/2 = 17 kd/kg

As Fig. 1 shows, the share of cold production at 50% frequency regulation of refrigeration capacity is:
>(qo.10/2reg >0°T)/(Z(qo.10/2reg >0°'T) + Z(Qo.10/2reg <0°T)) = 0,47, i.e. about 47% of the total monthly amount of cold spent for
cooling the air in the range of variation of the current heat load go.io from 0 to qo.zorat = 34 kJ/kg. However, with
respect to the unused monthly excess of the installed cooling capacity over the expendable for cooling the air
>[(go.10ra/2 — Qo.10/2reg >0)'T] = (o.10 — Qo.zora’2 20 in the region of 50% of its frequency regulation, the share of
refrigeration capacity monthly production is 2200/(2200+10500)=0,17 (Fig. 1(a)), i.e. about 17%, and almost half as
much (2200/[2 (2200+10500)] =0,087) in the entire range of changes in the current heat load go.10 from 0 to go.10rat =
34 kJ/kg for the July.

This indicates, firstly, the presence of significant reserves to increase the efficiency of ACS by using the
excess of installed refrigeration capacity over that consumed for cooling air, in particular, by accumulating it for
subsequent consumption, which provides a significant reduction in installed refrigeration capacity, and secondly, the
possibility to use other methods of regulating refrigeration capacity in addition to changing the speed of the
compressor motor, for example, by turning off the cylinders or the compressor itself in the case of several
compressors etc.

If ACS operates in June or August, the efficiency of applying the refrigeration capacity control by changing the
rotational speed of the compressor electric motor will be even lower, and taking into account 3-5 times higher cost of
compressors with frequency converters, their application for ACS becomes problematic.

When ambient air is being cooled from tamb to the higher temperatures ta2 = 15, 17 and 20 °C, as the cooling
temperature ta2 rises a significant proportion of the unstable heat load is replaced from its adjustable range (Qorzreg>0 =
go — go.rav220), which falls on the go 2qo.ra/2, into the range of unregulated heat load go<qo.ra/2 (Fig. 2—4).
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Fig. 26. Current values of tamb, specific refrigeration capacity of ACS qo.15, consumption of refrigeration capacity
go.15/2reg>0 @and unused excess of installed refrigeration capacity (go.1srat/2 — qo.15/2reg>0), the total monthly consumption
>(qo.15/2reg>0'T) @and excess Z[(do.15rat/2 — Qo.15/2reg >0)'T] Of refrigeration capacity within frequency regulation (a), values
of qo.15/2reg<0 @and (qo.15rat/2 — Qo.15/2reg<0), Z(o.15/2reg<0'T) and Z[(o.15rat/2 — Qo.15/2reg <0)-T] below the range of its regulation
(b) when cooling the ambient air from tamb t0 taz = 15 °C: go.15/2reg>0 = (o.15 — (o.15ra/2 =0 (adjustable range); go.15/2reg<0

= go.1srat/2 — (o.1s 20 (unregulated range); threshold value qo.1srat/2 = 12 kJ/kg

As Fig. 2 shows, the share of refrigeration capacity monthly production at 50% frequency regulation of
refrigeration capacity is: 2(go.15/2reg>0°T)/(Z(00.15/2reg>0°T)+ Z(Co.15/2reg <0°'T))=0.17, i.e. about 17% of the total monthly
amount of refrigeration capacity expended for cooling the air in the range of variation of the current heat load qo.15
from O to go.15rat = 25 kJ/Kg.

The share of refrigeration capacity monthly production at 50% frequency regulation of refrigeration capacity is:
2(0o.17/2reg>0°T)/(Z(qo.17/2reg>0'T) + Z(Qo.17/2reg<0'T))= 0,093, i.e. about 9,3% of the total monthly amount of refrigeration
capacity expended for cooling the air in the range of variation of go.17 from 0 to qo.17rat = 22 kJ/kg (Fig. 3).
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Fig. 27. Current values of tamb, specific refrigeration capacity go.15, consumption go.17/2reg=0 and unused excess of
installed refrigeration capacity (do.17rat/2 — go.17/2reg>0), the total monthly consumption (qo.17/2reg>0'T) and excess
2[(qo.17rat/2 — Qo.17/2reg >0) T] Of refrigeration capacity within frequency regulation (a), values of qo.17/2reg<o and (qo.17rat/2 —
go.17/2reg<0), Z(o.17/2reg<0°T) @nd Z[(qo.17ra2 — Qo.17/2reg <0)°T] below the range of its regulation (b) when cooling the
ambient air from tamb t0 ta2 = 17 °C: (o.17/2reg>0 = (J0.17 — (o.17rat/220 (adjustable range); qo.17/2reg<0 = o.17rat/2—(0.1720
(unregulated range); threshold value qo.17rat/2 = 11 kJ/kg
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Fig. 28. Current values of tamb, consumption of specific refrigeration capacity go.2o2reg>0 and unrealized excess of
installed refrigeration capacity (qo.2orat/2 — qo.20/2reg>0), the total monthly consumption Z(qo.2or2reg>0-T) and excess
Z[(qo.20ra/2 — qo.20/2reg >0)T] Of refrigeration capacity within frequency regulation (a), values of go.202reg<0 and (qo.2orat/2 —
o.20/2reg<0), 2(qo.20/2reg<0"T) and Z[(qo.20rat’2 — Qo.20/2reg <0)-T] below the range of its regulation (b) when cooling the
ambient air from tamb t0 taz = 20 °C: (o.20/2reg>0 = (o.20 — (o.20rat/2 =0 (adjustable range); go.20/2reg<0 = Qo.20rat/2 — (Jo.20 20
(unregulated range); threshold value qo.2orat/2 = 7,5 kd/kg
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As can be seen from Fig. 4, the share of refrigeration capacity monthly production at 50% frequency
regulation of refrigeration capacity is: Z(qo.20/2reg>0"T)/(£(00.20/2reg>0"T)+Z(o.20/2reg<0"T) )= 0,05, i.e. about 5% of the total
amount of refrigeration capacity monthly spent for cooling the air in the range of changes in the current heat load
Qo0 from O to qozorat = 15 kJ/kg, which indicates an extremely low efficiency of regulation of ACS refrigeration
capacity by the speed of rotation of the piston electric motor compressor and the need for other control methods.

Conclusions

A method and approach to the analyzing the efficiency of regulation of the refrigeration capacity of ACS in
actual climatic conditions is proposed, according to which the entire range of changes in current heat loads is divided
in two zones: the zone of ambient air processing with considerable fluctuations of the current heat load, that requires
effective refrigeration capacity regulation by compressor with frequency converters (from 100% rated refrigeration
capacity down to about 50 %) and not adjustable zone of reduced refrigeration capacity below 50 % rated
refrigeration capacity of compressor. The magnitudes of threshold refrigeration capacity between both zones are
chosen according to the rational value of installed refrigeration capacity on the ACS, required for cooling the ambient
air to a target temperature that ensures the maximum annual refrigeration capacity production in actual climatic
conditions.

It is shown that for the summer month, the proportion of refrigeration capacity monthly consumed for cooling
the ambient air to a target temperature with a 50% frequency control of refrigeration capacity is about 10% of its total
amount that could be monthly produced at rated load. This indicates a low efficiency of regulating the refrigeration
capacity of ACS by changing the rotation speed of the reciprocating compressor electric motor and the need for other
control methods.

The proposed method and approach to the analysis of the efficiency of the refrigeration capacity regulation of
the ACS compressor by distributing the overall range of changes in current heat loads allows to reveal the reserves
for increasing the efficiency of utilizing the installed refrigeration capacity in current climatic conditions.
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E®EKTUBHICTb PEIYJIIOBAHHA XONogonPOOYKTUBHOCTI B CUCTEMAX KOHAOUUIKOBAHHA
30BHIWHbLOIO NOBITPA

Po3po6rnieHo Hoeuli memod i nioxi0 Ao aHanizy eghekmueHocmi cucmemMu KOHOUUiHOB8aHHST 308HIWHBLO20
noeimpsi , 32i0HO 3 sIKUM 8ecb Oiana3oH 3MiHHUX Mern1o8ux HadaHMa)xeHb nodifnssembcsi Ha 08i 30HU: 30Ha
06pPO6KU HaBKONMUWHLO20 NMoeimpsi 3i 3HaYHUMU KOJIUBAHHSIMU MMOMOYHO20 MEeNnsI08020 HaBaHMAaXXEeHHs i
30Ha 6e3 konueaHb. [IponoHoeaHuli crnocié peaynreaHHsi xon0donpodykmueHocmi do3eosisie nidsuwumu
eghekmueHicmb 8uUKOpUCMaHHsI e8cmaHoesIeHoi X0s1000MPOOYKMUBHOCMIi 6 MOMOYHUX KiliMamu4yHux
ymoeax.

Krnro4oei criosa: piyHe 8UpobHULUMBOo x05100y, po3paxyHKoea Xos1000npodyKmusHicms, MomoYyHa
X0s1000MPOAYKMUBHICMb.
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AIR COOLER
Radchenko A., cand.tech.sc., associate professor!, Radchenko M., doct.tech.sc., professor?,
Zongming Y.2, Kantor S., cand.tech.sc., Portnoi B.!
1 Admiral Makarov National University of Shipbuilding;
2 Jiangsu University of Science and Technology
1 Ukraine, Mykolayiv; 2 China, Zhenjiang
! nirad50@gmail.com

Abstract. The processes of gas turbine unit (GTU) inlet air cooling by the waste heat recovery chillers (WHRCh) have
been analyzed. The scheme of the GTU inlet air cooling system with using an absorption lithium-bromide chiller (ACh)
excessive cooling capacity has been developed. This solution provides reduction by about 50% in the cooling capacity
and respectively cost of the ACh installed.

Keywords: gas turbine unit, absorption lithium-bromide chiller, exhaust gas, heat load, cooling capacity.

Introduction

The efficiency of gas turbine unites (GTU) decreases with arising the ambient air temperature at their inlet [1]J
As gas turbine efficiencies are typically on order of 30% [2] a major part of the fuel energy fed to the turbine is
dissipated to the environment in the form of high-temperature exhaust gases. However, with the utilization of the
waste heat from the GTU, the overall efficiency (electrical plus heat efficiency) of the installation could reach 80% [3].
One of the ways for enhancing the fuel efficiency of GTU at high ambient air temperatures is its cooling by waste
heat recovery chillers (WHRCh). Therefore, cooling air with the use of exhaust gas heat [4] provides increasing the
efficiency of gas turbine units at high temperatures of the ambient air at their inlet [5].
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