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ΦΟΙΣǾΣǾ΢κ ΡονηπİįΪεβμΝΣλτφωθ 

ǼΠΙǺΛǼΠΧΝκ KαλΫζζαμΝ ΢ωτάλδομ, ǹθαπζβλωτάμΝ Καγβΰβτάμ, 
΢ξοζάΝΜβξαθοζσΰωθΝΜβξαθδευθ 

ǹΚǹǻǾΜǹΨΚΟΝǼΣΟ΢κ 2015-6 

΢τθοοβ 

ȈĲαΝ πȜαȓıȚαΝ ĲȘȢΝ αȞȐȖțȘȢΝ πİȡȚȠȡȚıȝȠȪΝ ĲȘȢΝ İȟȐȡĲȘıȘȢΝ απȩΝ ĲȚȢΝ ıȣȝȕαĲȚțȑȢΝ ȝİșȩįȠȣȢΝ παȡαȖȦȖȒȢΝ İȞȑȡȖİȚαȢ,Ν ĲȠΝ
İπȚıĲȘȝȠȞȚțȩΝ İȞįȚαĳȑȡȠȞΝ ȑȤİȚΝ ıĲȡαĳİȓΝ ĲαΝ ĲİȜİȣĲαȓαΝ ȤȡȩȞȚαΝ πȡȠȢΝ ȞȑİȢΝ țαȚΝ απȠțİȞĲȡȦȝȑȞİȢΝ ȝİșȩįȠȣȢΝ παȡαȖȦȖȒȢΝ
İȞȑȡȖİȚαȢέΝ ȂİĲαȟȪΝ αȣĲȫȞΝ ȚįȚαȓĲİȡȠΝ İȞįȚαĳȑȡȠȞΝ παȡȠȣıȚȐȗİȚΝ ȠΝ ȠȡȖαȞȚțȩȢΝ țȪțȜȠȢΝ Rankine,Ν ȠΝ ȠπȠȓȠȢΝ ȒįȘΝ
ȤȡȘıȚȝȠπȠȚİȓĲαȚΝıİΝπȠȜȜȑȢΝİĳαȡȝȠȖȑȢΝȝȚțȡȒȢΝțαȚΝȝİıαȓαȢΝțȜȓȝαțαȢέΝǼțĲİĲαȝȑȞȘΝȝİȜȑĲȘΝȑȤİȚΝπȡαȖȝαĲȠπȠȚȘșİȓΝĲαΝ
ĲİȜİȣĲαȓαΝ ȤȡȩȞȚαΝıİΝıȤȑıȘΝȝİΝ ĲȘȞΝȝȠȞĲİȜȠπȠȓȘıȘΝțȣȡȓȦȢΝ ĲȠȞΝ İțĲȠȞȦĲȫȞΝ αȜȜȐΝțαȚΝ ĲȦȞΝ İȞαȜȜαțĲȫȞΝșİȡȝȩĲȘĲαȢΝ
ĲȦȞΝİȞΝȜȩȖȦΝıȣıĲȘȝȐĲȦȞέΝȆȑȡαȞΝαȣĲȫȞΝĲȦȞΝıȣȞȚıĲȦıȫȞ,ΝȚįȚαȓĲİȡαΝıȘȝαȞĲȚțȒΝİπȓįȡαıȘΝıĲȘȞΝİȞΝȖȑȞİȚΝȜİȚĲȠȣȡȖȓαΝ
țαȚΝ απȩįȠıȘΝ ĲȦȞΝ ıȣıĲȘȝȐĲȦȞΝ ȠȡȖαȞȚțȠȪΝ țȪțȜȠȣΝ RankineΝ ȑȤȠȣȞΝ ȠȚΝ αȞĲȜȓİȢΝ πȠȣΝ ȤȡȘıȚȝȠπȠȚȠȪȞĲαȚΝ ȖȚαΝ ĲȘȞΝ
țȣțȜȠĳȠȡȓαΝ țαȚΝ αȪȟȘıȘΝ ĲȘȢΝ πȓİıȘȢΝ ĲȠȣΝ ȠȡȖαȞȚțȠȪΝ ȝȑıȠȣέΝ ǾΝ απȠȣıȓαΝ İπαȡțȠȪȢΝ ȕȚȕȜȚȠȖȡαĳȓαȢΝ ȖȚαΝ ĲȘȞΝ
ȝȠȞĲİȜȠπȠȓȘıȘΝ ĲȘȢΝ ȜİȚĲȠȣȡȖȓαȢΝ αȞĲȜȚȫȞΝ ıİΝ ȝȠȞȐįİȢΝ ȝȚțȡȒȢΝ țȜȓȝαțαȢΝ ȠȡȖαȞȚțȠȪΝ țȪțȜȠȣΝ RankineΝ απȠĲȑȜİıİΝ ĲȠΝ
ȕαıȚțȩΝțȓȞȘĲȡȠΝȖȚαΝĲȘȞΝπİȡαȓȦıȘΝĲȘȢΝπαȡȠȪıαȢΝȝİĲαπĲȣȤȚαțȒȢΝįȚαĲȡȚȕȒȢέΝȈĲȩȤȠȢΝĲȘȢΝİȡȖαıȓαȢΝİȓȞαȚΝȘΝαȞȐπĲȣȟȘΝ
İȞȩȢΝ ȘȝȚİȝπİȚȡȚțȠȪΝ ȝȠȞĲȑȜȠȣΝ πȠȣΝ șαΝ įȪȞαĲαȚΝ ȞαΝ πİȡȚȖȡȐȥİȚΝ ĲȘȞΝ ȜİȚĲȠȣȡȖȓαΝ ĲȘȢΝ αȞĲȜȓαȢΝ įȚαĳȡȐȖȝαĲȠȢΝ ĲȩıȠΝ ıİΝ
ıȣȞșȒțİȢΝπȜȒȡȠȣȢΝȩıȠΝțαȚΝıİΝıȣȞșȒțİȢΝȝİȡȚțȠȪΝĳȠȡĲȓȠȣέΝΓȚαΝĲȚȢΝαȞȐȖțİȢΝαȣĲȑȢΝȜȒĳșȘıαȞΝπİȚȡαȝαĲȚțȐΝįİįȠȝȑȞαΝ
απȩΝĲȘȞΝȜİȚĲȠȣȡȖȓαΝĲȘȢΝİȖțαĲȐıĲαıȘȢΝțαȚΝıȣȖțȡȓșȘțαȞΝȝİΝĲȠȞΝπαȡȩȞΝȝȠȞĲȑȜȠΝȖȚαΝĲȘȞΝįȚαțȡȓȕȦıȘΝαȣĲȠȪέ ǼπȚπȜȑȠȞ,Ν
πȡαȖȝαĲȠπȠȚȒșȘțİΝ ȟİȤȦȡȚıĲȒΝ ȝİȜȑĲȘΝ ıȤİĲȚțȐΝ ȝİΝ ĲȘȞΝ įȣȞαĲȩĲȘĲαΝ πȡȩȕȜİȥȘȢΝ ĲȠȣΝ ȝȠȞĲȑȜȠȣΝ ĲȠȣΝ ĳαȚȞȠȝȑȞȠȣΝ ĲȘȢΝ
ıπȘȜαȓȦıȘȢ,ΝĲȠΝȠπȠȓȠ,ΝİĳȩıȠȞΝįİȞΝαπȠĳİȣȤșİȓ,ΝȝπȠȡİȓΝȞαΝȝİȚȫıİȚΝįȡαıĲȚțȐΝĲȘȞΝαπȩįȠıȘΝĲȘȢΝαȞĲȜȓαȢΝțαȚΝĲȠȣΝȩȜȠȣΝ
ıȣıĲȒȝαĲȠȢΝțαĲ’ΝİπȑțĲαıȘέ 

Πİλέζβοβ 

ǾΝ παȡȠȪıαΝ ȝİĲαπĲȣȤȚαțȒΝ įȚαĲȡȚȕȒΝ απȠĲİȜİȓΝ įȚπȜȦȝαĲȚțȒΝ İȡȖαıȓαΝ ıĲαΝ πȜαȓıȚαΝ ĲȠȣΝ įȚαĲȝȘȝαĲȚțȠȪΝ
ȝİĲαπĲȣȤȚαțȠȪΝπȡȠȖȡȐȝȝαĲȠȢΝ Ν «ȆαȡαȖȦȖȒΝțαȚΝǻȚαȤİȓȡȚıȘΝǼȞȑȡȖİȚαȢ»Ν ĲȠȣΝǼșȞȚțȠȪΝȂİĲıȠȕȓȠȣΝȆȠȜȣĲİȤȞİȓȠȣέΝǾΝ
İțπȩȞȘıȘΝĲȘȢΝİȡȖαıȓαȢΝȟİțȓȞȘıİΝĲȠȞΝȃȠȑȝȕȡȚȠΝĲȠȣΝβί1εΝțαȚΝȠȜȠțȜȘȡȫșȘțİΝĲȠΝȈİπĲȑȝȕȡȚȠΝĲȠȣΝβί1ζέΝǾΝİȡȖαıȓαΝ
αȣĲȒΝ įȚİțπİȡαȚȫșȘțİΝ ıĲȠΝ İȡȖαıĲȒȡȚȠΝ ǹĲȝȠțȚȞȘĲȒȡȦȞΝ țαȚΝ ȁİȕȒĲȦȞΝ ĲȘȢΝ ȈȤȠȜȒȢΝ ȂȘȤαȞȠȜȩȖȦȞΝ ȂȘȤαȞȚțȫȞΝ ĲȠȣΝ
ǼέȂέȆέΝȣπȩΝĲȘȞΝİπȓȕȜİȥȘΝĲȠȣΝǹȞαπȜȘȡȦĲȒΝȀαșȘȖȘĲȒΝȈȦĲȘȡȓȠȣΝȀαȡȑȜȜαέ  

ȆȡαȖȝαĲİȪİĲαȚΝ ĲȘȞΝ ȝȠȞĲİȜȠπȠȓȘıȘΝ ȝȚαȢΝ αȞĲȜȓαȢΝ șİĲȚțȒȢΝ İțĲȩπȚıȘȢΝ țαȚΝ ĲȘΝ įȚαțȡȓȕȦıȘΝ ĲȠȣΝ ȝȠȞĲȑȜȠȣΝ ȝİΝ
απȠĲȑȜİıȝαĲαΝαπȩΝĲȘȞΝαȞĲȜȓαΝįȚαĳȡȐȖȝαĲȠȢΝπȠȣΝαπȠĲİȜİȓΝıȣȞȚıĲȫıαΝȝȓαȢΝİȖțαĲȐıĲαıȘȢΝαȞȐțĲȘıȘȢΝșİȡȝȩĲȘĲαȢΝ
απȩΝȝȘȤαȞȑȢΝİıȦĲİȡȚțȒȢΝțαȪıȘȢΝπȜȠȓȦȞΝπȠȣΝȕαıȓȗİĲαȚΝıĲȘȞΝĲİȤȞȠȜȠȖȓαΝțȪțȜȠȣΝRankineΝȠȡȖαȞȚțȠȪΝȝȑıȠȣΝΥηRσ)έΝ
ǾΝ İȞΝ ȜȩȖȦΝ ȝȠȞȐįα,Ν ĲȘȢΝ ȠπȠȓαȢΝ ȘΝ αȞĲȜȓαΝ ȝİȜİĲȒșȘțİ,Ν ȑȤİȚΝ țαĲαıțİȣαıșİȓΝ țαȚΝ ȜİȚĲȠȣȡȖİȓΝ πİȚȡαȝαĲȚțȐΝ ıĲȠΝ
İȡȖαıĲȒȡȚȠΝǹĲȝȠțȚȞȘĲȒȡȦȞΝțαȚΝȁİȕȒĲȦȞΝĲȘȢΝȈȤȠȜȒȢΝȂȘȤαȞȠȜȩȖȦȞΝȂȘȤαȞȚțȫȞΝĲȠȣΝǼέȂέȆέ 

ȈȘȝİȓȠΝ İıĲȓαıȘȢΝ ĲȘȢΝ παȡȠȪıαȢΝ İȡȖαıȓαȢΝ απȠĲİȜİȓΝ ȘΝ αȞĲȜȓαΝ İȞȩȢΝ ıȣıĲȒȝαĲȠȢΝ ȠȡȖαȞȚțȠȪΝ țȪțȜȠȣΝ RankineΝ πȠȣΝ
αȟȚȠπȠȚİȓΝĲȘȞΝαπȠȡȡȚπĲȩȝİȞȘΝșİȡȝȩĲȘĲαΝαπȩΝĲαΝȞİȡȐΝȥȪȟȘȢΝĲȦȞΝȂέǼέȀέΝİȞȩȢΝπȜȠȓȠȣέ ǾΝαȞĲȜȓαΝαπȠĲİȜİȓΝȝȓαΝαπȩΝĲȚȢΝ
țȣȡȚȩĲİȡİȢΝıȣȞȚıĲȫıİȢΝİȞȩȢΝıȣıĲȒȝαĲȠȢΝȠȡȖαȞȚțȠȪΝțȪțȜȠȣΝRankine ȝİΝπȠȜȪΝıȘȝαȞĲȚțȒΝİπȓįȡαıȘΝıĲȘȞΝαπȩįȠıȘΝ
ĲȘȢΝıȣȞȠȜȚțȒȢΝ İȖțαĲȐıĲαıȘȢέΝΓȚαΝαȣĲȩΝ ĲȠΝȜȩȖȠΝȘΝȝİȜȑĲȘΝ țαȚΝȝȠȞĲİȜȠπȠȓȘıȘΝαȣĲȒȢΝțȡȓȞİĲαȚΝȦȢΝαπαȡαȓĲȘĲȘΝıĲαΝ
πȜαȓıȚαΝĲȘȢΝȕİȜĲȚıĲȠπȠȓȘıȘȢΝĲȘȢΝȜİȚĲȠȣȡȖȓαȢΝİȞȩȢΝĲȑĲȠȚȠȣΝıȣıĲȒȝαĲȠȢέ 

ǾΝįȠȝȒΝĲȘȢΝπαȡȠȪıαȢΝİȡȖαıȓαȢΝİȓȞαȚΝȘΝİȟȒȢκ 



[ix] 

 

ȈĲȠ ΚİφΪζαδοΝ 1 πȡαȖȝαĲȠπȠȚİȓĲαȚΝ ȝȓαΝ İȚıαȖȦȖȒΝ ĲȦȞΝ ȕαıȚțȫȞΝ șİȦȡȘĲȚțȫȞΝ İȞȞȠȚȫȞΝ πȠȣΝ șαΝ ȝİȜİĲȘșȠȪȞΝ ıĲȘȞΝ
πȠȡİȓαΝĲȘȢΝİȡȖαıȓαȢέΝǼπȚπȜȑȠȞ,ΝȖȓȞİĲαȚΝȝȚαΝαȞαıțȩπȘıȘΝĲȦȞΝȕαıȚțȫȞΝțαĲȘȖȠȡȚȫȞΝαȞĲȜȚȫȞΝπȠȣΝαπαȞĲȫȞĲαȚΝıĲȘȞΝ
αȖȠȡȐ,ΝπȡȠĲȠȪΝȖȓȞİȚΝȘΝİıĲȓαıȘΝıĲȚȢΝαȞĲȜȓİȢΝșİĲȚțȒȢΝİțĲȩπȚıȘȢέ 

ȈĲȠΝ ΚİφΪζαδοΝ β αȞαȜȪȠȞĲαȚΝ ĲαΝ İπȚȝȑȡȠȣȢΝ ıĲȠȚȤİȓαΝ πȠȣΝ ıȣȖțȡȠĲȠȪȞΝ ĲȘȞΝ ȝȠȞȐįαΝ αȞȐțĲȘıȘȢΝ șİȡȝȩĲȘĲαȢΝ ȝİΝ
ȚįȚαȓĲİȡȘΝ ȑȝĳαıȘ ıĲȘȞΝ αȞĲȜȓαΝ įȚαĳȡȐȖȝαĲȠȢ,Ν ĲȘȢΝ ȠπȠȓαȢΝ ĲȠΝ ȝȠȞĲȑȜȠΝ șαΝ αȞαπĲȣȤșİȓ,Ν țαșȫȢΝ țαȚΝ ıĲȠΝ İȞΝ ȖȑȞİȚΝ
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Abstract 

Due to the need for reduction of the dependency from conventional methods of energy production, scientific 
interest has moved over the last years towards new and remote energy production methods. Among them, the 
Organic Rankine Cycle shows particular interest and is already used in many small and medium scale applications. 
The last years extended research has been carried out in the field of modeling the expanders and the heat exchangers 
of such systems. Beside these components, significant importance for the operation and efficiency of Organic 
Rankine Cycle systems have the pumps that are used for the circulation and the pressure increase of the organic 
fluid. The relative absence of sufficient literature on the modeling of the pump operation for small scale Organic 
Rankine Cycle systems was a key motivation for the completion of the present thesis. Main goal of the current thesis 
was the development of semi-empirical model, which would be able to predict the performance of a diaphragm 
pump at either full andΝpartΝ loadΝoperationέΝόorΝ theΝneedsΝofΝ theΝmodel’sΝ calibration,Ν experimentalΝ dataΝ fromΝ theΝ
laboratory’sΝ systemΝ wasΝusedέΝόurthermore,Ν aΝ separateΝ investigationΝwasΝ carriedΝoutΝ concerningΝ theΝ abilityΝofΝ theΝ
model to predict the cavitation effect, which ,if not avoided, can decrease drastically the efficiency of the pump and 
the whole system.    

Summary 

ȉheΝ presentΝ thesisΝ hasΝ beenΝ developedΝ asΝ aΝ partΝ ofΝ theΝ postgraduateΝ programmeΝ “θowerΝ θroductionΝ andΝ
εanagement”ΝofΝζationalΝTechnical University of Athens. The writing of the thesis started on November 2015 and 
was finished on September 2016. It was carried out in the Laboratory of Steam Boilers and Thermal Plants of the 
Mechanical Engineering Department of the National Technical University of Athens under the supervision of 
Associate Professor Karellas, Sotirios. 

The present thesis project has as its subject the modeling of a positive displacement pump and the calibration of 
the model based on data from a diaphragm pump, component of a waste heat recovery system. The waste heat 
recovery system, which has the investigated pump as a component, has been installed and been under operation 
experimentally in the Laboratory of Steam Boilers and Thermal Plants of the Mechanical Engineering Department 
of the National Technical University of Athens. 

Main focus of the thesis is the investigation of the pump from an Organic Rankine Cycle system, which utilizes 
theΝ wasteΝ heatΝ fromΝ theΝ coolingΝ waterΝ ofΝ aΝ ship’sΝ internalΝ combustionΝ enginesέΝ TheΝ pumpΝ isΝ oneΝ ofΝ theΝ mainΝ
components of an Organic Rankine Cycle system withΝaΝsignificantΝimpactΝonΝtheΝsystem’sΝtotalΝefficiencyέΝόorΝthisΝ
reason, the investigation and modeling of one such pump is considered crucial for the needs of the optimization of 
Organic Rankine Cycle systems.  

The structure of the thesis consists of the following chapters: 
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In Chapter 1 an introduction is presented regarding the basic theoretical terms that will be discussed in the latter 
chapters. Moreover, a short review is presented with the main categories of pumps, that can be found in the market, 
before focusing on the positive displacement pumps. 

In Chapter 2 the components of the waste heat recovery system are being analyzed and a first description of the 
pump, that will be modeled, takes place. Furthermore, a more detailed description is also given for the motor that is 
drivingΝtheΝpumpΝandΝtheΝfrequencyΝinverter,ΝwhichΝcontrolsΝtheΝrotationalΝspeedΝofΝtheΝpump’sΝmotorέ 

Main topic of Chapter 3 is the description of the thermodynamical processes, based on which the pump model 
was developed, and the mathematicalΝequations,ΝtheΝmodelΝconsistsΝofέΝρfterwards,ΝaΝcalibrationΝofΝtheΝmodel’sΝmainΝ
parametersΝisΝcarriedΝoutΝbasedΝonΝtheΝexperimentalΝdataΝderivedΝfromΝtheΝlaboratory’sΝexperimentalΝsystemέ 

In Chapter 4 after the calibration of the model, an analysis is carried out concerning the main characteristics of 
the pump, making use of the results provided from the model and the results are compared with data given from the 
manufacturer and results found in the literature, in order to assess the accuracy of the model. 

Afterwards, in Chapter 5 an analysis of the cavitation phenomenonΝandΝaΝcomparisonΝofΝtheΝmodel’sΝpredictionsΝ
with the data found from literature are carried out. Cavitation as already justified from Chapter 1, is one of the main 
reasons that can cause a significant decrease in the pump efficiency and thus is investigated separately on this 
chapter.   

Finally, in Chapter 6 a summary of the thesis is presented, the main conclusions are derived and some potential 
topics for further research are proposed. 

In the Appendix which is following the thesis, the script that was developed in the programming environment of 
EES is presented.  

Keywords 
Diaphragm pump, Organic Rankine Cycle, Waste Heat Recovery, Modeling, Cavitation 
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ΚİφΪζαδοΝ1έΝΝΝ Ǽδıαΰωΰά 
 

1.1 Ο Ολΰαθδεσμ Κτεζομ Rankine (Organic Rankine Cycle) 

ȉαΝ ĲİȜİȣĲαȓαΝ ȤȡȩȞȚαΝ ȝİȖȐȜȠΝ İπȚıĲȘȝȠȞȚțȩΝ İȞįȚαĳȑȡȠȞΝ ıȣȖțİȞĲȡȫȞȠȣȞΝ ĲαΝ ıȣıĲȒȝαĲαΝ πȠȜȣ-
παȡαȖȦȖȒȢΝ ΥıȣıĲȒȝαĲαΝ ıȣȝπαȡαȖȦȖȒȢήĲȡȚπαȡαȖȦȖȒȢ) ĲαΝ ȠπȠȓα απȠıțȠπȠȪȞΝ ıĲȘΝ ȝİĲαĲȡȠπȒΝ
ĲȘȢΝİȞȑȡȖİȚαȢΝαπȩΝțȐπȠȚαΝπȘȖȒΝıİΝıȣȞįȣαıȝȑȞȘΝȘȜİțĲȡȚțȒ,ΝșİȡȝȚțȒΝțαȚΝȥȣțĲȚțȒΝȚıȤȪέΝǹȣĲȩΝİȞΝ
ȝȑȡİȚΝȠĳİȓȜİĲαȚΝıĲȠȞΝȤαȝȘȜȩΝȕαșȝȩΝαπȩįȠıȘȢΝ -ĲȘȢΝĲȐȟȘȢΝĲȠȣΝγί-40% [1, 2]- ĲȦȞΝıȣȝȕαĲȚțȫȞΝ
ıȣıĲȘȝȐĲȦȞΝπαȡαȖȦȖȒȢΝȘȜİțĲȡȚțȒȢΝİȞȑȡȖİȚαȢ,ΝĲαΝȠπȠȓαΝαĳȒȞȠȣȞΝαȞİțȝİĲȐȜȜİȣĲȠΝȑȞαΝȝİȖȐȜȠΝ
πȠıȠıĲȩΝ ĲȘȢΝ πȡȦĲȠȖİȞȠȪȢΝ İȞȑȡȖİȚαȢΝ ĲȘȢΝ İțȐıĲȠĲİΝ πȘȖȒȢέ ǺȐıİȚΝ ĲȦȞΝ πȠȜȚĲȚțȫȞΝ πȠȣΝ
αțȠȜȠȣșȠȪȞĲαȚΝ παȖțȠıȝȓȦȢΝ πȡȠȢΝ ĲȘȞΝ țαĲİȪșȣȞıȘΝ αȪȟȘıȘȢΝ ĲȘȢΝ ıȣȞȠȜȚțȒȢΝ απȩįȠıȘȢΝ ĲȦȞΝ
ıȣıĲȘȝȐĲȦȞΝπαȡαȖȦȖȒȢΝİȞȑȡȖİȚαȢΝțαȚΝĲȠȣΝπİȡȚȠȡȚıȝȠȪΝĲȦȞΝİțπȠȝπȫȞΝαİȡȓȠȣΝĲȠȣΝșİȡȝȠțȘπȓȠȣ,Ν
ȝİȖȐȜȠΝ ȝȑȡȠȢΝ ĲȘȢΝ ȑȡİȣȞαȢΝ İπȚțİȞĲȡȫȞİĲαȚΝ ıĲȠΝ ıȤİįȚαıȝȩΝ ȠȚțȠȞȠȝȚțȐΝ αȞĲαȖȦȞȚıĲȚțȫȞΝ
ıȣıĲȘȝȐĲȦȞΝ ıȣȝπαȡαȖȦȖȒȢέΝ ǼπȚπȡȩıșİĲα,Ν ĲαΝ ıȣıĲȒȝαĲαΝ ıȣȝπαȡαȖȦȖȒȢΝ ȝȚțȡȒȢΝ țȜȓȝαțαȢΝ
ȑȤȠȣȞΝ πȡȠıİȜțȪıİȚΝ ȑȞĲȠȞȠΝ İȞįȚαĳȑȡȠȞ,Ν țαșȫȢΝ ȝπȠȡȠȪȞΝ ȞαΝ ıȣȞİȚıĳȑȡȠȣȞΝ ıĲȘȞΝ πİȡαȚĲȑȡȦΝ
ȝİȓȦıȘΝĲȦȞΝİțπȠȝπȫȞ,ΝİȟαıĳαȜȓȗȠȞĲαȢΝπαȡȐȜȜȘȜαΝαİȚĳȠȡȓαΝțαȚΝαȞİȟαȡĲȘıȓαΝțαȣıȓȝȠȣέ 

ȂȓαΝαπȩΝ ĲȚȢΝ İȞαȜȜαțĲȚțȑȢΝ ȝİΝ ȑȞĲȠȞȠΝ İȞįȚαĳȑȡȠȞΝ İȓȞαȚΝ ȠΝ ȠȡȖαȞȚțȩȢΝ țȪțȜȠȢΝRankine (ORC), 
ȚįȚαȓĲİȡαΝ ıαȞΝ ĲİȤȞȠȜȠȖȓαΝ παȡαȖȦȖȒȢΝ ȘȜİțĲȡȚțȒȢΝ İȞȑȡȖİȚαȢΝ απȩΝ πȘȖȑȢΝ İȞȑȡȖİȚαȢΝ ȤαȝȘȜȠȪΝ
șİȡȝȠțȡαıȚαțȠȪΝİπȚπȑįȠȣ,ΝȩπȦȢΝȘΝȘȜȚαțȒΝİȞȑȡȖİȚα,ΝȘΝȖİȦșİȡȝȓαΝțαȚΝȘΝαπȠȡȡȚπĲȩȝİȞȘΝİȞȑȡȖİȚα. 
ǺαıȚțȩΝ πȜİȠȞȑțĲȘȝαΝ αȣĲȒȢΝ ĲȘȢΝ ĲİȤȞȠȜȠȖȓαȢΝ İȓȞαȚΝ ȩĲȚΝ ȝπȠȡİȓΝ ȞαΝ πȡȠıαȡĲȘșİȓΝ ıİΝ ȣπȐȡȤȠȞĲαΝ
ıȣıĲȒȝαĲαΝ ȝİΝ ıțȠπȩΝ ĲȘȞΝ αȟȚȠπȠȓȘıȘΝ ĲȘȢΝ απȠȡȡȚπĲȩȝİȞȘȢΝ șİȡȝȩĲȘĲαȢΝ ȖȚαΝ ĲȘȞΝ παȡαȖȦȖȒΝ
ȘȜİțĲȡȚțȒȢΝ İȞȑȡȖİȚαȢ,Ν ȩπȦȢΝ İπȓıȘȢΝ țαȚΝ ĲȘȞΝ İțȝİĲȐȜȜİȣıȘΝ πȘȖȫȞΝ șİȡȝȩĲȘĲαȢΝ ȤαȝȘȜȒȢΝ
șİȡȝȠțȡαıȓαȢ ȩπȠȣΝȠΝĲȣπȚțȩȢΝțȪțȜȠȢΝRankine ȞİȡȠȪ-αĲȝȠȪΝİȓȞαȚΝıȣȤȞȐΝȝȘΝȠȚțȠȞȠȝȚțȩȢΝȒήțαȚΝ
ȝȘΝĲİȤȞȚțȐΝȣȜȠπȠȚȒıȚȝȠȢ [3].  

ȅ ORC İȓȞαȚΝȑȞαȢΝțȪțȜȠȢΝπαȡȩȝȠȚȠȢΝȝİΝĲȠȞΝαπȜȩΝțȪțȜȠΝClausius-Rankine ȝİΝȕαıȚțȒΝįȚαĳȠȡȐΝ
ȩĲȚΝĲȠΝİȡȖαȗȩȝİȞȠΝȝȑıȠΝİȓȞαȚΝțȐπȠȚȠΝȠȡȖαȞȚțȩΝȝȑıȠΝαȞĲȓΝĲȠȣΝȞİȡȠȪ-αĲȝȠȪέΝȅΝORC ıȣȞȓıĲαĲαȚΝ
ıĲȘȞΝ αĲȝȠπȠȓȘıȘΝ ĲȠȣΝ ȠȡȖαȞȚțȠȪΝ ȝȑıȠȣΝ țαȚΝ țαĲȩπȚȞΝ ĲȘȞΝ İțĲȩȞȦıȒΝ ĲȠȣΝ ıİΝ ıĲȡȩȕȚȜȠΝ πȡȠȢΝ
παȡαȖȦȖȒΝ ȝȘȤαȞȚțȠȪΝ ȑȡȖȠȣέΝ ȉȠΝ ȤαȝȘȜȒȢΝ πȓİıȘȢΝ ȡİȪȝαΝ πȠȣΝ İȟȑȡȤİĲαȚ απȩΝ ĲȠΝ ıĲȡȩȕȚȜȠΝ
ıȣȝπȣțȞȫȞİĲαȚΝ țαȚΝ ȝİĲȐΝ İπαȞȑȡȤİĲαȚΝ ȝİΝ ĲȘΝ ȕȠȒșİȚαΝ αȞĲȜȓαȢΝ ıĲȘȞΝ ȣȥȘȜȒΝ πȓİıȘΝ ĲȠȣΝ țȪțȜȠȣέΝ
ǺȐıİȚΝĲȦȞΝπαȡαπȐȞȦΝİȓȞαȚΝİȪțȠȜαΝțαĲαȞȠȘĲȩΝȩĲȚΝĲαΝțȪȡȚαΝıĲȠȚȤİȓαΝȝȚαȢΝĲȑĲȠȚαȢΝİȖțαĲȐıĲαıȘȢΝ
İȓȞαȚΝ παȡȩȝȠȚαΝ ȝİΝ ȝȓαȢΝ ıȣȝȕαĲȚțȒȢΝ αĲȝȠȘȜİțĲȡȚțȒȢΝ İȖțαĲȐıĲαıȘȢέΝ ȈİΝ ȞİȩĲİȡİȢΝ İțįȠȤȑȢΝ ĲȠΝ
ıȪıĲȘȝαΝ πİȡȚȜαȝȕȐȞİȚΝ țαȚΝ ȑȞαȞΝ αȞαȖİȞȞȘĲȒΝ ȝİΝ ıțȠπȩΝ ĲȘȞΝ αȪȟȘıȘΝ ĲȘȢΝ απȩįȠıȘȢΝ ĲȘȢΝ
İȖțαĲȐıĲαıȘȢέΝ ǹȞαĳȠȡȚțȐΝ ȝİΝ ĲȘȞΝ πȠȜȣπȜȠțȩĲȘĲȐΝ ĲȠȣ, ĲȠΝ ıȪıĲȘȝαΝ ORC İȓȞαȚΝ țαĲȐΝ ĲȚΝ
απȜȠȪıĲİȡȠΝ απȩΝ αȣĲȩΝ İȞȩȢΝ țȪțȜȠȣΝ αĲȝȠȪΝ țαșȫȢΝ įİȞΝ ȣĳȓıĲαĲαȚ ȘΝ αȞȐȖțȘΝ ȪπαȡȟȘȢΝ ĲȣȝπȐȞȠȣΝ
ıȣȞįİįİȝȑȞȠȣΝȝİΝĲȠȞΝȜȑȕȘĲα,ΝαȞĲȓΝαȣĲȠȪΝαȡțİȓΝȑȞαȢ İȞαȜȜȐțĲȘȢΝșİȡȝȩĲȘĲαȢΝȖȚαΝȞαΝȣȜȠπȠȚȒıİȚΝ
ĲȚȢΝ ĲȡİȚȢΝ ĳȐıİȚȢΝ ĲȘȢΝ șȑȡȝαȞıȘȢΝ ĲȠȣΝ İȡȖαȗȩȝİȞȠȣΝ ȝȑıȠȣ –πȡȠșȑȡȝαȞıȘ,Ν αĲȝȠπȠȓȘıȘΝ țαȚΝ
ȣπİȡșȑȡȝαȞıȘ-έΝ ΈĲıȚ,Ν ȝȓαΝ ĲȣπȚțȒΝ įȚȐĲαȟȘΝ πȠȣΝ ȣȜȠπȠȚİȓΝ ĲȠȞΝ ȠȡȖαȞȚțȩΝ țȪțȜȠΝ Rankine 
απȠĲİȜİȓĲαȚΝαπȩΝĲȚȢΝıȣȞȚıĲȫıİȢΝπȠȣΝĳαȓȞȠȞĲαȚΝıĲȠΝıȤȒȝαΝπȠȣΝαțȠȜȠȣșİȓέ 
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ǼδεέΝ1.1 ΢ξİįδΪΰλαηηαΝĲνπδεάμΝİΰεαĲΪıĲαıβμΝηRσΝεαδΝαθĲέıĲκδξκΝįδΪΰλαηηαΝΣ-s 

ǺαıȚțȩΝıĲȠȚȤİȓȠΝțαĲȐΝĲȠΝıȤİįȚαıȝȩ ȝȚαȢΝ İȖțαĲȐıĲαıȘȢΝORC İȓȞαȚΝȘΝ İțȜȠȖȒΝĲȠȣΝȠȡȖαȞȚțȠȪΝ
ȝȑıȠȣΝțαȚΝȠΝșİȡȝȠįȣȞαȝȚțȩȢΝıȤİįȚαıȝȩȢΝĲȠȣΝțȪțȜȠȣΝȖȚαΝȝİȖȚıĲȠπȠȓȘıȘΝĲȠȣΝșİȡȝȚțȠȪΝȕαșȝȠȪΝ
απȩįȠıȘȢ [4]έΝǾΝİπȚȜȠȖȒΝαȣĲȒΝțαșȠȡȓȗİĲαȚΝțȣȡȓȦȢΝαπȩΝĲȘΝșİȡȝȠțȡαıȓαΝπȡȩıįȠıȘȢΝșİȡȝȩĲȘĲαȢΝ
ıĲȠȞΝ țȪțȜȠΝ țαȚΝ ĲȚȢΝ πİȡȚȕαȜȜȠȞĲȚțȑȢΝ παȡαȝȑĲȡȠȣȢΝ ĲȠȣΝ ȝȑıȠȣ,Ν ȩπȦȢΝ İπȓıȘȢΝ țαȚΝ απȩΝ ĲȘΝ
įȚαșİıȚȝȩĲȘĲαΝαȣĲȠȪΝıĲȠΝİȝπȩȡȚȠέ 

ȆȑȡαȞΝ απȩΝ ĲȘȞΝ įȣȞαĲȩĲȘĲαΝ ȤȡȒıȘȢΝ ĲȠȣΝ ȠȡȖαȞȚțȠȪΝ țȪțȜȠȣΝ Rankine ȖȚαΝ ĲȘȞΝ αȞȐțĲȘıȘΝ
șİȡȝȩĲȘĲαȢΝȤαȝȘȜȠȪΝșİȡȝȠțȡαıȚαțȠȪΝİπȚπȑįȠȣ,ΝıȘȝαȞĲȚțȐΝπȜİȠȞİțĲȒȝαĲαΝĲȠȣΝİȞΝȜȩȖȦΝțȪțȜȠȣΝ
İȓȞαȚΝ ȘΝ ȤȡȒıȘΝ İȞΝ ȖȑȞİȚΝ ȜȚȖȩĲİȡȠȣΝ ȠȖțȩįȠȣȢΝ İȟȠπȜȚıȝȠȪΝ țαșȫȢΝ İπȓıȘȢΝ țαȚΝ ȘΝ įȣȞαĲȩĲȘĲαΝ
ȜİȚĲȠȣȡȖȓαȢΝ ĲȠȣΝ İțĲȠȞȦĲȒΝ ıİΝ ȤαȝȘȜȩĲİȡİȢΝ șİȡȝȠțȡαıȓİȢ [5]. ǼπȚπȡȩıșİĲα,Ν ȤȐȡȘΝ ıĲαΝ «ȟȘȡȐ»Ν
ȠȡȖαȞȚțȐΝȝȑıα,ΝĲȦȞΝȠπȠȓȦȞΝȘΝțαȝπȪȜȘΝțȠȡİıȝȑȞȠȣΝαİȡȓȠȣΝȑȤİȚΝșİĲȚțȒΝțȜȓıȘ,ΝıȣȞȒșȦȢΝįİȞΝİȓȞαȚΝ
απαȡαȓĲȘĲȘΝȘΝȣπİȡșȑȡȝαȞıȘΝĲȠȣΝȠȡȖαȞȚțȠȪΝȝȑıȠȣ [6].  

ȆȑȡαȞΝ απȩΝ ĲȠȞΝ ȣπȠțȡȓıȚȝȠΝ ORC,Ν ȑȞĲȠȞȠΝ İπȚıĲȘȝȠȞȚțȩΝ İȞįȚαĳȑȡȠȞΝ ıȣȖțİȞĲȡȫȞİȚΝ țαȚΝ ȠΝ
ȣπİȡțȡȓıȚȝȠȢΝ țȪțȜȠȢΝ ORC,Ν ȠΝ ȠπȠȓȠȢ ȣπİȡĲİȡİȓΝ ȑȞαȞĲȚΝ ĲȠȣΝ ȣπȠțȡȓıȚȝȠȣΝ ORC ȜȩȖȦΝ ĲȦȞΝ
ȝİȚȦȝȑȞȦȞΝİȟİȡȖİȚαțȫȞΝαπȦȜİȚȫȞΝπȠȣΝıȣȞİπȐȖİĲαȚΝπȚȠΝαπȠįȠĲȚțȒΝαȟȚȠπȠȓȘıȘΝĲȘȢΝșİȡȝȩĲȘĲαȢ 
[7-9]έΝΆȜȜȦıĲİ,ΝȠΝȣπİȡțȡȓıȚȝȠȢΝțȪțȜȠȢΝİȓȞαȚΝπȚȠΝİĳȚțĲȩȢΝıĲαΝȠȡȖαȞȚțȐΝȝȑıαΝțαșȫȢΝĲȠΝțȡȓıȚȝȠΝ
ıȘȝİȓȠΝ İπȚĲȣȖȤȐȞİĲαȚΝ ıİΝ ȤαȝȘȜȩĲİȡİȢΝ πȚȑıİȚȢΝ țαȚΝ șİȡȝȠțȡαıȓİȢΝ ıİΝ ıȪȖțȡȚıȘΝ ȝİΝ ĲȠΝ ȞİȡȩέΝ ǾΝ
ȕαıȚțȒΝ įȚαĳȠȡȠπȠȓȘıȘΝ ȣπİȡțȡȓıȚȝȠȣΝ ȑȞαȞĲȚΝ ĲȠȣΝ ȣπȠțȡȓıȚȝȠȣΝ țȪțȜȠȣ,Ν ȩπȦȢΝ İȓȞαȚΝ πȡȠĳαȞȑȢ,Ν
İȓȞαȚΝ ȩĲȚΝ ȝİĲȐΝ ĲȘȞΝ αȞĲȜȓαΝ ĲȠΝ ȠȡȖαȞȚțȩΝ ȝȑıȠΝ ȑȤİȚΝ απȠțĲȒıİȚΝ αȡțİĲȐΝ ȣȥȘȜȩĲİȡȘΝ πȓİıȘΝ ȫıĲİΝ ȘΝ
șȑȡȝαȞıȘΝ απȩΝ ĲȠȞΝ İȞαȜȜȐțĲȘΝ ȞαΝ ĲȠΝ ȝİĲαĲȡȑπİȚΝ ıİΝ ȣπİȡțȡȓıȚȝȠΝ ȡİȣıĲȩΝ ȤȦȡȓȢΝ ȞαΝ ȝİıȠȜαȕİȓΝ
įȚĳαıȚțȒΝ πİȡȚȠȤȒ,Ν ȩπȦȢΝ ıĲȠȞΝ ȣπȠțȡȓıȚȝȠΝ țȪțȜȠέΝ ȈĲȠȞΝ αȞĲȓπȠįα,Ν ȘΝ αȞȐȖțȘΝ ȖȚαΝ ĲȘȞΝ ȪπαȡȟȘΝ
αȣȟȘȝȑȞȘȢΝπȓİıȘȢΝıȣȞİπȐȖİĲαȚΝțαȚΝαȪȟȘıȘΝĲȠȣΝțȩıĲȠȣȢΝĲȠȣΝİȞαȜȜȐțĲȘ,ΝȝİΝİȞįİȤȩȝİȞȘΝȝȐȜȚıĲαΝ
αȜȜαȖȒΝĲȠȣΝĲȪπȠȣΝαȣĲȠȪΝΥπȤέΝαȞĲȓΝȖȚαΝİπȓπİįȠΝπȜαțȠİȚįȒΝİȞαȜȜȐțĲȘΝȞαΝπȡȠĲȚȝȘșİȓΝİȞαȜȜȐțĲȘȢΝ
αȣȜȫȞ-țİȜȪĳȠȣȢΝ πȠȣΝ ȑȤİȚΝ ȝİȖαȜȪĲİȡȠΝ İȪȡȠȢΝ πȚȑıİȦȞΝ ȜİȚĲȠȣȡȖȓαȢ)Ν țαșȫȢΝ πȡȑπİȚΝ ȞαΝ İȓȞαȚΝ
αȞșİțĲȚțȩȢΝıİΝȝİȖαȜȪĲİȡİȢΝπȚȑıİȚȢέ 
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ǼδεέΝ1.2. ΣνπδεΫμΝπİλδπĲυıİδμΝνπİλελέıδηκνΝ(πλΪıδθκ)ΝεαδΝνπκελέıδηκνΝ(εσεεδθκ)ΝετεζκνΝηRσΝηİΝ
İλΰαασηİθκΝηΫıκΝĲκΝR1βγδyf [10] 

 

1.2 ΓİθδεΪΝπİλέΝαθτζδυθ 

ǺαıȚțȩΝ αȞĲȚțİȓȝİȞȠΝ ȝİȜȑĲȘȢΝ ĲȘȢΝ İȞΝ ȜȩȖȦΝ İȡȖαıȓαȢΝ απȠĲİȜİȓΝ ȘΝ įȠțȚȝȒΝ ȝȠȞĲȑȜȦȞΝ
πȡȠıȠȝȠȓȦıȘȢΝ ĲȘȢΝ αȞĲȜȓαȢΝ πȠȣΝ ȤȡȘıȚȝȠπȠȚİȓĲαȚΝ ıĲȠȣȢΝ ȠȡȖαȞȚțȠȪȢΝ țȪțȜȠȣȢΝ Rankine țαȚΝ ȘΝ
πİȚȡαȝαĲȚțȒΝįȚαțȡȓȕȦıȘ (calibration) ĲȦȞΝȝİȜİĲȠȪȝİȞȦȞΝȝȠȞĲȑȜȦȞέΝ 

ΩȢΝαȞĲȜȓİȢΝȠȡȓȗȠȞĲαȚΝȠȚΝȝȘȤαȞȑȢΝπȠȣΝȤȡȘıȚȝİȪȠȣȞΝȖȚαΝĲȘΝȝİĲαțȓȞȘıȘΝȣȖȡȫȞΝțαȚΝĲȘȞΝπȡȠıșȒțȘΝ
İȞȑȡȖİȚαȢΝ ıİΝ αȣĲȐ,Ν ȝİĲαĲȡȑπȠȞĲαȢΝ ĲȘΝ ȝȘȤαȞȚțȒΝ İȞȑȡȖİȚαΝ πȠȣΝ παȡȑȤİĲαȚΝ ıİΝ αȣĲȑȢΝ ȝȑıȦΝ ĲȠȣΝ
țȚȞȘĲȒȡαΝıİΝįȣȞαȝȚțȒ,ΝțȚȞȘĲȚțȒΝțαȚΝșİȡȝȚțȒΝİȞȑȡȖİȚαΝĲȠȣΝȣȖȡȠȪ [11, 12].  

ȊπȐȡȤȠȣȞΝįȚȐĳȠȡαΝȤαȡαțĲȘȡȚıĲȚțȐΝȕȐıİȚΝĲȦȞΝȠπȠȓȦȞΝșαΝȝπȠȡȠȪıİΝȞαΝȖȓȞİȚΝȘΝĲαȟȚȞȩȝȘıȘΝĲȦȞΝ
αȞĲȜȚȫȞ,ΝȩπȦȢΝȠΝĲȪπȠȢΝĲȠȣΝȣȖȡȠȪΝπȠȣΝįȚαțȚȞİȓĲαȚ,ΝĲαΝȣȜȚțȐΝαπȩΝĲαΝȠπȠȓαΝȑȤȠȣȞΝțαĲαıțİȣαıĲİȓΝ
ȠȚΝαȞĲȜȓİȢ,ΝȠΝαȡȚșȝȩȢΝĲȦȞΝȕαșȝȓįȦȞΝĲȠȣȢΝțȜπέΝȅΝπȚȠΝȕαıȚțȩȢΝįȚαȤȦȡȚıȝȩȢΝĲȦȞΝαȞĲȜȚȫȞΝȑȖțİȚĲαȚΝ
ıĲȘȞΝ αȡȤȒΝ ȜİȚĲȠȣȡȖȓαȢΝ ĲȠȣȢΝ țαȚΝ ȝİΝ αȣĲȩȞΝ ĲȠȞΝ ĲȡȩπȠΝ įȚαțȡȓȞȠȞĲαȚΝ įȪȠΝ ȝİȖȐȜİȢΝ țαĲȘȖȠȡȓİȢΝ
αȞĲȜȚȫȞκΝ ȠȚΝ įȣȞαȝȚțȑȢ (dynamic pumps) țαȚΝ ȠȚΝ șİĲȚțȒȢΝ İțĲȩπȚıȘȢ (positive displacement 
pumps). 

ǾΝȜİȚĲȠȣȡȖȓαΝĲȦȞΝįȣȞαȝȚțȫȞΝαȞĲȜȚȫȞΝıĲȘȡȓȗİĲαȚΝıĲȘΝȝİĲαȕȠȜȒΝĲȘȢΝțȚȞȘĲȚțȒȢΝțαĲȐıĲαıȘȢΝĲȠȣΝ
ȣȖȡȠȪΝțαȚΝĲȘΝȝİĲαĲȡȠπȒΝĲȘȢΝțȚȞȘĲȚțȒȢΝİȞȑȡȖİȚαȢΝıİΝıĲαĲȚțȒΝπȓİıȘέΝǺαıȚțȐΝȤαȡαțĲȘȡȚıĲȚțȐΝĲȦȞΝ
αȞĲȜȚȫȞΝαȣĲȠȪΝĲȠȣΝĲȪπȠȣΝİȓȞαȚΝȘΝțαȜȒΝαπȩįȠıȘ,ΝȘΝıȣȞİȤȒȢΝțαȚΝȠȝȠȚȩȝȠȡĳȘΝțȓȞȘıȘΝĲȠȣΝȡİȣıĲȠȪΝ
πȠȣΝ įȚαțȚȞȠȪȞ,Ν ȠΝ ȝȚțȡȩȢΝ ȩȖțȠȢΝ ĲȠȣȢ,Ν ĲȠΝ ıȤİĲȚțȐΝ ȤαȝȘȜȩΝ ĲȠȣȢΝ țȩıĲȠȢΝ țαȚΝ απȠȣıȓαΝ
πİȡȚȠįȚțȩĲȘĲαȢΝıĲȚȢΝįȚαțȣȝȐȞıİȚȢΝĲȘȢΝπȓİıȘȢΝțαȚΝĲȘȢΝπαȡȠȤȒȢέ 

ǹπȩΝĲȘȞΝȐȜȜȘ πȜİȣȡȐ,ΝȠȚΝαȞĲȜȓİȢΝșİĲȚțȒȢΝİțĲȩπȚıȘȢΝπαȡαȜαȝȕȐȞȠȣȞΝĲȠΝȣȖȡȩΝαπȩΝĲȠΝıȦȜȒȞαΝ
αȞαȡȡȩĳȘıȘȢΝ țαȚΝ ĲȠΝ ȝİĲαĲȠπȓȗȠȣȞΝ πȡȠȢΝ ĲȠΝ ıȦȜȒȞαΝ țαĲȐșȜȚȥȘȢΝ ȝİΝ țȐπȠȚȠΝ țȚȞȠȪȝİȞȠΝ ıĲİȡİȩΝ
ıȫȝαΝπȠȣΝțȚȞİȓĲαȚΝȝȑıαΝıİΝİȚįȚțȩΝπİȡȓȕȜȘȝαέ 
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ȅȚΝ įȣȞαȝȚțȑȢΝ αȞĲȜȓİȢΝ ȤαȡαțĲȘȡȓȗȠȞĲαȚΝ απȩΝ ȝȓαΝ ȒΝ πİȡȚııȩĲİȡİȢΝ πĲİȡȦĲȑȢΝ İȟȠπȜȚıȝȑȞİȢΝ ȝİΝ
πĲİȡȪȖȚαΝ ĲαΝ ȠπȠȓαΝ πİȡȚıĲȡȑĳȠȞĲαȚΝ İȞĲȩȢΝ ĲȠȣΝ țİȜȪĳȠȣȢΝ ĲȘȢΝ αȞĲȜȓαȢ țαȚΝ įȚαțȡȓȞȠȞĲαȚΝ ıİΝ įȪȠΝ
ȝİȖȐȜİȢΝ țαĲȘȖȠȡȓİȢκΝ ĲȚȢΝ αȟȠȞȚțȑȢΝ țαȚΝ ĲȚȢΝ ĳȣȖȠțİȞĲȡȚțȑȢ. ǼπȚπȡȠıșȑĲȦȢ,Ν ȠȚΝ įȣȞαȝȚțȑȢΝ αȞĲȜȓİȢΝ
ȑȤȠȣȞΝıȣȞİȤȒΝȡȠȒ,ΝȘΝįİΝπαȡȠȤȒΝȩπȦȢΝțαȚΝ ȘΝπȓİıȘΝ İȟȩįȠȣΝ İȓȞαȚΝıȤİĲȚțȐΝıĲαșİȡȒΝȝİΝ ĲȠΝ ȤȡȩȞȠ 
[13]. 

ȅȚΝαȞĲȜȓİȢΝșİĲȚțȒȢΝİțĲȩπȚıȘȢΝȜİȚĲȠȣȡȖȠȪȞΝȝİΝĲȠȣȢΝİȖțȜȦȕȚıȝȑȞȠȣȢΝıİΝαȣĲȑȢΝȩȖțȠȣȢΝȡİȣıĲȠȪ,Ν
ȠȚΝ ȠπȠȓİȢΝ ıȣȝπȚȑȗȠȞĲαȚΝ ıĲȘȞΝ țαĲİȪșȣȞıȘΝ πȡȠȢΝ ĲȘȞΝ ȑȟȠįȠΝ ĲȘȢΝ αȞĲȜȓαȢέ ǻȚαțȡȓȞȠȞĲαȚΝ ıİΝ įȪȠΝ
ȕαıȚțȑȢΝ țαĲȘȖȠȡȓİȢκΝ ĲȚȢΝ παȜȚȞįȡȠȝȚțȑȢΝ țαȚΝ ĲȚȢΝ πİȡȚıĲȡȠĳȚțȑȢέ ȅΝ πȚȠΝ παȜȚȩȢΝ ĲȪπȠȢΝ αȞĲȜȓαȢΝ
șİĲȚțȒȢΝ İțĲȩπȚıȘȢΝ İȓȞαȚΝ ȘΝ İȝȕȠȜȠĳȩȡİȢΝ αȞĲȜȓİȢΝ ΥpistonΝ pump)έΝ ȈȘȝİȚȫȞİĲαȚΝ ȩĲȚΝ ıİΝ αȣĲȩΝ ĲȠΝ
țİĳȐȜαȚȠΝ įİȞΝ șαΝ ȖȓȞİȚΝ İțĲİȞȒȢΝ αȞαĳȠȡȐΝ ıİΝ ĲȪπȠȣȢΝ αȞĲȜȚȫȞΝ ĲȦȞΝ ȠπȠȓȦȞΝ ĲαΝ ȝȠȞĲȑȜαΝ șαΝ
παȡȠȣıȚαıĲȠȪȞΝ İțĲİȞȫȢΝıĲȠΝȀİĳȐȜαȚȠΝ βέΝ ΝǾΝ İȝȕȠȜȠĳȩȡȠȢΝαȞĲȜȓαΝαȞȒțİȚΝ ıĲȘȞΝ ȣπȠțαĲȘȖȠȡȓαΝ
ĲȦȞΝ παȜȚȞįȡȠȝȚțȫȞΝ αȞĲȜȚȫȞΝ șİĲȚțȒȢΝ İțĲȩπȚıȘȢΝ ΥreciprocatingΝ pumps)έΝ ǾΝ ȐȜȜȘΝ ȝİȖȐȜȘΝ
ȣπȠțαĲȘȖȠȡȓαΝ ĲȦȞΝ αȞĲȜȚȫȞΝ șİĲȚțȒȢΝ İțĲȩπȚıȘȢ,Ν ȩπȦȢΝ ȒįȘΝ αȞαĳȑȡșȘțİ, İȓȞαȚΝ ȠȚΝ πİȡȚıĲȡȠĳȚțȑȢΝ
αȞĲȜȓİȢΝ ΥrotaryΝ pumps)έΝ ȈĲȚȢΝ πİȡȚıĲȡȠĳȚțȑȢΝ αȞĲȜȓİȢΝ ȖȚαΝ παȡȐįİȚȖȝαΝ αȞȒțȠȣȞΝ ȠȚΝ αȞĲȜȓİȢΝ ȝİΝ
ȠįȠȞĲȦĲȠȪȢΝ ĲȡȠȤȠȪȢΝ ΥgearΝ pumps),Ν ıĲȚȢΝ ȠπȠȓİȢΝ ĲȠΝ ȡİȣıĲȩΝ ıȣȝπȚȑȗİĲαȚΝ ıĲαΝ țİȞȐΝ ȝİĲαȟȪΝ ĲȦȞΝ
ȠįȩȞĲȦȞΝ ĲȦȞΝ ĲȡȠȤȫȞέΝ ǻİįȠȝȑȞȠȣΝ ȩĲȚΝ ȘΝ πȓİıȘΝ İȟȩįȠȣΝ ıĲȚȢΝ αȞĲȜȓİȢΝ șİĲȚțȒȢΝ İțĲȩπȚıȘȢΝ İȓȞαȚΝ
ıȣȞȐȡĲȘıȘΝ ĲȘȢΝ αȞĲȓıĲαıȘȢΝ ĲȠȣΝ ıȣıĲȒȝαĲȠȢ,Ν ȘΝ παȡȠȣıȓαΝ İțĲȠȞȦĲȚțȫȞΝ ȕαȜȕȓįȦȞΝ țαșȓıĲαĲαȚΝ
αȞαȖțαȓα [14]. 

ȂȚαΝȕαıȚțȒΝįȚαĳȠȡȐΝĲȦȞΝįȣȞαȝȚțȫȞΝαȞĲȜȚȫȞΝțαȚΝĲȦȞΝαȞĲȜȚȫȞΝșİĲȚțȒȢΝİțĲȩπȚıȘȢΝȑȖțİȚĲαȚΝıĲȘ 
ıȣıȤȑĲȚıȘΝĲȘȢΝαȪȟȘıȘȢΝĲȘȢΝπȓİıȘȢΝαπȩΝĲȘȞΝαȞĲȜȓαΝțαȚΝĲȘȢ įȚαțȚȞȠȪȝİȞȘȢ παȡȠȤȒȢΝȩȖțȠȣέΝȈĲȚȢΝ
αȞĲȜȓİȢΝșİĲȚțȒȢΝİțĲȩπȚıȘȢΝȘΝπαȡȠȤȒΝȩȖțȠȣΝİȓȞαȚΝπȡαțĲȚțȐΝαȞİȟȐȡĲȘĲȘΝαπȩΝĲȘȞΝįȚαĳȠȡȐΝπȓİıȘȢΝ
ȝİĲαȟȪΝ İȚıȩįȠȣΝ țαȚΝ İȟȩįȠȣΝ ĲȘȢΝ αȞĲȜȓαȢέΝ ǹȞĲȓșİĲα,Ν ıĲȚȢΝ įȣȞαȝȚțȑȢΝ αȞĲȜȓİȢΝ παȡȠȣıȚȐȗİĲαȚΝ ȝȓαΝ
αȡȞȘĲȚțȒΝıȣıȤȑĲȚıȘΝĲȦȞΝįȪȠΝȝİȖİșȫȞ,ΝαȪȟȘıȘΝĲȘȢΝπαȡȠȤȒȢΝıȣȞİπȐȖİĲαȚΝȝİȓȦıȘΝĲȘȢΝįȚαĳȠȡȐȢΝ
πȓİıȘȢΝπȠȣΝαπȠįȓįİȚ ȘΝαȞĲȜȓα [15]. 

 

ǼδεέΝ1.3έΝ΢νıξΫĲδıβΝατιβıβμΝπέİıβμΝεαδΝπαλκξάμΝσΰεκνΝΰδαΝĲκνμΝįδΪĳκλκνμΝĲτπκνμΝαθĲζδυθΝ[15] 



[5] 

 

 

ΓȚαΝĲȘȞΝțαȜȪĲİȡȘΝțαĲαȞȩȘıȘΝĲȠȣΝπȜȒșȠȣȢΝĲȦȞΝįȚαĳȠȡİĲȚțȫȞΝĲȪπȦȞΝαȞĲȜȚȫȞΝπαȡȠȣıȚȐȗİĲαȚΝĲȠΝ
țȐĲȦșȚΝıȤİįȚȐȖȡαȝȝαΝπȠȣΝπαȡȠȣıȚȐȗİȚΝİȞįİȚțĲȚțȐΝĲȚȢΝțȣȡȚȩĲİȡİȢΝȣπȠțαĲȘȖȠȡȓİȢ [16, 17]. 

ΚατβΰολέİμΝ
αθτζδυθ

ǻνθαηδεΫμΝαθτζέİμ ΘİτδεάμΝ
Μİτατσπδıβμ

ΦνΰοεİθτλδεΫμΝ
αθτζέİμ ΠİλδıτλοφδεΫμΠαζδθįλοηδεΫμǹιοθδεΫμΝαθτζέİμ

ǹετδθδεΫμΝαθτζέİμ Ǽηίοζοφσλİμ ǻδαφλΪΰηατομ ΟįοθτωτάΝ
αθτζέα Λοίοτ Ǽζδεοİδįάμ

 

ǼδεέΝ1.4. ǺαıδεΫμΝεαĲβΰκλέİμΝαθĲζδυθΝ[18-21] 

ȈĲȚȢΝİȖțαĲαıĲȐıİȚȢΝORC ȤȡȘıȚȝȠπȠȚȠȪȞĲαȚΝȦȢΝİπȓΝĲȠΝπȜİȓıĲȠȞΝαȞĲȜȓİȢΝșİĲȚțȒȢ İțĲȩπȚıȘȢέΝǼȞΝ
ȖȑȞİȚ,Ν ıİΝ αȣĲȑȢΝ ĲȚȢΝ İĳαȡȝȠȖȑȢΝ ȠȚΝ αȞĲȜȓİȢΝ πȑȡαȞΝ ĲȘȢΝ αȪȟȘıȘȢΝ πȓİıȘȢ,Ν παȓȗȠȣȞΝ ĲȠΝ ȡȩȜȠΝ ĲȠȣΝ
ȡȣșȝȚıĲȒΝĲȘȢΝπαȡȠȤȒȢΝĲȠȣΝİȡȖαȗȠȝȑȞȠȣΝȝȑıȠȣέΝȅȚΝαȞĲȜȓİȢΝșİĲȚțȒȢΝ İțĲȩπȚıȘȢΝπȡȠıĳȑȡȠȣȞΝȖȚαΝ
αȣĲȩΝĲȠΝıțȠπȩΝĲȠΝπȜİȠȞȑțĲȘȝαΝȩĲȚΝȘΝπαȡȠȤȒΝİȓȞαȚΝıȤİĲȚțȐΝαȞȐȜȠȖȘΝĲȘȢΝĲαȤȪĲȘĲαȢΝπİȡȚıĲȡȠĳȒȢΝ
ĲȘȢΝ αȞĲȜȓαȢ,Ν țȐĲȚΝ πȠȣΝ įİȞΝ ıȣȝȕαȓȞİȚΝ ıĲȚȢΝ ĳȣȖȩțİȞĲȡİȢΝ αȞĲȜȓİȢ,Ν ȩπȠȣΝ țαȚΝ ȘΝ įȚαĳȠȡȐΝ πȓİıȘȢΝ
ȝİĲαȟȪΝıȣȝπȣțȞȦĲȒΝțαȚΝαĲȝȠπȠȚȘĲȒΝİπȘȡİȐȗİȚΝĲȘȞΝπαȡȠȤȒΝ[22]έΝǼπȚπȜȑȠȞ,ΝȠπȦȢΝİπȚȕİȕαȚȫȞİĲαȚΝ
țαȚΝ απȩΝ ĲȘȞΝ ȕȚȕȜȚȠȖȡαĳȓαΝ [23-25],  ȠȚΝ αȞĲȜȓİȢΝ șİĲȚțȒȢΝ İțĲȩπȚıȘȢΝ παȡȠȣıȚȐȗȠȣȞΝ ȣȥȘȜȩĲİȡİȢΝ
απȠįȩıİȚȢΝ ȩĲαȞΝ ĲȠΝ İȡȖαȗȩȝİȞȠΝ ȝȑıȠΝ İȓȞαȚΝ ȠȡȖαȞȚțȒȢΝ ĳȪıȘȢ,Ν ıİΝ ıȪȖțȡȚıȘΝ ȝİΝ ĲȚȢΝ įȣȞαȝȚțȑȢΝ
αȞĲȜȓİȢΝțαȚΝȖȚαΝαȣĲȩΝĲȠΝȜȩȖȠΝșαΝαπȠĲİȜȑıȠȣȞΝĲȠΝıȘȝİȓȠΝİıĲȓαıȘȢΝĲȘȢΝπαȡȠȪıαȢΝįȚπȜȦȝαĲȚțȒȢΝ
İȡȖαıȓαȢέ 

 

1.3 ǹθτζέİμΝγİτδεάμΝİετσπδıβμ 

ȅȚΝ αȞĲȜȓİȢΝ șİĲȚțȒȢΝ İțĲȩπȚıȘȢΝ ıĲȚȢΝ ȠπȠȓİȢΝ ıȣȝπİȡȚȜαȝȕȐȞİĲαȚΝ țαȚΝ ȠΝ ĲȪπȠȢΝ αȞĲȜȓαȢΝ πȠȣΝ
ȤȡȘıȚȝȠπȠȚİȓĲαȚΝ ıĲȘȞΝ İȖțαĲȐıĲαıȘΝ įȚαțȡȓȞȠȞĲαȚΝ ıİΝ įȪȠΝ ȝİȖȐȜİȢΝ țαĲȘȖȠȡȓİȢΝ αȞȐȜȠȖαΝ ȝİΝ ĲȠΝ
İȓįȠȢΝ ĲȘȢΝ țȓȞȘıȘȢΝ ĲȠȣΝ țȚȞȠȪȝİȞȠȣΝ ıĲȠȚȤİȓȠȣκΝ ĲȚȢΝ παȜȚȞįȡȠȝȚțȑȢΝ Υreciprocating)Ν țαȚΝ ĲȚȢΝ
πİȡȚıĲȡȠĳȚțȑȢΝΥrotary). 



[6] 

 

1.3.1 ΠαζδθįλοηδεΫμΝαθτζέİμ 

ȂȓαΝπαȜȚȞįȡȠȝȚțȒ αȞĲȜȓαΝαπȠĲİȜİȓĲαȚΝαπȩΝĲȠΝȑȝȕȠȜȠ,ΝĲȠȞΝșȐȜαȝȠ,ΝĲȚȢΝȕαȜȕȓįİȢΝİȟαȖȦȖȒȢΝțαȚΝ
İȚıαȖȦȖȒȢΝ țαȚΝ ĲȠΝȝȘȤαȞȚıȝȩΝπȠȣΝțȚȞİȓΝ ĲȠΝ ȑȝȕȠȜȠέΝȈĲȘȞΝπȚȠΝ απȜȒΝțαĲαıțİȣȒ, ȩπȦȢΝαȣĲȒΝπȠȣΝ
ĳαȓȞİĲαȚΝ ıĲȠΝ țȐĲȦșȚΝ ıȤȒȝα, ȠΝ țȪȜȚȞįȡȠȢΝ ıȣȞįȑİĲαȚΝ Ν ȝİΝ ĲȠȞΝ șȐȜαȝȠΝ ıĲȠȞΝ ȠπȠȓȠΝ ȣπȐȡȤȠȣȞΝ ȘΝ
ȕαȜȕȓįαΝİȚıαȖȦȖȒȢΝțαȚΝȘΝȕαȜȕȓįαΝİȟαȖȦȖȒȢέΝȀαșȫȢΝĲȠΝȑȝȕȠȜȠΝțȚȞİȓĲαȚΝπȡȠȢΝĲαΝαȡȚıĲİȡȐΝȝȑıαΝ
ıĲȠȞΝțȪȜȚȞįȡȠ,ΝțȜİȓȞİȚΝȘΝȕαȜȕȓįαΝțαĲȐșȜȚȥȘȢΝΥİȟαȖȦȖȒȢ)ΝțαȚΝȠΝșȐȜαȝȠȢΝȖİȝȓȗİȚΝȝİΝȣȖȡȩΝȝȑıαΝ
απȩΝĲȘȞΝαȞȠȚȤĲȒΝȕαȜȕȓįαΝαȞαȡȡȩĳȘıȘȢΝΥİȚıαȖȦȖȒȢ)έ 

 

ǼδεέΝ1.5έΝ΢ξİįδΪΰλαηηαΝİηίκζκĳσλκνΝαθĲζέαμ 

ΌĲαȞΝ ĲȠΝ ȑȝȕȠȜȠΝ țȚȞİȓĲαȚΝ πȡȠȢΝ ĲαΝ įİȟȚȐΝ țȜİȓȞİȚΝ ȘΝ ȕαȜȕȓįαΝ αȞαȡȡȩĳȘıȘȢ,Ν αȞȠȓȖİȚΝ ȘΝ ȕαȜȕȓįαΝΝ
țαĲȐșȜȚȥȘȢΝțαȚΝĲȠΝȣȖȡȩΝİțĲȠπȓȗİĲαȚΝπȡȠȢ ĲȠΝıĲȩȝȚȠΝİȟȩįȠȣέΝȉȠΝȑȝȕȠȜȠΝțȚȞİȓĲαȚΝπαȜȚȞįȡȠȝȚțȐΝ
απȩΝĲȠȞΝįȚȦıĲȒȡα,ΝπȠȣΝπαȓȡȞİȚΝțȓȞȘıȘΝαπȩΝĲȠȞΝțȚȞȘĲȒȡαΝȝȑıȦΝıĲȡȠĳȐȜȠȣέ 

ȈĲȚȢΝ αȞĲȜȓİȢΝ αȣĲȑȢΝ ȘΝ ĲαȤȪĲȘĲαΝ ĲȠȣΝ İȝȕȩȜȠȣΝ πİȡȚȠȡȓȗİĲαȚΝ απȩΝ ĲȘȞΝ αįȡȐȞİȚα ȖȚαΝ αȣĲȩΝ țαȚΝ
αįȣȞαĲȠȪȞΝ ȞαΝ ıȣȞįİșȠȪȞΝ απİȣșİȓαȢΝ ȝİΝ ȘȜİțĲȡȠțȚȞȘĲȒȡİȢΝ ȣȥȘȜȫȞΝ ıĲȡȠĳȫȞέΝ ǼπȚπȡȩıșİĲα,Ν ȘΝ
παȡȠȤȒΝĲȠȣȢΝπαȡȠȣıȚȐȗİȚΝįȚαțȣȝȐȞıİȚȢΝȜȩȖȦΝĲȘȢΝπİȡȚȠįȚțȒȢΝțȓȞȘıȘȢΝĲȠȣΝİȝȕȩȜȠȣέ 

ȅȚΝπαȜȚȞįȡȠȝȚțȑȢΝαȞĲȜȓİȢΝȤȡȘıȚȝȠπȠȚȠȪȞĲαȚΝȖȚαΝȝȚțȡȒȢΝπȠıȩĲȘĲαȢΝțαȚΝȣȥȘȜȒȢΝπȓİıȘȢΝαȞȐȖțİȢΝ
ȩπȠȣΝȘΝαπȩįȠıȘΝĲȠȣȢΝȣπİȡȕαȓȞİȚΝαȣĲȒΝĲȦȞΝĳȣȖȩțİȞĲȡȦȞΝαȞĲȜȚȫȞέΝΓȚαΝπαȡȐįİȚȖȝαΝȘΝįȚαțȓȞȘıȘΝ
ȣȖȡȠȪΝ ȝİΝ παȡȠȤȒΝ   l/s țαȚΝ πȓİıȘΝ İȟȩįȠȣΝ    bar șαΝ ȒĲαȞΝ απȩΝ ȝȘȤαȞȚțȒȢΝ πȜİȣȡȐȢΝ απȩȜȣĲαΝ
İĳȚțĲȒΝ ȖȚαΝȝȓαΝ ĳȣȖȩțİȞĲȡȘΝαȞĲȜȓα,Ν αȜȜȐΝ ȖȚαΝ ĲȘȞΝ İȞΝ ȜȩȖȦΝ įȚİȡȖαıȓαΝȠΝ ȕαșȝȩȢΝαπȩįȠıȘȢΝ ȝȓαȢΝ
ĳȣȖȩțİȞĲȡȘȢΝ αȞĲȜȓαȢΝ İȓȞαȚΝ πİȡȓπȠȣΝ δε΢Ν țαȚΝ ȦȢΝ İțΝ ĲȠȪĲȠȣΝ șαΝ απαȚĲİȓΝ Ν įȚπȜȐıȚαΝ ȚıȤȪΝ ȖȚαΝ ĲȘΝ
ȜİȚĲȠȣȡȖȓαΝĲȘȢΝıİΝıȤȑıȘΝȝİΝȝȓαΝπαȜȚȞįȡȠȝȚțȒΝαȞĲȜȓαΝπȠȣΝȖȚαΝĲȘȞΝİȞΝȜȩȖȦΝįȚİȡȖαıȓαΝȑȤİȚΝȕαșȝȩΝ
απȩįȠıȘȢΝπİȡȓΝĲȠΝθί΢ [26].  

1.3.2 ΠİλδıτλοφδεΫμΝαθτζέİμ 

ǾΝįİȪĲİȡȘΝȝİȖȐȜȘΝțαĲȘȖȠȡȓαΝαȞĲȜȚȫȞΝșİĲȚțȒȢΝ İțĲȩπȚıȘȢ,ΝȩπȦȢΝȒįȘΝ ȑȤİȚΝαȞαĳİȡșİȓ,Ν İȓȞαȚΝȠȚΝ
πİȡȚıĲȡȠĳȚțȑȢΝαȞĲȜȓİȢέΝȉȠΝ İȣȡȪĲαĲȠΝπİįȓȠΝ İĳαȡȝȠȖȫȞΝ ĲȠȣȢΝ İțĲİȓȞİĲαȚΝıİΝțȐșİΝ İȓįȠȣȢΝțαșαȡȩΝ
ȣȖȡȩΝπȠȣΝȑȤİȚΝțȐπȠȚαΝȜȚπαȞĲȚțȒΝȚțαȞȩĲȘĲαΝțαȚΝİπαȡțȑȢΝȚȟȫįİȢΝȖȚαΝȞαΝαπȠĳİȣȤșİȓΝȘΝȣπİȡȕȠȜȚțȒΝ
įȚαȡȡȠȒΝ ȝȑıαΝ απȩΝ ĲαΝ įȚȐțİȞαΝ ıĲȘȞΝ απαȚĲȠȪȝİȞȘΝ πȓİıȘέΝ ΓİȞȚțȐΝ ıĲȚȢΝ πİȡȚıĲȡȠĳȚțȑȢΝ αȞĲȜȓİȢΝ
αıțȠȪȞĲαȚΝ πȚȠΝ ȝȚțȡȑȢΝ αįȡαȞİȚαțȑȢΝ įȣȞȐȝİȚȢΝ țαȚΝ ȖȚαΝ αȣĲȩΝ ĲȠΝ ȜȩȖȠΝ ȤȡȘıȚȝȠπȠȚȠȪȞĲαȚΝ ȖȚαΝ
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ȝİȖαȜȪĲİȡİȢΝ παȡȠȤȑȢΝ țαȚΝ ȝȚțȡȩĲİȡİȢΝ πȚȑıİȚȢΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲȚȢΝ παȜȚȞįȡȠȝȚțȑȢΝ αȞĲȜȓİȢέΝ ǼȓȞαȚΝ
İȜαĳȡȑȢΝțαȚΝȝȚțȡȠȪΝȩȖțȠȣΝțαȚΝπαȡȠȣıȚȐȗȠȣȞΝȝİȖȐȜȘΝπȠȚțȚȜȓαΝĲȪπȦȞΝȝİΝțȣȡȚȩĲİȡȠȣȢΝĲȚȢΝαȞĲȜȓİȢΝ
ȝİΝȠȜȚıșαȓȞȠȞĲİȢΝıȪȡĲİȢΝΥsliding-gates)ΝțαȚΝĲȚȢΝȖȡαȞαȗȦĲȑȢΝαȞĲȜȓİȢΝΥgear pumps). 

 

ǼδεέΝ1.6. ΣκηάΝπİλδıĲλκĳδεάμΝαθĲζέαμ [27] 

ΠέθαεαμΝ1.1 ΢τΰελδıβΝεαĲβΰκλδυθΝαθĲζδυθΝγİĲδεάμΝİεĲσπδıβμ 

ΚατβΰολέαΝ
αθτζέαμ 

ǼȝȕȠȜȠĳȩȡȠȢΝ
αȞĲȜȓα 

ǹȞĲȜȓαΝ
ǻȚαĳȡȐȖȝαĲȠȢ 

ǼȜȚțȠİȚįȒȢΝ
αȞĲȜȓα 

ǹȞĲȜȓαΝ
ȁȠȕȠȪ 

ȅįȠȞĲȦĲȒΝ
αȞĲȜȓα 

ΠέİıβΝ İισįον 
[barg][15] 

1-200 1-80 1-100 1-30 1-500 

ΠαλοξΫμΝ
[m3/h][15] 

1-1000 0.01-100 0.01-100 0.1-100 0.05-100 

ΜολφάΝλοάμ[28] ǻȚαțİțȠȝȝȑȞȘ ǻȚαțİțȠȝȝȑȞȘ ȈȣȞİȤȒȢ ȈȣȞİȤȒȢ ȈȣȞİȤȒȢ 

ǻδαλλοΫμ[28] ȁȓȖİȢ ȀαșȩȜȠȣ ȁȓȖİȢ ȁȓȖİȢ ȁȓȖİȢ 

΢νξθστβταΝ
ıνθτάλβıβμ[29] 

ȊȥȘȜȒ ȊȥȘȜȒ ȂȑıȘ ȂȑıȘ ȂȑıȘ 

 

1.4 ǹθτζέİμΝįδαφλΪΰηατομ 

ȅȚΝ αȞĲȜȓİȢΝ įȚαĳȡȐȖȝαĲȠȢΝ İȓȞαȚΝ αȞĲȜȓİȢΝ șİĲȚțȒȢΝ İțĲȩπȚıȘȢΝ πȠȣΝ įȚαșȑĲȠȣȞΝ țȐπȠȚαΝ İȜαıĲȚțȒΝ
ȝİȝȕȡȐȞȘΝ ΥįȚȐĳȡαȖȝα)Ν ĲȠΝ ȠπȠȓȠΝ İȓȞαȚΝ παțĲȦȝȑȞȠΝ πİȡȚĳİȡİȚαțȐΝ ȖȚαΝ ȜȩȖȠȣȢΝ ıĲİȖȐȞȦıȘȢΝ ıİΝ
ıĲαșİȡȩΝπİȡȓȕȜȘȝαέΝȉȠΝįȚȐĳȡαȖȝα,ΝπȠȣΝȑȡȤİĲαȚΝıİΝαπİȣșİȓαȢΝİπαĳȒΝȝİΝĲȠΝȣȖȡȩ,ΝπαȓȡȞİȚΝțȓȞȘıȘΝ
İȓĲİΝȝȘȤαȞȚțȐ,ΝİȓĲİΝȣįȡαȣȜȚțȐΝİȓĲİΝπȞİȣȝαĲȚțȐέΝ 
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ȉȠΝ įȚȐĳȡαȖȝαΝ țαĲαıțİȣȐȗİĲαȚΝ ıȣȞȒșȦȢΝ απȩΝ ıȣȞșİĲȚțȩΝ țαȠȣĲıȠȪțΝ İȞȚıȤȣȝȑȞȠΝ ȝİΝ țȐπȠȚȠΝ
İȓįȠȢΝ ȣĳȐıȝαĲȠȢέΝ ȉαΝ ȣȜȚțȐΝ ĲȦȞΝ įȚαĳȡαȖȝȐĲȦȞΝ πİȡȚȜαȝȕȐȞȠȣȞΝ ıȣȞȒșȦȢΝ ĲαΝ πİȡȚııȩĲİȡαΝ İȓįȘΝ
ıȣȞșİĲȚțȠȪΝțαȠȣĲıȠȪțκΝȕȠȣĲȪȜȚȠ,ΝȕȚĲȩȞ,ΝĲİĳȜȩȞΝțȜπέΝǻȚαĳȠȡİĲȚțȠȓΝıȣȞįȣαıȝȠȓΝȣȜȚțȫȞΝαπȩΝĲαΝ
ȠπȠȓαΝțαĲαıțİȣȐȗȠȞĲαȚΝĲȩıȠΝȘΝαȞĲȜȓαΝȩıȠΝțαȚΝİȚįȚțȐΝĲȠΝįȚȐĳȡαȖȝαΝȝπȠȡȠȪȞΝȞαΝțαȜȪȥȠȣȞΝȑȞαΝ
ȝİȖȐȜȠΝİȪȡȠȢΝįȚαĳȠȡİĲȚțȫȞΝαȞĲȜȘĲȚțȫȞΝαȞαȖțȫȞέΝ 

 

ǼδεέΝ1.7. ΢ξİįδΪΰλαηηαΝαθĲζέαμΝįδαĳλΪΰηαĲκμ 

ȅȚΝαȞĲȜȓİȢΝįȚαĳȡȐȖȝαĲȠȢΝ İȓȞαȚΝπȠȜȪΝțαĲȐȜȜȘȜİȢΝȦȢ įȠıȠȝİĲȡȚțȑȢΝαȞĲȜȓİȢΝ Υmetering pumps) 
ıĲȘΝ ȤȘȝȚțȒΝ ȕȚȠȝȘȤαȞȓαΝ ȩπȦȢΝ țαȚΝ ıİΝ ȐȜȜİȢΝ İĳαȡȝȠȖȑȢ țαșȫȢ ȝİĲαĲȠπȓȗȠȣȞΝ πȡȠțαșȠȡȚıȝȑȞȘΝ
πȠıȩĲȘĲαΝȣȖȡȠȪΝȖȚαΝțȐșİΝİȝȕȠȜȚıȝȩΝțαȚΝĲȠΝȣȖȡȩΝįİȞΝȑȡȤİĲαȚΝıİΝİπαĳȒΝȝİΝĲαΝȐȜȜαΝȝȑȡȘΝțαȚΝĲȠȣȢΝ
ȝȘȤαȞȚıȝȠȪȢΝ ĲȘȢΝ αȞĲȜȓαȢ, παȡȐΝ ȝȩȞȠΝ ȝİΝ ĲȠΝ İȜαıĲȚțȩΝ įȚȐĳȡαȖȝαΝ țαȚΝ ĲȚȢΝ ȕαȜȕȓįİȢέΝ ΈĲıȚ,Ν
απȠĳİȪȖİĲαȚΝĲȩıȠΝȘΝȝȩȜȣȞıȘΝĲȠȣΝȣȖȡȠȪΝȩıȠΝțαȚΝȘΝįȚȐȕȡȦıȘΝȒΝΝĳșȠȡȐΝĲȦȞΝțȚȞȠȪȝİȞȦȞΝȝİȡȫȞΝ
ĲȘȢΝαȞĲȜȓαȢ [28]. 

ǼȓȞαȚΝțαĲȐȜȜȘȜİȢΝȖȚαΝȐȞĲȜȘıȘΝȣȖȡȫȞΝșİȡȝȠțȡαıȓαȢΝȝȑȤȡȚΝ     țαȚΝıİΝİȚįȚțȑȢΝπİȡȚπĲȫıİȚȢΝ
ȝȑȤȡȚΝ țαȚΝ     έΝ ǻİȞΝ ȣπİȡșİȡȝαȓȞȠȞĲαȚΝ țαȚΝ įİȞΝ İȝĳαȞȓȗȠȣȞΝ įȚαȡȡȠȑȢΝ ȖȚαĲȓΝ įİȞΝ įȚαșȑĲȠȣȞΝ
ıĲȣπȚȠșȜȓπĲȘέΝǼȓȞαȚΝαȞĲȚİțȡȘțĲȚțȠȪΝĲȪπȠȣΝțαȚΝįİȞΝπαȡȠȣıȚȐȗȠȣȞΝȘȜİțĲȡȚțȠȪȢΝțȚȞįȪȞȠȣȢέΝȉȑȜȠȢ,Ν
ȜİȚĲȠȣȡȖȠȪȞΝ ȝİΝ ȤαȝȘȜȑȢΝ ĲαȤȪĲȘĲİȢΝ țαȚΝ įİȞΝ ȕȜȐπĲȠȣȞΝ ȣȖȡȐΝ İȣαȓıșȘĲαΝ ıİΝ įȚȐĲȝȘıȘΝ ȩπȦȢΝ ĲαΝ
LATEX [11]. 

 

1.5 ΚέθβτλοΝηİζΫτβμΝαθτζδυθ 

ΓȚαΝ ĲȘȞΝ ĲİțȝȘȡȓȦıȘΝ ĲȘȢΝ αȞαȖțαȚȩĲȘĲαȢΝ ȝİȜȑĲȘȢΝ ĲȘȢΝ ȜİȚĲȠȣȡȖȓαȢΝ ĲȦȞΝ αȞĲȜȚȫȞΝ ıİΝ ȝȓαΝ
İȖțαĲȐıĲαıȘΝORC,ΝțȡȓȞİĲαȚΝıțȩπȚȝȠΝȞαΝπαȡαĲİșȠȪȞΝαȡȤȚțȐΝȠȡȚıȝȑȞİȢΝȤȡȒıȚȝİȢΝπαȡȐȝİĲȡȠȚέΝȅΝ
ȜȩȖȠȢΝ İπȚıĲȡİĳȩȝİȞȠȣΝ ȑȡȖȠȣΝ Υback-work ratio) ȠȡȓȗİĲαȚΝȦȢΝ ĲȠΝπȘȜȚțȩΝ ĲȠȣΝțαĲαȞαȜȚıțȫȝİȞȠȣΝ
απȩΝĲȘȞΝαȞĲȜȓαΝȑȡȖȠȣ, pumpW , įȚαΝĲȠȣΝπαȡαȖȩȝİȞȠȣΝαπȩΝĲȠȞΝİțĲȠȞȦĲȒΝȑȡȖȠȣ, expW . 

exp

pump
w

W
r

W


 
(1.1) 

ȅΝįİΝȜȩȖȠȢΝșİȡȝȠțȡαıȚȫȞΝȖȚαΝĲȘȞΝπİȡȓπĲȦıȘΝİȞȩȢΝțȪțȜȠȣΝRankine ȠȡȓȗİĲαȚΝȦȢΝțȐĲȦșȚκ 
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evap cond
T

crit cond

T T
r

T T

   
(1.2) 

ȩπȠȣ,Ν 

evapT  İȓȞαȚΝȘΝșİȡȝȠțȡαıȓαΝαĲȝȠπȠȓȘıȘȢ 

condT  İȓȞαȚΝȘΝșİȡȝȠțȡαıȓαΝıȣȝπȪțȞȦıȘȢΝĲȠȣΝțȪțȜȠȣ 

țαȚΝ critT  ȘΝ țȡȓıȚȝȘΝ șİȡȝȠțȡαıȓαΝ ĲȠȣΝ ȠȡȖαȞȚțȠȪΝ ȝȑıȠȣΝ πȠȣΝ ȤȡȘıȚȝȠπȠȚİȓĲαȚΝ ıĲȠȞΝ
țȪțȜȠΝRankine. 

ΓȚαΝĲȘȞΝπİȡȓπĲȦıȘΝİȞȩȢΝıȣȝȕαĲȚțȠȪΝȣπȠțȡȓıȚȝȠȣΝțȪțȜȠȣΝORC, İĳȩıȠȞΝįİȞΝȜαȝȕȐȞȠȞĲαȚΝȠȚΝ
απȫȜİȚİȢΝĲȘȢΝαȞĲȜȓαȢΝȣπȩȥȚȞ,ΝĲȠΝȚįαȞȚțȩΝșαΝȒĲαȞΝȘΝșİȡȝȠțȡαıȓαΝαĲȝȠπȠȓȘıȘȢΝȞαΝİȓȞαȚΝȩıȠΝĲȠΝ
įȣȞαĲȩȞΝ πȚȠΝ țȠȞĲȐΝ ıĲȘȞΝ țȡȓıȚȝȘΝ șİȡȝȠțȡαıȓαΝ ĲȠȣΝ ȠȡȖαȞȚțȠȪΝ ȝȑıȠȣ,Ν ıȣȞİπȫȢΝ ȠΝ ȜȩȖȠȢΝ
șİȡȝȠțȡαıȚȫȞ,Ν Tr ,ΝȞαΝİȓȞαȚΝțαĲȐΝĲȠΝįȣȞαĲȩȞΝπȚȠΝțȠȞĲȐΝıĲȘΝȝȠȞȐįαέΝΩıĲȩıȠ,ΝȘΝİπȓįȡαıȘΝĲȘȢΝ
αȞĲȜȓαȢΝ ıĲȠȞΝ ȕαșȝȩΝ απȩįȠıȘȢ,Ν țαșȫȢΝ ȘΝ ȣȥȘȜȒΝ πȓİıȘΝ ĲȠȣΝ țȪțȜȠȣΝ țαȚΝ țαĲ’Ν İπȑțĲαıȘΝ ȘΝ
șİȡȝȠțȡαıȓαΝ αĲȝȠπȠȓȘıȘȢΝ αȣȟȐȞİĲαȚ,Ν ȖȓȞİĲαȚΝ ȩȜȠΝ țαȚΝ πȚȠΝ ıȘȝαȞĲȚțȒέΝ ǼπȚπȜȑȠȞ,Ν ȩπȦȢΝ İȓȞαȚΝ
αȞαȝİȞȩȝİȞȠ,ΝȘΝİπȓįȡαıȘΝαȣĲȒΝĲȘȢΝαȞĲȜȓαȢ,ΝȘΝȠπȠȓαΝαπȠĲȣπȫȞİĲαȚΝıĲȠΝįȚȐȖȡαȝȝαΝĲȘȢΝǼȚțέ1.8, 
İȓȞαȚΝ įȚαĳȠȡİĲȚțȒΝ ȖȚαΝ țȐșİΝ ȠȡȖαȞȚțȩΝ ȝȑıȠ,Ν αȞαįİȚțȞȪȠȞĲαȢΝ ĲȘȞΝ ıȘȝαıȓαΝ İțȜȠȖȒȢΝ ĲȠȣΝ
țαĲȐȜȜȘȜȠȣΝȠȡȖαȞȚțȠȪΝȝȑıȠȣΝȖȚαΝȑȞαΝįİįȠȝȑȞȠΝțȪțȜȠΝȜİȚĲȠȣȡȖȓαȢ,ΝȫıĲİΝȞαΝȝİȖȚıĲȠπȠȚȘșİȓΝȘΝ
απȩįȠıȘΝαȣĲȠȪέ 

 

ǼδεέΝ1.8έΝ΢νηπİλδĳκλΪΝĲκνΝζσΰκνΝİπδıĲλİĳσηİθκνΝΫλΰκνΝıαθΝıνθΪλĲβıβΝĲκνΝζσΰκνΝγİληκελαıδυθΝ
ΰδαΝįδΪĳκλαΝκλΰαθδεΪΝηΫıα 

ȀαĲȐΝπȜȒȡȘΝαȞĲȚıĲȠȚȤȓα,ΝȖȚαΝ ȑȞαΝįİįȠȝȑȞȠΝțȪțȜȠΝ ORC İȓȞαȚΝ İȪțȠȜȠΝȞαΝțαĲαıțİȣαıĲİȓΝ ȑȞαΝ
įȚȐȖȡαȝȝαΝ πȠȣΝ ȞαΝ απİȚțȠȞȓȗİȚΝ ĲȘȞΝ ıȣıȤȑĲȚıȘΝ ĲȠȣΝ ȦĳȑȜȚȝȠȣΝ ȑȡȖȠȣΝ αȞȐΝ ȝȠȞȐįαΝ ȠȡȖαȞȚțȠȪΝ



[10] 

 

ȡİȣıĲȠȪΝ ȝİΝ ĲȘȞΝ İȚįȚțȒΝ țαĲαȞȐȜȦıȘΝ ĲȘȢΝ αȞĲȜȓαȢΝ ȖȚαΝ ȑȞαΝ ıȪȞȠȜȠΝ ȠȡȖαȞȚțȫȞΝ ȡİȣıĲȫȞ,Ν ȩπȦȢΝ
ĳαȓȞİĲαȚΝ ıĲȘȞΝ ǼȚțέΝ 1.ιέΝ ȈĲȠΝ ȓįȚȠΝ įȚȐȖȡαȝȝαΝ παȡȠȣıȚȐȗİĲαȚΝ țαȚΝ ȘΝ ȓįȚαΝ ıȣıȤȑĲȚıȘΝ ȖȚαΝ ĲȘȞΝ
πİȡȓπĲȦıȘΝ ĲȠȣΝ ȞİȡȠȪ,ΝαȞαįİȚțȞȪȠȞĲαȢΝπȦȢΝıĲȘȞΝπİȡȓπĲȦıȘΝ ĲȠȣΝȠȡȖαȞȚțȠȪΝȝȑıȠȣΝȘΝ İπȓįȡαıȘΝ
ĲȠȣΝțαĲαȞαȜȚıțȫȝİȞȠȣΝαπȩΝĲȘȞΝαȞĲȜȓαΝȑȡȖȠȣΝıĲȠȞΝȕαșȝȩΝαπȩįȠıȘȢΝİȓȞαȚΝπȚȠΝıȘȝαȞĲȚțȒέ 

 

ǼδεέΝ 1.9έΝ ǼδįδεάΝ εαĲαθΪζπıβΝ αθĲζέαμΝ αθΪΝ ηκθΪįαΝ κλΰαθδεκτΝ ηΫıκνΝ εαδΝ ıνıξΫĲδıβΝ ηİΝ ĲβθΝ αθΪΝ
ηκθΪįαΝκλΰαθδεκτΝηΫıκνΝπαλαΰσηİθβΝİθΫλΰİδα 

ǿįȚαȓĲİȡȘȢΝ ıȘȝαıȓαȢΝ ȖȚαΝ ĲȘȞΝ ȜİȚĲȠȣȡȖȓαΝ ĲȘȢΝ αȞĲȜȓαȢΝ țαȚΝ țαĲ’Ν İπȑțĲαıȘΝ ĲȘȞΝ απȩįȠıȘΝ ĲȘȢΝ
İȖțαĲȐıĲαıȘȢΝİȓȞαȚΝȠΝȕαșȝȩȢΝαπȩįȠıȘȢΝĲȘȢΝαȞĲȜȓαȢέΝȈĲȘȞΝǼȚțέ1.1ίΝπαȡȠȣıȚȐȗİĲαȚΝȘΝαπȩțȜȚıȘΝ
ĲȘȢΝİȚįȚțȒȢΝțαĲαȞȐȜȦıȘȢΝĲȘȢΝαȞĲȜȓαȢΝȖȚαΝįȪȠΝĲȚȝȑȢΝĲȠȣΝȚıİȞĲȡȠπȚțȠȪΝȕαșȝȠȪΝαπȩįȠıȘȢΝαȣĲȒȢΝ
țαȚΝȘΝıȣıȤȑĲȚıȘΝȝİΝĲȘȞΝαȞȐΝȝȠȞȐįαΝȠȡȖαȞȚțȠȪΝȡİȣıĲȠȪΝπαȡαȖȩȝİȞȘΝİȞȑȡȖİȚαΝıĲȠȞΝİțĲȠȞȦĲȒέΝ
ΌπȦȢΝ İȓȞαȚΝ İȝĳαȞȑȢ,Ν ȘΝ αȪȟȘıȘΝ ĲȠȣΝ ȕαșȝȠȪΝ απȩįȠıȘȢΝ ĲȘȢΝ αȞĲȜȓαȢΝ ȝİȚȫȞİȚΝ αȚıșȘĲȐΝ ĲȚȢΝ
ȚįȚȠțαĲαȞαȜȫıİȚȢΝ ĲȠȣΝ ıȣıĲȒȝαĲȠȢΝ țαȚΝ ȑȤİȚΝ șİĲȚțȒΝ İπȓįȡαıȘΝ ıĲȠȞΝ ȕαșȝȩΝ απȩįȠıȘȢΝ ĲȘȢΝ
İȖțαĲȐıĲαıȘȢέΝȈİΝİπȚȕİȕαȓȦıȘΝĲȠȣΝȐȞȦșİȞΝȚıȤȣȡȚıȝȠȪ,ΝȠΝLin et al. [30] İȡİȪȞȘıİΝĲȘȞΝİπȓįȡαıȘΝ
ηΝįȚαĳȠȡİĲȚțȫȞΝαȞĲȜȚȫȞΝȝİΝ İȪȡȠȢ ȕαșȝȫȞΝαπȩįȠıȘȢΝȝİĲαȟȪΝγ1΢ΝțαȚΝθ1΢ΝțαȚΝαȞȑĳİȡİΝȩĲȚΝ ȘΝ
αȞĲȓıĲȠȚȤȘΝįȚαțȪȝαȞıȘΝĲȠȣΝȠȜȚțȠȪΝȕαșȝȠȪΝαπȩįȠıȘȢΝĲȘȢΝİȖțαĲȐıĲαıȘȢΝȒĲαȞΝȝİĲαȟȪΝη,1΢ΝțαȚΝ
9,2%. 
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ǼδεέΝ1.10έΝǼδįδεάΝεαĲαθΪζπıβΝαθĲζέαμΝΰδαΝįτκΝδıİθĲλκπδεκτμΝίαγηκτμΝαπσįκıβμΝĲβμΝαθĲζέαμΝεαδΝ
ΰδαΝįδΪĳκλαΝκλΰαθδεΪΝηΫıα 

 

1.6   ΣοΝφαδθσηİθοΝτβμΝıπβζαέωıβμΝıτδμΝαθτζέİμ 

ǾΝıπȘȜαȓȦıȘΝ İȓȞαȚΝ ȑȞαΝ ĳαȚȞȩȝİȞȠΝ πȠȣΝ İȞİȡȖȠπȠȚİȓĲαȚΝ ȩĲαȞΝ ȘΝ ıĲαĲȚțȒΝ πȓİıȘΝ ĲȠπȚțȐΝ ȖȓȞİĲαȚΝ
ȝȚțȡȩĲİȡȘΝ απȩΝ ĲȘȞΝ πȓİıȘΝ αĲȝȠπȠȓȘıȘȢΝ ĲȠȣΝ ȣπȩΝ įȚαțȓȞȘıȘΝ ȡİȣıĲȠȪ,Ν ȠπȩĲİΝ țαȚΝ αȞαπĲȪııİĲαȚΝ
ȑȞαȢΝșȪȜαțαȢΝαĲȝȠπȠȚȘȝȑȞȠȣΝȣȖȡȠȪ [31, 32]. ȅȚΝșȪȜαțİȢΝαȞαπĲȪııȠȞĲαȚΝțαĲȐΝĲȘȞΝțαĲİȪșȣȞıȘΝ
ĲȘȢΝȡȠȒȢΝĲȠȣΝȡİȣıĲȠȪΝțαȚΝțαșȫȢΝĲȠΝȡİȣıĲȩΝȠįȘȖİȓĲαȚΝπȡȠȢΝȗȫȞİȢΝȣȥȘȜȒȢΝπȓİıȘȢ,ΝȠȡȚıȝȑȞȠȚΝαπȩΝ
ĲȠȣȢΝșȪȜαțİȢΝįȪȞαȞĲαȚΝ ȞαΝ «țαĲαȡȡİȪıȠȣȞ»,ΝαȞαπĲȪııȠȞĲαȢΝ ĲȠπȚțȐΝπȚȑıİȚȢΝȦȢΝ țαȚΝ1ίίίί atm 
[33, 34]. 

ǾΝıπȘȜαȓȦıȘΝαȞαπĲȪııİĲαȚΝπȐȞĲȠĲİΝțȠȞĲȐΝıĲȚȢΝπİȡȚȡȡİȩȝİȞİȢΝıĲİȡİȑȢΝİπȚĳȐȞİȚİȢΝțαșȩĲȚΝİțİȓΝ
İȝĳαȞȓȗȠȞĲαȚΝ ȠȚΝ ȣȥȘȜȩĲİȡİȢΝ ĲȚȝȑȢΝ ĲȘȢΝ ĲαȤȪĲȘĲαȢΝ ȡȠȒȢΝ țαȚΝ ıȣȞİπȫȢΝ ȠȚΝ ȤαȝȘȜȩĲİȡİȢΝ ĲȚȝȑȢΝ ĲȘȢ 
ıĲαĲȚțȒȢΝ πȓİıȘȢΝ [12]έΝ ΓȚαΝ ĲȘȞΝ πİȡȓπĲȦıȘΝ ĲȦȞΝ αȞĲȜȚȫȞ,Ν ȘΝ ıπȘȜαȓȦıȘΝ απȠĲİȜİȓΝ ȑȞαΝ απȩΝ ĲαΝ
įȣıȝİȞȑıĲİȡαΝπȡȠȕȜȒȝαĲαΝπȠȣΝȜαȝȕȐȞİȚΝȤȫȡαΝıĲȠΝıĲȩȝȚȠΝİȚıȩįȠȣ,ΝțαșȩĲȚΝİțİȓΝıȣȞαȞĲȐĲαȚΝȘΝ
ȤαȝȘȜȩĲİȡȘΝ ĲȚȝȒΝ ĲȘȢΝ πȓİıȘȢ [35]. ȈȣȞȑπİȚİȢΝ αȣĲȠȪΝ ĲȠȣΝ ĳαȚȞȠȝȑȞȠȣΝ İȓȞαȚΝ ȘΝ αȪȟȘıȘΝ ĲȦȞΝ
įȠȞȒıİȦȞΝ țαȚΝ ĲȠȣΝ șȠȡȪȕȠȣΝ ĲȘȢΝ αȞĲȜȓαȢ,Ν ȝİȓȦıȘΝ ĲȘȢΝ απȩįȠıȘȢΝ ĲȘȢΝ αȞĲȜȓαȢΝ țαȚΝ įȚȐȕȡȦıȘ,Ν ȘΝ
ȠπȠȓαΝȝπȠȡİȓΝȞαΝȠįȘȖȒıİȚΝıİΝțαĲαıĲȡȠĳȒΝĲȘȢΝαȞĲȜȓαȢΝ [36, 37]. ȆȚȠΝıȣȖțİțȡȚȝȑȞα,ΝαȞαĳȠȡȚțȐΝ
ȝİΝĲȘȞΝαπȩįȠıȘΝĲȘȢΝαȞĲȜȓαȢ,ΝȣĳȓıĲαĲαȚΝ ȑȞαΝİπȓπİįȠΝĲȘȢΝπȓİıȘȢΝıĲȘȞΝİȓıȠįȠΝĲȘȢΝαȞĲȜȓαȢΝțȐĲȦΝ
απȩΝĲȠΝȠπȠȓȠΝȘΝπĲȫıȘΝĲȘȢΝαπȩįȠıȘȢΝİȓȞαȚΝıȤİįȩȞΝțαĲαțȩȡȣĳȘΝİȝȠįȓȗȠȞĲαȢΝİȟΝȠȜȠțȜȒȡȠȣΝĲȘȞΝ
ȜİȚĲȠȣȡȖȓαΝ ĲȘȢΝ αȞĲȜȓαȢ [38]. ǼπȚπȡȩıșİĲα,Ν ȘΝ ıπȘȜαȓȦıȘΝ ȑȤİȚΝ ıȘȝαȞĲȚțȑȢΝ İπȚπĲȫıİȚȢΝ țαȚΝ ıĲȘΝ
įȣȞαȝȚțȒΝ ıȣȝπİȡȚĳȠȡȐΝ ĲȘȢΝ ȡȠȒȢ,Ν įȘȝȚȠȣȡȖȫȞĲαȢΝ αȡțİĲȐΝ ıȘȝİȓαΝ αıĲȐșİȚαȢ,Ν πȠȣΝ ȝπȠȡȠȪȞΝ ȞαΝ
șȑıȠȣȞΝıİΝțȓȞįȣȞȠΝĲȘȞΝįȠȝȚțȒΝȣπȩıĲαıȘΝĲȘȢΝαȞĲȜȓαȢΝ[31]. 



[12] 

 

 

ǼδεέΝ1.11έΝǻδΪίλπıβΝĲβμΝπĲİλπĲάμΝĳνΰσεİθĲλβμΝαθĲζέαμΝζσΰπΝıπβζαέπıβμΝ[33] 

ΓȚαΝĲȘȞΝπȠıȠĲȚțȒΝİțĲȓȝȘıȘΝĲȠȣΝĳαȚȞȠȝȑȞȠȣΝĲȘȢ ıπȘȜαȓȦıȘȢΝİȚıȒȤșȘΝȠΝȩȡȠȢΝĲȠȣΝįȚαșȑıȚȝȠȣΝ
ȪȥȠȣȢΝıπȘȜαȓȦıȘȢΝ Υnet positive suction head, NPSH),Ν ĲȠΝȠπȠȓȠΝȣπȠȜȠȖȓȗİĲαȚΝ απȩΝ ĲȘȞΝțȐĲȦșȚΝ
ıȤȑıȘκ 

r pres sat
actual

pp p
NPSH

g g g     
 

(1.3) 

ΌπȠȣ, 

resp İȓȞαȚΝȘΝπȓİıȘΝĲȠȣΝĲȡȠĳȠįȠĲȚțȠȪΝįȠȤİȓȠȣΝαȞȐȞĲȚΝĲȘȢΝαȞĲȜȓαȢΝ 

  İȓȞαȚΝȘΝπȣțȞȩĲȘĲαΝĲȠȣΝȠȡȖαȞȚțȠȪΝȝȑıȠȣ 

g İȓȞαȚΝȘΝİπȚĲȐȤȣȞıȘΝĲȘȢΝȕαȡȪĲȘĲαȢ 

 İȓȞαȚΝȘΝȣȥȠȝİĲȡȚțȒΝįȚαĳȠȡȐΝȝİĲαȟȪΝĲȘȢΝαȞĲȜȓαȢΝțαȚΝĲȠȣΝĲȡȠĳȠįȠĲȚțȠȪΝįȠȤİȓȠȣ 

r pp  İȓȞαȚΝȘΝπĲȫıȘΝπȓİıȘȢΝȝİĲαȟȪΝĲȡȠĳȠįȠĲȚțȠȪΝįȠȤİȓȠȣΝΝțαȚΝαȞĲȜȓαȢΝ 

țαȚΝ satp İȓȞαȚΝ ȘΝ πȓİıȘΝ αĲȝȠπȠȓȘıȘȢΝ ĲȠȣΝ ȠȡȖαȞȚțȠȪΝ ȝȑıȠȣΝ ȖȚαΝ ĲȘΝ įİįȠȝȑȞȘΝ
șİȡȝȠțȡαıȓαέ 

ȈĲȚȢΝ πȡαțĲȚțȑȢΝ İĳαȡȝȠȖȑȢ,Ν ȠΝ țαĲαıțİȣαıĲȒȢΝ παȡȑȤİȚΝ ĲȘȞΝ țȡȓıȚȝȘΝ ĲȚȝȒΝ ĲȠȣΝ ȪȥȠȣȢΝ
ıπȘȜαȓȦıȘȢ,ΝȘΝȠπȠȓαΝπȡȑπİȚΝȞαΝİȓȞαȚΝȤαȝȘȜȩĲİȡȘΝαπȩΝĲȘȞΝĲȚȝȒΝπȠȣΝπȡȠțȪπĲİȚΝαπȩΝĲȘȞΝıȤȑıȘΝ
(1.γ),ΝȫıĲİΝȞαΝȝȘȞΝĲİșİȓΝıİΝȜİȚĲȠȣȡȖȓαΝĲȠΝĳαȚȞȩȝİȞȠΝĲȘȢΝıπȘȜαȓȦıȘȢ [39]. 

actual critNPSH NPSH  (1.4) 

ΌπȦȢΝıȣȝπİȡαȓȞİĲαȚΝțαȚΝαπȩΝĲȘȞΝıȤȑıȘΝΥ1.γ)ΝȣπȐȡȤȠȣȞΝπȠȜȜȠȓΝπαȡȐȖȠȞĲİȢΝπȠȣΝıȣȝȕȐȜȜȠȣȞΝ
ıĲȘȞΝ İțįȒȜȦıȘΝ ĲȘȢΝ ıπȘȜαȓȦıȘȢέΝ ȂİĲαȟȪΝ αȣĲȫȞ,Ν țȣȡȚȩĲİȡȠȚΝ İȓȞαȚΝ ȘΝ αȪȟȘıȘΝ ĲȘȢΝ πȓİıȘȢΝ



[13] 

 

αĲȝȠπȠȓȘıȘȢ,ΝȜȩȖȦΝαȪȟȘıȘȢΝĲȘȢΝĲȠπȚțȒȢΝșİȡȝȠțȡαıȓαȢ,ΝȘΝαȪȟȘıȘΝĲȘȢΝπĲȫıȘȢΝπȓİıȘȢΝαȞȐȞĲȚΝĲȘȢΝ
αȞĲȜȓαȢΝțαȚΝȘΝ İıĳαȜȝȑȞȘΝĲȠπȠșȑĲȘıȘΝĲȠȣΝĲȡȠĳȠįȠĲȚțȠȪΝįȠȤİȓȠȣΝıİΝȪȥȠȢΝĲȑĲȠȚȠΝȫıĲİΝȞαΝ ȑȤİȚΝ
αȡȞȘĲȚțȒΝȒΝȝȘįİȞȚțȒΝİπȓįȡαıȘΝıĲȠΝįȚαșȑıȚȝȠΝȪȥȠȢΝıπȘȜαȓȦıȘȢέ ȈȣȞİπȫȢ,ΝȖȚαΝĲȘȞΝαπȠĳȣȖȒΝĲȘȢΝ
ıπȘȜαȓȦıȘȢΝ țȪȡȚαΝ ȝȑĲȡαΝ πȡȩȜȘȥȘȢΝ İȓȞαȚΝ ȘΝ αȪȟȘıȘΝ ĲȘȢΝ πȓİıȘȢΝ ıĲȠΝ ĲȡȠĳȠįȠĲȚțȩΝ įȠȤİȓȠ,Ν
ĲȠπȠșȑĲȘıȘΝ ĲȠȣΝ ĲȡȠĳȠįȠĲȚțȠȪΝ įȠȤİȓȠȣΝıİΝ țαĲȐȜȜȘȜȠΝȪȥȠȢΝıİΝıȤȑıȘΝȝİΝ ĲȘȞΝαȞĲȜȓα,ΝȫıĲİΝ ȞαΝ
αȣȟȐȞİȚΝ ĲȠΝ įȚαșȑıȚȝȠΝ ȪȥȠȢΝ ıπȘȜαȓȦıȘȢ,Ν ȝİȓȦıȘΝ ȝȑıȦΝ țαĲȐȜȜȘȜȘȢΝ ıȣȞįİıȝȠȜȠȖȓαȢΝ ĲȦȞΝ
ȣįȡαȣȜȚțȫȞΝαπȦȜİȚȫȞΝıĲȠΝĲȝȒȝαΝπȠȣΝıȣȞįȑİȚΝĲȠΝĲȡȠĳȠįȠĲȚțȩΝįȠȤİȓȠΝțαȚΝĲȘȞΝαȞĲȜȓαΝțαȚ,ΝĲȑȜȠȢ,Ν
ȥȪȟȘΝ ĲȠȣΝ İȡȖαȗȩȝİȞȠȣΝ ȝȑıȠȣΝ πȡȚȞΝ ĲȘȞΝ İȓıȠįȠΝ ıĲȘȞΝ αȞĲȜȓαΝ ȝİΝ ıțȠπȩΝ ĲȘȞΝ ȝİȓȦıȘΝ ĲȘȢΝ πȓİıȘȢΝ
αĲȝȠπȠȓȘıȘȢέ ȈİΝ πİȡȚπĲȫıİȚȢΝ İțĲİĲαȝȑȞȘȢΝ πĲȫıȘȢΝ πȓİıȘȢΝ ıĲȠȞΝ țȜȐįȠΝ πȠȣΝ ıȣȞįȑİȚΝ ĲȠΝ
ĲȡȠĳȠįȠĲȚțȩΝįȠȤİȓȠΝȝİΝĲȘȞΝαȞĲȜȓα,ΝįȣȞȐĲαȚΝȞαΝȤȡȘıȚȝȠπȠȚȘșȠȪȞΝȕȠȘșȘĲȚțȑȢΝİȞįȚȐȝİıİȢΝαȞĲȜȓİȢΝ
πȠȣΝșαΝİȟȠȝαȜȪȞȠȣȞΝĲȘȞΝπĲȫıȘΝπȓİıȘȢ. 

ȉȠΝ ȝȑĲȡȠΝ ĲȘȢΝ ȣπȩȥȣȟȘȢΝ ĲȠȣΝ İȡȖαȗȩȝİȞȠȣΝ ȝȑıȠȣΝ πȡȚȞΝ ĲȘȞΝ İȓıȠįȠΝ ıĲȘȞΝ αȞĲȜȓαΝ İȓȞαȚΝ ȝȓαΝ
ȚįȚαȓĲİȡαΝ įȚαįİįȠȝȑȞȘΝ țαȚΝ απȠĲİȜİıȝαĲȚțȒΝ ȝȑșȠįȠȢΝ ȖȚαΝ ĲȠȞΝ πİȡȚȠȡȚıȝȩΝ ĲȠȣΝ ĳαȚȞȠȝȑȞȠȣΝ ĲȘȢΝ
ıπȘȜαȓȦıȘȢέΝΩıĲȩıȠ,ΝȝİȓȦıȘΝĲȘȢΝșİȡȝȠțȡαıȓαȢΝıȣȞİπȐȖİĲαȚΝțαȚΝȝİȓȦıȘΝĲȠȣΝȕαșȝȠȪΝαπȩįȠıȘȢΝ
ĲȠȣΝțȪțȜȠȣέΝȈȣȞİπȫȢ,ΝȘΝİțȜȠȖȒΝĲȠȣΝȕαșȝȠȪΝȣπȩȥȣȟȘȢΝĲȠȣΝȝȑıȠȣΝπȡȚȞΝĲȘȞΝİȓıȠįȠΝıĲȘȞΝαȞĲȜȓαΝ
İȓȞαȚΝαπȠĲȑȜİıȝαΝıȣȝȕȚȕαıȝȠȪΝȝİĲαȟȪΝĲȘȢΝαȪȟȘıȘȢΝĲȠȣΝįȚαșȑıȚȝȠȣΝȪȥȠȣȢΝıπȘȜαȓȦıȘȢΝțαȚ,ΝȦȢΝ
İțΝ ĲȠȪĲȠȣ,Ν ĲȘȢΝ πȡȠıĲαıȓαȢΝ απȩΝ ĲȘȞΝ ıπȘȜαȓȦıȘΝ țαȚΝ ĲȘȢΝ ȝİȓȦıȘȢΝ ĲȠȣΝ ȕαșȝȠȪΝ απȩįȠıȘȢΝ ĲȠȣΝ
țȪțȜȠȣέΝ ΈȞαΝ πȠıȠĲȚțȩΝ παȡȐįİȚȖȝαΝ ĲȘȢΝ İπȓįȡαıȘȢΝ ĲȘȢΝ ȣπȩȥȣȟȘȢΝ ĲȠȣΝ ȡİȣıĲȠȪΝ ıĲȠΝ įȚαșȑıȚȝȠΝ
ȪȥȠȢΝıπȘȜαȓȦıȘȢΝțαȚΝĲȠȞΝȕαșȝȩΝαπȩįȠıȘȢΝĲȠȣΝțȪțȜȠȣΝπαȡȠȣıȚȐȗİĲαȚΝıĲȘȞΝǼȚțέΝ1.12. 

 

ǼδεέΝ1.12έΝΗΝıνıξΫĲδıβΝ ĲκνΝίαγηκτΝνπσονιβμΝηİΝĲκΝįδαγΫıδηκΝτοκμΝıπβζαέπıβμΝεαδΝ ĲκθΝίαγησΝ
απσįκıβμΝĲκνΝετεζκνΝ[40] 



[14] 

 

ȅȚΝ αȞĲȜȓİȢΝ απȠĲİȜȠȪȞ,Ν ȩπȦȢΝ ȒįȘΝ αȞαπĲȪȤșȘțİΝ ȝȓαΝ ȚįȚαȓĲİȡαΝ țȡȓıȚȝȘΝ ıȣȞȚıĲȫıαΝ ȖȚαΝ ĲȘȞΝ
απȩįȠıȘΝ İȞΝ ȖȑȞİȚΝ ȝȚαȢΝ İȖțαĲȐıĲαıȘȢΝ ORC,Ν ȝİΝ απȠĲȑȜİıȝαΝȘΝ πȚȠΝ αȞαȜȣĲȚțȒΝȝİȜȑĲȘΝαȣĲȒȢΝ ȞαΝ
țȡȓȞİĲαȚΝİπȚȕİȕȜȘȝȑȞȘ. ǼπȚπȜȑȠȞ,ΝȜȩȖȦΝĲȠȣΝȖİȖȠȞȩĲȠȢΝȩĲȚΝĲαΝıȣıĲȒȝαĲαΝORC ıȣȤȞȐΝįȠȣȜİȪȠȣȞΝ
ıİΝıȘȝİȓαΝİțĲȩȢΝĲȠȣΝȠȞȠȝαıĲȚțȠȪΝıȘȝİȓȠȣΝȜİȚĲȠȣȡȖȓαȢΝΥoff-design operation) țȡȓȞİĲαȚΝıțȩπȚȝȠΝ
ȞαΝ ȝİȜİĲȘșİȓΝ țαȚΝ πȡȠȕȜİĳșİȓΝ ȘΝ ıȣȝπİȡȚĳȠȡȐΝ ĲȘȢΝ αȞĲȜȓαȢΝ ıİΝ αȣĲȐΝ ĲαΝ ıȘȝİȓαΝ ȫıĲİΝ ȞαΝ
απȠĳİȣȤșȠȪȞΝĲȣȤȩȞΝπȡȠȕȜȒȝαĲαΝıĲȘȞΝȠȝαȜȒΝȜİȚĲȠȣȡȖȓαΝĲȘȢΝİȖțαĲȐıĲαıȘȢ,ΝȩπȦȢΝıȣȞİπȐȖİĲαȚΝ
İțįȒȜȦıȘΝĲȠȣΝĳαȚȞȠȝȑȞȠȣΝĲȘȢΝıπȘȜαȓȦıȘȢέ 



[15] 

 

ΚİφΪζαδοΝβέΝΝΝ ǾΝπİδλαηατδεάΝİΰεατΪıταıβ 

 
ȈĲȠΝπαȡȩȞΝțİĳȐȜαȚȠΝ πİȡȚȖȡȐĳİĲαȚΝ ȘΝ αȞĲȜȘĲȚțȒΝ İȖțȐĲαıĲαıȘΝțαȚΝ ĲȠΝ πȦȢΝαȣĲȒΝıȣȞįȑİĲαȚΝ ȝİΝ

ĲȘȞΝ ȜȠȚπȒΝ ȝȠȞȐįαΝ ORC. ǾΝ πİȚȡαȝαĲȚțȒΝ İȖțαĲȐıĲαıȘΝ ORC İȓȞαȚΝ İȟȠπȜȚıȝȑȞȘΝ ȝİΝ ȝȓαΝ αȞĲȜȓαΝ
πȠȜȜαπȜȫȞΝ įȚαĳȡαȖȝȐĲȦȞ,Ν įİįȠȝȑȞȘȢΝ ĲȘȢΝ ȝȚțȡȒȢΝ ȚıȤȪȠȢΝ ĲȘȢΝ İȖțαĲȐıĲαıȘȢ țαșȫȢΝ țαȚΝ ĲȘȞΝ
αȞȐȖțȘΝπİȡȚȠȡȚıȝȠȪΝĲȦȞΝαπȦȜİȚȫȞΝĲȠȣΝȠȡȖαȞȚțȠȪΝȝȑıȠȣ.     

 

2.1 ΢νıτάηαταΝαθΪετβıβμΝγİληστβταμΝαπσΝεδθβτάλİμΝdiesel πζοέωθ 

ȈȪıĲȘȝα αȞȐțĲȘıȘȢΝ șİȡȝȩĲȘĲαȢ (waste heat recovery) ȠȡȓȗİĲαȚΝ ȑȞαΝ ıȪıĲȘȝαΝ παȡαȖȦȖȒȢΝ
ȦĳȑȜȚȝȠȣΝ ȑȡȖȠȣΝ πȠȣΝ ĲȡȠĳȠįȠĲİȓĲαȚΝ απȩΝ ĲȘȞΝ απȠȡȡȚπĲȩȝİȞȘΝ șİȡȝȩĲȘĲαΝ țȐπȠȚαȢΝ șİȡȝȚțȒȢΝ
įȚİȡȖαıȓαȢ [41]. ǹȞȐȜȠȖαΝȝİΝĲȘȞΝİĳαȡȝȠȖȒ ĲȠΝπαȡαȖȩȝİȞȠΝȑȡȖȠΝįȪȞαĲαȚΝȞαΝȤȡȘıȚȝȠπȠȚȘșİȓΝȖȚαΝ
ĲȘȞΝπαȡαȖȦȖȒΝȘȜİțĲȡȚțȒȢΝİȞȑȡȖİȚαȢΝȒΝȖȚαΝĲȘȞΝțȐȜȣȥȘΝșİȡȝȚțȫȞΝαȞαȖțȫȞέ  

ȈĲȘȞΝ πİȡȓπĲȦıȘΝ ĲȦȞΝ πȜȠȓȦȞΝ ȑȞαΝ ȝİȖȐȜȠΝ πȠıȠıĲȩΝ ĲȘȢΝ İȞȑȡȖİȚαȢΝ įİȞΝ İȓȞαȚΝ İĳȚțĲȩΝ ȞαΝ
αȟȚȠπȠȚȘșİȓΝ απȩΝ ĲȚȢΝ ȂέǼέȀέΝ țαȚΝ απȠȡȡȓπĲİĲαȚΝ ȣπȩΝ ĲȘΝ ȝȠȡĳȒΝ șİȡȝȩĲȘĲαȢέΝ ȉαΝ ıȣıĲȒȝαĲαΝ
αȞȐțĲȘıȘȢΝșİȡȝȩĲȘĲαȢΝπȡȠıĳȑȡȠȣȞΝĲȘȞΝįȣȞαĲȩĲȘĲαΝαȟȚȠπȠȓȘıȘȢΝİȞȩȢΝĲȝȒȝαĲȠȢΝĲȘȢΝİȞȑȡȖİȚαȢΝ
αȣĲȒȢΝȖȚαΝĲȘȞ İȟȣπȘȡȑĲȘıȘΝįİȣĲİȡİȪȠȣıȦȞΝαȞαȖțȫȞΝĲȠȣΝπȜȠȓȠȣέ ǺαıȚțȑȢΝπȘȖȑȢΝαπȦȜİȚȫȞΝıĲȚȢΝ
ȂέǼέȀΝαπȠĲİȜȠȪȞΝĲȠΝȞİȡȩΝπȠȣΝȥȪȤİȚΝĲȠȞΝαȑȡαΝİȚıαȖȦȖȒȢΝıĲȠΝĲȝȒȝαΝȣȥȘȜȒȢΝșİȡȝȠțȡαıȓαȢ,ΝĲȠΝ
ȞİȡȩΝπȠȣΝȥȪȤİȚΝ ĲαΝȜȠȚπȐΝıȣıĲȒȝαĲαΝ ΥĲȝȒȝαΝȤαȝȘȜȒȢΝșİȡȝȠțȡαıȓαȢ)ΝțαȚΝ ĲαΝșİȡȝȐΝțαȣıαȑȡȚαΝ
πȠȣΝ İȟȑȡȤȠȞĲαȚΝ απȩΝ ĲȚȢΝ ȝȘȤαȞȑȢέΝ ǾΝ įȣȞαĲȩĲȘĲαΝ αȟȚȠπȠȓȘıȘȢΝ ĲȘȢΝ απȠȡȡȚπĲȩȝİȞȘȢΝ șİȡȝȩĲȘĲαȢΝ
απȩΝĲαΝπȡȠαȞαĳİȡșȑȞĲαΝıȣıĲȒȝαĲαΝȑȖțİȚĲαȚΝıĲȠΝșİȡȝȠțȡαıȚαțȩΝİπȓπİįȠΝαȣĲȫȞέΝȈĲȠȞΝȆȓȞαțα 
2.1 παȡȠȣıȚȐȗȠȞĲαȚ ĲαΝ ȕαıȚțȐΝ ȤαȡαțĲȘȡȚıĲȚțȐΝ ĲȦȞΝ πȘȖȫȞΝ πȠȣΝ πȡȠαȞαĳȑȡșȘțαȞΝ ȖȚαΝ ĲȠȞΝ
țȚȞȘĲȒȡαΝȂǹȃΝδθήζίΝCR. 

ΠέθαεαμΝ2.1. MAN 48/60CR  γİληκελαıέαΝεαδΝİθİλΰİδαεσΝπİλδİξσηİθκΝπβΰυθΝγİλησĲβĲαμΝΰδαΝ
įδΪĳκλαΝĳκλĲέαΝζİδĲκνλΰέαμΝ[42]  

Πβΰά 
γİληστβταμ 

ΜΫΰİγομ ΦολτέοΝζİδτονλΰέαμ 

50% 75% 85% 100% 

ΝİλσΝ οτιβμΝ
ΥξαηβζάμΝ
γİληοελαıέαμ) 

ΘİȡȝȩĲȘĲα 27.9% 24.7% 23.1% 22.2% 

ΘİȡȝȠțȡαıȓα 40ȠC/70 ȠC 40ȠC/70 ȠC 40ȠC/70 ȠC 40ȠC/70 ȠC 

ΝİλσΝ οτιβμΝ
ΥνοβζάμΝ
γİληοελαıέαμ) 

ΘİȡȝȩĲȘĲα 30.2% 40.3% 39.7% 44.7% 

ΘİȡȝȠțȡαıȓα 90 ȠC/95 ȠC 90 ȠC/95 ȠC 90 ȠC/95 ȠC 90 ȠC/95 ȠC 

ΚανıαΫλδα ΘİȡȝȩĲȘĲα 40.1% 30.4% 28.3% 31.9% 

ΘİȡȝȠțȡαıȓα 371 ȠC 326 ȠC 325 ȠC 342 ȠC 

 



[16] 

 

ǹπȩΝĲȠȞΝπαȡαπȐȞȦΝπȓȞαțαΝπȡȠțȪπĲİȚΝȩĲȚΝȝȑıȦΝĲȠȣΝȞİȡȠȪΝįȚαĳİȪȖȠȣȞΝαπȩΝĲȠΝıȪıĲȘȝαΝπȠıȐΝ
İȞȑȡȖİȚαȢΝ πȠȣΝ ȣπİȡȕαȓȞȠȣȞΝ ĲȠΝ εί΢Ν ĲȠȣΝ ȦĳȑȜȚȝȠȣΝ ȝȘȤαȞȚțȠȪΝ ȑȡȖȠȣΝ πȠȣΝ παȡȐȖİĲαȚΝ απȩΝ ĲȚȢΝ
ȝȘȤαȞȑȢέΝ ǹπȩΝ ĲȘȞΝ ȐȜȜȘΝπȜİȣȡȐ,Ν ĲαΝ șİȡȝȐΝ țαȣıαȑȡȚαΝ İȣșȪȞȠȞĲαȚΝ ȖȚαΝ απȫȜİȚİȢΝ ĲȘȢΝ ĲȐȟȘȢΝ ĲȠȣΝ
γί΢ΝĲȠȣΝȦĳȑȜȚȝȠȣΝȑȡȖȠȣ,ΝαȞΝțαȚΝπȡȑπİȚΝȞαΝıȘȝİȚȦșİȓΝȩĲȚΝȠȚΝıȣȖțİțȡȚȝȑȞİȢΝĲȚȝȑȢΝπȡȠȑțȣȥαȞΝȝİΝ
șİȡȝȠțȡαıȓαΝ αȞαĳȠȡȐȢΝ ȖȚαΝ ĲαΝ țαȣıαȑȡȚαΝ ĲȠȣȢΝ 1ιίoC [42]. ǹȞαĳȠȡȚțȐΝ ȝİΝ ĲȠΝ șİȡȝȠțȡαıȚαțȩΝ
İπȓπİįȠΝ ĲȦȞΝ ĲȡȚȫȞΝ πȘȖȫȞΝ απȠȡȡȚπĲȩȝİȞȘȢΝ İȞȑȡȖİȚαȢΝ ĲαΝ țαȣıαȑȡȚαΝ İȟȑȡȤȠȞĲαȚΝ ıİΝ ȣȥȘȜȐΝ
șİȡȝȠțȡαıȚαțȐΝİπȓπİįα,ΝİȞȫΝĲȠΝȞİȡȩΝȥȪȟȘȢΝȕȡȓıțİĲαȚΝıİΝȤαȝȘȜȩΝșİȡȝȠțȡαıȚαțȩΝİπȓπİįȠέ 

2.1.1  ǼπδζοΰάΝıνıτάηατομΝαθΪετβıβμΝγİληστβταμ 

ΌπȦȢΝȑȤİȚΝȒįȘΝαȞαĳİȡșİȓ,ΝĲȠΝșİȡȝȠțȡαıȚαțȩΝİπȓπİįȠΝĲȘȢΝπȘȖȒȢΝαπȠȡȡȚπĲȩȝİȞȘȢΝșİȡȝȩĲȘĲαȢΝ
İȓȞαȚΝțȡȚĲȚțȒȢΝıȘȝαıȓαȢΝȖȚαΝĲȠΝıȪıĲȘȝαΝαȞȐțĲȘıȘȢΝșİȡȝȩĲȘĲαȢΝțαșȫȢΝțαșȠȡȓȗİȚΝĲȘȞΝĲİȤȞȠȜȠȖȓαΝ
πȠȣΝșαΝİĳαȡȝȠıșİȓΝȖȚαΝĲȘȞΝαπȠįȠĲȚțȩĲİȡȘΝİțȝİĲȐȜȜİȣıȘΝĲȘȢΝπȘȖȒȢΝșİȡȝȩĲȘĲαȢΝέΝȈĲȘȞΝǼȚțέ13 
παȡȠȣıȚȐȗİĲαȚ ȘΝπİȡȚȠȤȒΝαπȠįȠĲȚțȒȢΝ ȜİȚĲȠȣȡȖȓαȢΝ ȖȚαΝıȣıĲȒȝαĲαΝ ȞİȡȠȪ-αĲȝȠȪΝ țαȚΝ ıȣıĲȒȝαĲαΝ
ORC αȞȐȜȠȖαΝȝİΝĲȘȞΝįȚαșȑıȚȝȘΝȚıȤȪΝțαȚΝĲȠΝșİȡȝȠțȡαıȚαțȩΝİπȓπİįȠΝĲȘȢΝπȘȖȒȢέ  
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ǼδεέΝ 2.1. ΠİλδκξάΝ İĳαληκΰάμΝ ıνıĲβηΪĲπθΝ Νİλκτ- ǹĲηκτΝ εαδΝ ıνıĲβηΪĲπθΝ ΟλΰαθδεκτΝ ΚτεζκνΝ
Rankine [43]  

ΌπȦȢΝ πȡȠțȪπĲİȚΝ απȩΝ ĲȘȞΝ ǼȚțέ2.1,Ν ȖȚαΝ ȤαȝȘȜȑȢΝ țαȚΝ ȝȑıİȢΝ șİȡȝȠțȡαıȓİȢΝ ΥȑȦȢΝ βίίoC)Ν ȠΝ
ıȣȝȕαĲȚțȩȢΝ țȪțȜȠȢΝ ȞİȡȠȪ-αĲȝȠȪΝ įİȞΝ İȓȞαȚΝ απȠįȠĲȚțȩȢΝȝİΝαπȠĲȑȜİıȝαΝȘΝ İπȚȜȠȖȒΝ ĲȠȣΝ ORC ȞαΝ
απȠĲİȜİȓΝĲȘȞΝπȚȠΝİȞįİįİȚȖȝȑȞȘΝİπȚȜȠȖȒέΝǼȞΝȖȑȞİȚ,ΝȠȚΝπİȡȚııȩĲİȡİȢΝİĳαȡȝȠȖȑȢΝĲȠȣΝORC İȓȞαȚΝȖȚαΝ
πȘȖȑȢΝ șİȡȝȩĲȘĲαȢΝ ȤαȝȘȜȒȢΝ șİȡȝȠțȡαıȓαȢΝ țαȚΝ ȝȚțȡȒȢΝ țαȚΝ ȝȑıȘȢΝ ȚıȤȪȠȢΝ ΥȑȦȢΝ 1ίίίkW)έΝ ȈİΝ
πİȡȓπĲȦıȘΝ ȝİȖαȜȪĲİȡȘȢΝ ȚıȤȪȠȢ,Ν ȘΝ ȝȠȞȐįαΝ ORC İȓȞαȚΝ İȟαȚȡİĲȚțȐΝ αțȡȚȕȒΝ ȝİΝ απȠĲȑȜİıȝαΝ ȞαΝ
απαȚĲİȓĲαȚΝĲİȤȞȠ-ȠȚțȠȞȠȝȚțȒΝαȞȐȜȣıȘΝĲȘȢΝıȣȖțİțȡȚȝȑȞȘȢΝȝȠȞȐįαȢέ 

ǺȐıȘΝ țαȚΝ ĲȠȣΝ ȆȓȞαțαΝ 2.1Ν İȓȞαȚΝ İȝĳαȞȑȢΝ ȩĲȚΝ ĲαΝ ȞİȡȐΝ ȥȪȟȘȢΝ απȠĲİȜȠȪȞΝ ȝȓαΝ ȤαȝȘȜȒȢΝ
șİȡȝȠțȡαıȓαȢΝπȘȖȒΝșİȡȝȩĲȘĲαȢ,ΝȘΝȠπȠȓαΝįȪȞαĲαȚΝȞαΝαȟȚȠπȠȚȘșİȓΝȝȩȞȠΝαπȩΝȑȞαΝıȪıĲȘȝαΝORC. 
ǹπȩΝ ĲȘȞΝ ȐȜȜȘΝ πȜİȣȡȐΝ ĲαΝ țαȣıαȑȡȚαΝ ȕȐıİȚΝ ĲȘȢΝ ȣȥȘȜȒȢΝ ĲȠȣΝ șİȡȝȠțȡαıȓαȢΝ πȡȠıĳȑȡȠȣȞΝ ĲȘΝ
įȣȞαĲȩĲȘĲαΝ ȤȡȒıȘȢΝ İȞȩȢΝ ıȣıĲȒȝαĲȠȢΝ ȞİȡȠȪ-αĲȝȠȪΝ ȖȚαΝ ĲȘȞΝ αȟȚȠπȠȓȘıȘΝ ĲȘȢΝ απȠȡȡȚπĲȩȝİȞȘȢ,Ν
ȝȑıȦΝαȣĲȫȞ,ΝșİȡȝȩĲȘĲαȢέΝΝ 



[17] 

 

ȈĲȘȞΝ πȡȠțİȓȝİȞȘΝ İȡȖαıĲȘȡȚαțȒΝ İȖțαĲȐıĲαıȘΝ ȝİȜİĲȒșȘțİΝ ȘΝ αȞȐțĲȘıȘΝ șİȡȝȩĲȘĲαȢΝ απȩΝ ĲαΝ
ȞİȡȐΝ ȥȪȟȘȢΝ ĲȘȢΝ ȝȘȤαȞȒȢΝ țαȚΝ ȦȢΝ İțΝ ĲȠȪĲȠȣΝ ȘΝ İπȚȜȠȖȒΝ İȞȩȢΝ ıȣıĲȒȝαĲȠȢΝ ORC,Ν ȩπȦȢΝ
αȚĲȚȠȜȠȖȒșȘțİΝπαȡαπȐȞȦ,ΝαπȠĲİȜȠȪıİΝȝȠȞȩįȡȠȝȠέΝ 

 

2.1.2  ǼεζοΰάΝİλΰαασηİθονΝηΫıον 

ǾΝ İπȚȜȠȖȒΝ ĲȠȣΝ İȡȖαȗȩȝİȞȠȣΝ ȝȑıȠȣΝ ıİΝ ȑȞαΝ ȠȡȖαȞȚțȩΝ țȪțȜȠΝ Rankine İȓȞαȚΝ țαșȠȡȚıĲȚțȒȢΝ
ıȘȝαıȓαȢΝ ȖȚαΝ ĲȘȞΝ απȩįȠıȘΝ ĲȠȣΝ ıȣıĲȒȝαĲȠȢ,Ν ȑȤȠȞĲαȢΝ ıαȞΝ įİįȠȝȑȞȘΝ ĲȘȞΝ πȘȖȒΝ șİȡȝȩĲȘĲαȢΝ
ıȣȞİπȫȢΝ țαȚΝ ĲȘΝ ȝȑȖȚıĲȘΝ șİȡȝȠțȡαıȓαΝ ĲȠȣΝ țȪțȜȠȣΝ [4]έΝ ǺαıȚțȐΝ țȡȚĲȒȡȚαΝ İπȚȜȠȖȒȢΝ ĲȠȣΝ
țαĲȐȜȜȘȜȠȣΝȠȡȖαȞȚțȠȪΝȝȑıȠȣΝİȓȞαȚΝĲαΝİȟȒȢΝ[44-47]: 

i. ǾΝȝİȖȚıĲȠπȠȓȘıȘΝĲȘȢΝαπȠįȚįȩȝİȞȘȢΝȚıȤȪȠȢΝȖȚαΝĲȠȞΝįİįȠȝȑȞȠΝțȪțȜȠ 

ii.  ǾΝ țαȝπȪȜȘΝ țȠȡİıȝȠȪΝ ȞαΝ İȓȞαȚΝ İȓĲİΝ șİĲȚțȒΝ İȓĲİΝ țαĲαțȩȡȣĳȘ,Ν ȫıĲİΝ ȞαΝ απȠĳİȣȤșİȓΝ ĲȠΝ
İȞįİȤȩȝİȞȠΝ ȘΝ ȑȟȠįȠȢΝ ĲȠȣΝ İțĲȠȞȦĲȒΝ ȞαΝ İȓȞαȚΝ İȞĲȩȢΝ ĲȘȢΝ įȚĳαıȚțȒȢΝ πİȡȚȠȤȒȢ,Ν πȠȣΝ
ıȣȞİπȐȖİĲαȚΝĲȠΝıȤȘȝαĲȚıȝȩΝıĲαȖȠȞȚįȓȦȞΝπȠȣΝİȓȞαȚΝțαĲαıĲȡȠĳȚțȐΝȖȚαΝĲȘΝȜİȚĲȠȣȡȖȓαΝĲȠȣΝ
İțĲȠȞȦĲȒ 

iii.  ǾΝțαĲȐΝ ĲȠΝ įȣȞαĲȩȞΝȝİȖȐȜȘΝ ĲȚȝȒΝ ĲȘȢΝ πȣțȞȩĲȘĲαȢΝ ĲȠȣΝ ȡİȣıĲȠȪ,ΝȫıĲİΝ ȞαΝπİȡȚȠȡȚıĲİȓΝ ĲȠΝ
ȝȑȖİșȠȢΝĲȠȣΝİȟȠπȜȚıȝȠȪ 

iv. ȈİΝπİȡȓπĲȦıȘΝȣπȠțȡȓıȚȝȠȣΝțȪțȜȠȣΝΥπȠȣΝİȓȞαȚΝțαȚΝȠΝπȚȠΝıȣȞȘșȚıȝȑȞȠȢ)ΝȘΝțȡȓıȚȝȘΝπȓİıȘΝ
ȞαΝİȓȞαȚΝȣȥȘȜȩĲİȡȘΝĲȘȢΝȣȥȘȜȒȢΝπȓİıȘȢΝĲȠȣΝțȪțȜȠȣ 

v. ǾΝĲȚȝȒΝĲȘȢΝπȓİıȘȢΝțȠȡİıȝȠȪΝπȠȣΝαȞĲȚıĲȠȚȤİȓΝıĲȘȞΝȝȑȖȚıĲȘΝșİȡȝȠțȡαıȓαΝĲȠȣΝțȪțȜȠȣΝȞαΝ
İȓȞαȚΝ İȞĲȩȢΝ ȜȠȖȚțȫȞΝ ȠȡȓȦȞέΝ ȆȠȜȪΝ ȣȥȘȜȑȢΝ ĲȚȝȑȢΝ ĲȘȢΝ πȓİıȘȢΝ ȝπȠȡİȓΝ ȞαΝ ȠįȘȖȒıȠȣȞΝ ıİΝ
πȡȠȕȜȒȝαĲαΝįȚαȡȡȠȫȞΝıĲȠȞΝİȟȠπȜȚıȝȩ,ΝȒΝıİΝπȚȠΝαțȡαȓİȢΝπİȡȚπĲȫıİȚȢΝαȞȐȖțȘΝȖȚαΝαȜȜαȖȒΝ
ĲȝȒȝαĲȠȢΝĲȠȣΝİȟȠπȜȚıȝȠȪΝȝİΝπȚȠΝαȞșİțĲȚțȐΝıİΝȣȥȘȜȑȢΝπȚȑıİȚȢΝȝȘȤαȞȒȝαĲαέΝǼȞįİȚțĲȚțȐΝ
ȠȚΝαȞȠȚȤĲȠȪΝĲȪπȠȣΝİțĲȠȞȦĲȑȢΝįȪȞαȞĲαȚΝȞαΝȜİȚĲȠȣȡȖȒıȠȣȞΝȝİΝπȚȑıİȚȢΝİȚıȩįȠȣΝȑȦȢΝγβ bar, 
țαĲȐΝ αȣĲȩȞΝ ĲȠȞΝ ĲȡȩπȠΝ ȖȚαΝ πȚȠΝ ȣȥȘȜȑȢΝ πȚȑıİȚȢΝ πȡȑπİȚΝ ȞαΝ ȤȡȘıȚȝȠπȠȚȘșȠȪȞΝ țȜİȚıĲȠȪΝ
ĲȪπȠȣΝİțĲȠȞȦĲȑȢ,ΝȖİȖȠȞȩȢΝπȠȣΝαȣȟȐȞİȚΝıȘȝαȞĲȚțȐΝĲȠΝțȩıĲȠȢΝ 

vi. ǾΝ πȓİıȘΝ ıȣȝπȪțȞȦıȘȢΝ ȞαΝ İȓȞαȚΝ ȝİȖαȜȪĲİȡȘΝ ĲȘȢΝ αĲȝȠıĳαȚȡȚțȒȢΝ ȖȚαΝ ĲȘȞΝ απȠĳȣȖȒΝ
įȚαȡȡȠȫȞΝțαȚΝαȞĲȚıĲȡȠĳȒȢΝĲȘȢΝȡȠȒȢ 

vii.  ǾΝ İȞαȡȝȩȞȚıȘΝ ȝİΝ ĲȠΝ πȡȦĲȩțȠȜȜȠΝ ĲȠȣΝ ȂȩȞĲȡİαȜΝ țαȚΝ ȠΝ πİȡȚȠȡȚıȝȩȢΝ İȞΝ ȖȑȞİȚΝ ĲȠȣΝ
πİȡȚȕαȜȜȠȞĲȚțȠȪΝαπȠĲȣπȫȝαĲȠȢ,ΝȝȑıȦΝĲȦȞΝȤαȝȘȜȫȞΝĲȚȝȫȞΝĲȠȣΝįȣȞαȝȚțȠȪΝțαĲαıĲȡȠĳȒȢΝ
ĲȠȣΝ ȩȗȠȞĲȠȢΝ  (ozone depletion potential- ODP) țαȚΝ ĲȠȣΝ įȣȞαȝȚțȠȪΝȣπİȡșȑȡȝαȞıȘȢΝ ĲȠȣΝ
πȜαȞȒĲȘΝΥglobal warming potential - GWP) 

viii.  ǾΝαȞαĳȜİȟȚȝȩĲȘĲαΝțαȚΝȘΝĲȠȟȚțȩĲȘĲαΝĲȠȣΝİȡȖαȗȩȝİȞȠȣΝȝȑıȠȣέΝ 

ix. ǾΝįȚαșİıȚȝȩĲȘĲαΝțαȚΝĲȠΝțȩıĲȠȢ ĲȠȣΝİȡȖαȗȩȝİȞȠȣΝȝȑıȠȣέ 



[18] 

 

ȈĲȠȞΝ ȆȓȞαțαΝ 2.βΝ ıȣȞȠȥȓȗȠȞĲαȚΝ ĲαΝ İȣȡȑȦȢΝ ȤȡȘıȚȝȠπȠȚȠȪȝİȞαΝ ıİΝ ıȣıĲȒȝαĲαΝ ORC ȠȡȖαȞȚțȐΝ
ȡİȣıĲȐΝ țαȚΝ ĲαΝ ȕαıȚțȐΝ șİȡȝȠįȣȞαȝȚțȐΝ ȤαȡαțĲȘȡȚıĲȚțȐΝ αȣĲȫȞέΝ ȈĲȘȞΝ ǼȚțέ2.2 ȠΝ Schuster et al.  
ıȣȞȑțȡȚȞİΝ ĲȚȢΝ șİȡȝȠįȣȞαȝȚțȑȢΝ απȠįȩıİȚȢΝ įȚαĳȩȡȦȞΝ ȕαıȚțȫȞ ȠȡȖαȞȚțȫȞΝ ȡİȣıĲȫȞΝ αȞȐȜȠȖαΝ ȝİΝ
ĲȘȞΝșİȡȝȠțȡαıȓαΝĲȠȣΝπȡȠțȪπĲȠȞĲȠȢΝαĲȝȠȪΝΥȝȑȖȚıĲȘΝșİȡȝȠțȡαıȓαΝțȪțȜȠȣ)έ 

ΠέθαεαμΝ2.2έΝΘİληκįνθαηδεΪΝξαλαεĲβλδıĲδεΪΝίαıδευθΝκλΰαθδευθΝλİνıĲυθ [48] 
ΟλΰαθδεσΝλİνıτσ Tc (

oC) Pc (bar) Tb (
oC)  P20°C (bar) 

R134a 101.06 40.59 -26.11[49] 5.71 
R227ea 101.75 29.25 -16.34[50] 3.89 
R245fa 154.01 36.51  14.89[51] 1.23 
R1234yf 94.70 33.82 -29.45[52] 5.92 
Isopentane 187.20 33.75  27.70[53] 0.77 
Cyclohexane 280.49 40.75  80.74[54] 0.10 
Toluene 318.60 41.26 110.60[55] 0.03 
R407C 86.03 46.29 -43.56[56] 10.38 
R410A 71.35 49.02 -51.44[52] 14.48 
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)

ΘİληοελαıέαΝατηοτΝ(°C)
 

ǼδεέΝ2.2. ΘİληκįνθαηδεάΝαπσįκıβΝįδαĳσλπθΝκλΰαθδευθΝλİνıĲυθΝΰδαΝįδΪĳκλİμΝγİληκελαıέİμΝĲκνΝ
İιİλξσηİθκνΝαĲηκτ  [57] 

ΓȚαΝ ĲȚȢΝ αȞȐȖțİȢΝ ĲȘȢΝ πİȚȡαȝαĲȚțȒȢΝ İȖțαĲȐıĲαıȘȢΝ ĲȠȣΝ İȡȖαıĲȘȡȓȠȣΝ ǹĲȝȠțȚȞȘĲȒȡȦȞΝ țαȚΝ
ȁİȕȒĲȦȞΝĲȠȣΝǼȂȆΝİȟİȜȑȖȘΝĲȠΝİȡȖαȗȩȝİȞȠΝȝȑıȠΝR134a,ΝĲȠΝȠπȠȓȠΝȑȤİȚΝȚțαȞȠπȠȚȘĲȚțȒΝαπȩįȠıȘΝ
ȖȚαΝĲȠΝįİįȠȝȑȞȠΝșİȡȝȠțȡαıȚαțȩΝ İπȓπİįȠΝĲȘȢΝ İȞΝȜȩȖȦΝİĳαȡȝȠȖȒȢέΝȈȘȝαȞĲȚțȐΝțȡȚĲȒȡȚαΝȖȚαΝĲȘȞΝ
ĲİȜȚțȒΝ İțȜȠȖȒΝαπȠĲȑȜİıİΝȘΝ İȣȡİȓαΝ ȤȡȒıȘΝțαȚΝ ȘΝ αȟȚȠπȚıĲȓαΝ ĲȦȞΝȒįȘΝȣπαȡȤȩȞĲȦȞΝıȣıĲȘȝȐĲȦȞΝ
πȠȣΝȤȡȘıȚȝȠπȠȚȠȪȞΝĲȠΝıȣȖțİțȡȚȝȑȞȠΝȝȑıȠ,ΝȩπȦȢΝİπȓıȘȢΝȘΝįȚαșİıȚȝȩĲȘĲαΝțαȚΝĲȠΝȤαȝȘȜȩΝțȩıĲȠȢΝ
αȣĲȠȪέΝȈĲȘȞΝǼȚțέ2.3 πȠȣΝαțȠȜȠȣșİȓΝπαȡȠȣıȓαȗİĲαȚΝ ĲȠΝįȚȐȖȡαȝȝαΝșİȡȝȠțȡαıȓαȢΝ İȞĲȡȠπȓαȢΝ ĲȠȣΝ
țȪțȜȠȣΝȖȚαΝĲȠΝįİįȠȝȑȞȠΝİȡȖαȗȩȝİȞȠΝȝȑıȠέ 
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ǼδεέΝ 2.3. ǻδΪΰλαηηαΝ γİληκελαıέαμ-İθĲλκπέαμΝ ΰδαΝ ĲκΝ γİληκįνθαηδεσΝ ετεζκΝ ĲβμΝ πİδλαηαĲδεάμΝ
İΰεαĲΪıĲαıβμ 

2.2 ΠİλδΰλαφάΝτβμΝπİδλαηατδεάμΝηοθΪįαμ 

ǾΝ ȝȠȞȐįαΝ «marine ORC»Ν ȕαıȓȗİĲαȚΝ ıİΝ ȑȞαΝ ıȣȝȕαĲȚțȩΝ țȪțȜȠ ORC ȤαȝȘȜȒȢΝ șİȡȝȠțȡαıȓαȢΝ
πȠȣΝȤȡȘıȚȝȠπȠȚİȓΝıαȞΝȠȡȖαȞȚțȩΝȝȑıȠΝĲȠΝR134a. ǾΝπİȚȡαȝαĲȚțȒ ȝȠȞȐįαΝȑȤİȚΝțαĲαıțİȣαıĲİȓΝıαȞΝ
ȝȠȞȐįαΝ αȞȐțĲȘıȘȢΝ ĲȘȢΝ απȠȡȡȚπĲȩȝİȞȘȢΝ șİȡȝȩĲȘĲαȢΝ ĲȠȣΝ ȞİȡȠȪΝ ȥȪȟȘȢΝ ȝȘȤαȞȫȞΝ İıȦĲİȡȚțȒȢΝ
țαȪıȘȢΝDiesel ıİΝπȜȠȓαέΝΓȚαΝȞαΝİȟȚıȦșİȓΝπȡȠıİȖȖȚıĲȚțȐΝıĲȠΝȠȞȠȝαıĲȚțȩΝıȘȝİȓȠΝȜİȚĲȠȣȡȖȓαȢΝĲȦȞΝ
İȞΝȜȩȖȦΝȝȘȤαȞȫȞ,ΝĲȠΝșİȡȝȚțȩΝĳȠȡĲȓȠΝπȠȣΝπαȡαȜαȝȕȐȞİȚΝȠΝțȪțȜȠȢΝORC ȝȑıȦΝĲȠȣΝαĲȝȠπȠȚȘĲȒΝ
șİȦȡİȓĲαȚΝ ȓıȠȢΝ ȝİΝ 90 kWth ıİΝ ȤαȝȘȜȒΝ șİȡȝȠțȡαıȓα,Ν πİȡȓΝ ĲȠȣȢΝ ιίoC, țαȚΝ ıĲȘȞΝ πȡȠțİȓȝİȞȘΝ
įȚȐĲαȟȘΝπαȡȐȖİĲαȚΝαπȩΝ ȑȞαΝȜȑȕȘĲαΝĳȣıȚțȠȪΝαİȡȓȠȣέΝȉȠΝșİȡȝȚțȩΝĳȠȡĲȓȠΝ ĲȠȣ,Ν İȞΝȜȩȖȦ,ΝȜȑȕȘĲαΝ
İȓȞαȚΝȝİĲαȕȜȘĲȩΝțαȚΝȦȢΝİțΝĲȠȪĲȠȣΝȚțαȞȠπȠȚȘĲȚțȒΝπȡȠıȠȝȠȓȦıȘΝĲȦȞΝıȣȞșȘțȫȞΝȝİȡȚțȠȪΝĳȠȡĲȓȠȣΝ
ȝπȠȡİȓΝ ȞαΝ İπȚĲİȣȤșİȓέΝ ȈĲȘȞΝ ǼȚțέ2.4 παȡȠȣıȚȐȗİĲαȚ ȘΝ ıȤȘȝαĲȚțȒΝ įȚȐĲαȟȘΝ ĲȘȢΝ πİȚȡαȝαĲȚțȒȢΝ
İȖțαĲȐıĲαıȘȢέ  
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ǼδεέΝ2.4έΝ΢ξβηαĲδεάΝαπİδεσθδıβΝĲβμΝπİδλαηαĲδεάμΝįδΪĲαιβμΝ"marine ORC"[58] 

ΌπȦȢΝ ĳαȓȞİĲαȚΝ țαȚΝ απȩΝ ĲȘȞΝ ǼȚțέ2.4,Ν ĲȠ ȠȡȖαȞȚțȩΝ ȝȑıȠΝ ȠįȘȖİȓĲαȚΝ ıĲȘȞΝ αȞĲȜȓαΝ απȩΝ ĲȠΝ
ĲȡȠĳȠįȠĲȚțȩΝ įȠȤİȓȠΝ ıİΝ πȓİıȘΝ ιέεΝ bar țαȚΝ șİȡȝȠțȡαıȓαΝ πİȡȓΝ ĲȠȣȢΝ 30oC. ȅȚΝ ıȣȞșȒțİȢΝ αȣĲȑȢΝ
įȚαĲȘȡȠȪȞĲαȚΝ ıĲαșİȡȑȢΝ ȝȑıȦΝ İȜȑȖȤȠȣΝ ȝİΝ ȡȣșȝȚıĲȚțȒΝ ȕαȜȕȓįαΝ ĲȘȢΝ ȡȠȒȢΝ ĲȠȣΝ ȥȣȤȡȠȪΝ ȡİȪȝαĲȠȢΝ
ȞİȡȠȪΝ ıĲȠȞΝ ıȣȝπȣțȞȦĲȒέΝ ǾΝ αȞĲȜȓαΝ İȓȞαȚΝ ȝȓαΝ αȞĲȜȓαΝ șİĲȚțȒȢΝ İțĲȩπȚıȘȢΝ πȠȜȜαπȜȫȞΝ
įȚαĳȡαȖȝȐĲȦȞΝ țαȚΝ ȘΝ πȓİıȘΝ πȠȣΝ İπȚĲȣȖȤȐȞİȚΝ ıĲȘȞΝ ȑȟȠįȠΝ țȣȝαȓȞİĲαȚΝ ȝİĲαȟȣΝ ββΝ țαȚΝ βεΝ bar, 
αȞȐȜȠȖαΝȝİΝĲȚȢΝıȣȞșȒțİȢΝȜİȚĲȠȣȡȖȓαȢΝĲȠȣΝțȪțȜȠȣέΝȈĲȠ ȠȞȠȝαıĲȚțȩΝıȘȝİȓȠΝȜİȚĲȠȣȡȖȓαȢΝȘΝαȞĲȜȓαΝ
ȑȤİȚΝπİȡȚıĲȡȠĳȚțȒΝĲαȤȪĲȘĲαΝιζίrpm țαȚΝįȚαțȚȞİȓΝĲȠΝȡİȣıĲȩΝİȞĲȩȢΝĲȠȣΝțȪțȜȠȣΝȝİΝπαȡȠȤȒΝȩȖțȠȣΝ
πİȡȓΝ ĲαΝ βίΝ lt/min. ǾΝ πİȡȚıĲȡȠĳȚțȒΝ ĲαȤȪĲȘĲαΝ ĲȘȢΝ αȞĲȜȓαȢΝ ȡȣșȝȓȗİĲαȚΝ απȩΝ ȑȞαȞ inverter 
ıȣȤȞȩĲȘĲαȢ,ΝİπȚĲȡȑπȠȞĲαȢΝȑĲıȚΝĲȘȞΝİȣȑȜȚțĲȘ ȡȪșȝȚıȘΝĲȘȢΝπαȡȠȤȒȢΝȩȖțȠȣΝĲȠȣΝȡİȣıĲȠȪΝıİΝțȐșİΝ
ȤȡȠȞȚțȒΝ ıĲȚȖȝȒΝ ıȪȝĳȦȞαΝ ȝİΝ ĲȚȢΝ απαȚĲȒıİȚȢΝ ĲȠȣΝ İπȚșȣȝȘĲȠȪΝ ȕαșȝȠȪΝ ȣπİȡșȑȡȝαȞıȘȢΝ țαȚΝ ĲȠȣΝ
ĳȠȡĲȓȠȣΝĲȘȢΝȝȠȞȐįαȢέ 

ȅΝȣȥȘȜȒȢΝπȓİıȘȢΝαĲȝȩȢΝİțĲȠȞȫȞİĲαȚ ıİΝįȪȠΝİțĲȠȞȦĲȑȢΝıİΝπαȡȐȜȜȘȜȘΝıȪȞįİıȘ,ΝİȞȫΝȣπȐȡȤİȚΝ
țαȚΝ ȑȞαȢΝ țȜȐįȠȢΝ by-pass İȜİȖȤȩȝİȞȠȢΝ απȩΝ ȘȜİțĲȡȠȝαȖȞȘĲȚțȒΝ ȕαȜȕȓįαΝ πȠȣΝ ıȣȞįȑİȚΝ ĲȠȞΝ
αĲȝȠπȠȚȘĲȒΝαπİȣșİȓαȢΝȝİΝĲȠȞΝıȣȝπȣțȞȦĲȒέΝȅȚΝİțĲȠȞȦĲȑȢΝĲȘȢΝİȞΝȜȩȖȦΝİȖțαĲȐıĲαıȘȢΝİȓȞαȚΝįȪȠΝ
αȞȠȚȤĲȠȪΝ ĲȪπȠȣΝ İȜȚțȠİȚįİȓȢ ıȣȝπȚİıĲȑȢΝ (open drive scroll compressors) πȠȣΝ ȤȡȘıȚȝȠπȠȚȠȪȞĲαȚΝ
ıİΝαȞȐıĲȡȠĳȘΝȜİȚĲȠȣȡȖȓα,ΝțαșȑȞαȢΝİțΝĲȦȞΝȠπȠȓȦȞΝțȚȞİȓΝȝȓαΝαıȪȖȤȡȠȞȘΝȖİȞȞȒĲȡȚαΝȝȑıȦΝȚȝȐȞĲα,Ν
ȠΝ ȠπȠȓȠȢΝ ıȣȝπȜȑțİĲαȚΝ țαȚΝ απȠıȣȝπȜȑțİĲαȚΝ ȝȑıȦΝ İȞȩȢΝ ȘȜİțĲȡȠȝαȖȞȘĲȚțȠȪΝ țȜİȓıĲȡȠȣέ ȅȚΝ
ȖİȞȞȒĲȡȚİȢ,Ν ȝİΝ ĲȘΝ ıİȚȡȐΝ ĲȠȣȢ,Ν ıȣȞįȑȠȞĲαȚΝ ıĲȠΝ είώzήδίίVΝ įȓțĲȣȠΝ ȝȑıȦΝ İȞȩȢΝ αȞαȖİȞȞȘĲȚțȠȪΝ
inverter,ΝȠΝȠπȠȓȠȢΝįȪȞαĲαȚΝȞαΝπαȡȑȤİȚΝıĲαșİȡȒȢΝπȠȚȩĲȘĲαȢΝȡİȪȝαΝıĲȠΝįȓțĲȣȠΝȝȑıȦΝİȜȑȖȤȠȣΝĲȦȞΝ
ıĲȡȠĳȫȞΝĲȦȞΝȖİȞȞȘĲȡȚȫȞΝțαȚΝțαĲ’ΝİπȑțĲαıȘΝĲȦȞΝİțĲȠȞȦĲȫȞέΝ 

ΈȤȠȞĲαȢΝ ıαȞΝ įİįȠȝȑȞȘΝ ĲȘΝ ıȣıȤȑĲȚıȘΝ ĲȘȢΝ παȡȠȤȒȢΝ ȝȐȗαȢΝ ıİΝ ȠȖțȠȝİĲȡȚțȑȢΝ ȝȘȤαȞȑȢΝ ȝİΝ ĲȚȢΝ
ıĲȡȠĳȑȢΝĲȘȢΝȝȘȤαȞȒȢ,ΝİȓȞαȚΝİȝĳαȞȒȢΝȘΝȡȪșȝȚıȘΝĲȘȢΝįȚαțȚȞȠȪȝİȞȘȢΝİȞĲȩȢΝĲȦȞΝİțĲȠȞȦĲȫȞΝȝȐȗαȢΝ
ȡİȣıĲȠȪΝȝȑıȦΝĲȦȞΝıĲȡȠĳȫȞΝĲȠȣΝİțĲȠȞȦĲȒέ 

in hm V N    (2.1) 

ΌπȠȣ, 
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in  İȓȞαȚΝȘΝπȣțȞȩĲȘĲαΝĲȠȣΝȠȡȖαȞȚțȠȪΝȝȑıȠȣΝıĲȘȞΝİȓıȠįȠ ĲȠȣΝİțĲȠȞȦĲȒ 

hV İȓȞαȚΝȠΝȩȖțȠȢΝαȞαȡȡȩĳȘıȘȢΝĲȠȣΝİțĲȠȞȦĲȒ 

N İȓȞαȚΝȘΝπİȡȚĳİȡİȚαțȒΝĲαȤȪĲȘĲαΝĲȠȣΝİțĲȠȞȦĲȒ 

ǼȞįİȤȩȝİȞȘΝ αȪȟȘıȘΝ ıĲȘȞΝ πİȡȚĳİȡİȚαțȒΝ ĲαȤȪĲȘĲαΝ ĲȠȣΝ İțĲȠȞȦĲȒΝ ȠįȘȖİȓΝ ıİΝ ȝİȓȦıȘΝ ĲȘȢΝ
πȣțȞȩĲȘĲαȢΝĲȠȣΝȡİȣıĲȠȪΝıĲȘȞΝİȓıȠįȠΝțαȚΝȦȢΝ İțΝĲȠȪĲȠȣΝȝİȚȫȞİȚΝ ĲȘȞΝαȞĲȓıĲȠȚȤȘΝπȓİıȘΝİȚıȩįȠȣΝ
ĲȠȣΝ ȡİȣıĲȠȪέ ȂİĲȐΝ ĲȠȣȢΝ İțĲȠȞȦĲȑȢ,Ν ĲȠΝ ȡİȣıĲȩΝ ȠįȘȖİȓĲαȚΝ ıĲȠȞΝ ıȣȝπȣțȞȦĲȒ,Ν ȩπȠȣΝ șİȡȝȩĲȘĲαΝ
απȠȡȡȓπĲİĲαȚΝ ıĲȠΝ πİȡȚȕȐȜȜȠȞ,Ν πȡȚȞΝ ĲȠΝ ıȣȝπȪțȞȦȝαΝ ȠįȘȖȘșİȓΝ ıĲȠΝ ĲȡȠĳȠįȠĲȚțȩΝ įȠȤİȓȠΝ țαȚΝ ȠΝ
țȪțȜȠȢΝ İπαȞİțțȚȞȒıİȚέΝ ǾΝ ȝȠȞȐįαΝ «marine ORC»,Ν ȘΝ ȠπȠȓαΝ ĳαȓȞİĲαȚΝ ıĲȘȞΝ ǼȚțέΝ 2.5,Ν παȡȐȖİȚΝ 5 
kWel ȦĳȑȜȚȝȘȢΝ ȘȜİțĲȡȚțȒȢΝ İȞȑȡȖİȚαȢ,Ν ȜİȚĲȠȣȡȖȫȞĲαȢΝ ıĲȠΝ ıȘȝİȓȠΝ ȜİȚĲȠȣȡȖȓαȢΝ ĲȘȢΝ ȝİΝ ȣȥȘȜȒΝ
πȓİıȘΝțȪțȜȠȣΝβεΝbar țαȚΝȝȑȖȚıĲȘΝșİȡȝȠțȡαıȓαΝĲȠȣΝȠȡȖαȞȚțȠȪΝțȪțȜȠȣΝπİȡȓΝĲȠȣȢΝ82oC. 

ǹθτζέα

ΣλοφοįοτδεσΝ
įοξİέο

Ǽετοθωτάμ

Γİθθάτλδα
ǹτηοποδβτάμ

΢νηπνεθωτάμ

 

ǼδεέΝ2.5έΝΗΝπİδλαηαĲδεάΝηκθΪįαΝ«marine ORC»ΝπκνΝίλέıεİĲαδΝıĲκΝİλΰαıĲάλδκΝǹĲηκεδθβĲάλπθΝεαδΝ
ΛİίάĲπθΝĲβμΝ΢ξκζάμΝΜβξαθκζσΰπθΝΜβξαθδευθΝǼέΜέΠέ 

ȆȑȡαȞΝ ĲȦȞΝ ȕαıȚțȫȞΝ ıȣȞȚıĲȦıȫȞΝ ĲȘȢΝ πİȚȡαȝαĲȚțȒȢΝ ȝȠȞȐįαȢΝ αȟȓȗİȚΝ ȞαΝ ıȘȝİȚȦșİȓΝ ȩĲȚΝ ȑȤȠȣȞΝ
ĲȠπȠșİĲȘșİȓΝțαȚΝȑȞαΝπȜȒșȠȢΝȝİĲȡȘĲȚțȫȞΝțαȚΝαıĳαȜȚıĲȚțȫȞΝįȚαĲȐȟİȦȞΝȖȚαΝĲȘȞΝπȜȒȡȘΝİπȓȕȜİȥȘΝ
țαȚΝ įȚαıĳȐȜȚıȘȢΝ ĲȘȢΝȠȝαȜȠȪȢΝȜİȚĲȠȣȡȖȓαȢΝ ĲȘȢΝįȚȐĲαȟȘȢέΝȂİĲαȟȪΝαȣĲȫȞΝȑȤİȚΝ ĲȠπȠșİĲȘșİȓΝ ȑȞαȢΝ
αȡȚșȝȩȢΝ șİȡȝȠıĲȠȚȤİȓȦȞΝ ĲȪπȠȣΝ ȀΝ țαȚΝ ȝİĲαȜȜȐțĲİȢΝ πȓİıȘȢΝ ȖȚαΝ ĲȘȞΝ πȜȒȡȘΝ İπȚıțȩπȘıȘΝ ĲȦȞΝ
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șİȡȝȠįȣȞαȝȚțȫȞΝπȠıȠĲȒĲȦȞΝıİΝȩȜαΝĲαΝıȘȝİȓαΝĲȠȣΝțȪțȜȠȣ,ΝȑȞαΝȘȜİțĲȡȠȝαȖȞȘĲȚțȩΝπαȡȠȤȩȝİĲȡȠΝ
ȖȚαΝĲȘȞΝπαȡαțȠȜȠȪșȘıȘΝĲȘȢΝπαȡȠȤȒȢΝĲȠȣΝșİȡȝȠȪΝȞİȡȠȪΝαπȩΝĲȠΝȜȑȕȘĲα,ΝȑȞαΝπαȡȠȤȩȝİĲȡȠ ĲȪπȠȣΝ
coriolis ȖȚαΝ ĲȘȞΝ İπȓȕȜİȥȘΝ ĲȘȢΝ παȡȠȤȒȢΝ ĲȠȣΝ ȠȡȖαȞȚțȠȪΝ ȡİıȣĲȠȪΝ ȝİĲȐΝ ĲȘȞΝ αȞĲȜȓαΝ țαȚΝ įȪȠΝ
ĲαȤȪȝİĲȡαΝȖȚαΝĲȘȞΝțαĲαȖȡαĳȒΝĲȘȢΝπȡαȖȝαĲȚțȒȢΝπİȡȚıĲȡȠĳȚțȒȢΝĲαȤȪĲȘĲαȢΝĲȦȞΝİțĲȠȞȦĲȫȞέ 

ȅΝαȣĲȩȝαĲȠȢΝȑȜİȖȤȠȢΝĲȘȢΝįȚȐĲαȟȘȢ,ΝȘΝțαĲαȖȡαĳȒΝĲȦȞΝȝİĲȡȒıİȦȞΝțαȚΝĲȦȞΝȜȠȚπȫȞΝȖİȖȠȞȩĲȦȞΝ
πȠȣΝ ıȤİĲȓȗİĲαȚΝ ȝİΝ ĲȘΝ ȜİȚĲȠȣȡȖȓαΝ ĲȘȢΝ İȖțαĲȐıĲαıȘȢΝ ȣȜȠπȠȚİȓĲαȚΝ ȝȑıȦΝ ȕȚȠȝȘȤαȞȚțȠȪΝ ĲȪπȠȣΝ
ȝȠȞȐįαΝPLC țαȚΝĲȘΝȕȠȒșİȚαΝĲȠȣΝπİȡȚȕȐȜȜȠȞĲȠȢΝSCADA. 

 

2.3  ΟΝİετοθωτάμ 

ȅΝİțĲȠȞȦĲȒȢΝαπȠĲİȜİȓΝȝȓαΝαπȩΝĲȚȢΝπȚȠΝıȘȝαȞĲȚțȑȢΝıȣȞȚıĲȫıİȢΝİȞȩȢΝıȣıĲȒȝαĲȠȢΝORC țαșȫȢΝȘΝ
ȜİȚĲȠȣȡȖȓαΝ ĲȠȣΝ İπȘȡİȐȗİȚΝ ȐȝİıαΝ ĲȠΝ ȕαșȝȩΝ απȩįȠıȘȢΝ ĲȠȣΝ ıȣıĲȒȝαĲȠȢέΝ ǾΝ İțĲȩȞȦıȘΝ İȞȩȢΝ
ȠȡȖαȞȚțȠȪΝȝȑıȠȣΝȝπȠȡİȓΝȞαΝπȡαȖȝαĲȠπȠȚȘșİȓΝȝİΝįȪȠΝțαĲȘȖȠȡȓİȢΝȝȘȤαȞȫȞκΝĲȚȢΝıĲȡȠȕȚȜȠȝȘȤαȞȑȢΝ
țαȚΝĲȚȢΝȝȘȤαȞȑȢΝșİĲȚțȒȢΝİțĲȩπȚıȘȢέΝ 

ΩȢΝıĲȡȠȕȚȜȠȝȘȤαȞȑȢΝΥturbomachines) ȠȡȓȗȠȞĲαȚΝȠȚΝȝȘȤαȞȑȢΝπȠȣΝıȣȞαȜȜȐııȠȣȞΝİȞȑȡȖİȚαΝȝİΝĲȠΝ
ȡİȣıĲȩ,ΝĲȠΝȠπȠȓȠΝȡȑİȚΝıȣȞİȤȫȢΝİȞĲȩȢΝαȣĲȫȞ,ΝȘΝįİΝȝİĲαĳȡȠȐΝİȞȑȡȖİȚαȢΝπȡαȖȝαĲȠπȠȚİȓĲαȚΝȝİΝĲȘȞΝ
įȣȞαȝȚțȒΝ αȜȜȘȜİπȓįȡαıȘΝ ĲȠȣΝ ȡİȣıĲȠȪΝ țαȚΝ ȝȓαȢΝ ȒΝ πİȡȚııȠĲȑȡȦȞΝ ıİȚȡȫȞΝ πİȡȚıĲȡİĳȩȝİȞȦȞΝ
πĲİȡȣȖȓȦȞΝ[59]. 

 

ǼδεέΝ2.6έΝΠαλαįİέΰηαĲαΝαικθδεκτΝ(αλδıĲİλΪ)ΝεαδΝαεĲδθδεκτΝ(įİιδΪ)ΝıĲλκίέζκν [60] 

ǺαıȚțȒΝ įȚαĳȠȡȐΝ ȝİĲαȟȪΝ ıĲȡȠȕȚȜȠȝȘȤαȞȫȞΝ țαȚΝ ȝȘȤαȞȫȞΝ șİĲȚțȒȢΝ İțĲȩπȚıȘȢΝ απȠĲİȜİȓΝ ĲȠΝ
ȖİȖȠȞȩȢΝ ȩĲȚΝ ıĲȚȢΝ įİȪĲİȡİȢΝ ȘΝ ıȣȞαȜȜαȖȒΝ ȑȡȖȠȣΝ ȖȓȞİĲαȚΝ ȝȑıȦΝ πİȡȚȠįȚțȫȞΝ αȜȜαȖȫȞΝ țαĲȐıĲαıȘȢΝ
ȝȚαȢΝ ıȣȖțİțȡȚȝȑȞȘȢΝ πȠıȩĲȘĲαȢΝ ȡİȣıĲȠȪΝ ȝȑıαΝ ıİΝ șȪȜαțİȢΝ πȠȣΝ įȘȝȚȠȣȡȖȠȪȞĲαȚΝ İȞĲȩȢΝ ĲȘȢΝ
ȝȘȤαȞȒȢ,Ν İȞȫΝıĲȚȢΝıĲȡȠȕȚȜȠȝȘȤαȞȑȢΝȠȚΝαȜȜαȖȑȢΝ țαĲȐıĲαıȘȢΝıȣȝȕαȓȞȠȣȞΝıȣȞİȤȫȢΝțαĲȐΝȝȒțȠȢΝ
ĲȘȢΝįȚαįȡȠȝȒȢΝĲȠȣΝȡİȣıĲȠȪΝ [60]. ΓȚαΝıȣıĲȒȝαĲαΝORC ȝȚțȡȜȘȢΝțȜȓȝαțαȢ,ΝȩπȦȢΝȘΝπİȚȡαȝαĲȚțȒΝ
İȖțαĲȐıĲαıȘ,Ν ȠȚΝ ȝȘȤαȞȑȢΝ șİĲȚțȒȢΝ İțĲȩπȚıȘȢΝ απȠĲİȜȠȪȞΝ πȚȠΝ İȞįİįİȚȖȝȑȞȘΝ İπȚȜȠȖȒ,Ν ȜȩȖȦΝ ĲȦȞΝ
ȤαȝȘȜȫȞΝ παȡȠȤȫȞΝ πȠȣΝαπαȚĲȠȪȞ,Ν ĲȠȣȢΝ ȣȥȘȜȩĲİȡȠȣȢΝ ȜȩȖȠȣȢΝ πȓİıȘȢΝ țαȚΝ ĲȚȢΝ πȠȜȪΝ ȤαȝȘȜȩĲİȡİȢΝ
ıĲȡȠĳȑȢΝıİΝıȪȖțȡȚıȘΝȝİΝĲȚȢΝıĲȡȠȕȚȜȠȝȘȤαȞȑȢΝ[61, 62].  

ǹπȩΝ ĲȠȣȢΝ İțĲȠȞȦĲȑȢΝ șİĲȚțȒȢΝ İțĲȩπȚıȘȢ,Ν ȠȚΝ πȚȠΝ įȚαįİįȠȝȑȞȠȚΝ İȓȞαȚΝ ȠΝ İȜȚțȠİȚįȒȢ İțĲȠȞȦĲȒȢΝ
(scroll expander),Ν Ƞ İțĲȠȞȦĲȒȢΝ ĲȪπȠȣΝțȠȤȜȓαΝ Υscrew expander)Ν țαȚΝ ȠΝ İȝȕȠȜȠĳȩȡȠȢΝ İțĲȠȞȦĲȒȢΝ
(piston expander)έΝ ǾΝ İțȜȠȖȒΝ ĲȠȣΝ țαĲȐȜȜȘȜȠȣΝ ĲȪπȠȣΝ ȖȓȞİĲαȚΝ αȞȐȜȠȖαΝ ȝİΝ ĲȘȞΝ αȞαπĲȣııȩȝİȞȘΝ
ȚıȤȪΝ ıĲȠȞΝ ȐȟȠȞαΝ ĲȠȣΝ İțĲȠȞȦĲȒέΝ ȈĲȘȞΝ πİȚȡαȝαĲȚțȒΝ İȖțαĲȐıĲαıȘ,Ν ȩπȦȢΝ ȑȤİȚΝ ȒįȘΝ αȞαĳİȡșİȓΝ
ȤȡȘıȚȝȠπȠȚȠȪȞĲαȚΝ įȪȠΝ İȞΝ ıİȚȡȐΝ İȜȚțȠİȚįİȓȢ İțĲȠȞȦĲȑȢέΝ ȅȚΝ İȜȚțȠİȚįİȓȢ İțĲȠȞȦĲȑȢ,Ν ıĲȚȢΝ
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πİȡȚııȩĲİȡİȢΝπİȡȚπĲȫıİȚȢ,Ν ȑȤȠȣȞΝαȡȤȚțȐΝțαĲαıțİȣαıĲİȓΝıαȞΝ İȜȚțȠİȚįİȓȢ ıȣȝπȚİıĲȑȢ,ΝȠȚΝȠπȠȓȠȚΝ
ȤȡȘıȚȝȠπȠȚȠȪȞĲαȚΝ ıİΝ αȞȐıĲȡȠĳȘΝ ȜİȚĲȠȣȡȖȓαέΌπȦȢΝ țαȚΝ ȩȜİȢΝ ȠȚΝ ȝȘȤαȞȑȢΝ ȝİĲαĲȩπȚıȘȢΝ ȑȤİȚΝ
ıĲαșİȡȩΝ ȜȩȖȠΝ πȓİıȘȢ,Ν ȦıĲȩıȠΝ ıİΝ αȞĲȓșİıȘΝ ȝİΝ ĲȚȢΝ ȐȜȜİȢΝ ȝȘȤαȞȑȢΝ ĲȠȣΝ ĲȪπȠȣΝ ȑȤİȚΝ ȚįȚαȓĲİȡαΝ
πȠȜȪπȜȠțȘΝ ȖİȦȝİĲȡȓαέΝ ǹπȠĲİȜİȓĲαȚΝ απȩΝ ȝȓαΝ ıĲαșİȡȒΝ țαȚΝ ȝȓαΝ țȚȞȠȪȝİȞȘΝ ȑȜȚțαέΝ ǼπȚĲȣȖȤȐȞȠȣȞΝ
ȜȩȖȠȣȢΝπȓİıȘȢΝȑȦȢΝțαȚΝ11,ΝİȞȫΝȠΝȜȩȖȠȢΝĲȘȢΝπαȡȠȤȒȢΝȩȖțȠȣΝİȚıȩįȠȣΝπȡȠȢΝȑȟȠįȠΝȝπȠȡİȓΝȞαΝπȐȡİȚΝ
ĲȚȝȒΝ ȑȦȢΝ țαȚΝ δ . ǺαıȚțȩΝπȜİȠȞȑțĲȘȝαΝ ĲȠȣΝ İȜȚțȠİȚįȠȪȢΝ İțĲȠȞȦĲȒΝ ȑȞαȞĲȚΝ ĲȦȞΝ ȜȠȚπȫȞΝȝȘȤαȞȫȞΝ
șİĲȚțȒȢΝİțĲȩπȚıȘȢΝİȓȞαȚΝȠΝȝȚțȡȩȢΝαȡȚșȝȩȢΝțȚȞȘĲȫȞΝȝİȡȫȞΝπȠȣΝįȚαșȑĲİȚ,ΝȘΝαȟȚȠπȚıĲȓαΝαȣĲȠȪ,ΝĲȠΝ
İȣȡȪΝĳȐıȝαΝȚıȤȪȠȢΝȜİȚĲȠȣȡȖȓαȢΝțαȚΝȘΝȝİȖȐȜȘΝįȚαșİıȚȝȩĲȘĲαΝĲȠȣΝ[63].  

2.3.1  ǹλξάΝζİδτονλΰέαμΝİζδεοİδįυθΝİετοθωτυθ 

O ıȣȖțİțȡȚȝȑȞȠȢΝ ĲȪπȠȢΝ İțĲȠȞȦĲȒΝ απȠĲİȜİȓĲαȚΝ απȩΝ įȪȠΝ ıπİȓȡİȢ,Ν ȝȓαΝ ıĲαșİȡȒΝ țαȚΝ ȝȓαΝ
țȚȞȠȪȝİȞȘ,Ν ȘΝ țȚȞȠȪȝİȞȘΝ ıπİȓȡαΝ αțȠȜȠȣșİȓΝ ȝȓαΝ ȑțțİȞĲȡȘΝ ĲȡȠȤȚȐΝ ȤȦȡȓȢΝ ȞαΝ πİȡȚıĲȡȑĳİĲαȚ,Ν
įȘȝȚȠȣȡȖȫȞĲαȢΝțαĲȐΝαȣĲȩȞΝĲȠȞΝĲȡȩπȠΝșȪȜαțİȢΝȩπȠȣΝπαȖȚįİȪİȚΝĲȝȒȝαĲαΝĲȠȣΝȡİȣıĲȠȪΝțαȚΝĲαΝțȚȞİȓΝ
απȩ ĲȠΝ țȑȞĲȡȠΝ πȡȠȢΝ ĲȘȞΝ πİȡȚĳȑȡİȚαέΝ ȈĲȘȞΝ ȜİȚĲȠȣȡȖȓαΝ İțĲȠȞȦĲȒΝ ȠΝ ȩȖțȠȢΝ ĲȠȣΝ țȐșİΝ șȪȜαțαΝ
αȣȟȐȞİĲαȚΝ țαșȫȢΝ ȝİĲαĳȑȡİĲαȚΝ απȩΝ ĲȠΝ țȑȞĲȡȠΝ πȡȠȢΝ ĲȘȞΝ πİȡȚĳȑȡİȚαΝ ȝİΝ απȠĲȑȜİıȝαΝ ȞαΝ
İțĲȠȞȫȞİĲαȚΝĲȠΝȡİȣıĲȩέΝ 

ȈαȞΝ ıȣȝπȚİıĲȒȢΝ ȠΝ ıȣȖțİțȡȚȝȑȞȠȢΝ ĲȪπȠȢΝ İȓȞαȚΝ ȚįȚαȓĲİȡαΝ įȘȝȠĳȚȜȒȢΝ ıİΝ İĳαȡȝȠȖȑȢΝ ȥȪȟȘȢέΝ
ȂİȖȐȜȠΝ πȜİȠȞȑțĲȘȝȐΝ ĲȠȣΝ İȓȞαȚΝ ȩĲȚΝ įȚαșȑĲİȚΝ ȜȚȖȠıĲȐΝ țȚȞȘĲȐΝ ȝȑȡȘ,Ν țȐĲȚΝ πȠȣΝ αȣȟȐȞİȚΝ ĲȘȞΝ
αȟȚȠπȚıĲȓαΝĲȠȣΝțαȚΝȝİȚȫȞİȚΝĲαΝπȠıȠıĲȐΝșȠȡȪȕȠȣέ 

 

ǼδεέΝ2.7. ΢ξβηαĲδεάΝαπİδεσθδıβΝĲβμΝİεĲσθπıβμΝıİΝΫθαθΝİζδεκİδįάΝİεĲκθπĲάΝ[64] 

2.3.2  ǻδαλλοΫμΝİζδεοİδįυθΝİετοθωτυθ 

ȅȚΝ įȚαȡȡȠȑȢΝ ıĲȠȣȢΝ İȜȚțȠİȚįİȓȢ İțĲȠȞȦĲȑȢΝ įȚαțȡȓȞȠȞĲαȚΝ ıİΝ įȪȠΝ țȪȡȚİȢΝ țαĲȘȖȠȡȓİȢκΝ ıĲȚȢΝ
πȜİȣȡȚțȑȢΝįȚαȡȡȠȑȢΝțαȚΝıĲȚȢΝαțĲȚȞȚțȑȢέΝǾΝπȜİȣȡȚțȑȢΝįȚαȡȡȠȑȢΝȠĳİȓȜȠȞĲαȚΝıĲȘȞΝαȞȠȤȒΝȝİĲαȟȪΝĲȦȞΝ
πȜİȣȡȚțȫȞΝ ĲȠȚȤȦȝȐĲȦȞΝ ĲȦȞΝ įȪȠΝ ıπİȚȡȫȞέΝ ǹπȩΝ ĲȘȞΝ ȐȜȜȘΝ πȜİȣȡȐ,Ν ȠȚΝ αțĲȚȞȚțȑȢΝ įȚαȡȡȠȑȢΝ
ȠĳİȓȜȠȞĲαȚΝıĲȘȞΝαȞȠȤȒΝĲȠȣΝȐțȡȠȣΝĲȘȢΝțȚȞȘĲȒȢΝıπİȓȡαȢΝțαȚΝĲȘȢΝİπȚĳȐȞİȚαȢΝĲȘȢΝıĲαșİȡȒȢΝıπİȓȡαȢΝ
[65]έΝȅȚΝįȪȠΝțαĲȘȖȠȡȓİȢΝįȚαȡȡȠȫȞΝπαȡȠȣıȚȐȗȠȞĲαȚΝıȤȘȝαĲȚțȐΝıĲȘȞΝǼȚțέ2.8 πȠȣΝαțȠȜȠȣșİȓέ 
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ΌĲαȞΝȘΝȝȘȤαȞȒΝȜİȚĲȠȣȡȖİȓΝıαȞΝıȣȝπȚİıĲȒȢΝȠȚΝįȚαȡȡȠȑȢΝȠįȘȖȠȪȞΝıİΝȝİȓȦıȘΝĲȘȢΝȠȖțȠȝİĲȡȚțȒȢΝ
απȩįȠıȘȢΝ ĲȠȣΝıȣȝπȚİıĲȒΝțαȚΝ αȣȟȐȞİȚΝ ĲȠΝ İȚįȚțȩΝ ȑȡȖȠέΝǹπȩΝ ĲȘȞΝȐȜȜȘΝπȜİȣȡȐ,ΝıĲȘȞΝțαĲȐıĲαıȘΝ
αȞȐıĲȡȠĳȘȢΝȜİȚĲȠȣȡȖȓαȢΝ ΥȜİȚĲȠȣȡȖȓαΝİțĲȠȞȦĲȒ)ΝȠȚΝįȚαȡȡȠȑȢΝȝİȚȫȞȠȣȞΝĲȘȞΝ ȚıȤȪΝİȟȩįȠȣ,ΝțαșȫȢΝ
ĲȠΝȡİȣıĲȩΝĲİȓȞİȚΝȞαΝțȚȞȘșİȓΝπȡȠȢΝĲȘȞΝπİȡȚȠȤȒΝȤαȝȘȜȒȢΝπȓİıȘȢΝȤȦȡȓȢΝȞαΝπαȡȐȖİȚΝȑȡȖȠέΝ 

΢ταγİλάΝΫζδεα

ΚδθοτηİθβΝΫζδεα

ǹετδθδεΫμΝ
įδαλλοΫμ

ΠζİνλδεΫμΝ
įδαλλοΫμ

 

ǼδεέΝ2.8. ΢ξβηαĲδεάΝαπİδεσθδıβΝĲπθΝįδαλλκυθΝıİΝΫθαΝİζδεκİδįάΝİεĲκθπĲάΝ[66] 

2.3.3  ΜİτατλοπάΝİζδεοİδįοτμΝıνηπδİıτάΝıİΝİετοθωτά 

ȅȚΝ İȜȚțȠİȚįİȓȢ ıȣȝπȚİıĲȑȢΝ ĲȠȣΝ İȝπȠȡȓȠȣΝ įȚαțȡȓȞȠȞĲαȚΝ ıİΝ αȣĲȠȪȢΝ πȠȣΝ ȑȤȠȣȞΝ ȜȓπαȞıȘΝ țαȚΝ ıİΝ
αȣĲȠȪȢΝ πȠȣΝ įİȞΝ ȑȤȠȣȞέΝ ǺαıȚțȩΝ πȜİȠȞȑțĲȘȝαΝ ĲȘȢΝ ȪπαȡȟȘȢΝ ȜȓπαȞıȘȢΝ İȓȞαȚΝ ȠΝ πİȡȚȠȡȚıȝȩȢΝ ĲȦȞΝ
ĲȡȚȕȫȞΝȝİĲαȟȪΝĲȦȞΝıπİȚȡȫȞΝțαȚΝıȣȞİπȫȢΝĲȘȢΝĳșȠȡȐȢΝαȣĲȫȞ,ΝțαșȫȢΝ İπȓıȘȢΝțαȚΝȠΝπİȡȚȠȡȚıȝȩȢΝ
ĲȦȞΝ įȚαȡȡȠȫȞΝ έΝ ǹπȩΝ ĲȘȞΝ ȐȜȜȘΝ πȜİȣȡȐ,Ν ȘΝ ȪπαȡȟȘΝ ȜȓπαȞıȘȢΝ įȘȝȚȠȣȡȖİȓΝ ȠȡȚıȝȑȞαΝ πȡȠȕȜȒȝαĲαΝ
ıĲȘȞΝπİȡȓπĲȦıȘΝĲȘȢΝȝİĲαĲȡȠπȒȢΝĲȠȣΝıȣȝπȚİıĲȒΝıİΝİțĲȠȞȦĲȒέΝǹȣĲȩΝıȣȝȕαȓȞİȚΝȖȚαĲȓΝįİįȠȝȑȞȠȣΝ
ȩĲȚΝȘΝπİȚȡıĲȡȠĳȒΝπȜȑȠȞΝȖȓȞİĲαȚΝıĲȘȞΝαȞĲȓșİĲȘΝțαĲİȪșȣȞıȘΝțαȚΝȘΝαȞĲȜȓαΝȜαįȚȠȪΝİȞİįİȤȩȝİȞȦȢΝȞαΝ
ȝȘȞΝ įȪȞαĲαȚΝ ȞαΝ ȜİȚĲȠȣȡȖȒıİȚΝ ıȦıĲȐΝ ȣπȩΝ αȣĲȑȢΝ ĲȚȢΝ ıȣȞșȒțİȢέΝ ǼπȚπȡȩıșİĲα,Ν αȣȟȐȞİĲαȚΝ ȘΝ
πȚșαȞȩĲȘĲαΝȝİȡȚțȒȢΝαȞȐȝİȚȟȘȢΝĲȠȣΝȜαįȚȠȪΝȝİΝĲȠΝİȡȖαȗȩȝİȞȠΝȝȑıȠΝįȘȝȚȠȣȡȖȫȞĲαȢΝĲȘȞΝαȞȐȖțȘΝ
ȪπαȡȟȘȢΝ ĳȓȜĲȡȠȣΝ țαșαȡȚıȝȠȪΝ ĲȘȢΝ ȡȠȒȢΝ țαĲȐȞĲȚΝ ĲȠȣΝ İțĲȠȞȦĲȒέΝ ΓȚαΝ ĲȘȞΝ απȠĳȣȖȒΝ ĲȑĲȠȚȦȞΝ
πȡȠȕȜȘȝȐȦȞΝıĲȘȞΝİȖțαĲȐıĲαıȘΝİπȚȜȑȤșȘțİΝȞαΝȤȡȘıȚȝȠπȠȚȘșİȓΝİțĲȠȞȦĲȒȢΝȤȦȡȓȢΝȜȓπαȞıȘέ 



[25] 

 

 

ǼδεέΝ2.9. ΚδθβĲάΝ(αλδıĲİλΪ)ΝεαδΝıĲαγİλά ıπİέλαΝİεĲκθπĲάΝİΰεαĲΪıĲαıβμ 

ǹπαȡαȓĲȘĲȠΝ ȖȚαΝ ĲȘȞΝαȞȐıĲȡȠĳȘΝȜİȚĲȠȣȡȖȓαΝ ĲȠȣΝıȣȝπȚİıĲȒΝıαȞΝ İțĲȠȞȦĲȒȢΝ İȓȞαȚΝ ȘΝ αĳαȓȡİıȘΝ
ĲȘȢΝαȞĲİπȓıĲȡȠĳȘȢΝȕαȜȕȓįαȢΝπȠȣΝĳȑȡİȚΝȠΝıȣȝπȚİıĲȒȢΝȖȚαΝȞαΝİȝπȠįȓȗİȚΝĲȘȞΝȡȠȒΝĲȠȣΝȡİȣıĲȠȪΝπȡȠȢΝ
ĲȘȞΝțαĲİȪșȣȞıȘΝĲȘȢΝȤαȝȘȜȒȢΝπȓİıȘȢέΝΩıĲȩıȠ,ΝıĲȘȞΝπİȡȓπĲȦıȘΝĲȘȢΝȜİȚĲȠȣȡȖȓαȢΝİțĲȠȞȦĲȒΝȘΝİȞΝ
ȜȩȖȦΝȕαȜȕȓįαΝİȝπȠįȓȗİȚΝ ĲȘȞΝȠȝαȜȒΝİțĲȩȞȦıȘΝțαȚΝȦȢΝ İț ĲȠȪĲȠȣΝπȡȑπİȚΝ ȞαΝαĳαȚȡİșİȓΝπȡȚȞΝĲȘȞΝ
ȜİȚĲȠȣȡȖȓαΝĲȠȣΝİțĲȠȞȦĲȒΝ[67].  

 

2.4 ΟδΝİθαζζΪετİμΝγİληστβταμ 

ȅΝ İȞαȜȜȐțĲȘȢΝ șİȡȝȩĲȘĲαȢΝ İȓȞαȚΝ ȝȚαΝ ıȣıțİȣȒΝ ȘΝ ȠπȠȓαΝ įȚαȡȡȑİĲαȚΝ απȩΝ įȪȠΝ ȡİȣıĲȐΝ
įȚαĳȠȡİĲȚțȒȢΝșİȡȝȠțȡαıȓαȢΝțαȚΝįȚİȣțȠȜȪȞİȚΝĲȘΝȝİĲαĳȠȡȐΝșİȡȝȩĲȘĲαȢΝαπȩΝĲȠΝșİȡȝȩĲİȡȠΝȡİȣıĲȩΝ
πȡȠȢΝĲȠΝȥȣȤȡȩĲİȡȠ  [68].  

ǾΝ ȝİĲαĳȠȡȐΝ șİȡȝȩĲȘĲαȢΝ ıĲȠȣȢΝ İȞαȜȜȐțĲİȢΝ πȡαȖȝαĲȠπȠȚİȓĲαȚΝ ȝȑıȦΝ ĲȘȢΝ įȚαȤȦȡȚıĲȚțȒȢΝ
İπȚĳȐȞİȚαȢκΝαȞȐȝİıαΝıĲȘΝįȚαȤȦȡȚıĲȚțȒΝİπȚĳȐȞİȚαΝțαȚΝĲαΝȡİȣıĲȐΝȑȤȠȣȝİΝȝİĲαĳȠȡȐΝșİȡȝȩĲȘĲαȢΝ
įȚαΝıȣȞαȖȦȖȒȢΝțαȚΝįȚαΝȝȑıȠȣΝĲȘȢΝįȚαȤȦȡȚıĲȚțȒȢΝİπȚĳȐȞİȚαȢΝȘΝȝİĲαĳȠȡȐΝșİȡȝȩĲȘĲαȢΝȖȓȞİĲαȚΝȝİΝ
αȖȦȖȒέ 

ǾΝπȚȠΝ įȚαįİįȠȝȑȞȘΝțαĲȘȖȠȡȓαΝ İȞαȜȜαțĲȫȞ,Ν ȕȐıİȚΝ ĲȘȢΝ țαĲαıțİȣȒȢΝ țαȚΝ ĲȘȢΝ ȖİȦȝİĲȡȓαȢΝ ĲȠȣȢ,Ν
İȓȞαȚΝȠȚΝ İȞαȜȜȐțĲİȢΝțİȜȪĳȠȣȢ-αȣȜȫȞΝ Υshell and tube heat exchangers),ΝȠȚΝȠπȠȓȠȚΝαπȠĲİȜȠȪȞĲαȚΝ
απȩΝαȣȜȠȪȢΝțȣȜȚȞįȡȚțȒȢΝįȚαĲȠȝȒȢΝİȞıȦȝαĲȦȝȑȞȠȣȢΝıİΝțȣȜȚȞįȡȚțȩΝțȑȜȣĳȠȢΝȝİΝĲȠȣȢΝȐȟȠȞİȢΝĲȠȣΝ
țİȜȪĳȠȣȢΝțαȚΝĲȦȞΝαȣȜȫȞΝȞαΝİȓȞαȚΝπαȡȐȜȜȘȜȠȚΝȝİĲαȟȪΝĲȠȣȢέΝȅȚΝįȚαĳȠȡȠπȠȚȒıİȚȢΝπȠȣΝȣπȐȡȤȠȣȞΝ
αȞȐȝİıαΝ ıĲȠȣȢΝ įȚȐĳȠȡȠȣȢΝ İȞαȜȜȐțĲİȢΝ αȣĲȠȪΝ ĲȠȣΝ ĲȪπȠȣΝ ȑȖțİȚȞĲαȚΝ țȣȡȓȦȢΝ ıĲȠȞΝ įȚαĳȠȡİĲȚțȩΝ
ĲȡȩπȠΝ țαĲαıțİȣȒȢΝ țαȚΝ ıĲȚȢΝ ĲȡȠπȠπȠȚȒıİȚȢΝ πȠȣΝ ȑȤȠȣȞΝ ȣπȠıĲİȓΝ ȖȚαΝ ȞαΝ įȚαȤİȚȡȚıĲȠȪȞΝ ĲȘΝ
įȚαĳȠȡİĲȚțȒΝșİȡȝȚțȒΝįȚαıĲȠȜȒΝπȠȣΝȣĳȓıĲαȞĲαȚΝȠȚΝαȣȜȠȓΝțαȚΝĲȠΝțȑȜȣĳȠȢ [69]. 

 ǾΝ įİȪĲİȡȘΝ πȚȠΝ įȚαįİįȠȝȑȞȘΝ țαĲȘȖȠȡȓαΝ İȞαȜȜαțĲȫȞΝ İȓȞαȚΝ ȠȚΝ πȜαțȠİȚįİȓȢΝ İȞαȜȜȐțĲİȢΝ Υplate 
heat exchangers)έΝ ΈȞαȢΝ πȜαțȠİȚįȒȢΝ İȞαȜȜȐțĲȘȢΝ ıȣȞȓıĲαĲαȚΝ ıİΝ ȑȞαΝ ıȪȞȠȜȠΝ απȩΝ πȜȐțİȢΝ ȝİΝ
ȡαȕįȫıİȚȢΝ -ȖȚαΝ İȞȚıȤȣȝȑȞȘ ȝİĲαĳȠȡȐΝ șİȡȝȩĲȘĲαȢ- πȠȣΝ İȓȞαȚΝ ıȣȞİȞȦȝȑȞİȢ,Ν țαșİȝȓαΝ İțΝ ĲȦȞΝ



[26] 

 

ȠπȠȓȦȞΝ įȚαșȑĲİȚΝ ĲȑııİȡαΝ ıĲȩȝȚαΝ ȖȚαΝ ĲȘȞΝ İπȚțȠȚȞȦȞȓαΝ ȝİĲαȟȪΝ ĲȦȞΝ πȜαțȫȞ,Ν ĲαΝ ȠπȠȓαΝ İȓȞαȚΝ
ıĲİȖαȞȦȝȑȞαΝ ȝİΝ ĳȜȐȞĲȗİȢΝ ȫıĲİΝ ȞαΝ İȟαıĳαȜȓȗİĲαȚΝ ȘΝ țȣțȜȠĳȠȡȓαΝ ĲȦȞΝ ȡİȣıĲȫȞΝ αȞȐȝİıαΝ ıĲȚȢΝ
πȜȐțİȢΝ țαĲȐΝ ĲȠȞΝ ĲȡȩπȠΝ πȠȣΝ πȡȠȕȜȑπİĲαȚΝ ȞαΝ ȜİȚĲȠȣȡȖİȓΝ ȠΝ İțȐıĲȠĲİΝ İȞαȜȜȐțĲȘȢ [70]έΝ ǺαıȚțȩ 
πȜİȠȞȑțĲȘȝαΝαȣĲȠȪΝĲȠȣΝĲȪπȠȣΝİȞαȜȜαțĲȫȞ İȓȞαȚΝȩĲȚΝįȚαșȑĲȠȣȞ αȚıșȘĲȐΝȝİȖαȜȪĲİȡȠΝıȣȞĲİȜİıĲȒΝ
ȝİĲαĳȠȡȐΝșİȡȝȩĲȘĲαȢΝαπȩΝĲȠȣȢΝİȞαȜȜȐțĲİȢΝțİȜȪĳȠȣȢ-αȣȜȫȞ,ΝȝİΝαπȠĲȑȜİıȝαΝȞαΝαπαȚĲȠȪȞΝπȠȜȪΝ
ȝȚțȡȩĲİȡȠΝȤȫȡȠΝȖȚαΝȞαΝİπȚĲȪȤȠȣȞΝĲȘȞΝȓįȚαΝȝİĲαĳȠȡȐΝșİȡȝȩĲȘĲαȢΝıİΝıȪȖțȡȚıȘΝȝİΝĲȠȣȢΝȠȖțȫįİȚȢ, 
πȜȘȞΝȩȝȦȢΝĳșȘȞȩĲİȡȠȣȢ, İȞαȜȜȐțĲİȢΝțİȜȪĳȠȣȢ-αȣȜȫȞέ ȈĲȘȞΝǼȚț.2.10 παȡȠȣıȚȐȗİĲαȚΝ ĲȠΝ İȪȡȠȢΝ
ȜİȚĲȠȣȡȖȓαȢΝĲȦȞΝȕαıȚțȫȞΝĲȪπȦȞΝİȞαȜȜαțĲȫȞέ 

 

ǼδεέΝ2.10έΝǼτλκμΝζİδĲκνλΰέαμΝįδαĳσλπθΝĲτππθΝİθαζζαεĲυθ 

ΓȚαΝ ĲȚȢ αȞȐȖțİȢΝ ĲȘȢΝ πİȚȡαȝαĲȚțȒȢΝ İȖțαĲȐıĲαıȘȢΝ İπȚȜȑȤșȘțİΝ ȞαΝ ȤȡȘıȚȝȠπȠȚȘșȠȪȞΝ įȪȠΝ
πȜαțȠİȚįİȓȢΝ İȞαȜȜȐțĲİȢΝ ȖȚαΝ ĲȠΝ ȜȩȖȠΝ ȩĲȚΝ πȡȠıȑĳİȡαȞΝ ĲȘΝ įȣȞαĲȩĲȘĲαΝ ȝȚαȢΝ πȚȠΝ ıȣȝπαȖȠȪȢΝ
țαĲαıțİȣȒȢΝ ȑȞαȞĲȓΝ ĲȠȣΝ πȚȠΝ ȠȖțȫįȘΝ İȞαȜȜȐțĲȘΝ țİȜȪĳȠȣȢ-αȣȜȫȞέΝ ǾΝ įȚαıĲαıȚȠȜȩȖȘıȘΝ ĲȦȞΝ
πȜαțȠİȚįȫȞΝ İȞαȜȜαțĲȫȞΝ șİȡȝȩĲȘĲαȢΝ πȡαȖȝαĲȠπȠȚȒșȘțİΝ αțȠȜȠȣșȫȞĲαȢΝ ĲȘΝ ȝİșȠįȠȜȠȖȓαΝ πȠȣΝ
πȡȠĲİȓȞİĲαȚΝαπȩΝĲȘΝȕȚȕȜȚȠȖȡαĳȓα [45, 57, 71-74]. KȐșİΝİȞαȜȜȐțĲȘȢΝαπȠĲİȜİȓĲαȚΝαπȩΝζίΝπȜȐțİȢ,Ν
ȠȚΝ ȠπȠȓİȢΝ ȩπȦȢΝ πȡȠȑțȣȥαȞΝ ȒĲαȞΝ ȑȞαȢΝ İπαȡțȒȢΝ αȡȚșȝȩȢΝ ȖȚαΝ ĲȘȞΝ İțĲȑȜİıȘΝ ĲȘȢΝ ȗȘĲȠȪȝİȞȘȢΝ
ȝİĲαĳȠȡȐȢΝșİȡȝȩĲȘĲαȢέ  



[27] 

 

 

ǼδεέΝ2.11έΝΣκΝηκθĲΫζκΝπζαεκİδįάΝİθαζζΪεĲβΝπκνΝξλβıδηκπκδİέĲαδΝıĲβθΝπİδλαηαĲδεάΝ İΰεαĲΪıĲαıβ 
[75] 

 

2.5 ǾΝαıτΰξλοθβΝηβξαθά 

ΓȚαΝ ĲȘȞΝ παȡαȖȦȖȒΝ ȘȜİțĲȡȚıȝȠȪΝ ıĲȘȞΝ πİȚȡαȝαĲȚțȒΝ İȖțαĲȐıĲαıȘΝ ȤȡȘıȚȝȠπȠȚȒșȘțαȞΝ įȪȠΝ
αıȪȖȤȡȠȞİȢΝ ȖİȞȞȒĲȡȚİȢ,Ν ȠȚΝ ȠπȠȓİȢΝ ıȣȞįȑȠȞĲαȚΝ ȝİΝ ĲȠΝ ȘȜİțĲȡȚțȩΝ įȓțĲȣȠΝ ȝȑıȦΝ αȞαȖİȞȞȘĲȚțȫȞΝ
inverter.  

ȅȚΝİπαȖȦȖȚțȑȢΝȝȘȤαȞȑȢΝįȪȞαȞĲαȚΝȞαΝȜİȚĲȠȣȡȖȒıȠȣȞΝİȓĲİΝȦȢΝțȚȞȘĲȒȡİȢΝİȓĲİΝȦȢΝȖİȞȞȒĲȡȚİȢέΝȈİΝ
πİȡȓπĲȦıȘΝ πȠȣΝ ȠΝ İπαȖȦȖȚțȩȢΝ țȚȞȘĲȒȡαȢΝ ȠįȘȖİȓĲαȚΝ απȩΝ ȝȓαΝ țȚȞȘĲȒȡȚαΝ ȝȘȤαȞȒΝ ıİΝ ĲαȤȪĲȘĲαΝ
ȝİȖαȜȪĲİȡȘΝ ĲȘȢΝ ıȪȖȤȡȠȞȘȢ,Ν ȘΝ ĳȠȡȐΝ ĲȘȢΝ İπαȖȩȝİȞȘȢΝ Ν ȡȠπȒȢΝ αȞĲȚıĲȡȑĳİĲαȚΝ țαȚΝ ȜİȚĲȠȣȡȖİȓΝ ȦȢΝ
ȖİȞȞȒĲȡȚα [76]έΝǹȣȟαȞȠȝȑȞȘȢΝĲȘȢΝȡȠπȒȢΝıĲȠȞΝȐȟȠȞαΝĲȘȢΝİπαȖȦȖȚțȒȢΝȝȘȤαȞȒȢ,ΝαȣȟȐȞİĲαȚΝțαȚΝȘΝ
ȚıȤȪȢΝ πȠȣΝ παȡȐȖİȚΝ ȘΝ ȖİȞȞȒĲȡȚαέΝ ȈĲȘȞΝ ǼȚțέ2.12 παȡȠȣıȚȐȗİĲαȚ ȑȞαΝ αțȡȩĲαĲȠΝ ıĲȘȞΝ İπαȖȩȝİȞȘΝ
ȡȠπȒΝȩĲαȞΝȘΝȝȘȤαȞȒΝȜİȚĲȠȣȡȖİȓΝȦȢΝȖİȞȞȒĲȡȚαέΝǾΝĲȚȝȒΝĲȘȢΝΝȡȠπȒȢΝıİΝαȣĲȩΝĲȠΝıȘȝİȓȠΝȠȞȠȝȐȗİĲαȚΝ
ȡȠπȒΝ αȞαıĲȡȠĳȒȢΝ Υpushover torque) ĲȘȢΝ ȖİȞȞȒĲȡȚαȢΝ țαȚΝ ȖȚαΝ ĲȚȝȑȢΝ ĲȘȢΝ ȡȠπȒȢΝ ȝİȖαȜȪĲİȡİȢΝ ĲȘȢΝ
ȡȠπȒȢΝαȞαıĲȡȠĳȒȢΝȘΝȖİȞȞȒĲȡȚαΝİπȚĲαȤȪȞİĲαȚΝİπȚțȓȞįȣȞαΝ[77]. 
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ǼδεέΝ 2.12έΝ ΧαλαεĲβλδıĲδεάΝ εαηπτζβΝ λκπάμ-ĲαξτĲβĲαμΝ πİλδıĲλκĳάμΝ ıİΝ ηέαΝ αıτΰξλκθβΝ ΰİθθάĲλδαΝ

[78] 
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ǻİįȠȝȑȞȠȣΝȩĲȚΝȘΝİπαȖȦȖȚțȒΝȖİȞȞȒĲȡȚαΝįİȞΝįȚαșȑĲİȚΝȟİȤȦȡȚıĲȩΝțȪțȜȦȝαΝįȚȑȖİȡıȘȢΝįİȞΝπαȡȐȖİȚΝ
ȐİȡȖȠΝȚıȤȪ,ΝαȞĲȚșȑĲȦȢΝțαĲαȜȐȞȫȞİȚΝȐİȡȖȠΝȚıȤȪΝțαȚΝȖȚαΝαȣĲȩΝĲȠΝȜȩȖȠΝșαΝπȡȑπİȚΝȞαΝıȣȞįȑİĲαȚΝıİΝ
ȝȓαΝİȟȦĲİȡȚțȒΝπȘȖȒΝαȑȡȖȠȣΝȚıȤȪȠȢ,ΝȖȚαΝȞαΝįȚαĲȘȡİȓĲαȚΝĲȠΝȝαȖȞȘĲȚțȩΝπİįȓȠΝĲȠȣΝıĲȐĲȘΝĲȘȢΝ [78]. 
ȈİΝ țαȞȠȞȚțȑȢΝ ıȣȞșȒțİȢΝ ȜİȚĲȠȣȡȖȓαȢΝ ȘΝ ĲȐıȘΝ ĲȘȢΝ ȖİȞȞȒĲȡȚαȢΝ įȚαĲȘȡİȓĲαȚΝ απȩΝ ĲȠΝ İȟȦĲİȡȚțȩΝ
ıȪıĲȘȝαΝȚıȤȪȠȢΝıĲȠΝȠπȠȓȠΝİȓȞαȚΝıȣȞįİįİȝȑȞȘΝțαȚΝİȞΝπȡȠțİȚȝȑȞȠȣΝαπȩΝĲȠΝȘȜİțĲȡȚțȩΝįȓțĲȣȠΝ[79]. 

ǺαıȚțȩΝ πȜİȠȞİțĲȒȝααĲαΝ αȣĲȒȢΝ ĲȘȢΝ ȖİȞȞȒĲȡȚαȢΝ İȓȞαȚΝ ĲȠΝ ȤαȝȘȜȩΝ țȩıĲȠȢΝ αȣĲȒȢ,Ν ȘΝ İȪțȠȜȘΝ
ıȣȞĲȒȡȘıȘ,Ν ĲȠΝ ȝȚțȡȩΝ ȝȑȖİșȠȢ,Ν ȘΝ απȠȣıȓαΝ ȟİȤȦȡȚıĲȒȢΝ πȘȖȒȢΝ ıȣȞİȤȠȪȢΝ ȡİȪȝαĲȠȢ,Ν ȘΝ απȠȣıȓαΝ
ȥȣțĲȡȫȞΝțαȚΝȘΝȪπαȡȟȘΝαȣĲȠπȡȠıĲαıȓαȢΝαπȑȞαȞĲȚΝıİΝȣπİȡĳȠȡĲȓıİȚȢΝțαȚΝȕȡαȤȣțȣțȜȫȝαĲαέ 

ǹπȩΝ ĲȘȞΝ ȐȜȜȘΝ πȜİȣȡȐ,Ν ıĲαΝ ȕαıȚțȐΝ ȝİȚȠȞİțĲȒȝαĲαΝ ıȣȖțαĲαȜȑȖȠȞĲαȚΝ ȘΝ țαĲαȞȐȜȦıȘΝ αȑȡȖȠȣΝ
ȚıȤȪȠȢ,Ν ȩπȦȢΝ ȒįȘΝ αȞαĳȑȡșȘțİ,Ν ȘΝ İȝĳȐȞȚıȘΝ įȚαțȣȝȐȞıİȦȞΝ İȞİȡȖȠȪΝ ȚıȤȪȠȢΝ țαȚΝ ȘΝ İȜȜȚπȒȢΝ
ȚțαȞȩĲȘĲαΝȡȪșȝȚıȘȢΝĲȘȢΝĲȐıȘȢΝ [80-82]. 

 

2.6 ΟδΝλνγηδıτΫμΝıτλοφυθ 

ȅȚΝȡȣșȝȚıĲȑȢΝıĲȡȠĳȫȞΝİȞαȜȜαııȩȝİȞȠȣΝȡİȪȝαĲȠȢΝİπȚĲȡȑπȠȣȞΝȞαΝȤȡȘıȚȝȠπȠȚȘșȠȪȞΝĲȡȚĳαıȚțȠȓΝ
İπαȖȦȖȚțȠȓΝțȚȞȘĲȒȡİȢΝıİΝİĳαȡȝȠȖȑȢΝȝİΝȝİĲαȕȜȘĲȒΝĲαȤȪĲȘĲα.  

ȈİΝαȞĲȓșİıȘΝȝİΝĲȠȞΝıȤİĲȚțȩΝαπȜȩΝȑȜİȖȤȠΝțȜİȚıĲȠȪΝȕȡȩȤȠȣΝĲȘȢΝĲαȤȪĲȘĲαȢΝțαȚΝĲȘȢΝȡȠπȒȢΝİȞȩȢΝ
DC țȚȞȘĲȒȡα,Ν ȖȚαΝ ĲȠȞΝ ȑȜİȖȤȠΝ ĲȘȢΝ ĲαȤȪĲȘĲαȢΝ İȞȩȢΝ İπαȖȦȖȚțȠȪΝ țȚȞȘĲȒȡαΝ απαȚĲİȓĲαȚΝ ȑȞαȢΝ πȚȠΝ
πİȡȓπȜȠțȠȢΝȡȣșȝȚıĲȒȢ,ΝȠΝȠπȠȓȠȢΝαπȠțαȜİȓĲαȚΝαȞĲȚıĲȡȠĳȑαȢΝΥinverter).  

ΩȢΝαȞĲȚıĲȡȠĳȑαȢΝȒΝ inverter ȠȡȓȗİĲαȚΝȠΝȘȜİțĲȡȠȞȚțȩȢΝȝİĲαĲȡȠπȑαȢΝπȠȣΝȝİĲαĲȡȑπİȚΝĲȠΝıȣȞİȤȑȢΝ
ȡİȪȝαΝ ΥDC)Ν ıİΝ İȞαȜȜαııȩȝİȞȠΝ ΥAC)έΝ ȅȚΝ ȘȜİțĲȡȠȞȚțȠȓΝ ȡȣșȝȚıĲȑȢΝ ĲαȤȪĲȘĲαȢΝ ĲȦȞΝ İπαȖȦȖȚțȫȞΝ
țȚȞȘĲȒȡȦȞΝ ȝİĲαĲȡȑπȠȣȞΝ ĲȘȞΝ İȞαȜȜαııȩȝİȞȘΝ ĲȡȠĳȠįȠıȓαΝ ıİΝ ıȣȞİȤȒΝ ȤȡȘıȚȝȠπȠȚȫȞĲαȢΝ ȑȞαȞΝ
αȞȠȡșȦĲȒΝ țαȚΝ ȝİĲȐΝ ĲȠΝ ȝİĲαĲȡȑπȠȣȞΝ İțΝ ȞȑȠȣΝ ıİΝ İȞαȜȜαııȩȝİȞȘΝ ȑȟȠįȠΝ ȝİĲαȕȜȘĲȒȢΝ ĲȐıȘȢΝ țαȚΝ
ıȣȤȞȩĲȘĲαȢ,Ν ȝȑıȦΝ ȖȑĳȣȡαȢΝ αȞĲȚıĲȡȠĳȒȢΝ [83]έΝ ǾΝ įȚαıȪȞįİıȘΝ ȝİĲαȟȪΝ ĲȠȣΝ αȞȡșȦĲȒΝ țαȚΝ ĲȠȣΝ
αȞĲȚıĲȡȠĳȑαΝțαȜȑȚĲαȚΝıȪȞįİıȘΝıȣȞİȤȠȪȢΝȡİȪȝαĲȠȢΝΥDC link).  

ǾΝ πȡȠıİțĲȚțȒΝ İțȜȠȖȒΝ ĲȠȣΝ ȡȣșȝȚıĲȒΝ ıĲȡȠĳȫȞΝ ȑȤİȚΝ ıαȞΝ ıĲȩȤȠΝ ĲȘȞΝ İȜαȤȚıĲȠπȠȓȘıȘΝ ĲȦȞΝ
πȡȠȕȜȘȝȐĲȦȞΝİȖțαĲȐıĲαıȘȢΝțαȚΝȜİȚĲȠȣȡȖȓαȢΝțαșȫȢΝțαȚΝĲȘȞΝȝİȓȦıȘΝĲȠȣΝȜİȚĲȠȣȡȖȚțȠȪΝțȩıĲȠȣȢέΝ
ΓȚαΝ ĲȘȞΝ İțȜȠȖȒΝ ĲȠȣΝ ȡȣșȝȚıĲȒΝ ıĲȡȠĳȫȞΝ πȡȑπİȚΝ πȡȠȘȖȠȣȝȑȞȦȢ,Ν ȝİĲαȟȪΝ ȐȜȜȦȞ,Ν ȞαΝ İțȜİȖİȓΝ
țαĲȐȜȜȘȜαΝ ȘΝ ĲȐıȘΝ ȜİȚĲȠȣȡȖȓαȢΝ țαȚΝ ĲȠΝ ȠȞȠȝαıĲȚțȩΝ ȡİȪȝαΝ ĲȠȣΝ ȡȣșȝȚıĲȒΝ ıĲȡȠĳȫȞΝ țαȚΝ ĲȘȢΝ
İπαȖȦȖȚțȒȢΝ ȝȘȤαȞȒȢ,Ν ȞαΝ İȜİȖȤșİȓΝ ĲȠΝ ȗȘĲȠȪȝİȞȠΝ İȪȡȠȢΝ ĲȦȞΝ ĲαȤȣĲȒĲȦȞΝ ȜİȚĲȠȣȡȖȓαȢΝ ĲȘȢΝ
İπαȖȦȖȚțȒȢΝȝȘȤαȞȒȢΝțαȚΝȞαΝİȜİȖȤșİȓΝȘΝαπȩįȠıȘΝıİΝȣπİȡĳȩȡĲȚıȘέ 

ǾΝ ȤȡȒıȘΝ ĲȠȣΝ İȞȩȢΝ İțΝ ĲȦȞΝ ĲȡȚȫȞΝ ȡȣșȝȚıĲȒΝ ıĲȡȠĳȫȞΝ ıĲȘȞΝ ȣπȩΝ ȝİȜȑĲȘΝ πİȚȡαȝαĲȚțȒΝ
İȖțαĲȐıĲαıȘΝȑȖȚȞİΝȝİΝıțȠπȩΝĲȠȞΝȑȜİȖȤȠΝĲȘȢΝπαȡȠȤȒȢΝĲȠȣΝțȣțȜȫȝαĲȠȢΝORC,ΝȝȑıȦΝĲȘȢΝȡȪșȝȚıȘȢΝ
ıĲȡȠĳȫȞΝ ĲȘȢΝ αȞĲȜȓαȢέΝ ȅȚΝ ȐȜȜȠȚΝ įȪȠΝ ȡȣșȝȚıĲȑȢΝ ıĲȡȠĳȫȞΝ ȤȡȘıȚȝİȪȠȣȞΝ ȖȚαΝ ĲȘȞΝ ıȪȞįİıȘΝ ĲȦȞΝ
ȖİȞȞȘĲȡȚȫȞΝȝİΝĲȠΝįȓțĲȣȠέΝ 



[29] 

 

2.6.1  ΡνγηδıτάμΝıτλοφυθΝτβμΝαθτζέαμΝ 

ȅΝİȞΝȜȩȖȦΝȡȣșȝȚıĲȒȢΝıĲȡȠĳȫȞΝİȓȞαȚΝπȡȠȧȩȞΝĲȘȢΝıİȚȡȐȢΝSinamics VβίΝĲȘȢΝİĲαȚȡİȓαȢΝSiemens. 
ȅȚΝİȞΝȜȩȖȦΝȡȣșȝȚıĲȑȢΝıĲȡȠĳȫȞΝİȞįİȓțȞȣȞĲαȚΝȖȚαΝĲȣπȚțȐΝĳȠȡĲȓαΝȩπȦȢΝαȞĲȜȓİȢ,ΝıȣȝπȚİıĲȑȢΝțȜπέΝ
ǻȚαșȑĲȠȣȞΝȝȚțȡȩΝȤȡȩȞȠΝαπȩțȡȚıȘȢ,ΝȝȑȖȚıĲȘΝαπȩįȠıȘΝıİΝțȐșİΝİπȓπİįȠΝıĲȡȠĳȫȞ,ΝİȞȫΝπαȡȑȤȠȣȞΝ
ĲȘΝ įȣȞαĲȩĲȘĲαΝ İȜȑȖȤȠȣΝ ĲȘȢΝ ıȣȤȞȩĲȘĲαȢΝ πȠȣΝ İπȚȕȐȜȜȠȣȞΝ ıĲȠΝ ĳȠȡĲȓȠέΝ ǻȚαșȑĲȠȣȞΝ ĲȑııİȡȚȢΝ
ȥȘĳȚαțȑȢΝ țαȚΝ įȪȠΝ αȞαȜȠȖȚțȑȢΝ İȚıȩįȠȣȢΝ țαȚΝ įȪȠΝ ȥȘĳȚαțȑȢΝ țαȚΝ ȝȓαΝ αȞαȜȠȖȚțȒΝ ȑȟȠįȠέΝ ȈİΝ
țαĲȐıĲαıȘΝ AUTO,Ν ȘΝ ıȣȤȞȩĲȘĲαΝ ĲȠȣΝ ȡȣșȝȚıĲȒΝ ıĲȡȠĳȫȞΝ İȜȑȖȤİĲαȚΝ απȩΝ ĲȠΝ PLC ĲȘȢΝ
İȖțαĲȐıĲαıȘȢέΝ ǼπȚπȡȩıșİĲα,Ν ȠΝ ȡȣșȝȚıĲȒȢΝ ıĲȡȠĳȫȞΝ πȡȠıĲαĲİȪİȚΝ ĲȠȞΝ țȚȞȘĲȒȡαΝ απȩΝ
ȣπİȡșȑȡȝαȞıȘ,Ν țȩȕȠȞĲαȢΝ ȝȑıȦΝ ȝȚαȢΝ ȥȘĳȚαțȒȢΝ ĲȠȣΝ İȟȩįȠȣΝ ĲȠΝ țȪțȜȦȝαΝ ĲȘȢΝ αȞĲȜȓαȢέΝ ȈαȞΝ
ȥȘĳȚαțȩΝİȓıȠįȠΝįȑȤİĲαȚΝĲȠΝıȒȝαΝαπȩΝĲȠΝȡİȜȑΝİȜȖ΄ȤȠȣΝĲȘȢΝαȞĲȜȓαȢΝțαȚΝπαȡȑȤİȚΝαȞαȜȠȖȚțȒΝȑȟȠįȠΝ
0-20 mA ĲȘȞΝ ıȣȤȞȩĲȘĲαΝ ȜİȚĲȠȣȡȖȓαȢΝ πȡȠȢΝ ĲȠΝ PLCέΝ ȈİΝ țαĲȐıĲαıȘΝ MANUAL ,Ν ȠΝ
ȡȣșȝȚıĲȒȢıĲȡȠĳȫȞΝİȜȑȖȤİĲαȚΝαπȩΝĲȠΝπȐȞİȜΝȤİȚȡȚıȝȫȞΝĲȠȣ,ΝĲȩıȠΝȖȚαΝĲȘȞΝİțțȓȞȘıȘήįȚαțȠπȒΝȩıȠΝ
țαȚΝȖȚαΝĲȘΝıȣȤȞȩĲȘĲαΝȜİȚĲȠȣȡȖȓαȢέΝ 

ȅΝİȞΝȜȩȖȦΝȡȣșȝȚıĲȒȢΝıĲȡȠĳȫȞΝπαȡȑȤİȚΝ ĲȘΝįȣȞαĲȩĲȘĲαΝ PID İȜȑȖȤȠȣ,ΝαȜȜȐΝıĲȘȞΝπȡȠțİȓȝİȞȘΝ
πİȡȓπĲȦıȘΝİπİȜȑȖȘΝȘΝȡȪșȝȚıȘΝıĲȡȠĳȫȞΝȞαΝȖȓȞİĲαȚΝıİΝπȡȫĲȘΝĳȐıȘΝαπȩΝĲȠΝPLC țαȚΝαȣĲȩ ȝİΝĲȘΝ
ıİȚȡȐΝĲȠȣΝȞαΝįȚİȞİȡȖİȓΝĲȠȞΝPID ȑȜİȖȤȠέ 

 

2.6.2  ΡνγηδıτΫμΝıτλοφυθΝΰİθθβτλδυθ 

ȅȚΝȡȣșȝȚıĲȑȢΝıĲȡȠĳȫȞΝĲȦȞΝȖİȞȞȘĲȡȚȫȞΝİȓȞαȚΝπȡȠȧȩȞĲαΝĲȘȢΝıİȚȡȐȢΝSinamics G1βίΝĲȘȢΝİĲαȚȡİȓαȢΝ
SiemensέΝ ȆȡȩțİȚĲαȚΝ ȖȚαΝ ȡȣșȝȚıĲȑȢΝ πȠȣΝ İπȚĲȡȑπȠȣȞΝ ĲȘȞΝ ȟİȤȦȡȚıĲȒΝ παȡαȖȖİȜȓαΝ ĲȦȞΝ İπȚȝȑȡȠȣȢΝ
ȝİȡȫȞΝĲȠȣΝȡȣșȝȚıĲȒΝΥȝȠȞȐįαΝȚıȤȪȠȢ,ΝȝȠȞȐįαΝİȜȑȖȤȠȣΝțαȚΝπȐȞİȜΝȤİȚȡȚıȝȫȞ)έΝȈĲȘȞΝπİȚȡαȝαĲȚțȒΝ
İȖțαĲȐıĲαıȘΝİπȚȜȑȖȘıαȞΝȖȚαΝȜȩȖȠȣȢΝαπȜȩĲȘĲαȢΝțαȚΝțȩıĲȠȣȢΝαȞαȖİȞȞȘĲȚțȠȓΝȡȣșȝȚıĲȑȢΝıĲȡȠĳȫȞΝ
(regenerative inverters)έΝ ΓȚαΝ αȣĲȩΝ ĲȠΝ ȜȩȖȠΝ İπȚȜȑȖȘıαȞΝ ȠȚΝ ȝȠȞȐįİȢΝ ȚıȤȪȠȢΝ ĲȪπȠȣΝ PMβεί,Ν πȠȣΝ
παȡȑȤȠȣȞΝ ĲȘΝ įȣȞαȩĲȘĲαΝ İπȚıĲȡȠĳȒȢΝ ĲȘȢΝ İȞȑȡȖİȚαȢΝ ıĲȠΝ įȓțĲȣȠέΝ ȀαĲȐΝ αȣĲȩΝ ĲȠȞΝ ĲȡȩπȠ,Ν ȩĲαȞΝ ȠȚΝ
ıĲȡȠĳȑȢΝ ĲȦȞΝ İȜȚțȠİȚįȫȞΝ İțĲȠȞȦĲȫȞΝ įİȞΝ ȣπİȡȕαȓȞİȚΝ ĲαΝ 1είίΝ rpm,Ν ȠȚΝ İπαȖȦȖȚțȑȢΝ ȝȘȤαȞȑȢΝ șαΝ
İπȚȕȡαįȪȞȠȣȞΝ ĲȠȣȢΝ İțĲȠȞȦĲȑȢΝ țαȚΝ șαΝ İπȚıĲȡȑĳȠȣȞΝ ĲȘȞΝ İȞȑȡȖİȚαΝ πȑįȘȢΝ ıĲȠΝ įȓțĲȣȠ,Ν αȞĲȓΝ ȞαΝ
ȤȐȞİĲαȚΝ ȣπȩΝ ĲȘΝ ȝȠȡĳȒΝ șİȡȝȩĲȘĲαȢέΝ ǹπȩΝ ĲȘȞΝ ȐȜȜȘΝ πȜİȣȡȐ,Ν ȩĲαȞΝ ȠȚΝ ıĲȡȠĳȑȢΝ ĲȦȞΝ İțĲȠȞȦĲȫȞΝ
ȟİπİȡȐıȠȣȞΝĲαΝ1είίΝrpm,ΝȠȚΝİπαȖȦȖȚțȑȢΝȝȘȤαȞȑȢΝșαΝπαȡȐȖȠȣȞΝȘȜİțĲȡȚțȒΝİȞȑȡȖİȚα,ΝȘΝȠπȠȓαΝșαΝ
įȚȠȤİĲİȪİĲαȚΝıĲȠΝįȓțĲȣȠέΝȅȚΝİȞΝȜȩȖȦΝȡȣșȝȚıĲȑȢΝıĲȡȠĳȫȞΝπαȡȑȤȠȣȞΝĲȘΝįȣȞαĲȩĲȘĲαΝİȜȑȖȤȠȣΝȝȑıȦΝ
ĲȠȣΝ PLC ĲȘȢΝ ȝȠȞȐįαȢΝ İȜȑȖȤȠȣΝ ĲȠȣȢέΝ ǾΝ ȝȠȞȐįαΝ İȜȑȖȤȠȣΝ įȚαșȑĲİȚΝ ȑȟȚΝ ȥȘĳȚαțȑȢΝ țαȚΝ įȪȠΝ
αȞαȜȠȖȚțȑȢΝİȚıȩįȠȣȢΝțαȚΝĲȡİȚȢΝȥȘĳȚαțȑȢΝțαȚΝįȪȠΝαȞαȜȠȖȚțȑȢΝİȟȩįȠȣȢέΝ 

ȈĲȘȞΝ παȡȠȪıαΝ ĳȐıȘΝ ȠΝ ȑȜİȖȤȠȢΝ ĲȦȞΝ ȡȣșȝȚıĲȫȞΝ ıĲȡȠĳȫȞΝ ıȣȞȓıĲαĲαȚΝ ıĲȠȞΝ ȑȜİȖȤȠΝ ȝȑıȦΝ ĲȦȞΝ
ȥȘĳȚαțȫȞΝ İȚıȩįȦȞΝ țαȚΝ İȟȩįȦȞΝ ĲȘȢΝ ȑȞαȡȟȘȢήıȕȑıȘȢΝ țαȚΝ πȡȠıĲαıȓαȢΝ ĲȦȞΝ ȝȘȤαȞȫȞΝ απȩΝ
ȣπİȡșȑȡȝαȞıȘέΝΝ 
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ǼδεέΝ 2.13. ΟδΝ λνγηδıĲΫμΝ ıĲλκĳυθΝ ĲβμΝ İΰεαĲΪıĲαıβμέΝ ΢ĲαΝ αλδıĲİλΪΝ κΝ λνγηδıĲάμΝ ıĲλκĳυθΝ ĲβμΝ
αθĲζέαμΝεαδΝıĲαΝįİιδΪΝκδΝįτκΝλνγηδıĲΫμΝıĲλκĳυθΝĲπθΝΰİθθβĲλδυθ 

 

2.7 ǾΝηοθΪįαΝPLC 

ȉȠΝPLC ĲȘȢΝİȖțαĲȐıĲαıȘȢΝİȓȞαȚΝπȡȠȧȩȞΝĲȘȢΝıİȚȡȐȢΝS7-300 ĲȘȢΝİĲαȚȡİȓαȢΝSiemens. ǾΝİȞΝȜȩȖȦΝ
ıİȚȡȐΝ PLC įȚαșȑĲİȚΝ İȜİȖțĲȑȢΝ ȖȚαΝ ȝȚțȡȑȢΝ ȕȚȠȝȘȤαȞȚțȑȢΝ İĳαȡȝȠȖȑȢ,Ν įİįȠȝȑȞȠȣΝ ȩĲȚΝ įȚαșȑĲİȚΝ ĲαΝ
ȤαȡαțĲȘȡȚıĲȚțȐΝ İȞȩȢΝȕȚȠȝȘȤαȞȚțȠȪ İȜİȖțĲȒΝȝİΝ ĲȠȞΝπİȡȚȠȡȚıȝȩΝȩĲȚΝ įȪȞαĲαȚΝ ȞαΝȤȡȘıȚȝȠπȠȚȘșİȓΝ
ȝȓαΝ CPU αȞȐΝ rack. ȉαΝ ıĲȠȚȤİȓαΝ απȩΝ ĲαΝ ȠπȠȓαΝ ıȣȞȓıĲαĲαȚΝ ĲȠΝ PLC ĲȘȢΝ İȖțαĲȐıĲαıȘȢΝ İȓȞαȚΝ ĲαΝ
İȟȒȢκ 

i. ȉȡȠĳȠįȠĲȚțȩΝ(PS) 

ii.  ȀİȞĲȡȚțȒΝȝȠȞȐįαΝİπİȟİȡȖαıȓαȢΝΥCPU) 

iii.  ȂȠȞȐįİȢΝıȘȝȐĲȦȞΝ (SM) 

iv. ȂȠȞȐįİȢΝȜİȚĲȠȣȡȖȓαȢΝΥFM) 

v. ǼπİȟİȡȖαıĲȒȢΝİπȚțȠȚȞȦȞȓαȢΝΥCP) 
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ǾΝ țİȞĲȡȚțȒΝ ȝȠȞȐįαΝ İπİȟİȡȖαıȓαȢ įȚαșȑĲİȚΝ βδΝ ȥȘĳȚαțȑȢΝ țαȚΝ εΝ αȞαȜȠȖȚțȑȢΝ İȚıȩįȠȣȢΝ țαȚΝ 1ζΝ
ȥȘĳȚαțȑȢΝ țαȚΝ βΝ αȞαȜȠȖȚțȑȢΝ İȟȩįȠȣȢΝ țαȚΝ ȑȞαΝ hi-speed ȝİĲȡȘĲȒΝ Υcounter). ǾΝ ĲȡȠĳȠįȠıȓαΝ ĲȠȣΝ
αȣĲȠȝαĲȚıȝȠȪΝ ȣȜȠπȠȚİȓĲαȚΝ ȝȑıȦΝ İȞȩȢΝ ĲȡȠĳȠįȠĲȚțȠȪΝ ıȣȞİȤȠȪȢΝ ȡİȪȝαĲȠȢ,Ν ĲȠΝ ȠπȠȓȠΝ παȡȑȤİȚΝ
ıĲαșİȡȒΝĲȐıȘΝĲȡȠĳȠįȠıȓαȢΝβδV,ΝįȚαșȑĲİȚΝπȡȠıĲαıȓαΝαπȩΝȕȡαȤȣțȪțȜȦȝαΝțαȚΝȣπİȡİȞĲȐıİȚȢΝıĲȘȞΝ
ȑȟȠįȠΝțαȚΝįȪȞαĲαȚΝȞαΝȠįȘȖȒıİȚΝįȚαĲȐȟİȚȢΝȝİΝȝȑȖȚıĲȠΝȡİȪȝαΝȝȑȤȡȚΝεǹέΝ 

ǼȟαȚĲȓαȢΝ ĲȠȣΝ ȝİȖȐȜȠȣΝ αȡȚșȝȠȪΝ ȝİĲȡȘĲȚțȫȞΝ ıĲȘȞΝ İȖțαĲȐıĲαıȘΝ ĲȠπȠșİĲȒșȘțαȞΝ İπȚπȜȑȠȞΝ įȪȠΝ
țȐȡĲİȢΝαȞαȜȠȖȚțȫȞΝİȚıȩįȦȞΝαȞȐȜȣıȘȢΝ1γ bit. ȈĲȘȞΝǼȚțέ2.14 πȠȣΝαțȠȜȠȣșİȓΝπαȡȠȣıȚȐȗİĲαȚΝȝȓαΝ
απİȚțȩȞȚıȘΝĲȠȣΝPLC ĲȘȢΝİȖțαĲȐıĲαıȘȢέΝ 

 

ǼδεέΝ2.14έΝǹπİδεσθδıβΝĲκνΝPLC ĲβμΝİΰεαĲΪıĲαıβμ 

 

2.8 ǾΝαθτζέαΝįδαφλΪΰηατομ 

ǾΝαȞĲȜȓαΝįȚαĳȡȐȖȝαĲȠȢΝįȚαșȑĲİȚΝįȪȠΝșȪȜαțİȢ,ΝȠΝȑȞαȢΝπȜȘȡȦȝȑȞȠȢΝȝİΝȑȜαȚȠΝțαȚΝȠΝȐȜȜȠȢΝȝİΝĲȠΝ
πȡȠȢΝıȣȝπȓİıȘΝȠȡȖαȞȚțȩΝȝȑıȠέΝȅȚΝșȪȜαțİȢΝαȣĲȠȓΝįȚαȤȦȡȓȗȠȞĲαȚΝȝȑıȦΝȝȓαΝİȪțαȝπĲȘȢΝİȜαıĲȚțȒȢΝ
ȝİȝȕȡȐȞȘȢ,Ν ıĲȠΝ įİΝ șȪȜαțαΝ İȜαȓȠȣΝ ȣπȐȡȤİȚΝ ȑȞαΝ țȚȞȠȪȝİȞȠΝ ȑȝȕȠȜȠΝ πȠȣΝ πȡȠțαȜİȓΝ ĲȘȞΝ
παȡαȝȩȡĳȦıȘΝĲȘȢΝȝİȝȕȡȐȞȘȢΝțαȚΝțαĲȐΝıȣȞȑπİȚαΝ ĲȘȞΝıȣȝπȓİıȘΝ ĲȠȣΝȡİȣıĲȠȪέΝǾΝπαȜȚȞįȡȠȝȚțȒΝ
țȓȞȘıȘΝĲȠȣΝİȝȕȩȜȠȣΝțαȚΝȦȢΝİțΝĲȠȪĲȠȣΝĲȘȢΝȝİȝȕȡȐȞȘȢΝȦșİȓΝĲȠΝȡİȣıĲȩΝαπȩΝĲȘȞΝİȓıȠįȠΝπȡȠȢΝĲȘȞΝ
ȑȟȠįȠΝİȞȫΝπαȡȐȜȜȘȜαΝĲȠΝıȣȝπȚȑȗİȚέΝ 

ǾΝ İȞΝ ȜȩȖȦΝ įȚȐĲαȟȘΝ ıĲȠΝ İıȦĲİȡȚțȩΝ ĲȘȢΝ αȞĲȜȓαȢΝ İπȚĲȡȑπİȚΝ ĲȘȞΝ απȠȝȩȞȦıȘΝ ĲȦȞΝ țȚȞȠȪȝİȞȦȞΝ
ȝİȡȫȞΝ ĲȘȢΝαȞĲȜȓαȢΝ απȩΝ ĲȠΝıȣȤȞȐΝ ȑȞĲȠȞαΝ įȚαȕȡȦĲȚțȩΝȠȡȖαȞȚțȩΝ ȡİȣıĲȩέΝȀαĲȐΝαȣĲȩΝ ĲȠȞΝ ĲȡȩπȠ,Ν
απȠĳİȪȖİĲαȚΝ ȘΝ αȞȐȖțȘΝ ȪπαȡȟȘȢΝ įȣȞαȝȚțȠȪΝ ıĲİȖαȞȦĲȚțȠȪΝ παȡİȝȕȪıȝαĲȠȢΝ ıĲȘȞΝ πȜİȣȡȐΝ ĲȠȣΝ
ȠȡȖαȞȚțȠȪΝ ȝȑıȠȣέΝ ȈĲȘȞΝ įİįȠȝȑȞȘΝ įȚȐĲαȟȘΝ ȘΝ αȞĲȜȓαΝ İȓȞαȚΝ πȠȜȜαπȜȫȞΝ įȚαĳȡαȖȝȐĲȦȞ,Ν πȠȣΝ
ıȘȝαȓȞİȚΝȩĲȚΝȘΝıȣȝπȓİıȘΝȖȓȞİĲαȚΝıİΝπİȡȚııȩĲİȡαΝĲȠȣΝİȞȩȢΝįȚαĳȡȐȖȝαĲαΝıİΝπαȡȐȜȜȘȜȘΝįȚȐĲαȟȘέΝ
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ǾΝ ȪπαȡȟȘΝ πȠȜȜαπȜȫȞΝ įȚαĳȡαȖȝȐĲȦȞΝ țαȚΝ ıȣȞİπȫȢΝ ȘΝ ıȣȝπȓİıȘΝ πȚȠΝ ȝȚțȡȫȞΝ πȠıȠĲȒĲȦȞΝ αȞȐΝ
įȚȐĳȡαȖȝαΝİπȚĲȡȑπİȚΝȝȓαΝπȚȠΝİȣıĲαșȒΝȡȠȒΝİȞĲȩȢΝĲȘȢΝαȞĲȜȓαȢέ 

 

ǼδεέΝ2.15. ǹλξάΝζİδĲκνλΰέαμΝαθĲζέαμΝįδαĳλΪΰηαĲκμ [84] 

ȅȚΝȕαȜȕȓįİȢΝİȜȑȖȤȠȣΝπȠȣΝįȚαșȑĲİȚΝαπȠĲİȜȠȪȞĲαȚΝαπȩΝıĳαȚȡȓįȚαΝIζηXΝȖȚαΝĲȘȞΝαπȠȝȩȞȦıȘΝĲȠȣΝ
ȣȖȡȠȪΝțαĲȐΝĲȘȞΝİȚıαȖȦȖȒΝțαȚΝĲȘȞΝıȣȝπȓİıȘέΝǼȞΝȖȑȞİȚ,ΝĲȑĲȠȚȠȣΝĲȪπȠȣ αȞĲȜȓİȢΝıȤİįȚȐȗȠȞĲαȚΝțαĲȐΝ
ĲȑĲȠȚȠΝ ĲȡȩπȠΝ ȫıĲİΝ ȞαΝ İȟαıĳαȜȓȗȠȣȞΝ αțȡȓȕİȚαΝ țαȚΝ απαȞĲȫȞĲαȚΝ ıİΝ ıȣȞİȤȠȪȢΝ ȜİȚĲȠȣȡȖȓαȢΝ
İĳαȡȝȠȖȑȢΝ įȚαȤİȓȡȚıȘȢΝ ȣįȐĲȦȞΝ țαȚΝ ıİΝ πİĲȡȠȤȘȝȚțȑȢΝ İĳαȡȝȠȖȑȢέΝ ȈĲȠȞΝ ȆȓȞαțαΝ 2.3 
παȡȠȣıȚȐȗȠȞĲαȚΝ ĲαΝ țȪȡȚαΝ ĲİȤȞȚțȐΝ ȤαȡαțĲȘȡȚıĲȚțȐΝ ĲȠȣΝ ȝȠȞĲȑȜȠȣΝ πȠȣΝ ȤȡȘıȚȝȠπȠȚİȓĲαȚΝ ıĲȘȞΝ
πİȚȡαȝαĲȚțȒΝįȚȐĲαȟȘ,ΝȩπȦȢΝαȣĲȐΝπαȡȑȤȠȞĲαȚΝαπȩΝĲȠȞΝțαĲαıțİȣαıĲȒέ  

ΠέθαεαμΝ2.3έΝΣİξθδεΪΝξαλαεĲβλδıĲδεΪΝαθĲζέαμΝπİδλαηαĲδεάμΝįδΪĲαιβμ 
Στπομ Hydra Cell D/G-10-X 

ΟθοηαıτδεάΝπαλοξάΝζİδτονλΰέαμ 20 l/min 
ΜΫΰδıτβΝπαλοξά 29 l/min 
ΠέİıβΝİδıσįον 9.5 bar 
ΜΫΰδıτβΝπέİıβΝİδıσįον 17.3 bar 
ΠέİıβΝİισįον 24 bar 
ΥαλήεΪΝεδθβτάλα 1 kW / 1450rpm 
ǻδΪηİτλομΝΪιοθα ηήθ” 
ǺΪλομ 22 kg 

ȈĲȘȞΝ ǼȚțέ2.16 παȡȠȣıȚȐȗİĲαȚΝ ĲȠΝ țαĲαıțİȣαıĲȚțȩΝ ıȤȑįȚȠΝ ĲȘȢΝ αȞĲȜȓαȢΝ ȝİΝ ĲȚȢΝ ȕαıȚțȑȢΝ ĲȘȢΝ
įȚαıĲȐıİȚȢ,ΝȩπȦȢΝαȣĲȩΝπαȡȑȤİĲαȚΝαπȩΝĲȠȞΝțαĲαıțİȣαıĲȒέ 
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ǼδεέΝ2.16έΝΚαĲαıεİναıĲδεσΝıξΫįδκΝαθĲζέαμΝηİΝĲδμΝίαıδεΫμΝįδαıĲΪıİδμΝανĲάμΝ[85] 

 

2.9 ΟΝβζİετλοεδθβτάλαμΝτβμΝαθτζέαμ 

ȈĲȘȞΝ παȡȠȪıαΝ παȡȐȖȡαĳȠΝ ȖȓȞİĲαȚΝ ȝȓαΝ ıȪȞĲȠȝȘΝ παȡȠȣıȓαıȘΝ ĲȦȞΝ ĲİȤȞȚțȫȞΝ ȤαȡαțĲȘȡȚıĲȚțȫȞΝ
ĲȠȣΝȘȜİțĲȡȠțȚȞȘĲȒȡαΝπȠȣΝȠįȘȖİȓΝĲȘȞΝαȞĲȜȓα,ΝȩπȦȢΝαȣĲȐΝπαȡȑȤȠȞĲαȚΝαπȩΝĲȠȞΝțαĲαıțİȣαıĲȒέΝȅΝ
ȘȜİțĲȡȠțȚȞȘĲȒȡαȢΝ πȠȣΝ ȤȡȘıȚȝȠπȠȚİȓĲαȚΝ İȓȞαȚΝ ȑȞαȢΝ ζ-πȠȜȚțȩȢΝ ĲȡȚĳαıȚțȩȢΝ țȚȞȘĲȒȡαȢΝ ȝİΝ ȚıȤȪΝ γΝ
kW. 

ȈĲȘȞΝǼȚț.2.17 παȡȠȣıȚȐȗİĲαȚΝĲȠΝțαĲαıțİȣαıĲȚțȩΝıȤȑįȚȠΝĲȠȣΝȘȜİțĲȡȠțȚȞȘĲȒȡαΝȝİΝĲȚȢΝȕαıȚțȑȢΝ
įȚαıĲȐıİȚȢ,Ν İȞȫΝ ıĲȠȞΝ ȆȓȞαțαΝ 2.4 İπȚıȣȞȐπĲȠȞĲαȚΝ ĲαΝ ȕαıȚțȐΝ ĲİȤȞȚțȐΝ ȤαȡαțĲȘȡȚıĲȚțȐΝ ĲȠȣΝ İȞΝ
ȜȩȖȦΝțȚȞȘĲȒȡαέ 

 

ǼδεέΝ2.17έΝΚαĲαıεİναıĲδεσΝıξΫįδκΝβζİεĲλκεδθβĲάλαΝπκνΝκįβΰİέΝĲβθΝαθĲζέα [86] 
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ΠέθαεαμΝ2.4έΝΣİξθδεΪΝξαλαεĲβλδıĲδεΪΝβζİεĲλκεδθβĲάλαΝ[86] 
Στπομ K132S 
ΙıξτμΝ 3.00 kW / 4.00 hp 
ΠİλδıτλοφδεάΝταξττβτα 960 rpm 
΢νξθστβτα 50 Hz 
ΣΪıβ-΢νθįİıηοζοΰέα 230-ǻΝήΝδίί-Ȋ 
Πλοıταıέα 55 IP 
ΈθταıβΝλİτηατομ 6.60 A / 11.43 A 
ΚζΪıβΝησθωıβμ F 
ǺΪλομ 63 kg 
΢νθτİζİıτάμΝδıξτομ 0.76 (ıİΝπȜȒȡİȢΝĳȠȡĲȓȠ) 
ǺαγησμΝαπσįοıβμΝ 86.40%(ıİΝπȜȒȡİȢΝĳȠȡĲȓȠ) 
ΟθοηαıτδεάΝλοπά 30 
΢ξİτδεάΝλοπάΝαθατλοπάμ 3.20 
΢ξİτδεσΝλİτηαΝİεεέθβıβμ 6.40 

ΓȚαΝĲȠΝįİįȠȝȑȞȠΝȝȠȞĲȑȜȠΝȘȜİțĲȡȠțȚȞȘĲȒȡα,ΝȠΝțαĲαıțİȣαıĲȒȢΝπαȡȑȤİȚ,ΝİπȚπȜȑȠȞ,ΝπİȚȡαȝαĲȚțȐΝ
įİįȠȝȑȞαΝȖȚαΝ ĲȘΝıȣȝπİȡȚĳȠȡȐΝ ĲȠȣΝȕαșȝȠȪΝαπȩįȠıȘȢΝ ĲȠȣΝțȚȞȘĲȒȡαΝıİΝįȚȐĳȠȡαΝĳȠȡĲȓαέΝǺȐıİȚΝ
ĲȦȞΝ įİįȠȝȑȞȦȞΝ αȣĲȫȞΝ įȪȞαĲαȚΝ ȞαΝ πȡȠıİȖȖȚıĲİȓΝ ȘΝ ıȣȝπİȡȚĳȠȡȐΝ ĲȠȣΝ ȘȜİțĲȡȠțȚȞȘĲȒȡα,Ν ȩπȦȢΝ
παȡȠȣıȚȐȗİĲαȚΝ ıĲȘȞΝ ǼȚțέ2.18. ΓȚαΝ ĲȘȞΝ αȡȚșȝȘĲȚțȒΝ πȡȠıȑȖȖȚıȘΝ ĲȦȞΝ πİȚȡαȝαĲȚțȫȞΝ įİįȠȝȑȞȦȞΝ
ȤȡȘıȚȝȠπȠȚȒșȘțİΝȑȞαΝπȠȜȣȫȞȣȝȠΝδȠȣ ȕαșȝȠȪ,ΝĲȠΝȠπȠȓȠΝπαȡȠȣıȚȐȗİĲαȚΝțȐĲȦșȚέ 

6 4 3 22.0209 10 0.00068101 0.083225 4.3809 0.0010214y x x x x            (2.2) 

 

ǼδεέΝ 2.18έΝ ΚαηπτζβΝ απσįκıβμΝ ĲκνΝ βζİεĲλκεδθβĲάλαΝ ηİΝ ίΪıβΝ πİδλαηαĲδεΪΝ ıĲκδξİέαΝ ĲκνΝ
εαĲαıεİναıĲάΝεαδΝπλκıΫΰΰδıβΝĲπθΝįİįκηΫθπθΝηİΝπκζνυθνηκΝδκν ίαγηκτ 
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2.10 ΣοΝετεζωηαΝαθτζέαμ-βζİετλοεδθβτάλα 

ȈĲȘȞΝπαȡȠȪıαΝπαȡȐȖȡαĳȠΝαȞαȜȪİĲαȚ ȘΝȡȠȒΝĲȘȢΝİȞȑȡȖİȚαȢΝȩπȦȢΝπȡȠıȠȝȠȚȫȞİĲαȚΝıĲȠΝıȪıĲȘȝαΝ
ĲȘȢΝαȞĲȜȓαȢ-ȘȜİțĲȡȠțȚȞȘĲȒȡαέ 

ǾΝ ȘȜİțĲȡȚțȒΝ İȞȑȡȖİȚα,Ν elW , πȠȣΝ παȡȑȤİĲαȚΝ απȩΝ ĲȠΝ įȓțĲȣȠ,Ν αȡȤȚțȐ,Ν İȚıȑȡȤİĲαȚΝ ıĲȠȞΝ inverter 

ıȣȤȞȩĲȘĲαȢΝΥVSD, variable speed driver)έΝȀαĲȐΝĲȠΝȝİĲαıȤȘȝαĲȚıȝȩΝĲȠȣΝȡİȪȝαĲȠȢΝıĲȠȞΝ inverter 

ıȘȝİȚȫȞȠȞĲαȚΝ țȐπȠȚİȢΝ πȡȫĲİȢΝαπȫȜİȚİȢΝ İȞȑȡȖİȚαȢ,Ν loss,f/dQ έΝȈĲȘΝıȣȞȑȤİȚα,Ν ȠΝ ȘȜİțĲȡȠțȚȞȘĲȒȡαȢΝ
ĲȡȠĳȠįȠĲİȓĲαȚΝαπȩΝ ĲȠȞΝ inverter ȝİΝ ĲȘȞΝȘȜİțĲȡȚțȒΝ İȞȑȡȖİȚα,ΝȫıĲİΝȞαΝπαȡȐȟİȚΝ ĲȘȞΝαπαȚĲȠȪȝİȞȘΝ
ȝȘȤαȞȚțȒΝİȞȑȡȖİȚα,Ν mechW ,ΝȖȚαΝȞαΝȠįȘȖȒıİȚΝĲȘȞΝαȞĲȜȓαέ ǻİįȠȝȑȞȠȣΝȩĲȚΝȠΝȘȜİțĲȡȠțȚȞȘĲȒȡαȢΝįİȞΝ

ȜİȚĲȠȣȡȖİȓΝ ȚįαȞȚțȐ,Ν ȝİΝ ĲȘΝ ıİȚȡȐΝ ĲȠȣΝ ȑȤİȚΝ țȐπȠȚİȢΝ απȫȜİȚİȢ,Ν ,loss motQ . ǾΝ αȞĲȜȓα,Ν țαĲȩπȚȞ, 
ȝİĲαıȤȘȝαĲȓȗİȚΝĲȘȞΝȝȘȤαȞȚțȒΝİȞȑȡȖİȚαΝπȠȣΝπαȡȑȤİĲαȚΝαπȩΝĲȠȞΝȘȜİțĲȡȠțȚȞȘĲȒȡαΝıİΝȣįȡαȣȜȚțȒ,Ν

,porcW ,Ν ĲȘȞΝȠπȠȓαΝπȡȠıįȓįİȚΝıĲȠΝȡİȣıĲȩΝȫıĲİΝȞαΝαȣȟȒıİȚΝ ĲȘȞΝπȓİıȒΝĲȠȣΝțαȚΝȞαΝαπȠțĲȒıİȚΝ ĲȘȞΝ
İπȚșȣȝȘĲȒΝ ȖȚαΝ ĲȠȞΝ țȪțȜȠΝ παȡȠȤȒέΝ ΌπȦȢΝ țαȚΝ ıĲȘȞΝ πİȡȓπĲȦıȘΝ ĲȠȣΝ ȘȜİțĲȡȠțȚȞȘĲȒȡα,Ν ȑĲıȚΝ țαȚΝ
ıĲȘȞΝαȞĲȜȓαΝȣπȐȡȤȠȣȞΝțȐπȠȚİȢΝαπȫȜİȚİȢ, ,loss pQ , πȠȣΝπȠȜȜȑȢΝĳȠȡȑȢΝȑȤȠȣȞΝıȘȝαȞĲȚțȒΝİπȓįȡαıȘΝ
ıĲȠȞΝ ıȣȞȠȜȚțȩΝ ȕαșȝȩΝ απȩįȠıȘȢ. ȆȑȡαȞΝ ĲȦȞΝ απȦȜİȚȫȞΝ ĲȦȞΝ İπȚȝȑȡȠȣȢΝ ıȣȞȚıĲȦıȫȞΝ ȜȩȖȦΝ ȝȘΝ
ȚįαȞȚțȒȢΝȜİȚĲȠȣȡȖȓαȢ,ΝȣπȐȡȤȠȣȞΝİπȚπȜȑȠȞΝαπȫȜİȚİȢΝșİȡȝȩĲȘĲαȢΝπȡȠȢΝĲȠΝπİȡȚȕȐȜȜȠȞ,Ν heatQ ,ΝπȠȣΝ
πȡȑπİȚΝȞαΝȜȘĳșȠȪȞΝȣπȩȥȘέΝȉȑȜȠȢ,ΝαπȫȜİȚİȢΝİȞȑȡȖİȚαȢΝȣĳȓıĲαȞĲαȚΝțαȚΝıĲȘȞΝȡȠȒΝĲȠȣΝȠȡȖαȞȚțȠȪΝ
ȡİȣıĲȠȪ,Ν ,loss orcQ .  

ǾΝ ȡȠȒΝ ĲȘȢΝ İȞȑȡȖİȚαȢ,Ν ȩπȦȢΝ πİȡȚȖȡȐĳȘțİΝ παȡαπȐȞȦΝ παȡȠȣıȚȐȗİĲαȚΝ țαȚΝ ıȤȘȝαĲȚțȐΝ ıĲȠΝ
įȚȐȖȡαȝȝαΝĲȘȢΝǼȚțέ2.19 πȠȣΝαțȠȜȠȣșİȓέ 

VSD

ǻέετνο H/K ǹθτζέα

,porcW
heatQ

orc sucm h

.hydrW loss,orcQ

mechW
elW

orc dism h
,loss pQ,loss motQ

loss,f/dQ
 

ǼδεέΝ2.19έΝǻδΪΰλαηηαΝλκάμΝĲβμΝİθΫλΰİδαμΝıĲκΝıτıĲβηαΝĲβμΝαθĲζέαμ-βζİεĲλκεδθβĲάλα [87] 

ǹπȩΝ ĲαΝ παȡαπȐȞȦ,Ν İȓȞαȚΝ İȝĳαȞȑȢΝ ȩĲȚΝ ıĲȘȞΝ αȞĲȜȓαΝ απαȞĲȫȞĲαȚΝ įȚαĳȩȡȦȞΝ İȚįȫȞΝ απȫȜİȚİȢέΝ
ǹȣĲȑȢΝȝπȠȡȠȪȞΝȞαΝıȣȝπȣțȞȦșȠȪȞΝıİΝįȪȠΝȝİȖȐȜİȢΝțαĲȘȖȠȡȓİȢκ 

i. ȊįȡαȣȜȚțȑȢΝ απȫȜİȚİȢκΝ ȩπȦȢΝ ȑȤİȚΝ ȒįȘΝ αȞαĳİȡșİȓΝ İȞĲȩȢΝ ĲȘȢΝ αȞĲȜȓαȢΝ įȘȝȚȠȣȡȖȠȪȞĲαȚΝ
įȚȐĳȠȡİȢΝ ĲȠπȚțȑȢΝ αıȣȞȑȤİȚİȢΝ ıĲȘΝ ȡȠȒ,Ν πȠȣΝ ȝπȠȡȠȪȞΝ ȞαΝ πȡȠțȜȘșȠȪȞΝ απȩΝ αȓĲȚα, ȩπȦȢΝ
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İıȦĲİȡȚțȑȢΝ įȚαȡȡȠȑȢ,Ν ĲȡȚȕȑȢΝ ȝİĲαȟȪΝ ĲȠȣΝ ȠȡȖαȞȚțȠȪΝ ȡİȣıĲȠȪΝ țαȚΝ ĲȦȞΝ ıȣȞȚıĲȦıȫȞΝ ĲȘȢΝ
αȞĲȜȓαȢΝțαȚΝπĲȫıİȚȢΝπȓİıȘȢέ 

ii.  ȂȘȤαȞȚțȑȢΝ απȫȜİȚİȢκΝ πȑȡαȞΝ ĲȦȞΝ ȣįȡαȣȜȚțȫȞΝ απȦȜİȚȫȞ,Ν ȣπȐȡȤİȚΝ ȑȞαΝ ĲȝȒȝαΝ ĲȘȢΝ
İȞȑȡȖİȚαȢΝ πȠȣΝ įİȞΝ ȝİĲαĳȑȡİĲαȚΝ ıĲȠΝ ȡİȣıĲȩ,Ν țαșȫȢΝ ȝİĲαĲȡȑπİĲαȚΝ ıİΝ șİȡȝȩĲȘĲαΝ πȠȣΝ
įȚαĳİȪȖİȚΝȝȑıȦΝĲȦȞΝȝȘȤαȞȚțȫȞΝȝİȡȫȞΝĲȘȢΝαȞĲȜȓαȢέ 
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ΚİφΪζαδοΝγέΝΝΝ ΣοΝβηδ-İηπİδλδεσΝηοθτΫζοΝτβμΝαθτζέαμ 

 

ΌπȦȢΝ ȑȤİȚΝ ȒįȘΝ αȞαĳİȡșİȓΝ ȖȚαΝ ĲȘȞΝ İțĲȓȝȘıȘΝ ĲȘȢΝ ıȣȝİπȡȚĳȠȡȐȢΝ ĲȘȢΝ αȞĲȜȓαȢΝ İπȚȜȑȖȘΝ ȞαΝ
ȤȡȘıȚȝȠπȠȚȘșİȓΝ ȑȞαΝȘȝȚ-İȝπİȚȡȚțȩΝȝȠȞĲȑȜȠέΝǾΝİπȚȜȠȖȒΝαȣĲȒΝαπȩĲİȜİȓΝ ȑȞαΝıȣȝȕȚȕαıȝȩΝȝİĲαȟȪΝ
ĲȠȣΝ ȣπȠȜȠȖȚıĲȚțȠȪΝ țȩıĲȠȣȢΝ țαȚΝ ĲȘȢΝ πȠȜȣπȜȠțȩĲȘĲαȢΝ πȠȣΝ ıȣȞİπȐȖİĲαȚΝ ȑȞαΝ ȞĲİĲİȡȝȚȞȚıĲȚțȩΝ
ȝȠȞĲȑȜȠΝțαȚΝĲȘȞΝαȞȐȖțȘΝȖȚαΝȤȡȒıȘΝĲȦȞΝȕαıȚțȫȞΝįȚαıĲȐıİȦȞΝțαȚΝĲȘΝįȣȞαĲȩĲȘĲαΝȑıĲȦΝȝİȡȚțȒȢΝ
πȡȠİțȕȠȜȒȢΝȑȟȦΝαπȩΝĲȠΝπİįȓȠΝĲȚȝȫȞΝĲȦȞΝȝİĲȡȒıİȦȞέΝȆȚȠΝαȞαȜȣĲȚțȐ,ΝȠȚΝȕαıȚțȑȢΝįȚαĳȠȡȑȢΝĲȦȞΝ
ĲȡȚȫȞΝĲȪπȦȞΝȝȠȞĲȑȜȦȞΝıȣȞȠȥȓȗȠȞĲαȚΝıĲȠȞΝȆȓȞαțαΝ3.1 πȠȣΝαțȠȜȠȣșİȓέ 

ȉȠΝȘȝȚ-İȝπİȚȡȚțȩΝȝȠȞĲȑȜȠΝπȠȣΝαȞαπĲȪȤșȘțİΝıȣȞȓıĲαĲαȚΝıİΝȑȞαΝαįȚȐıĲαĲȠΝȝȠȞĲȑȜȠΝπȠȣΝαπαȚĲİȓΝ
πİȚȡαȝαĲȚțȐΝ įİįȠȝȑȞαΝαπȩΝ ĲȘȞΝαȞĲȜȘĲȚțȒΝȝȠȞȐįαΝțαȚΝ ĲȘȞΝ įȚαțȡȓȕȦıȘΝȠȡȚıȝȑȞȦȞΝȣπȠșİĲȚțȫȞΝ
παȡαȝȑĲȡȦȞ,ΝıȤİĲȚțȑȢΝĲȩıȠΝȝİΝĲȘΝȖİȦȝİĲȡȓαΝȩıȠΝțαȚΝȝİΝĲȘȞΝȜİȚĲȠȣȡȖȓαΝĲȘȢΝαȞĲȜȓαȢέΝǾΝȜȠȖȚțȒΝ
İπȓȜȣıȘȢΝ ĲȠȣΝ ȝȠȞĲȑȜȠȣΝ İȓȞαȚΝ İȝπȞİȣıȝȑȞȘΝ απȩΝ ĲαΝ αȞĲȓıĲȠȚȤαΝ ȝȠȞĲȑȜαΝ πȡȠıȠȝȠȚȫıȘȢΝ ĲȘȢΝ
ȜİȚĲȠȣȡȖȓαȢΝȠȖțȠȝİĲȡȚțȫȞΝİțĲȠȞȦĲȫȞ,ΝȩπȦȢΝαȣĲȐΝȑȤȠȣȞΝαȞαπĲȣȤșİȓΝıİΝȐȜȜİȢΝȝİȜȑĲİȢ [40, 45, 
87-90],ΝπȡȠıαȡȝȠıȝȑȞαΝȦıĲȩıȠΝıĲαΝįȚαĳȠȡİĲȚțȐΝıĲȠȚȤİȓαΝȜİȚĲȠȣȡȖȓαȢΝĲȘȢΝαȞĲȜȓαȢέ 

ȉȠΝȝȠȞĲȑȜȠ αȞαπĲȪȤșȘțİΝıĲȠΝπİȡȚȕȐȜȜȠȞΝĲȠȣΝǼǼS ȝİΝȤȡȒıȘΝĲȠȣΝİȞıȦȝαĲȦȝȑȞȠȣΝπαțȑĲȠȣ ȖȚαΝ
ĲȘȞΝαȞȐțĲȘıȘΝ ĲȦȞΝ șİȡȝȠįȣȞαȝȚțȫȞΝ ȚįȚȠĲȒĲȦȞΝ ĲȠȣΝ ȠȡȖαȞȚțȠȪΝȡİȣıĲȠȪέ ȂİĲȐΝ ĲȘȞΝ įȚαțȡȓȕȦıȘΝ
ĲȦȞΝπαȡαȝȑĲȡȦȞΝ ĲȠȣΝȝȠȞĲȑȜȠȣ,ΝȝȑıȦΝĲȘȢΝ İȜαȤȚıĲȠπȠȓȘıȘȢΝ ĲȠȣΝıĳȐȜȝαĲȠȢΝ ĲȠȣΝȝȠȞĲȑȜȠȣΝıαȞΝ
ıȪȖțȡȚıȘΝ ȝİΝ ĲαΝ πİȚȡαȝαĲȚțȐΝ įİįȠȝȑȞα,Ν ĲαΝ απȠĲİȜȑıȝαĲαΝ İȚıȒȤșȘıαȞΝ ıĲȠȞΝ țȣȡȓȦȢΝ țȫįȚțαΝ
ȝȠȞĲİȜȠπȠȓȘıȘȢΝĲȘȢΝαȞĲȜȓαȢέ 
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ΠέθαεαμΝ3.1έΝΝǺαıδεΫμΝįδαĳκλΫμΝįδαĳσλπθΝηκθĲΫζπθ 

ȃĲİĲİȡȝȚȞȚıĲȚțȩΝȝȠȞĲȑȜȠ ǾȝȚ-İȝπİȚȡȚțȩΝȝȠȞĲȑȜȠ ǼȝπİȚȡȚțȩΝȝȠȞĲȑȜȠ 

ǹȞαȜȣĲȚțȩΝ ȝȠȞĲȑȜȠΝ ĲȘȢΝ
αȞĲȜȓαȢΝ ȝİΝ įέİέΝ ȖȚαΝ ĲȘΝ
įȚαĲȒȡȘıȘΝ ȝȐȗαȢΝ țαȚΝ
İȞȑȡȖİȚαȢ 

ȆİȡȚȠȡȚıȝȑȞȠȢΝ αȡȚșȝȩȢΝ
αȜȖİȕȡȚțȫȞΝ İȟȚıȫıİȦȞΝ
πȠȣΝ πİȡȚȖȡȐĳȠȣȞΝ ĲȚȢΝ
ĳȣıȚțȑȢΝ įȚİȡȖαıȓİȢΝ İȞĲȩȢΝ
ĲȘȢΝαȞĲȜȓαȢ 

ȆȠȜȣȦȞȣȝȚțȒΝ
πȡȠıȑȖȖȚıȘΝ ĲȠȣΝ
ȚıİȞĲȡȠπȚțȠȪΝ ȕαșȝȠȪΝ
απȩįȠıȘȢΝ țαȚΝ ȤȡȒıȘΝ
ıȣȞĲİȜİıĲȒΝ ıαȞΝ
ıȣȞȐȡĲȘıȘΝ ĲȘȢΝ πȓİıȘȢΝ
αȞαȡȡȩĳȘıȘȢ,Ν ĲȠȣΝ ȜȩȖȠȣΝ
πȓİıȘȢΝ țαȚΝ ĲȘȢΝ
πİȡȚıĲȡȠĳȚțȒȢΝĲαȤȪĲȘĲαȢ 

+αțȡȓȕİȚα +Ν ȤαȝȘȜȩΝ ȣπȠȜȠȖȚıĲȚțȩΝ
țȩıĲȠȢ 

+ ȤαȝȘȜȩΝ ȣπȠȜȠȖȚıĲȚțȩΝ
țȩıĲȠȢ 

 +Ν ȝȩȞȠΝ ȕαıȚțȑȢΝ
įȚαıĲȐıİȚȢΝαπαȚĲȠȪȞĲαȚ 

+ ȚįαȞȚțȩΝ ȖȚαΝ
İȞıȦȝȐĲȦıȘΝ ıİΝ įȣȞαȝȚțȐΝ
ıȣıĲȒȝαĲαΝ αȣĲȠȝȐĲȠȣΝ
İȜȑȖȤȠȣ 

-ȣπȠȜȠȖȚıĲȚțȩΝțȩıĲȠȢ   

-αȞȐȖțȘΝ ȖȞȫıȘȢΝ ĲȘȢΝ
πȜȒȡȠȣȢΝȖİȦȝİĲȡȓαȢΝ 

- ȝȚțȡȒΝ įȣȞαĲȩĲȘĲα 
πȡȠİțȕȠȜȒȢΝ
(extrapolation) ȑȟȦΝαπȩΝĲȘΝ
πİȡȚȠȤȒΝįȚαțȡȓȕȦıȘȢ 

- țαȝȓαΝ įȣȞαĲȩĲȘĲαΝ
πȡȠİțȕȠȜȒȢΝ
(extrapolation) ȑȟȦΝαπȩΝĲȘΝ
πİȡȚȠȤȒΝįȚαțȡȓȕȦıȘȢ 

-ȝİȖȐȜȘΝ İȣαȚıșȘıȓαΝ απȩΝ
ĲȘȞΝ țαĲαıĲαĲȚțȒΝ İȟȓıȦıȘΝ
πȠȣΝȤȡȘıȚȝȠπȠȚİȓĲαȚ 

- αȞȐȖțȘΝ ȖȚαΝ αțȡȚȕȒΝ
πİȚȡαȝαĲȚțȐΝįİįȠȝȑȞα 

 

 

3.1 ΜİγοįοζοΰέαΝįδαελέίωıβμΝτωθΝπαλαηΫτλωθ 

ǾΝȝȑșȠįȠȢΝİπȓȜȣıȘȢΝĲȠȣΝπȡȠȕȜȒȝαĲȠȢΝįȚαțȡȓȕȦıȘȢΝĲȦȞΝπαȡαȝȑĲȡȦȞΝĲȠȣΝȝȠȞĲȑȜȠȣΝĲȘȢΝαȞĲȜȓȢΝ
ıȣȞȓıĲαıĲαȚΝıĲȘȞΝİπȓȜȣıȘΝİȞȩȢΝπȡȠȕȜȒȝαĲȠȢΝȕİȜĲȚıĲȠπȠȓȘıȘȢ,ΝȩπȠȣΝαȞİȟȐȡĲȘĲİȢΝπαȡȐȝİĲȡȠȚΝxi 
ȕİȜĲȚıĲȠπȠȚȠȪȞĲαȚΝ ȫıĲİΝ ȞαΝ İȜαȤȚıĲȠπȠȚȒıȠȣȞΝ ĲȘȞΝ ıȣȞȐȡĲȘıȘΝ ıĲȩȤȠȣΝ f(x i). ǾΝ ıȣȖțİțȡȚȝȑȞȘΝ
ȝȑșȠįȠȢΝ İπİȜȑȖȘΝ țαșȫȢΝ ĲȠΝ πȡȩȕȜȘȝαΝ İȓȞαȚΝ ȣπȠıĲαĲȚțȩ,Ν ıȣȞİπȫȢΝ ȠȚΝ įİįȠȝȑȞİȢΝ İȟȚıȫıİȚȢΝ ȞαΝ
İȓȞαȚΝȜȚȖȩĲİȡİȢΝαπȩΝĲȠȣȢΝαȖȞȫıĲȠȣȢΝĲȠȣΝπȡȠȕȜȒȝαĲȠȢΝțαȚΝĲȠΝπȡȩȕȜȘȝαΝȞαΝȝȘȞΝȝπȠȡİȓΝȞαΝȜȣșİȓΝ
ȤȦȡȓȢΝĲȘȞΝİȚıαȖȦȖȒΝπȡȩıșİĲȦȞΝ«ȕȠȘșȘĲȚțȫȞ»ΝİȟȚıȫıİȦȞέ 

ȉȠΝαįȚȐıĲαĲȠΝȝȠȞĲȑȜȠΝπȠȣΝαȞαπĲȪȤșȘțİΝıȣȞȓıĲαĲαȚΝıİΝȑȞαΝıȣȞįȣαıȝȩΝșİȡȝȠįȣȞαȝȚțȫȞΝțαȚΝ
ȘȝȚ-İȝπİȚȡȚțȫȞΝ İȟȚıȫıİȦȞ,Ν ȩπȦȢΝ αȣĲȑȢΝ ıȣȜȜȑȖȘıαȞΝ απȩΝ ĲȘΝ ȕȚȕȜȚȠȖȡαĳȓαΝ [40, 45, 88-90]. ȅȚΝ
αȞİȟȐȡĲȘĲİȢΝ παȡȐȝİĲȡȠȚΝ İȚıαȖȐȖȠȞĲαȚΝ απȩΝ ĲȚȢΝ ȘȝȚ-İȝπİȚȡȚțȑȢΝ İȟȚıȫıİȚȢΝ țαȚΝ ĲȘȞΝ ıȣȞȐȡĲȘıȘΝ



 

[39] 

 

ıĳȐȜȝαĲȠȢΝ ĲȠȣΝ ȝȠȞĲȑȜȠȣΝ ĲȘȢΝ αȞĲȜȓαȢ,Ν ȘΝ ȠπȠȓαΝ πȡȑπİȚΝ ȞαΝ İȜαȤȚıĲȠπȠȚȘșİȓ,Ν ȫıĲİΝ ĲαΝ
απȠĲİȜȑıȝαĲαΝ ĲȠȣΝ ȝȠȞĲȑȜȠȣΝ ȞαΝ πȡȠıİȖȖȓıȠȣȞΝ αȣĲȐΝ ĲȦȞΝ πİȚȡαȝαĲȚțȫȞΝ απȠĲİȜİıȝȐĲȦȞέΝ
ǻİįȠȝȑȞȠȣΝ ȩĲȚΝ ȘΝ ȕİȜĲȚıĲȠπȠȓȘıȘΝ ĲȘȢΝ ıȣȞȐȡĲȘıȘȢΝ ıĳȐȜȝαĲȠȢΝ ȑȖțİȚĲαȚΝ ıĲȘΝ ȤȡȒıȘΝ ĲȦȞΝ
πİȚȡαȝαĲȚțȫȞΝįİįȠȝȑȞȦȞ,ΝαȣĲȐΝαπȠĲİȜȠȪȞΝĲαΝįİįȠȝȑȞαΝİȚıȩįȠȣΝĲȠȣΝİȞΝȜȩȖȦΝȝȠȞĲȑȜȠȣέ 

 

Ǽζαξδıτοποέβıβ
f(Xi)

Ǽέıοįομ:
ȆİȚȡαȝαĲȚțȐΝįİįȠȝȑȞα

Έιοįομ:
ȋi

 

ǼδεέΝ3.1έΝΜΫγκįκμΝįδαελέίπıβμΝĲπθΝπαλαηΫĲλπθΝĲκνΝηκθĲΫζκνΝĲβμΝαθĲζέαμ 

 

3.2 ΟδΝγİληοįνθαηδεΫμΝįδİλΰαıέİμΝτονΝηοθτΫζον 

ǺαıȚțȩΝ ıĲȠȚȤİȓȠΝ ĲȘȢΝ İȞΝ ȜȩȖȦΝ ȝȠȞĲİȜȠπȠȓȘıȘȢΝ ıȣȞȓıĲαĲαȚΝ ıĲȘȞΝ țαĲȐĲȝȘıȘΝ ĲȘȢΝ
șİȡȝȠįȣȞαȝȚțȒȢΝ įȚİȡȖαıȓαȢΝ πȠȣΝ İπȚĲİȜİȓĲαȚΝ İȞĲȩȢΝ ĲȘȢΝ αȞĲȜȓαȢΝ ıİΝ ȑȞαΝ αȡȚșȝȩΝ απȩΝ İπȚȝȑȡȠȣȢΝ
ȝȚțȡȩĲİȡİȢΝįȚİȡȖαıȓİȢΝȠȚΝȠπȠȓİȢΝİțĲİȜȠȪȞĲαȚΝĲαȣĲȩȤȡȠȞαΝțαȚΝıȪȝĳȦȞαΝȝİΝĲȘȞΝįȚαįȠȤȒΝπȠȣΝșαΝ
παȡȠȣıȚαıĲİȓΝαțȠȜȠȪșȦȢέ 

ȆȡȚȞΝĲȘȞΝπİȡȚȖȡαĳȒΝĲȦȞΝİπȚȝȑȡȠȣȢΝįȚİȡȖαıȚȫȞ,ΝȩπȦȢΝαȣĲȑȢΝșİȦȡȠȪȞĲαȚΝαπȩΝĲȠΝȝȠȞĲȑȜȠΝĲȘȢΝ
αȞĲȜȓαȢ,Ν αȟȓȗİȚΝ ȞαΝıȘȝİȚȦșİȓΝ ȩĲȚΝ ĲȠΝ İȞΝ ȜȩȖȦΝȝȠȞĲȑȜȠΝȕαıȓȗİĲαȚΝ ıĲȘȞΝȝȠȞĲİȜȠπȠȓȘıȘΝπȠȣΝ ȑȤİȚΝ
πȡȠĲαșİȓΝ απȩΝ ĲȠΝ EXP-HEAT [90] ȖȚαΝ ȑȞαΝ İȝȕȠȜȠĳȩȡȠΝ İțĲȠȞȦĲȒ,Ν ȩπȦȢΝ İπȓıȘȢΝ ĲȠΝ ȝȠȞĲȑȜȠΝ
İȜȚțȠİȚįȒΝİțĲȠȞȦĲȒΝπȠȣΝȑȤİȚΝπȡȠĲαșİȓΝαπȩΝĲȠȞΝLemort et al. [45] țαȚΝĲȠΝȝȠȞĲȑȜȠΝαȞȠȚȤĲȠȪΝĲȪπȠȣΝ
παȜȚȞįȡȠȝȚțȠȪΝıȣȝπȚİıĲȒΝαπȩΝĲȠȞΝWinandy et al. [89].  



 

[40] 

 

ΌπȦȢΝ ȒįȘΝ αȞαĳȑȡșȘțİ,Ν ȘΝ αȞĲȜȓαΝ ȝȠȞĲİȜȠπȠȚȒșȘțİΝ ıαȞΝ ȝȓαΝ įȚαįȠȤȒΝ șİȡȝȠįȣȞαȝȚțȫȞΝ
įȚİȡȖαıȚȫȞ,ΝȠȚΝȠπȠȓİȢΝțαĲȐΝıİȚȡȐΝİțĲȑȜİıȘȢΝİȓȞαȚ ȠȚΝİȟȒȢκ 

i. su0su: ǹįȚαȕαĲȚțȒΝ αȞȐȝİȚȟȘΝ ĲȘȢΝ țȣȡȓαȢΝ ȡȠȒȢΝ ȝİΝ ĲȘȞΝ αȞαțȣțȜȠȪȝİȞȘΝ ȡȠȒΝ πȠȣΝ
πȡȠȑȡȤİĲαȚΝαπȩΝįȚαȡȡȠȑȢέΝȂȑȡȠȢΝĲȘȢΝțȣȡȓαȢΝȡȠȒȢΝȝİĲȐΝĲȘȞΝıȣȝπȓİıȘ,ΝĲİȓȞİȚΝȞαΝțȚȞȘșİȓΝ
πȡȠȢΝĲȘȞΝαȞαȡȡȩĳȘıȘ,ΝįȚαȡȡȑȠȞĲαȢΝȝȑıȦΝĲȠȣΝțİȜȪĳȠȣȢέ 

ii.  susu1: ǹįȚαȕαĲȚțȩȢΝ ıĲȡαȖȖαȜȚıȝȩȢΝ ĲȘȢ ȡȠȒȢέΝ ȀȣȡȓȦȢΝ ȜȩȖȦΝ απȦȜİȚȫȞΝ πȠȣΝ
πȡȠțαȜȠȪȞĲαȚΝαπȩΝĲȘȞΝĲȡȚȕȒ,ΝπαȡȠȣıȚȐȗİĲαȚΝȝȓαΝπĲȫıȘΝπȓİıȘȢΝıĲȘȞΝαȞαȡȡȩĳȘıȘέ 

iii.  su1su2: ǹįȚαȕαĲȚțȒΝ αȞȐȝİȚȟȘΝ ĲȘȢΝ țȣȡȓαȢΝ ȡȠȒȢΝ ȝİΝ ĲȠΝ İȖțȜȦȕȚıȝȑȞȠΝ ĲȝȒȝαΝ ĲȘȢΝ ȡȠȒȢέΝ
ȁȩȖȦΝ ȪπαȡȟȘȢΝ ĲȠȣΝ ȞİțȡȠȪΝ ȩȖțȠȣΝ ıĲȘȞΝ αȞĲȜȓα,Ν ȑȞαΝ ĲȝȒȝαΝ ĲȘȢΝ ȡȠȒȢΝ παȡαȝȑȞİȚΝ
İȖțȜȦȕȚıȝȑȞȠΝİȞĲȩȢΝĲȘȢΝαȞĲȜȓαȢΝțαȚΝαȞαțȣțȜȠĳȠȡİȓΝıİΝțȐșİΝȞȑȠΝțȪțȜȠΝȜİȚĲȠȣȡȖȓαȢΝĲȘȢΝ
αȞĲȜȓαȢέ 

iv. su2su3: ǿıȠȕαȡȒȢΝ șȑȡȝαȞıȘέΝ ȁȩȖȦΝ įȚαĳȠȡİĲȚțȒȢΝ șİȡȝȠțȡαıȓαȢΝ ĲȘȢΝ ȡȠȒȢΝ ĲȠȣΝ
ȠȡȖαȞȚțȠȪΝ ȝȑıȠȣΝ țαȚΝ ĲȦȞΝ ȝȘȤαȞȚțȫȞΝ ȝİȡȫȞΝ ĲȘȢΝ αȞĲȜȓαȢ,Ν πȡαȖȝαĲȠπȠȚİȓĲαȚΝ ȚıȠȕαȡȫȢΝ
ıȣȞαȜȜαȖȒ șİȡȝȩĲȘĲαȢ,ΝȝȑȤȡȚΝȞαΝİπȚĲİȣȤșİȓΝșİȡȝȚțȒΝȚıȠȡȡȠπȓαέ 

v. su3ad: ǿıİȞĲȡȠπȚțȒΝ ıȣȝπȓİıȘέΝ ǾΝ țαĲ’İȟȠȤȒΝ ıȣȝπȓİıȘΝ ĲȘȢΝ ȡȠȒȢΝ İπȚĲİȜİȓĲαȚΝ ıĲȠΝ
ıȣȖțİțȡȚȝȑȞȠΝıĲȐįȚȠέ 

vi. adex: ǹįȚαȕαĲȚțȐΝ ȚıȩȤȦȡȘΝ ıȣȝπȓİıȘήİțĲȩȞȦıȘέΝ ȁαȝȕȐȞİȚΝ ȤȫȡαΝ ıİΝ πİȡȓπĲȦıȘΝ πȠȣΝ
ȣπȐȡȤİȚΝαȞαȞĲȚıĲȠȚȤȓαΝπȓİıȘȢΝαȞȐȝİıαΝıĲȠΝ İȡȖαȗȩȝİȞȠΝȝȑıȠΝțαȚΝ ĲȠΝıȪıĲȘȝαΝ ΥȐȞȠȚȖȝαΝ
ȕαȜȕȓįαȢΝİȟαȖȦȖȒȢ). 

vii.  exex1: ǿıȠȕαȡȒȢΝȥȪȟȘέΝǾΝșİȡȝȠțȡαıȚαțȒΝįȚαĳȠȡȐΝαȞȐȝİıαΝıĲȠΝİȡȖαȗȩȝİȞȠΝȝȑıȠΝțαȚΝ
ĲȘȞΝαȞĲȜȓαΝȠįȘȖİȓΝıİΝıȣȞαȜȜαȖȒΝșİȡȝȩĲȘĲαȢΝțαȚΝȥȪȟȘΝĲȠȣΝİȡȖαȗȩȝİȞȠȣΝȝȑıȠȣέ 

viii.  ex1ex2: ǹįȚαȕαĲȚțȩȢΝıĲȡαȖȖαȜȚıȝȩȢΝ ĲȘȢΝ ȡȠȒȢέΝȈİΝαȞĲȚıĲȠȚȤȓαΝȝİΝ ĲȠΝȕȒȝαΝ ii . ȖȚαΝ ĲȘȞΝ
πİȡȓπĲȦıȘΝĲȘȢΝİȟαȖȦȖȒȢ ,ΝİȝĳαȞȓȗİĲαȚΝȝȓαΝπĲȫıȘΝπȓİıȘȢΝıĲȘΝȡȠȒΝȜȩȖȦΝĲȡȚȕȒȢέ 

ix. ex10: ǿıİȞĲȡȠπȚțȒΝ İțĲȩȞȦıȘΝĲȘȢΝ İȖțȜȦȕȚıȝȑȞȘȢΝπȠıȩĲȘĲαȢΝ ĲȠȣΝİȡȖαȗȩȝİȞȠȣΝȝȑıȠȣέΝ
ȀαșȫȢΝ ĲȠΝ įȚȐĳȡαȖȝαΝ ȣπȠȤȦȡİȓΝ ȝİĲȐΝ ĲȘȞΝ ȠȜȠțȜȒȡȦıȘΝ İȞȩȢΝ țȪțȜȠȣΝ ıȣȝπȓİıȘȢΝ ΥĲȘȢΝ
țȪȡȚαȢΝ ȡȠȒȢ),Ν ȘΝ İȖțȜȦȕȚıȝȑȞȘ,Ν ȜȩȖȦΝ ĲȠȣΝ ȞİțȡȠȪΝ ȩȖțȠȣΝ ĲȘȢΝ αȞĲȜȓαȢ,Ν ȡȠȒΝ İțĲȠȞȫȞİĲαȚΝ
ȚıİȞĲȡȠπȚțȐέ 

x. 01: ǹįȚαȕαĲȚțȐΝ ȚıȩȤȦȡȘΝ ıȣȝπȓİıȘήİțĲȩȞȦıȘΝ ĲȘȢΝ İȖțȜȦȕȚıȝȑȞȘȢ-
αȞαțȣțȜȠĳȠȡȠȪȝİȞȘȢ- ȡȠȒȢέΝȈİΝπİȡȓπĲȦıȘΝπȠȣΝȣπȐȡȤİȚΝαȞαȞĲȚıĲȠȚȤȓαΝπȓİıȘȢΝαȞȐȝİıαΝ
ıĲȘȞΝ İȖțȜȦȕȚıȝȑȞȘΝ πȠıȩĲȘĲαΝ țαȚΝ ĲȠΝ ıȪıĲȘȝα,Ν ȘΝ İȖțȜȦȕȚıȝȑȞȘΝ πȠıȩĲȘĲαΝ ȝİĲαȕȐȜȜİȚΝ
ĲȘȞΝπȚİıȒΝĲȘȢΝȫıĲİΝȞαΝİπȑȜșİȚΝ-ȝαțȡȠıțȠπȚțȒ- șİȡȝȠįȣȞαȝȚțȒΝȚıȠȡȡȠπȓαΝıĲȠΝıȪıĲȘȝαέ 

xi. exL: ǹįȚαȕαĲȚțȩȢΝ ıĲȡαȖȖαȜȚıȝȩȢΝ ĲȠȣΝ ȡİȪȝαĲȠȢΝ įȚαȡȡȠȫȞέΝ ȉȠΝ ȡİȪȝαΝ πȠȣΝ
įȘȝȚȠȣȡȖİȓĲαȚΝαπȩΝĲȚȢΝįȚαȡȡȠȑȢΝıĲȡαȖȖαȜȓȗİĲαȚΝαįȚαȕαĲȚțȐΝȫıĲİΝȞαΝİȟȚıȦșİȓΝȘΝπȓİıȒΝĲȠȣΝ
ȝİΝĲȘȞΝπȓİıȘΝαȞαȡȡȩĳȘıȘȢ,ΝȩπȠȣΝțαȚΝαȞαțȣțȜȫȞİĲαȚέ 

ȅȚΝ șİȡȝȠįȣȞαȝȚțȑȢΝ įȚİȡȖαıȓİȢΝ πȠȣΝ πİȡȚȖȡȐĳȘțαȞΝ παȡαπȐȞȦ,Ν παȡȠȣıȚȐȗȠȞĲαȚΝ țαȚΝ ıİΝ ȝȠȡĳȒΝ
įȚαȖȡȐȝȝαĲȠȢ,ΝȫıĲİΝȞαΝİȓȞαȚΝπȚȠΝİȝĳαȞȒȢΝȘΝįȚαįȠȤȒΝĲȠȣȢ,ΝıĲȘȞΝǼȚțέΝ3.2 πȠȣ αțȠȜȠȣșİȓέ 
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ΤπογİτδεΪΝαįδαίατδεσΝπİįέο
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ǼδεέΝ 3.2έΝ ǻδαΰλΪηηαΝ ĲπθΝ γİληκįνθαηδευθΝ įδİλΰαıδυθΝ πκνΝ ζαηίΪθκνθΝ ξυλαΝ İθĲσμΝ ĲβμΝ αθĲζέαμΝ
ıτηĳπθαΝηİΝĲκΝηκθĲΫζκΝπκνΝαθαπĲτξγβεİ 

 

3.3 ΓİωηİτλδεΫμΝπαλΪηİτλοδΝηοθτΫζον 

ȈĲȘȞΝπαȡȠȪıαΝπαȡȐȖȡαĳȠΝșαΝȠȡȚıșȠȪȞΝȠȚΝȕαıȚțȑȢΝȖİȦȝİĲȡȚțȠȓΝπαȡȐȝİĲȡȠȚΝπȠȣΝȣπİȚıȑȡȤȠȞĲαȚΝ
ıĲȘȞΝ ȝȠȞĲİȜȠπȠȓȘıȘΝ ĲȘȢΝ αȞĲȜȓαȢ,Ν İπȚĲȡȑπȠȞĲαȢΝ ıĲȠΝ ȝȠȞĲȑȜȠΝ ĲȘȞΝ πȡȩȕȜİȥȘΝ ĲȠȣΝ ȝȘΝ
ıȣȖȤȡȠȞȚıȝȠȪΝĲȦȞΝȕαȜȕȓįȦȞΝțαȚΝȜȠȚπȫȞΝȖİȦȝİĲȡȚțȫȞΝαĲİȜİȚȫȞΝıĲȠΝıĲȐįȚȠΝĲȠȣΝıȤİįȚαıȝȠȪΝĲȘȢ 
αȞĲȜȓαȢέΝ 

i. ȅȜȚțȩȢΝȩȖțȠȢΝVs: πȡȩțİȚĲαȚΝ ȖȚαΝ ĲȠȞΝıȣȞȠȜȚțȩΝȩȖțȠΝ ĲȘȢΝαĲȡȐțĲȠȣΝȩπȠȣΝıȣȝπȚȑȗİĲαȚΝ ĲȠΝ
ȠȡȖαȞȚțȩΝȝȑıȠ,ΝȩĲαȞΝȘΝȝİȝȕȡȐȞȘΝȕȡȓıțİĲαȚΝıĲȠΝțȐĲȦΝȞİțȡȩΝıȘȝİȓȠΝΥıĲȘȞΝπİȡȓπĲȦıȘΝĲȘȢΝ
ǼȚțέ3.3 ıĲȘȞΝ πȚȠ αȡȚıĲİȡȒΝ șȑıȘΝ πȠȣΝ įȪȞαĲαȚΝ ȞαΝ ȑȜșİȚ)έΝ ȅȚΝ ȕαȜȕȓįİȢΝ İȚıαȖȦȖȒȢΝ țαȚΝ
İȟαȖȦȖȒȢΝ İȓȞαȚΝ αȝĳȩĲİȡİȢΝ țȜİȚıĲȑȢέ  ǹțȠȜȠȪșȦȢ,Ν İțțȚȞȐΝ ȘΝ ıȣȝπȓİıȘΝ ĲȠȣΝ ȡİȣıĲȠȪΝ
ΥıȘȝİȓȠΝsu3). 
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ǼδεέΝ3.3έΝ ΢ξβηαĲδεάΝ απİδεσθδıβΝ ĲκνΝ κζδεκτΝ σΰεκνΝVs (ηİΝ εέĲλδθκΝ ξλυηα)Ν ıİΝ ηέαΝ αθĲζέαΝ
įδαĳλΪΰηαĲκμ 

ii.  ȃİțȡȩȢΝȒΝİπȚȗȒȝȚȠȢΝȩȖțȠȢΝV0:  πȡȩțİȚĲαȚΝȖȚαΝĲȠȞ ȩȖțȠΝĲȘȢΝαĲȡȐțĲȠȣΝȩπȠȣΝıȣȝπȚȑȗİĲαȚΝĲȠΝ
ȠȡȖαȞȚțȩΝȝȑıȠ,ΝȩĲαȞΝȘΝȝİȝȕȡȐȞȘΝȕȡȓıțİĲαȚΝıĲȠΝȐȞȦ ȞİțȡȩΝıȘȝİȓȠΝΥıĲȘȞΝπİȡȓπĲȦıȘΝĲȘȢ 
ǼȚțέ3.4 ıĲȘȞ πȚȠΝįİȟȚȐ șȑıȘΝπȠȣΝįȪȞαĲαȚΝȞαΝȑȜșİȚ)έΝȅȚΝȕαȜȕȓįİȢΝİȚıαȖȦȖȒȢΝțαȚΝİȟαȖȦȖȒȢΝ
İȓȞαȚΝαȝĳȩĲİȡİȢΝțȜİȚıĲȑȢΝΥıȘȝİȓȠΝex1). ǾΝȪπαȡȟȘΝĲȠȣΝİȞΝȜȩȖȦΝȩȖțȠȣΝİȓȞαȚ,ΝȩπȦȢΝȑȤİȚΝȒįȘΝ
αȞαĳİȡșİȓ,Ν ȘΝ ȖİȞİıȚȠȣȡȖȩȢΝ αȚĲȓαΝ ȖȚαΝ ĲȘȞΝ ȪπαȡȟȘΝ ȝȓαȢΝ İȖțȜȦȕȚıȝȑȞȘȢΝ πȠıȩĲȘĲαȢΝ
ȠȡȖαȞȚțȠȪΝȝȑıȠȣέ 

Έιοįομ
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ǼδεέΝ3.4. ΢ξβηαĲδεάΝαπİδεσθδıβΝ ĲκνΝ θİελκτΝσΰεκνΝV0 (ηİΝεσεεδθκ ξλυηα)Ν ıİΝηέαΝαθĲζέαΝ
įδαĳλΪΰηαĲκμ 
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iii.  ΌȖțȠȢΝİȝȕȠȜȚıȝȠȪΝVǾ:  πȡȩțİȚĲαȚΝȖȚαΝĲȠȞΝȩȖțȠΝĲȠȣΝȠȡȖαȞȚțȠȪΝȡİȣıĲȠȪΝȩπȠȣΝįȪȞαĲαȚΝȞαΝ
αȞαȡȡȠĳȘșİȓΝ ΥıİΝ ȑȞαΝ țȪțȜȠ)Ν țαĲȐΝ ĲȘȞΝ țȓȞȘıȘΝ ĲȠȣΝ įȚαĳȡȐȖȝαĲȠȢέΝ ȉȠΝ ıȣȖțİțȡȚȝȑȞȠΝ
ȝȑȖİșȠȢΝ İȓȞαȚΝ ȚįȚαȓĲİȡαΝ ıȘȝαȞĲȚțȩ,Ν țαșȫȢΝ παȡȑȤİȚΝ ȝȓαΝ ȖȡȒȖȠȡȘΝ İțĲȓȝȘıȘΝ ĲȘȢΝ
αȞαȡȡȠĳȠȪȝİȞȘȢΝȝȐȗαȢΝĲȠȣΝİȡȖαȗȩȝİȞȠȣΝȝȑıȠȣέΝȅΝȩȖțȠȢΝİȝȕȠȜȚıȝȠȪΝVH ıȣıȤİĲȓȗİĲαȚΝ
ȝİΝĲȠȞΝȠȜȚțȩΝȩȖțȠΝĲȘȢΝαĲȡȐțĲȠȣΝĲȘȢΝαȞĲȜȓαȢΝVs țαȚΝĲȠȣΝȞİțȡȠȪΝȩȖțȠȣΝV0, ıȪȝĳȦȞαΝȝİΝ
ĲȘΝıȤȑıȘΝ(3.1) πȠȣΝαțȠȜȠȣșİȓκ 

0H sV V V   (3.1) 

Έιοįομ

Ǽέıοįομ

 

ǼδεέΝ 3.5. ΢ξβηαĲδεάΝ απİδεσθδıβΝ ĲκνΝ σΰεκν İηίκζδıηκτ VΗ (ηİΝ πλΪıδθκΝ ξλυηα)Ν ıİΝ ηέαΝ
αθĲζέαΝįδαĳλΪΰηαĲκμ 

iv. ǺαșȝȩȢΝ ıȣȝπȓİıȘȢ: πȡȩțİȚĲαȚΝ ȖȚαΝ ĲȠȞΝ ȜȩȖȠΝ ĲȠȣΝ ȠȜȚțȠȪΝ ȩȖțȠȣΝ ĲȘȢΝ αĲȡȐțĲȠȣΝ πȡȠȢΝ ĲȠȞΝ
İπȚȗȒȝȚȠΝȩȖțȠέ 

0

0 0

1s HV V V

V V C
   

 
(3.2) 

v. ȅΝȜȩȖȠȢΝ fa ĲȠȣΝȩȖțȠȣΝV1, πȠȣΝȑȤİȚΝȘΝȐĲȡαțĲȠȢΝ ĲȘȢΝαȞĲȜȓαȢΝȩĲαȞΝȘΝȕαȜȕȓįαΝ İȚıαȖȦȖȒȢΝ
İȓȞαȚΝαȞȠȚȤĲȒΝțαȚΝαȡȤȓȗİȚΝȘΝįȚİȡȖαıȓαΝĲȘȢΝαȞαȡȡȩĳȘıȘȢΝĲȠȣΝȠȡȖαȞȚțȠȪΝȝȑıȠȣ ΥǼȚțέΝ3.6), 
πȡȠȢΝĲȠȞΝȠȜȚțȩΝȩȖțȠΝĲȘȢΝαĲȡȐțĲȠȣΝVs.  O ȜȩȖȠȢΝfa ȑȤİȚΝȐȝİıȘΝıȣıȤȑĲȚıȘΝȝİ ĲȘΝȝȐȗαΝĲȠȣΝ
İȡȖαȗȩȝİȞȠȣΝ ȝȑıȠȣΝ πȠȣΝ İȚıȑȡȤİĲαȚΝ ıĲȘȞΝ αȞĲȜȓαέΝ ǹȪȟȘıȘΝ ĲȠȣΝ ıȣȖțİțȡȚȝȑȞȠȣΝ ȜȩȖȠȣΝ
ıȣȞİπȐȖİĲαȚΝ ȩĲȚΝ ȘΝ ȕαȜȕȓįαΝ İȚıαȖȦȖȒȢΝ παȡαȝȑȞİȚΝ țȜİȚıĲȒΝ ȖȚαΝ ȝİȖαȜȪĲİȡȠΝ ȤȡȠȞȚțȩΝ
įȚȐıĲȘȝαΝ țαȚΝ ȦȢ İțΝ ĲȠȪĲȠȣΝ ȘΝ ıȣȝπȚİȗȩȝİȞȘΝ πȠıȩĲȘĲαΝ ȠȡȖαȞȚțȠȪΝ ȝȑıȠȣΝ İȜαĲĲȫȞİĲαȚέΝ
ǼπȚπȡȩıșİĲα,ΝȩıȠΝȝİȖαȜȪĲİȡȘΝİȓȞαȚΝȘΝİțĲȩȞȦıȘΝțαȚΝȦȢΝ İțΝ ĲȠȪĲȠȣΝȠΝİȚįȚțȩȢΝȩȖțȠȢΝĲȘȢΝ
İȖțȜȦȕȚıȝȑȞȘȢΝπȠıȩĲȘĲαȢΝĲȠȣΝİȡȖαȗȩȝİȞȠȣΝȝȑıȠȣ,ΝĲȩıȠΝȝȚțȡȩĲİȡȠȢΝİȓȞαȚΝȠΝįȚαșȑıȚȝȠȢΝ
ȩȖțȠȢΝıĲȘȞΝαȞαȡȡȩĳȘıȘέΝǼȞΝȖȑȞİȚ,ΝȠΝȜȩȖȠȢΝfa πȡȑπİȚΝȞαΝȑȤİȚΝțαĲȐΝĲȠΝįȣȞαĲȩȞΝȝȚțȡȩĲİȡȘΝ
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ĲȚȝȒ,Ν ȫıĲİΝ ȞαΝ απȠĳİȣȤșİȓΝ ȘΝ įȘȝȚȠȣȡȖȓαΝ αĲȝȠȪΝ țαȚΝ ȘΝ αȞİȟȑȜİȖțĲȘΝ İțĲȩȞȦıȘΝ ĲȘȢΝ
İȖțȜȦȕȚıȝȑȞȘȢΝπȠıȩĲȘĲαȢΝĲȠȣΝİȡȖαȗȩȝİȞȠȣΝȝȑıȠȣέ 

1
a

s

V
f

V


 
(3.3) 

Έιοįομ

Ǽέıοįομ

 

ǼδεέΝ 3.6έΝ ΢ξβηαĲδεάΝ απİδεσθδıβΝ ĲκνΝ σΰεκνΝ V1 (ηİΝ εέĲλδθκΝ ξλυηα)Ν ıİΝ ηέαΝ αθĲζέαΝ
įδαĳλΪΰηαĲκμ 

vi. ȅΝȜȩȖȠȢΝ fp ĲȠȣΝȩȖțȠȣΝVex, πȠȣΝȑȤİȚΝȘΝ ȐĲȡαțĲȠȢΝ ĲȘȢΝ αȞĲȜȓαȢΝȩĲαȞΝȘΝȕαȜȕȓįαΝ İȟαȖȦȖȒȢΝ
İȓȞαȚΝαȞȠȚȤĲȒΝțαȚΝαȡȤȓȗİȚΝȘΝįȚİȡȖαıȓαΝĲȘȢΝİȟαȖȦȖȒȢΝĲȠȣΝȠȡȖαȞȚțȠȪΝȝȑıȠȣ ΥǼȚțέΝ3.7),ΝπȡȠȢΝ
ĲȠȞΝȠȜȚțȩΝȩȖțȠΝĲȘȢΝαĲȡȐțĲȠȣΝVs.  ȅΝȜȩȖȠȢΝ fp İȓȞαȚΝ ȓıȠȢΝȝİΝĲȠΝȜȩȖȠΝĲȦȞΝİȚįȚțȫȞΝȩȖțȦȞΝ
ıĲȘȞΝαȡȤȒΝțαȚΝ ĲȠΝĲȑȜȠȢΝĲȘȢΝ ȚıİȞĲȡȠπȚțȒȢΝıȣȝπȓİıȘȢΝsu3ad,Ν İπȠȝȑȞȦȢΝαȣȟȘȝȑȞȘΝĲȚȝȒΝ
ĲȠȣΝȜȩȖȠȣΝıȣȞİπȐȖİĲαȚΝțαȚΝȝİȖαȜȪĲİȡȘΝıȣȝπȓİıȘέΝǽȘĲȠȪȝİȞȠ,ΝȦȢΝİțΝĲȠȪĲȠȣ,ΝİȓȞαȚΝȘΝĲȚȝȒΝ
ĲȠȣΝ ȜȩȖȠȣΝ fp ȞαΝ ȡȣșȝȓȗİĲαȚΝ țαĲȐΝ ĲȑĲȠȚȠΝ ĲȡȩπȠΝ ȫıĲİΝ ıĲȠΝ ĲȑȜȠȢΝ ĲȘȢΝ ıȣȝπȓİıȘȢΝ ȞαΝ
İπȚĲȣȖȤȐȞİĲαȚΝπȓİıȘΝπαȡαπȜȒıȚαΝπȡȠȢΝĲȘȞΝİπȚșȣȝȘĲȒΝπȓİıȘΝİȟȩįȠȣΝαπȩΝĲȘȞΝαȞĲȜȓαέ 

ex
p

s
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f
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(3.4) 
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Ǽέıοįομ

 

ǼδεέΝ 3.7. ΢ξβηαĲδεάΝ απİδεσθδıβΝ ĲκνΝ σΰεκνΝ Vex (ηİΝ πκλĲκεαζέ ξλυηα)Ν ıİΝ ηέαΝ αθĲζέαΝ
įδαĳλΪΰηαĲκμ 

vii.  ȅΝ ȜȩȖȠȢ fe πȠȣΝ ıȣıȤİĲȓȗİȚΝ ĲȠȞΝ ȜȩȖȠΝ fa țαȚΝ ĲȠȞΝ ȜȩȖȠΝ C ΥαȞĲȓıĲȡȠĳȠȢΝ ĲȠȣΝ ȕαșȝȠȪΝ
ıȣȝπȓİıȘȢ)ΝțαȚΝ İȓȞαȚΝ ȓıȠȢΝȝİΝĲȠȞΝȜȩȖȠΝĲȦȞΝİȚįȚțȫȞΝȩȖțȦȞΝπȡȚȞΝțαȚΝȝİĲȐΝĲȘȞΝİțĲȩȞȦıȘΝ
ex11. 

1

1 1

0

a
e a

ex

f V v
f f

C V v
    

 
(3.5) 

ȈĲȘȞΝ ǼȚțέΝ 3.8 παȡȠȣıȚȐȗİĲαȚΝ ȑȞαΝ πȠȚȠĲȚțȩΝ įȚȐȖȡαȝȝαΝ πȓİıȘȢ-ȩȖțȠȣΝ πȠȣΝ παȡȠȣıȚȐȗİĲαȚΝ ȘΝ
įȚαįȠȤȒΝ ĲȦȞΝ șİȡȝȠįȣȞαȝȚțȫȞΝ įȚİȡȖαıȚȫȞΝ πȠȣΝ ȜαȝȕȐȞȠȣȞΝ ȤȫȡαΝ ıĲȘȞΝ αȞĲȜȓαέΝ ȈĲȠΝ İȞΝ ȜȩȖȦΝ
įȚȐȖȡαȝȝα,ΝαȟȓȗİȚΝȞαΝıȘȝİȚȦșİȓΝȩĲȚΝȠΝȩȖțȠȢΝ fa*V s αȞαĳȑȡİĲαȚΝıĲȠȞΝȩȖțȠΝπȠȣΝțαĲαȜαȝȕȐȞİȚΝȘΝ
παȖȚįİȣȝȑȞȘΝ İȞĲȩȢΝ ĲȘȢΝαȞĲȜȓαȢΝπȠıȩĲȘĲα ĲȠȣΝ İȡȖαȗȩȝİȞȠȣΝȝȑıȠȣΝαȝȑıȦȢΝȝİĲȐΝ ĲȘȞΝ İțĲȩȞȦıȘΝ
ex11.  
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ετλδαΝλοά
παΰδįİνηΫθβΝλοά
įδαλλοΫμ

P

V
 

ǼδεέΝ 3.8έΝ ΠκδȠĲδεσΝ įδΪΰλαηηαΝ πέİıβμ-σΰεκνΝ ΰδαΝ ĲδμΝ γİληκįνθαηδεΫμΝ įδİλΰαıέİμΝ πκνΝ ζαηίΪθκνθΝ
ξυλαΝİθĲσμΝĲβμΝαθĲζέαμΝ[91] 

 

3.4 Τπσ- εαδΝνπİλ-ıνηπέİıβ 

ȊπȠ-ıȣȝπȓİıȘΝ (under-compression) ȜαȝȕȐȞİȚΝ ȤȫȡαΝ ȩĲαȞΝ ȠΝ İıȦĲİȡȚțȩȢΝ ȜȩȖȠȢΝ πȓİıȘȢΝ πȠȣΝ
αȞαπĲȪııİĲαȚΝȜȩȖȦΝĲȘȢΝαȞĲȜȓαȢΝ 

3ad sup p  İȓȞαȚΝ ȝȚțȡȩĲİȡȠȢΝ απȩΝ ĲȠȞΝ ȜȩȖȠ πȓİıȘȢΝ ĲȠȣΝ

ıȣıĲȒȝαĲȠȢΝ
3ex sup p țαȚΝȦȢΝİțΝĲȠȪĲȠȣΝȘΝπȓİıȘΝıĲȠΝșȐȜαȝȠΝİȟαȖȦȖȒȢ ȝİĲȐΝĲȘȞΝȠȜȠțȜȒȡȦıȘΝĲȘȢΝ

ıȣȝπȓİıȘȢΝ İȓȞαȚΝ ȝȚțȡȩĲİȡȘΝ απȩΝ ĲȘȞΝ πȓİıȘΝ ıĲȠΝ ıȪıĲȘȝαΝ İȟαȖȦȖȒȢΝ ΥıȣȝπİȡȚȜαȝȕαȞȠȝȑȞȘȢΝ ĲȘȢΝ
απȫȜİȚαȢΝπȓİıȘȢΝİȞĲȩȢΝĲȘȢΝıȦȜȒȞȦıȘȢ)έΝΓȚαΝȞαΝİȟȠȝαȜȣȞșİȓΝȘΝπȓİıȘ,ΝȑȞαΝĲȝȒȝαΝĲȘȢΝȡȠȒȢΝȡȑİȚΝ
πȡȠȢΝĲȠȞΝșȐȜαȝȠΝİȟαȖȦȖȒȢέΝȈĲȠΝȝȠȞĲȑȜȠΝĲȘȢΝαȞĲȜȓαȢΝȖȓȞİĲαȚΝȘΝșİȫȡȘıȘΝȩĲȚΝαȣĲȩΝİπȚĲȣȖȤȐȞİĲαȚΝ
αțαȡȚαȓα,Ν ȩĲαȞΝ ȘΝ ȕαȜȕȓįαΝ İȟαȖȦȖȒȢΝ αȞȠȓȖİȚέΝ ȉȠΝ ȚıȠȗȪȖȚȠΝ İȞȑȡȖİȚαȢΝ ıĲȠΝ șȐȜαȝȠΝ İȟαȖȦȖȒȢΝ
ȝπȠȡİȓΝȞαΝπİȡȚȖȡαĳİȓΝȩπȦȢΝĳαȓȞİĲαȚΝπαȡαțȐĲȦΝıĲȘΝıȤȑıȘΝΥ3.6): 

 ad ex ad ad exm m u m u m h     
 

(3.6) 



 

[47] 

 

 

ǼδεέΝ3.9.  ΢ξβηαĲδεάΝαπİδεσθδıβΝĲβμΝνπκ-ıνηπέİıβμΝıİΝįδΪΰλαηηαΝσΰεκν-πέİıβμ 

ǹπȩΝ ĲȘȞΝ ȐȜȜȘΝ πȜİȣȡȐ, ȘΝ ȣπİȡ-ıȣȝπȓİıȘΝ İȝĳαȞȓȗİĲαȚΝ ȩĲαȞΝ ȠΝ İıȦĲİȡȚțȩȢΝ ȜȩȖȠȢΝ πȓİıȘȢΝ πȠȣΝ
αȞαπĲȪııİĲαȚΝȜȩȖȦΝĲȘȢΝαȞĲȜȓαȢΝ 

3ad sup p  İȓȞαȚΝ ȝİȖαȜȪĲİȡȠȢΝ απȩΝ ĲȠȞΝ ȜȩȖȠΝ πȓİıȘȢΝ ĲȠȣΝ

ıȣıĲȒȝαĲȠȢΝ
3ex sup p țαȚΝȦȢΝİțΝĲȠȪĲȠȣΝȘΝπȓİıȘΝıĲȠΝșȐȜαȝȠΝİȟαȖȦȖȒȢΝȝİĲȐΝĲȘȞΝȠȜȠțȜȒȡȦıȘΝĲȘȢΝ

ıȣȝπȓİıȘȢΝİȓȞαȚΝȝİȖαȜȪĲİȡȘΝαπȩΝĲȘȞΝπȓİıȘΝıĲȠΝıȪıĲȘȝαΝİȟαȖȦȖȒȢΝΥıȣȝπİȡȚȜαȝȕαȞȠȝȑȞȘȢΝĲȘȢΝ
απȫȜİȚαȢΝπȓİıȘȢΝİȞĲȩȢΝĲȘȢΝıȦȜȒȞȦıȘȢ)έΝȈİΝαȣĲȒΝĲȘȞΝπİȡȓπĲȦıȘ,ΝȝȑȡȠȢΝĲȘȢΝȡȠȒȢΝțȚȞİȓĲαȚΝπȡȠȢΝ
ĲȘΝ ȖȡαȝȝȒΝ İȟαȖȦȖȒȢ,Ν ȝİȚȫȞȠȞĲαȢΝ țαĲȐΝ ıȣȞȑπİȚαΝ ĲȠΝ ȑȡȖȠΝ ȖȚαΝ ĲȘȞΝ İȟαȖȦȖȒΝ ĲȠȣΝ ȡİȣıĲȠȪέΝ ȉȠΝ
İȞİȡȖİȚαțȩΝȚıȠȗȪȖȚȠΝıĲȠȞΝșȐȜαȝȠΝİȟαȖȦȖȒȢΝİȓȞαȚ,ΝİȞΝπȡȠțİȚȝȑȞȠȣ,ΝĲȠΝαțȩȜȠȣșȠκ 

 ad ex ad ad exm m u m u m h     
 

(3.7) 
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ǼδεέΝ3.10. ΢ξβηαĲδεάΝαπİδεσθδıβΝĲβμΝνπİλ-ıνηπέİıβμΝıİΝįδΪΰλαηηαΝσΰεκν-πέİıβμ 

ǹȟȓȗİȚΝ ȞαΝ ıȘȝȚİȦșİȓΝ ıİΝ αȣĲȩΝ ĲȠΝ ıȘȝİȓȠΝ ȩĲȚΝ ȘΝ İπȓįȡαıȘΝ ĲȘȢΝ ȣπİȡ-ıȣȝπȓİıȘȢΝ ΥȒΝ ĲȘȢΝ ȣπȠ-
ıȣȝπȓİıȘȢ)Ν ıĲȠΝ țαĲαȞαȜȚıțȫȝİȞȠΝ απȩΝ ĲȘȞΝ αȞĲȜȓαΝ ȑȡȖȠΝ İȓȞαȚΝ İȜȐȤȚıĲȘΝ țαȚΝ ȖȚαΝ αȣĲȩΝ ĲȠΝ ȜȩȖȠΝ
παȡαȜȒĳșȘțİΝ απȩΝ ĲȠΝ ȘȝȚ-İȝπİȚȡȚțȩΝ ȝȠȞĲȑȜȠΝ ȖȚαΝ ȜȩȖȠȣȢΝ απȜȠπȠȓȘıȘȢΝ ĲȘȢΝ įȚαįȚțαıȓαȢΝ
ȝȠȞĲİȜȠπȠȓȘıȘȢέΝ ǼπȚπȜȑȠȞ,Ν ȚįȓȦȢΝ ĲȠΝ ĳαȚȞȩȝİȞȠΝ ĲȘȢΝ ȣπȠ-ıȣȝπȓİıȘȢΝ İțįȘȜȫȞİĲαȚΝ ȝȩȞȠΝ ıİΝ
ȝİĲαȕαĲȚțȑȢΝțαĲαıĲȐıİȚȢΝȜİȚĲȠȣȡȖȓαȢ,ΝțȐĲȚΝπȠȣΝİȞȚıȤȪİȚΝțαȚΝĲȠΝȜȩȖȠΝπȠȣΝπαȡαȜȒĳșȘțİΝαπȩΝĲȠΝ
ȝȠȞĲȑȜȠΝĲȘȢΝαȞĲȜȓαȢέ 

 

3.5 ǹθΪζνıβΝτον ηοθτΫζονΝτβμΝαθτζέαμ 

ǹȞαĳȠȡȚțȐΝ ȝİΝ ĲȘȞΝ παȡȠȤȒΝ ȝȐȗαȢΝ ıĲȘȞΝ αȞαȡȡȩĳȘıȘΝ αȣĲȒΝ įȪȞαĲαȚΝ ȞαΝ ȣπȠȜȠȖȚıĲİȓΝ ıαȞΝ

ıȣıȤȑĲȚıȘΝȝİΝĲȘȞΝπαȖȚįİȣȝȑȞȘΝȝȐȗαΝıĲȠΝĲȑȜȠȢΝĲȘȢΝȚıİȞĲȡȠπȚțȒȢΝİțĲȩȞȦıȘȢΝțαȚΝĲȘȞΝπαȡȠȤȒΝĲȦȞΝ

įȚαȡȡȠȫȞ,ΝıȪȝĳȦȞαΝȝİΝĲȘȞΝțȐĲȦșȚΝıȤȑıȘκ 

3

in
1

m m
60

s a s
leak

su

V f VN

v v

        

(3.8) 

ǾΝ ıȤȑıȘΝ Υ3.8)Ν ȕαıȓȗİĲαȚΝ ıĲȠΝ ȝȠȞĲȑȜȠΝ ĲȘȢΝ Glavatskaya et al. [92] ȝİΝ ĲȘΝ įȚαĳȠȡȠπȠȓȘıȘΝ ȩĲȚΝ
ıĲȘȞΝπȡȠțİȓȝİȞȘΝπİȡȓπĲȦıȘΝȑȤȠȣȞΝİȞıȦȝαĲȦșİȓΝıĲȘȞΝİȟȓıȦıȘΝĲαΝȖİȦȝİĲȡȚțȐΝȤαȡαțĲȘȡȚıĲȚțȐΝ
ĲȘȢΝαȞĲȜȓαȢΝțαȚΝȘΝπαȡȠȤȒΝĲȦȞΝįȚαȡȡȠȫȞΝαĳαȚȡİȓĲαȚΝαπȩΝĲȘȞΝțȣȡȓȦȢΝȡȠȒέ 



 

[49] 

 

ȆȡαȖȝαĲȠπȠȚȫȞĲαȢΝȑȞαΝȚıȠȗȪȖȚȠΝȝȐȗαȢΝıĲȘȞΝαȞĲȜȓα,ΝπȡȠțȪπĲİȚΝȘΝțȐĲȦșȚΝİȟȓıȦıȘκ 

tot in trap leakm m m m  
 (3.9) 

ΌπȠȣ   ̇     αȞαĳȑȡİĲαȚΝ ıĲȘȞΝ παȡȠȤȒΝ ȝȐȗαȢΝ ĲȘȢΝ παȖȚįİȣȝȑȞȘȢΝ πȠıȩĲȘĲαȢΝ ĲȠȣΝ
ȡİȣıĲȠȪ 

 

 ̇     αȞαĳȑȡİĲαȚΝıĲȘȞΝπαȡȠȤȒΝȝȐȗαȢΝĲȦȞΝįȚαȡȡȠȫȞ
 

 

ǹțȠȜȠȣșȫȞĲαȢΝĲȠΝπȡȩĲȣπȠΝĲȘȢΝαȞȐȜȣıȘȢΝĲȘȢΝπαȡαȖȡȐĳȠȣΝγέβ,ΝȠȚΝİȟȚıȫıİȚȢΝπȠȣΝıȣȞșȑĲȠȣȞΝĲȠΝ
ȝȠȞĲȑȜȠΝπαȡȠȣıȚȐȗȠȞĲαȚΝıȪȝĳȦȞαΝȝİΝĲȘȞΝαțȠȜȠȣșȓαΝĲȦȞΝșİȡȝȠįȣȞαȝȚțȫȞΝįȚİȡȖαıȚȫȞΝπȠȣΝȑȤİȚΝ
ȒįȘΝπαȡȠȣıȚαıșİȓέ 

i. su0su: ǹįȚαȕαĲȚțȒΝ αȞȐȝİȚȟȘΝ ĲȘȢΝ țȣȡȓαȢΝ ȡȠȒȢΝ ȝİΝ ĲȘȞΝ αȞαțȣțȜȠȪȝİȞȘΝ ȡȠȒΝ πȠȣΝ
πȡȠȑȡȤİĲαȚΝαπȩΝįȚαȡȡȠȑȢ  

ȆȡαȖȝαĲȠπȠȚȫȞĲαȢΝ ȑȞαΝ ȚıȠȗȪȖȚȠΝ İȞȑȡȖİȚαȢΝ țαȚΝ ȝȐȗαȢΝ ıĲȘȞΝ İȞΝ ȜȩȖȦΝ įȚİȡȖαıȓαΝ
πȡȠțȪπĲȠȣȞΝαȞĲȓıĲȠȚȤαΝȠȚΝİȟȚıȫıİȚȢΝΥ3.10)ΝțαȚΝΥ3.11). 

0 0su su leak leak su sum h m h m h    
 (3.10) 

0su su leakm m m 
 (3.11) 

leakm

0sum
sum

 

ǼδεέΝ3.11έΝǹįδαίαĲδεάΝαθΪηİδιβΝĲβμΝετλδαμΝλκάμΝηİΝĲδμΝįδαλλκΫμ 

 
ii.  susu1: ǹįȚαȕαĲȚțȩȢΝıĲȡαȖȖαȜȚıȝȩȢΝĲȘȢΝȡȠȒȢ 

ǾΝ πĲȫıȘΝ πȓİıȘȢΝ πȠȣΝ ȜαȝȕȐȞİȚΝ ȤȫȡαΝ ıĲȘȞΝ αȞαȡȡȩĳȘıȘΝ ȝȠȞĲİȜȠπȠȚİȓĲαȚΝ ıαȞΝ ȝȓαΝ
ȚıİȞĲȡȠπȚțȒΝ ȡȠȒΝ İȞĲȩȢΝ αțȡȠĳȣıȓȠȣέΝ ǼπȚπȡȩıșİĲα,Ν ĲȠΝ ȡİȣıĲȩΝ șİȦȡİȓĲαȚΝ αıȣȝπȓİıĲȠΝ -
țαșȩĲȚΝȕȡȓıțİĲαȚΝıİΝȣȖȡȒΝțαĲȐıĲαıȘΝțαȚΝıİΝȤαȝȘȜȒΝπȓİıȘ- [40, 90].  



 

[50] 

 

suAsuP

suC
1suP

1suC

 

ǼδεέΝ3.12. ǹįȚαȕαĲȚțȩȢ ıĲλαΰΰαζδıησμ ĲβμΝλκάμ 

ǾΝ İπȚĳȐȞİȚαΝ ǹsu απȠĲİȜİȓΝ ȝȓαΝ ȣπȠșİĲȚțȒΝ İπȚĳȐȞİȚαΝ πȠȣΝ πȡȠıȠȝȠȚȫȞİȚΝ ĲȘȞΝ πĲȫıȘΝ
πȓİıȘȢΝıĲȘȞΝȣπȩΝȝȠȞĲİȜȠπȠȓȘıȘΝαȞĲȜȓαέΝǾΝĲȚȝȒΝαȣĲȒȢΝπȡȠıįȚȠȡȓȗİĲαȚΝȝİΝĲȘΝȕȠȒșİȚαΝĲȦȞΝ
πİȚȡαȝαĲȚțȫȞΝįİįȠȝȑȞȦȞ,ΝıȪȝĳȦȞαΝȝİΝĲȘȞΝįȚαįȚțαıȓαΝĲȘȢΝįȚαțȡȓȕȦıȘȢΝĲȦȞΝπαȡαȝȑĲȡȦȞΝ
ĲȠȣΝȝȠȞĲȑȜȠȣ,ΝȩπȦȢΝαȣĲȒΝșαΝαȞαπĲȣȤșİȓΝıĲȘȞΝİπȩȝİȞȘΝπαȡȐȖȡαĳȠέ 

ǹȞαĳȠȡȚțȐΝȝİΝĲȘȞΝπĲȫıȘΝπȓİıȘȢ,ΝαȣĲȒΝİȓȞαȚΝįȣȞαĲȩΝȞαΝπȡȠıįȚȠȡȚıșİȓ,ΝțȐȞȠȞĲαȢΝȤȡȒıȘΝ
ĲȦȞΝπȡȠαȞαĳİȡșİȓıȦȞΝȣπȠșȑıİȦȞ,ΝπȡαȖȝαĲȠπȠȚȫȞĲαȢΝȑȞαΝȚıȠȗȪȖȚȠΝȠȡȝȒȢκ 

1

1

2

2

1

2
su

su su
su

m
p v

A
  

 
(3.12) 

iii.  su1su2: αįȚαȕαĲȚțȒΝαȞȐȝİȚȟȘΝĲȘȢΝțȣȡȓαȢΝȡȠȒȢΝȝİ ĲȠΝİȖțȜȦȕȚıȝȑȞȠΝĲȝȒȝαΝĲȘȢΝȡȠȒȢ 
ȀαĲȐΝ πȜȒȡȘΝ αȞĲȚıĲȠȚȤȓαΝ ȝİΝ ĲȘȞΝ αįȚαȕαĲȚțȒΝ αȞȐȝİȚȟȘΝ ĲȘȢΝ įȚİȡȖαıȓαȢΝ i., 

πȡαȖȝαĲȠπȠȚȫȞĲαȢΝ ȑȞαΝ ȚıȠȗȪȖȚȠΝ İȞȑȡȖİȚαȢΝ țαȚΝ ȝȐȗαȢΝ ıĲȘȞΝ İȞΝ ȜȩȖȦΝ įȚİȡȖαıȓα 
πȡȠțȪπĲȠȣȞΝαȞĲȓıĲȠȚȤαΝȠȚΝİȟȚıȫıİȚȢΝΥ3.13)ΝțαȚΝΥ3.14). 

1 1 2 21 1su su su sum h m h m h    
 (3.13) 

2 1 1su sum m m 
 (3.14) 

iv. su2su3: ȚıȠȕαȡȒȢΝșȑȡȝαȞıȘ 
EȟαȚĲȓαȢΝ ĲȘȢΝ șİȡȝȠțȡαıȚαțȒȢΝ αȞαȞĲȚıĲȠȚȤȓαȢΝ ĲȦȞΝ ĲȠȚȤȦȝȐĲȦȞΝ ĲȘȢΝ αȞĲȜȓαȢΝ țαȚΝ ĲȠȣΝ

ȠȡȖαȞȚțȠȪΝ ȡİȣıĲȠȪΝ -ĲαΝ ĲȠȚȤȫȝαĲαΝ İȓȞαȚΝ șİȡȝȩĲİȡα- ,Ν αȞαπĲȪııİĲαȚΝ ȝİĲαĳȠȡȐΝ
șİȡȝȩĲȘĲαȢΝαπȩΝĲαΝĲȠȚȤȫȝαĲαΝπȡȠȢΝĲȠΝȠȡȖαȞȚțȩΝȡİȣıĲȩέΝ 



 

[51] 

 

2suT
3suT

wT

suQ

 

ǼδεέΝ3.13έΝΙıκίαλάμΝγΫληαθıβΝĲκνΝİλΰαασηİθκνΝηΫıκνΝαπσΝĲαΝγİλησĲİλαΝĲκδξυηαĲα 

ΓȚαΝĲȘȞΝȝȠȞĲİȜȠπȠȓȘıȘΝĲȘȢΝİȞΝȜȩȖȦΝįȚİȡȖαıȓαȢΝȑȖȚȞİΝȤȡȒıȘΝĲȘȢΝȝİșȩįȠȣΝİ-NTU [93]. 

 
3 3 2su su su suQ m h h 

 
(3.15) 

 2

2 2
1

su

su

AU

C

su su w suQ e C T T
        

(3.16) 

0.8

,
in

su su nom
nom

m
AU AU

m

      
(3.17) 

ΌπȠȣ    αȞαĳȑȡİĲαȚΝıĲȘΝșİȡȝȠțȡαıȓαΝĲȠȣΝĲȠȚȤȫȝαĲȠȢ  ̇    αȞαĳȑȡİĲαȚΝ ıĲȘȞΝ ȠȞȠȝαıĲȚțȒΝ παȡȠȤȒΝ ȝȐȗαȢΝ ĲȠȣΝ İȡȖαȗȩȝİȞȠȣΝ ȝȑıȠȣΝ
(0.39 kg/s)

      İȓȞαȚΝȠΝıȣȞĲİȜİıĲȒȢΝȝİĲαĳȠȡȐȢΝșİȡȝȩĲȘĲαȢ 

ȅΝ ȠȞȠȝαıĲȚțȩȢΝ ıȣȞĲİȜİıĲȒȢΝ ȝİĲαĳȠȡȐȢΝ șİȡȝȩĲȘĲαȢΝ İȓȞαȚΝ ȑȞαΝ απȩΝ ĲαΝ ȝİȖȑșȘΝ πȠȣΝ
πȡȑπİȚΝ ȞαΝ įȚαțȡȚȕȦșİȓέΝ ǾΝ įİΝ ĲȚȝȒΝ ĲȠȣΝ ıȣȞĲİȜİıĲȒΝ ȝİĲαĳȠȡȐΝ șİȡȝȩĲȘĲαȢΝ AUsu 
ȣπȠȜȠȖȓȗİĲαȚΝαπȩΝĲȘΝıȤȑıȘΝΥ3.17)ΝȩπȦȢΝαȣĲȒΝπȡȠĲȐșȘțİΝαπȩΝĲȠȞΝLemort et al. [45]. 

 
v. su3ad: ȚıİȞĲȡȠπȚțȒΝıȣȝπȓİıȘ 

ȀȐĲȦΝ απȩΝ αįȚαȕαĲȚțȑȢΝ ıȣȞșȒțİȢΝ įȪȞαĲαȚΝ ȞαΝ ȣπȠȜȠȖȚıĲİȓΝ ĲȠΝ țαĲαȞαȜȚıțȫȝİȞȠΝ ȑȡȖȠΝ
ĲȘȢΝıȣȝπȓİıȘȢΝȝȑıȦΝĲȠȣΝπȡȫĲȠȣΝșİȡȝȠįȣȞαȝȚțȠȪΝȞȩȝȠȣΝȖȚαΝțȜİȚıĲȐΝıȣıĲȒȝαĲακ 

 
3comp ad ad suW m u u 

 
(3.18) 



 

[52] 

 

ȈĲȘȞΝİȞΝȜȩȖΝįȚİȡȖαıȓαΝȖȓȞİĲαȚΝȤȡȒıȘΝİπȓıȘȢΝĲȘȢΝπαȡαȝȑĲȡȠȣΝfp,ΝȘΝȠπȠȓαΝįȪȞαĲαȚΝİπȓıȘȢΝ
ȞαΝȣπȠȜȠȖȚıĲİȓΝıαȞΝȠΝȜȩȖȠȢΝĲȦȞΝİȚįȚțȫȞΝȩȖțȦȞΝπȡȚȞΝțαȚΝȝİĲȐΝĲȘȞΝıȣȝπȓİıȘΝțαȚΝαπȠĲİȜİȓΝ
ȝȓαΝαπȩΝĲȚȢΝπαȡαȝȑĲȡȠȣȢΝπȠȣΝπȡȑπİȚΝȞαΝįȚαțȡȚȕȦșȠȪȞέ 

3

ad
p

su

v
f

v


 
 

(3.19) 

vi. adex: αįȚαȕαĲȚțȐΝȚıȩȤȦȡȘΝıȣȝπȓİıȘήİțĲȩȞȦıȘ 
ǾΝİȞΝȜȩȖȦΝįȚİȡȖαıȓαΝȝπȠȡİȓΝȞαΝİȚȞαȚΝİȓĲİΝıȣȝπȓİıȘΝİȓĲİΝİțĲȩȞȦıȘ,ΝțȐĲȚΝπȠȣΝȡȣșȝȓȗİĲαȚΝ

απȩΝĲȘȞΝπαȡȐȝİĲȡȠΝfp. ΌıȠΝȝİȖαȜȪĲİȡȘΝİȓȞαȚΝȘΝĲȚȝȒΝĲȠȣΝıȣȞĲİȜİıĲȒΝfp ĲȩıȠΝȝİȖαȜȪĲİȡȠȢΝ
ȠΝİȚįȚțȩȢΝȩȖțȠȢΝvad țαȚΝαȞĲȓıĲȠȚȤαΝȤαȝȘȜȩĲİȡȘΝȘΝĲȚȝȒΝĲȘȢΝπȓİıȘȢΝpad.  ȈİΝπİȡȓπĲȦıȘΝπȠȣΝ
ȘΝ ĲȚȝȒΝ ĲȘȢΝ πȓİıȘȢΝ ıĲȠΝ ıȘȝİȓȠΝ ad İȓȞαȚΝ ȝİȖαȜȪĲİȡȘΝ απȩΝ αȣĲȒΝ ıĲȠΝ ıȘȝİȓȠΝ ex 
(ıȣȝπİȡȚȜαȝȕαȞȠȝȑȞȘȢΝ ĲȘȢΝ πĲȫıȘȢΝ πȓİıȘȢΝ ıĲȘȞΝ ȑȟȠįȠ)Ν ĲȩĲİΝ ȘΝ įȚİȡȖαıȓαΝ adex İȓȞαȚΝ
ȚıȩȤȦȡȘΝİțĲȩȞȦıȘέΝȈİΝαȞĲȓșİĲȘΝπİȡȓπĲȦıȘΝπȡȩțİȚĲαȚΝȖȚαΝıȣȝπȓİıȘέ 

 
vii.  exex1: ȚıȠȕαȡȒȢΝȥȪȟȘ 

ȈİΝ αȣĲȒΝ ĲȘȞΝ πİȡȓπĲȦıȘ,Ν ĲαΝ ĲȠȚȤȫȝαĲαΝ ĲȘȢΝ αȞĲȜȓαȢΝ ȕȡȓıțȠȞĲαȚΝ ıİΝ ȤαȝȘȜȩĲİȡȘΝ
șİȡȝȠțȡαıȓαΝ απȩΝ ĲȠΝ İȡȖαȗȩȝİȞȠΝ ȝȑıȠΝ ȝİΝ απȠĲȑȜİıȝαΝ ȞαΝ αȞαπĲȪııİĲαȚΝ ȝİĲαĳȠȡȐΝ
șİȡȝȩĲȘĲαȢΝ απȩΝ ĲȠΝ İȡȖαȗȩȝİȞȠΝ ȝȑıȠΝ πȡȠȢΝ ĲαΝ ĲȠȚȤȫȝαĲαΝ ȩπȦȢΝ ĳαȓȞİĲαȚΝ țαȚΝ ıĲȘȞΝ
ǼȚțέ3.14. 

exT
1exT

wT
exQ

 

ǼδεέΝ3.14. ΙıκίαλάμΝοτιβ ĲκνΝİλΰαασηİθκνΝηΫıκνΝαπσΝĲαΝονξλσĲİλαΝĲκδξυηαĲα 

ȀαĲȐΝ αȞĲȚıĲȠȚȤȓαΝ ȝİΝ ĲȘȞΝ πİȡȓπĲȦıȘΝ ĲȘȢΝ ȚıȠȕαȡȠȪȢΝ șȑȡȝαȞıȘȢ,Ν ȠȚΝ İȟȚıȫıİȚȢΝ πȠȣΝ
πİȡȚȖȡȐĳȠȣȞΝĲȘȞΝİȞΝȜȩȖȦΝįȚαįȚțαıȓαΝȝİΝȕȐıȘΝĲȘΝȝȑșȠįȠΝİ-NTU İȓȞαȚΝȠȚΝțȐĲȦșȚ [93]: 

 
1ex ex ex exQ m h h 

 
(3.20) 

  



 

[53] 

 

 1
ex

ex

AU

C
ex ex w exQ e C T T

        

(3.21) 

0.8

,
in

ex ex nom
nom

m
AU AU

m

      
(3.22) 

ΌπȠȣ          İȓȞαȚΝ ȠΝ ȠȞȠȝαıĲȚțȩȢΝ ıȣȞĲİȜİıĲȒȢΝ ȝİĲαĳȠȡȐȢΝ șİȡȝȩĲȘĲαȢ,Ν ȘΝ ĲȚȝȒΝ ĲȠȣΝ ȠπȠȓȠȣΝ
πȡȠțȪπĲİȚΝαπȩΝĲȘΝįȚαțȡȓȕȦıȘΝĲȦȞΝπαȡαȝȑĲȡȦȞΝĲȠȣΝȝȠȞĲȑȜȠȣέ 

 
viii.  ex1ex2: αįȚαȕαĲȚțȩȢΝıĲȡαȖȖαȜȚıȝȩȢΝĲȘȢΝȡȠȒȢ 

ȀαĲȐΝ αȞĲȚıĲȠȚȤȓαΝ ȝİΝ ĲȘȞΝ πİȡȓπĲȦıȘΝ ĲȘȢΝ πĲȫıȘȢΝ πȓİıȘȢΝ ıĲȘȞΝ αȞαȡȡȩĳȘıȘ,Ν ȘΝ πĲȫıȘΝ
πȓİıȘȢΝȜȩȖȦΝĲȠȣΝıĲȡαȖȖαȜȚıȝȠȪΝĲȘȢΝȡȠȒȢΝȣπȠȜȠȖȓȗİĲαȚΝȕȐıȘΝĲȘȢΝțȐĲȦșȚΝıȤȑıȘȢκ 
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1

2

2

1

2
ex

ex ex
ex

m
p v

A
  

 
(3.23) 

ΌπȠȣ     İȓȞαȚΝ ȘΝİπȚĳȐȞİȚαΝįȚαĲȠȝȒȢΝıĲȘȞΝȑȟȠįȠΝĲȘȢΝαȞĲȜȓαȢέ 

ix. ex10: ȚıİȞĲȡȠπȚțȒΝİțĲȩȞȦıȘΝĲȘȢΝİȖțȜȦȕȚıȝȑȞȘȢΝπȠıȩĲȘĲαȢΝĲȠȣΝİȡȖαȗȩȝİȞȠȣΝȝȑıȠȣ 
ȂİĲȐΝ ĲȘȞΝ ȠȜȠțȜȒȡȦıȘΝ ĲȘȢΝ İȟαȖȦȖȒȢΝ ĲȠȣΝ ȡİȣıĲȠȪΝ απȩΝ ĲȘȞΝ αȞĲȜȓα,Ν ĲȠΝ įȚȐĳȡαȖȝαΝ

ȣπȠȤȦȡİȓΝȝİΝαπȠĲȑȜİıȝαΝȘΝȝȐȗαΝĲȠȣΝİȡȖαȗȩȝİȞȠȣΝȝȑıȠȣΝπȠȣΝȑȤİȚΝİȖțȜȦȕȚıĲİȓΝİȞĲȩȢΝĲȘȢΝ
αȞĲȜȓαȢΝȞαΝİțĲȠȞȫİȞĲαȚέΝȉȠΝȑȡȖȠΝπȠȣΝπαȡȐȖİĲαȚΝαπȩΝĲȘȞΝİțĲȩȞȦıȘΝȝπȠȡİȓΝȞαΝαȝİȜȘșİȓΝ
ȜȩȖȦΝĲȘȢΝȤαȝȘȜȒȢΝĲȚȝȒȢΝαȣĲȠȪέΝǾΝȝȐȗαΝπȠȣΝπαȖȚįİȪİĲαȚΝαȞȐΝțȪțȜȠΝĲȘȢΝȝȘȤαȞȒȢΝįȪȞαĲαȚΝ
ȞαΝȣπȠȜȠȖȚıĲİȓΝȕȐıȘΝĲȦȞΝȖİȦȝİĲȡȚțȫȞΝπαȡαȝȑĲȡȦȞΝĲȘȢΝαȞĲȜȓαȢέ 

060
a s

trap

f V N
m

v

    
(3.24) 

ǼȞΝ ȖȑȞİȚ,Ν ȘΝ ȚıȤȪȢ πȠȣΝ παȡȐȖİĲαȚΝ απȩΝ ĲȘȞΝ İțĲȩȞȦıȘ,Ν įİįȠȝȑȞȠȣΝ ȩĲȚΝ πȡȩțİȚĲαȚΝ ȖȚαΝ
ȚıİȞĲȡȠπȚțȒΝȝİĲαȕȠȜȒ,ΝįȪȞαĲαȚΝȞαΝȣπȠȜȠȖȚıĲİȓΝαπȩΝĲȠȞΝπȡȫĲȠΝșİȡȝȠįȣȞαȝȚțȩΝȞȩȝȠκ 

 
10exp trap exW m u u 

 
(3.25) 

 
x. 01κΝ αįȚαȕαĲȚțȐΝ ȚıȩȤȦȡȘΝ ıȣȝπȓİıȘήİțĲȩȞȦıȘΝ ĲȘȢΝ İȖțȜȦȕȚıȝȑȞȘȢ-

αȞαțȣțȜȠĳȠȡȠȪȝİȞȘȢ- ȡȠȒȢ 



 

[54] 

 

ǾΝİȞΝȜȩȖȦΝįȚİȡȖαıȓαΝȝπȠȡİȓΝȞαΝİȚȞαȚΝİȓĲİΝıȣȝπȓİıȘΝİȓĲİΝİțĲȩȞȦıȘ,ΝțȐĲȚΝπȠȣΝȡȣșȝȓȗİĲαȚΝ
απȩΝĲȘȞΝπαȡȐȝİĲȡȠΝfe. ΌıȠΝȝİȖαȜȪĲİȡȘΝİȓȞαȚΝȘΝĲȚȝȒΝĲȠȣΝıȣȞĲİȜİıĲȒΝfe ĲȩıȠΝȝİȖαȜȪĲİȡȠȢΝ
ȠΝİȚįȚțȩȢΝȩȖțȠȢΝv0 țαȚΝαȞĲȓıĲȠȚȤαΝȤαȝȘȜȩĲİȡȘΝȘΝĲȚȝȒΝĲȘȢΝπȓİıȘȢΝp0.  ȈİΝπİȡȓπĲȦıȘΝπȠȣΝȘΝ
ĲȚȝȒΝ ĲȘȢΝ πȓİıȘȢΝ ıĲȠΝ ıȘȝİȓȠΝ 0 İȓȞαȚΝ ȝİȖαȜȪĲİȡȘΝ απȩΝ αȣĲȒΝ ıĲȠΝ ıȘȝİȓȠΝ 1 
(ıȣȝπİȡȚȜαȝȕαȞȠȝȑȞȘȢΝ ĲȘȢΝ πĲȫıȘȢΝ πȓİıȘȢΝ ıĲȘȞΝ ȑȟȠįȠ)Ν ĲȩĲİΝ ȘΝ įȚİȡȖαıȓαΝ 01 İȓȞαȚΝ
ȚıȩȤȦȡȘΝİțĲȩȞȦıȘέΝȈİΝαȞĲȓșİĲȘΝπİȡȓπĲȦıȘΝπȡȩțİȚĲαȚΝȖȚαΝıȣȝπȓİıȘ. 

 
xi. exL: αįȚαȕαĲȚțȩȢΝıĲȡαȖȖαȜȚıȝȩȢΝĲȠȣΝȡİȪȝαĲȠȢΝįȚαȡȡȠȫȞ 

ȅȚΝ İıȦĲİȡȚțȑȢΝ įȚαȡȡȠȑȢΝıĲȘȞΝαȞĲȜȓαΝȝȠȞĲİȜȠπȠȚȠȪȞĲαȚΝ ıαȞΝȝȓαΝ ȚıİȞĲȡȠπȚțȒΝȡȠȒΝ įȚαΝ
ȝȑıȠȣΝİȞȩȢΝαțȡȠĳȣıȓȠȣέΝǾΝπαȡȠȤȒΝȝȐȗαȢΝĲȦȞΝįȚαȡȡȠȫȞΝȣπȠȜȠȖȓȗİĲαȚΝȕȐıȘΝĲȘȢΝțȐĲȦșȚΝ
ıȤȑıȘȢκ 

2 ex L
leak leak

ex

p p
m A

v


 

(3.26) 

,leak leak nom
nom

f
A A

f

      
(3.27) 

ΌπȠȣ    İȓȞαȚΝ ȘΝπȓİıȘΝĲȦȞΝįȚαȡȡȠȫȞΝΝțαȚΝĲαȣĲȓȗİĲαȚΝȝİΝĲȘȞΝπȓİıȘΝıĲȘȞΝαȞαȡȡȩĳȘıȘΝΥ    ). 
ǾΝ ȣπȠșİĲȚțȒΝ İπȚĳȐȞİȚαΝ ĲȦȞΝ įȚαȡȡȠȫȞΝ İȓȞαȚΝ αȞȐȜȠȖȘΝ ĲȠȣΝ ȜȩȖȠȣΝ ĲȘȢΝ πȡαȖȝαĲȚțȒȢΝ

ıȣȤȞȩĲȘĲαȢΝĲȠȣΝțȚȞȘĲȒȡαΝπȠȣΝțȚȞİȓΝĲȘȞΝαȞĲȜȓαΝπȡȠȢΝĲȘȞΝȠȞȠȝαıĲȚțȒΝıȣȤȞȩĲȘĲα,ΝȫıĲİΝȞαΝ
ȜȘĳșİȓΝ ȣπȩȥȘΝ ȘΝ πĲȫıȘΝ ıĲȘȞΝ απȩįȠıȘΝ ĲȦȞΝ ȕαȜȕȓįȦȞΝ İȜȑȖȤȠȣΝ ıİΝ ȣȥȘȜȑȢΝ ıȣȤȞȩĲȘĲİȢΝ
[40].  

ǹȞαĳȠȡȚțȐΝ ȝİΝ ĲȠΝ ȑȡȖȠΝ πȠȣΝ απαȚĲİȓĲαȚΝ ȞαΝ αȞαπĲȣȤșİȓΝ ıĲȠȞΝ ȐȟȠȞαΝ ĲȘȢΝ αȞĲȜȓαȢ,Ν ȣπȠȜȠȖȓȗİĲαȚΝ
ıαȞΝĲȠΝȐșȡȠȚıȝαΝİȞȩȢΝıȣȞȩȜȠȣΝαπȩΝİπȚȝȑȡȠȣȢΝȩȡȠȣȢέΝ 

ǾΝȣįȡαȣȜȚțȒ ȚıȤȪȢ πȠȣΝȝİĲαĳȑȡİĲαȚΝıĲȠΝİȡȖαȗȩȝİȞȠΝȝȑıȠΝȣπȠȜȠȖȓȗİĲαȚΝαπȩΝĲȘΝıȤȑıȘΝΥ3.28). 

hydr comp dis admW W W W  
 

(3.28) 

ΌπȠȣ  ̇     İȓȞαȚΝ Ș ȚıȤȪȢ πȠȣΝțαĲαȞαȜȓıțİĲαȚΝıĲȘȞΝįȚİȡȖαıȓαΝsu3ad   ̇     İȓȞαȚΝ ȘΝ ȚıȤȪȢΝ πȠȣΝ țαĲαȞαȜȓıțİĲαȚΝ ȖȚαΝ ĲȘȞΝ İȟαȖȦȖȒΝ ĲȠȣΝ İȡȖαȗȩȝİȞȠȣΝ ȝȑıȠȣΝ απȩΝ ĲȘȞΝ
αȞĲȜȓα ΥįȚİȡȖαıȓαΝex ex1) 

țαȚΝ ̇    İȓȞαȚΝ ȘΝȚıȤȪȢΝπȠȣΝπαȡȐȖİĲαȚΝțαĲȐΝĲȘȞΝαȞαȡȡȩĳȘıȘ (įȚİȡȖαıȓαΝsu2 su3). 



 

[55] 

 

ȅȚΝ ȚıȤİȓȢ  ̇     țαȚΝ  ̇     ȣπȠȜȠȖȓȗȠȞĲαȚΝ ȕȐıȘΝ ĲȘȢΝ ȝİșȩįȠȣΝ πȠȣΝ πȡȠĲİȓȞİĲαȚΝ απȩΝ ĲȠΝ EXP-
HEAT [90], ȝİΝ ȕαıȚțȒΝ įȚαĳȠȡȠπȠȓȘıȘΝ ȩĲȚΝ ȠȚΝ İȟȚıȫıİȚȢΝ πȡȠıαȡȝȩıĲȘțαȞΝ ıĲȠȞΝ țȪțȜȠΝ ĲȘȢΝ
αȞĲȜȓαȢΝțαȚΝĲȚȢΝįȚȐĳȠȡİȢΝȖİȦȝİĲȡȚțȑȢΝπαȡαȝȑĲȡȠȣȢΝαȣĲȒȢέ 

 
1

60
ex s p

dis

p V f C N
W

   
 

(3.29) 

 
3

1

60
su s a

adm

p V f N
W

   
 

(3.30) 

ΌπȠȣ    (    ) İȓȞαȚΝȘΝȝİĲαȕȠȜȒΝĲȠȣΝȩȖțȠȣΝĲȠȣΝșαȜȐȝȠȣΝĲȘȢΝαȞĲȜȓαȢΝțαĲȐΝĲȘΝ
įȚȐȡțİȚαΝĲȘȢΝįȚαįȚțαıȓαȢΝĲȘȢΝİȟαȖȦȖȒȢΝĲȠȣΝİȡȖαȗȩȝİȞȠȣΝȝȑıȠȣΝ 

țαȚΝ   ሺ    ሻ İȓȞαȚΝȘΝȝİĲαȕȠȜȒΝĲȠȣΝȩȖțȠȣΝĲȠȣΝșαȜȐȝȠȣΝĲȘȢΝαȞĲȜȓαȢΝțαĲȐΝ
ĲȘΝįȚȐȡțİȚαΝĲȘȢΝįȚαįȚțαıȓαȢΝĲȘȢΝαȞαȡȡȩĳȘıȘȢΝĲȠȣΝİȡȖαȗȩȝİȞȠȣΝȝȑıȠȣέ  

ΓȚαΝȞαΝȣπȠȜȠȖȚıĲİȓ, ĲİȜȚțȐ, ȘΝαπαȚĲȠȪȝİȞȘΝȚıȤȪȢ ıĲȠȞΝȐȟȠȞαΝĲȘȢΝαȞĲȜȓαȢ,ΝπȡȑπİȚΝȞαΝȜȘĳșȠȪȞΝ
ȣπȩȥȘΝțαȚΝȠȚΝȝȘȤαȞȚțȑȢΝαπȫȜİȚİȢΝΥ ̇    ) ȜȩȖȦΝİıȦĲİȡȚțȫȞΝĲȡȚȕȫȞΝĲȠȣΝȡİȣıĲȠȪκ 

sh hydr lossW W W 
 

(3.31) 

ȅȚΝ ȝȘȤαȞȚțȑȢΝ απȫȜİȚİȢΝ ȣπȠȜȠȖȓȗȠȞĲαȚΝ ȕȐıȘΝ ĲȘȢΝ ȝİșȩįȠȣΝ πȠȣΝ πȡȠĲİȓȞİĲαȚΝ απȩΝ ĲȠȞΝ Declaye 
[40]: 

loss mechW T f   (3.32) 

ΌπȠȣ       İȓȞαȚΝȝȓαΝπαȡȐȝİĲȡȠȢΝȘΝȠπȠȓαΝİπȓıȘȢΝπȡȑπİȚΝȞαΝįȚαțȡȚȕȦșİȓέΝ 

ȅȚΝ ȝȘȤαȞȚțȑȢΝ απȫȜİȚİȢΝ ȠĳİȓȜȠȞĲαȚΝ țȣȡȓȦȢΝ ıĲȘȞΝ ĲȡȚȕȒΝ ĲȠȣΝ ȡİȣıĲȠȪΝ ȝİΝ ĲαΝ ĲȠȚȤȫȝαĲαΝ țαȚ ıİΝ
απȫȜİȚİȢΝ ıĲαΝ ȑįȡαȞαΝ țαȚΝ απȠȕȐȜȜȠȞĲαȚΝ απȩΝ ĲȠΝ ıȪıĲȘȝαΝ πȡȠȢΝ ĲȠΝ πİȡȚȕȐȜȜȠȞΝ ȣπȩΝ ĲȘΝ ȝȠȡĳȒΝ
șİȡȝȩĲȘĲαȢέΝ ȈĲȠΝ İȞΝ ȜȩȖȦΝ ȝȠȞĲȑȜȠ,Ν ĲȠΝ ıȪȞȠȜȠΝ αȣĲȫȞΝ ĲȦȞΝ απȦȜİȚȫȞΝ πİȡȚȖȡȐĳȠȞĲαȚΝ απȩΝ ĲȘȞΝ
παȡȐȝİĲȡȠΝTmech.  

ȉȑȜȠȢ,Ν țȐȞȠȞĲαȢΝ ȤȡȒıȘΝ ĲȘȢΝ πȡȠıȑȖȖȚıȘȢΝ ȖȚαΝ ĲȠȞΝ ȕαșȝȩΝ απȩįȠıȘȢΝ ĲȠȣΝ țȚȞȘĲȒȡαΝ πȠȣΝ
παȡȠȣıȚȐıĲȘțİΝ ıĲȠΝ πȡȠȘȖȠȪȝİȞȠΝ țİĳȐȜαȚȠ,Ν țαșȫȢΝ țαȚΝ ĲȠȣΝ ȕαșȝȠȪΝ απȩįȠıȘȢΝ ĲȠȣΝ inverter 
ıȣȤȞȩĲȘĲαȢ,ΝİȓȞαȚΝįȣȞαĲȩȞΝȞαΝȣπȠȜȠȖȚıĲİȓΝȘΝȘȜİțĲȡȚțȒΝȚıȤȪȢΝπȠȣΝαπαȚĲİȓĲαȚΝȖȚαΝĲȘȞΝȜİȚĲȠȣȡȖȓαΝ
ĲȘȢΝαȞĲȜȓαȢκ 

/el sh mot f dW W    
 

(3.33) 



 

[56] 

 

ΌπȠȣ,ΝȠΝȕαșȝȩȢΝαπȩįȠıȘȢΝĲȠȣΝinverter ıȣȤȞȩĲȘĲαȢΝİȓȞαȚΝȓıȠȢΝȝİκΝ 

/ 0.92f d 
 (3.34) 

ǼĳαȡȝȩȗȠȞĲαȢΝȚıȠȗȪȖȚȠΝȡȠȒȢΝĲȘȢΝİȞȑȡȖİȚαȢΝıĲȘȞΝαȞĲȜȓα,ΝįİįȠȝȑȞȠȣΝȩĲȚΝȕȡȓıțİĲαȚΝıĲȘΝȝȩȞȚȝȘΝ
țαĲȐıĲαıȘ,ΝİȓȞαȚΝįȣȞαĲȩΝȞαΝπȡȠıįȚȠȡȚıĲİȓΝȘΝșİȡȝȠțȡαıȓαΝĲȦȞΝĲȠȚȤȦȝȐĲȦȞ,Ν  : 

0amb ex su lossQ Q Q W     (3.35) 

ΌπȠȣΝ  ̇    İȓȞαȚΝ ȘΝ șİȡȝȩĲȘĲαΝ πȠȣΝ απȠȕȐȜȜİĲαȚΝ απȩΝ ĲȠΝ țȑȜȣĳȠȢΝ ĲȘȢΝ αȞĲȜȓαȢΝ πȡȠȢΝ ĲȠΝ
πİȡȚȕȐȜȜȠȞΝțαȚΝπȡȠțȪπĲİȚΝαπȩΝĲȘȞΝıȤȑıȘΝΥ3.36): 

 amb amb w ambQ AU T T 
 

(3.36) 

ΌπȠȣΝ      İȓȞαȚΝ ȘΝ șİȡȝȠțȡαıȓαΝ ĲȠȣΝ πİȡȚȕȐȜȜȠȞĲȠȢΝ țαȚΝ       İȓȞαȚΝ ȠΝ ıȣȞĲİȜİıĲȒȢΝ
ȝİĲαĳȠȡȐȢΝ șİȡȝȩĲȘĲαȢ,Ν ȝȓαΝ απȩΝ ĲȚȢΝ παȡαȝȑĲȡȠȣȢΝ ĲȦȞΝ ȠπȠȚȫȞΝ ȘΝ ĲȚȝȒΝ șαΝ ȡπȠțȪȥİȚΝ απȩΝ ĲȘΝ
įȚαțȡȓȕȦıȘΝĲȠȣΝȝȠȞĲȑȜȠȣέ 

ΌıȦȞΝ αĳȠȡȐΝ ĲȘȞΝ απȩįȠıȘΝ ĲȘȢΝ αȞĲȜȓαȢ,Ν ȖȚαΝ ĲȘȞΝ πİȡȚȖȡαĳȒΝ αȣĲȒȢΝ șαΝ ȤȡȘıȚȝȠπȠȚȘșȠȪȞΝ
ĲȑııİȡȚȢΝȕαșȝȠȓΝαπȩįȠıȘȢέ 

ȅΝȚıİȞĲȡȠπȚțȩȢΝȕαșȝȩȢΝαπȩįȠıȘȢΝĲȘȢΝαȞĲȜȓαȢΝȠȡȓȗİĲαȚΝȦȢκ 

0

2 0

is su
is

ex su

h h

h h
  

 
(3.37) 

ΌπȠȣΝ    İȓȞαȚΝȘΝİȞșαȜπȓαΝıĲȘȞΝȣȥȘȜȒΝπȓİıȘΝπȠȣΝȑȤİȚΝĲȘȞΝȓįȚαΝİȞĲȡȠπȓαΝȝİΝĲȠΝıȘȝİȓȠΝsu0. 

ǹπȩΝ ĲȘȞΝ ȐȜȜȘ πȜİȣȡȐ,Ν ȠΝ ȠȖțȠȝİĲȡȚțȩȢΝ ȕαșȝȩȢΝ απȩįȠıȘȢΝ ȒΝ ȕαșȝȩȢΝ πȜȒȡȦıȘȢΝ ĲȘȢΝ αȞĲȜȓαȢΝ
İȓȞαȚΝȓıȠȢΝȝİκ 

 in 0m 60

1vol
s

v

N V C
     

 
(3.38) 

ȅΝ ȠȖțȠȝİĲȡȚțȩȢΝ ȕαșȝȩȢΝ απȩįȠıȘȢΝ ıȣıȤİĲȓȗİȚΝ ĲȠȞΝ șİȦȡȘĲȚțȩΝ ȩȖțȠΝ ĲȠȣΝ İȡȖαȗȩȝİȞȠȣΝ ȝȑıȠȣ,Ν
πȠȣ įȪȞαĲαȚΝ ȞαΝıȣȝπȚȑıİȚΝ ȘΝ αȞĲȜȓαΝıİΝ ȑȞαΝțȪțȜȠȣΝ ȜİȚĲȠȣȡȖȓαȢΝ ȕȐıİȚΝ ĲȠȣΝȖİȦȝİĲȡȚțȠȪΝȩȖțȠȣΝ
αȞαȡȡȩĳȘıȘȢ,ΝȝİΝĲȠȞΝπȡαȖȝαĲȚțȩΝȩȖțȠΝȠȠȣΝįȚαțȚȞİȓΝȘΝαȞĲȜȓαΝαȞȐΝțȪțȜȠΝȜİȚĲȠȣȡȖȓαȢέ 

ȅΝ ȝȘȤαȞȚțȩȢΝ ȕαșȝȩȢΝ απȩįȠıȘȢΝ πȡȠıįȚȠȡȓȗİȚΝ ĲȠΝ πȠıȠıĲȩΝ ĲȘȢΝ İȞȑȡȖİȚαȢΝ πȠȣΝ ȝİĲαĳȑȡİȚΝ ȠΝ
ȐȟȠȞαȢΝĲȘȢΝαȞĲȜȓαȢΝțαȚΝȝİĲαĲȡȑπİĲαȚΝıİΝȣįȡαȣȜȚțȒΝİȞȑȡȖİȚαΝĲȠȣΝİȡȖαȗȩȝİȞȠȣΝȝȑıȠȣέ 
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hydr
m

sh

W

W
 

 
(3.39) 

ȉȑȜȠȢ,ΝȠΝȠȜȚțȩȢΝȕαșȝȩȢΝαπȩįȠıȘȢΝĲȘȢΝαȞĲȜȓαȢ πȡȠıįȚȠȡȓȗİȚΝĲȠΝπȩıȠΝαπȠįȠĲȚțȒΝİȓȞαȚΝȘΝȤȡȒıȘΝ
ĲȘȢΝȘȜİțĲȡȚțȒȢΝİȞȑȡȖİȚαȢΝπȠȣΝțȚȞİȓΝĲȠȞΝțȚȞȘĲȒȡαΝıİΝıȤȑıȘΝȝİΝĲȘȞΝİȞȑȡȖİȚαΝπȠȣΝπαȡαȜαȝȕȐȞİȚΝ
ĲȠΝİȡȖαȗȩȝİȞȠΝȝȑıȠέ 

 ,flow in out in
tot

el

V p p

W
  

 
(3.40) 

3.6 ǻδαελέίωıβΝτωθΝπαλαηΫτλωθΝτονΝηοθτΫζον 

ΓȚαΝ ȞαΝ ȣȜȠπȠȚȘșİȓΝ ȘΝ įȚαțȡȓȕȦıȘΝ ĲȦȞΝ ȖİȦȝİĲȡȚțȫȞΝ țαȚΝ ȜİȚĲȠȣȡȖȚțȫȞΝ παȡαȝȑĲȡȦȞΝ ĲȠȣΝ
ȝȠȞĲȑȜȠȣΝ ĲȘȢΝαȞĲȜȓαȢ,Ν ȖȓȞİĲαȚΝ ȤȡȒıȘΝ İȞȩȢΝıȣȞȩȜȠȣΝπİȚȡαȝαĲȚțȫȞΝįİįȠȝȑȞȦȞέΝȉαΝπİȚȡαȝαĲȚțȐΝ
įİįȠȝȑȞαΝ παȡȑȤȠȣȞΝ ĲȚȝȑȢΝ ȖȚαΝ ĲȘȞΝ παȡȠȤȒΝ ȝȐȗαȢ,Ν ĲȘΝ șİȡȝȠțȡαıȓαΝ İȟȩįȠȣ ĲȠȣΝ İȡȖαȗȩȝİȞȠȣΝ
ȝȑıȠȣ,Ν ȘΝ įİΝ ȚıȤȪȢΝ πȠȣΝ αȞαπĲȪııİĲαȚΝ ıĲȠȞΝ ȐȟȠȞαΝ ĲȘȢΝ αȞĲȜȓα,Ν ȣπȠȜȠȖȓȗİĲαȚΝ απȩΝ ĲȘȞΝ παȡȠȤȒΝ
ȩȖțȠȣΝțαȚΝĲȘȞΝȝİĲαȕȠȜȒΝĲȘȢΝπȓİıȘȢΝĲȠȣΝİȡȖαȗȩȝİȞȠȣΝȝȑıȠȣΝİȞĲȩȢΝĲȘȢΝαȞĲȜȓαȢΝȝȑıȦΝȝȓαȢΝıȤȑıȘȢΝ
πȠȣΝπαȡȑȤİĲαȚΝαπȩΝĲȠȞΝțαĲαıțİȣαıĲȒΝΥıȤȑıȘΝ3.42)έΝǷıĲİΝȞαΝπȡȠıįȚȠȡȚıĲȠȪȞΝȠȚΝȕȑȜĲȚıĲİȢΝĲȚȝȑȢΝ
ĲȦȞΝπαȡαȝȑĲȡȦȞ,ΝİȚıαȖȐȖİĲαȚΝȝȓαΝıȣȞȐȡĲȘıȘΝıĳȐȜȝαĲȠȢ,ΝȘΝȠπȠȓαΝıĲαΝπȜαȓıȚαΝĲȘȢΝįȚαțȡȓȕȦıȘȢΝ
πȡȑπİȚΝ ȞαΝ İȜαȤȚıĲȠπȠȚȘșİȓέΝ ǾΝ ıȣȞȐȡĲȘıȘΝ ıĳȐȜȝαĲȠȣȢΝ πȠȣΝ ȤȡȘıȚȝȠπȠȚȒșȘțİΝ ıĲȠΝ ȝȠȞĲȑȜȠΝ
παȡȠȣıȚȐȗİĲαȚΝțȐĲȦșȚκ 

2 22

, , out, out,

1 1 1, out,

n n n
sh calc sh man calc meascalc meas

meas sh man meas

W W T Tm m
error

m W T

                      
 

(3.41) 

,

15

84428 511
flow

sh man

V pN
W

 
 

(3.42) 

ΌπȠȣ 

   (rpm) İȓȞαȚΝȘΝπİȡȚıĲȡȠĳȚțȒΝĲαȤȪĲȘĲαΝĲȠȣΝȐȟȠȞαΝĲȘȢΝαȞĲȜȓαȢΝ  ̇     (l/min)  İȓȞαȚΝȘΝπαȡȠȤȒΝȩȖțȠȣΝĲȠȣΝİȡȖαȗȩȝİȞȠȣΝȝȑıȠȣΝțαȚ    (bar)  İȓȞαȚΝȘΝȝİĲαȕȠȜȒΝĲȘȢΝπȓİıȘȢΝİȞĲȩȢΝĲȘȢΝαȞĲȜȓαȢέ 

ȈȣȞȠȜȚțȐΝ įȚαțȡȚȕȫșȘțαȞΝ 1ίΝ παȡȐȝİĲȡȠȚΝ ȕȐıİȚΝ ĲȦȞΝ πİȚȡαȝαĲȚțȫȞΝ įİįȠȝȑȞȦȞέΝ ȈĲȠȞΝ ȆȓȞαțαΝ
3.2 παȡȠȣıȚȐȗȠȞĲαȚΝ ȠȚΝ παȡȐȝİĲȡȠȚΝ πȠȣΝ įȚαțȡȚȕȫșȘțαȞΝ ȝȑıȦΝ ĲȘȢΝ įȚαįȚțαıȓαȢΝ ĲȘȢΝ
ȕİȜĲȚıĲȠπȠȓȘıȘȢΝțαȚΝȠȚΝȠȡȚαțȑȢΝĲȚȝȑȢΝαȣĲȫȞ,ΝȩπȦȢΝȠȡȓıĲȘțαȞΝıĲȠΝπİȡȚȕȐȜȜȠȞΝĲȠȣΝEES ȖȚαΝȞαΝ
ȣȜȠπȠȚȘșİȓΝȘΝİȜαȤȚıĲȠπȠȓȘıȘΝĲȘȢΝαȞĲȚțİȚȝİȞȚțȒȢΝıȣȞȐȡĲȘıȘȢΝΥĲȠȣΝıĳȐȜȝαĲȠȢ)έΝ 
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ΠέθαεαμΝ 3.2έΝ ΢τθκζκΝ παλαηΫĲλπθΝ πκνΝ įδαελδίυγβεαθΝ εαδΝ σλδαΝ İζΫΰξκνΝ
ανĲυθΝΰδαΝĲβΝίİζĲδıĲκπκέβıβ 
ΠαλΪηİτλομ ΚατυτατοΝσλδοΝİζΫΰξον ǹθυτατοΝσλδοΝİζΫΰξον 
AUamb (W/K) 0 1E04 
AUex,nom (W/K) 0 1E04 
AUsu,nom  (W/K) 0 1E04 
Aex (m

2) 1E-07 1 
Aleak,nom (m2) 0 1 
Asu (m

2) 1E-07 1 
C 1E-06 1 
fp 1E-03 1 
VH (m3) 1E-05 4E-03 
fe 1 3 

 

ΓȚαΝ ĲȘΝ įȚαțȡȓȕȦıȘΝ ĲȦȞΝ παȡαȝȑĲȡȦȞΝ ȤȡȘıȚȝȠπȠȚȒșȘțİΝ ȘΝ Ν ȝȑșȠįȠȢΝ ȝİĲαȕȜȘĲȒȢΝ ȝİĲȡȚțȒȢΝ (variable 
metric method). ǾΝ įȚαįȚțαıȓαΝ ĲȘȢΝ įȚαțȡȓȕȦıȘȢΝ παȡȠȣıȚȐȗİĲαȚΝ țαȚΝ ıİΝ ȝȠȡĳȒΝ įȚαȖȡȐȝȝαĲȠȢΝ ıĲȘȞΝ
ǼȚțέ3.15. 

ǻδαελδίωηΫθİμΝπαλΪηİτλοδΝηοθτΫζον

ΠİδλαηατδεΪΝǻİįοηΫθα

ǻİįοηΫθαΝİδıσįον:

, , , ,in in outf N T p p

Ǿηδ-İηπİδλδεσΝηοθτΫζο
αθτζέαμ

ǻİįοηΫθαΝİισįον:

m, ,out shT W ΢φΪζηα<İ

ΝǹΙ

ΟΥΙ

ΠİδλαηατδεΪΝαποτİζΫıηατα:

m , ,out shT W

ΣλοποποέβıβΝ
παλαηΫτλωθ

ΝİαΝįİįοηΫθαΝİδıσįον:

, , , ,in in outf N T p p

 

ǼδεέΝ3.15. ΢ξİįδΪΰλαηηαΝπκλİέαμΝπλκıįδκλδıηκτΝĲπθΝίΫζĲδıĲπθΝĲδηυθΝĲπθΝπαλαηΫĲλπθ 

ȈĲȠȞΝȆȓȞαțαΝ3.4 παȡȠȣıȚȐȗȠȞĲαȚΝȠȚΝĲȚȝȑȢΝπȠȣΝπȡȠȑțȣȥαȞΝαπȩΝĲȠȞΝαȜȖȩȡȚșȝȠΝįȚαțȡȓȕȦıȘȢΝĲȦȞΝ
παȡαȝȑĲȡȦȞΝ ĲȠȣΝ ȝȠȞĲȑȜȠȣ,Ν ȫıĲİΝ ȞαΝ İȜαȤȚıĲȠπȠȚȘșİȓΝ ĲȠΝ ıĳȐȜȝαΝ ΓȚαΝ ĲȠȞΝ ıțȠπȩΝ αȣĲȩΝ
ȤȡȘıȚȝȠπȠȚȒșȘțαȞΝ βίΝ πİȚȡαȝαĲȚțȐΝ ıȘȝİȓαΝ ȝİΝ ĲαΝ įİįȠȝȑȞαΝ αȣĲȫȞΝ ȞαΝ παȡȠıȣȚȐȗȠȞĲαȚΝ ıĲȠȞΝ
ȆȓȞαțαΝ3.3. 
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ΠέθαεαμΝ3.3έΝΠİδλαηαĲδεΪΝįİįκηΫθαΝ 

΢βη
İέο 

΢νξθστβταΝ
(Hz) 

ΠαλοξάΝ
ηΪααμΝΥkg/s) 

Θİληοελαı
έαΝİισįονΝΥΚ) 

ΙıξτμΝ
(W) 

1 41.4183 0.3169 307.65 543.88 
2 42.6794 0.2976 308.05 529.75 
3 43.1010 0.2956 308.60 512.79 
4 43.7066 0.3091 308.70 551.43 
5 43.6992 0.2929 309.83 520.86 
6 45.0000 0.3450 306.19 593.93 
7 45.8088 0.3416 306.36 596.81 
8 46.0000 0.3225 306.57 561.90 
9 47.5000 0.3328 306.46 616.07 
10 48.3415 0.3508 306.70 625.18 
11 50.0000 0.3513 306.80 676.46 
12 50.0000 0.3545 310.27 666.98 
13 41.6732 0.3010 308.12 524.71 
14 41.6845 0.3125 308.16 567.20 
15 42.6895 0.3029 308.72 535.16 
16 43.7018 0.2904 309.63 522.80 
17 46.0000 0.3397 306.65 640.04 
18 47.5000 0.3356 306.56 689.49 
19 47.2934 0.3413 306.90 590.52 
20 50.0000 0.3599 311.66 645.04 

 

ΠέθαεαμΝ3.4έΝǻδαελδίπηΫθİμΝĲδηΫμΝĲπθΝπαλαηΫĲλπθΝĲκνΝηκθĲΫζκν 
ΠαλΪηİτλομ ǻδαελδίωηΫθİμΝτδηΫμ 
AUamb (W/K) 1 
AUex,nom (W/K) 50 
AUsu,nom  (W/K) 60 
Aex (m

2) 7E-05 
Aleak,nom (m2) 3E-07 
Asu (m

2) 5E-05 
C 0,1 
fp 0,9945 
VH (m3) 2E-05 
fe 1.01 

ȈĲȚȢΝǼȚțέ3.16-3.18 πȠȣΝαțȠȜȠȣșȠȪȞΝπαȡȠȣıȚȐȗȠȞĲαȚ,ΝȣπȩΝȝȠȡĳȒΝįȚαȖȡαȝȝȐĲȦȞ,ΝȠȚΝıȣıȤİĲȓıİȚȢΝ
ĲȦȞΝ πİȚȡαȝαĲȚțȫȞΝ įİįȠȝȑȞȦȞΝ ȝİΝ ĲαΝ απȠĲİȜȑıȝαĲαΝ ĲȠȣΝ ȝȠȞĲȑȜȠȣΝ ĲȘȢΝ αȞĲȜȓαȢέΝ ΌπȦȢΝ
παȡαĲȘȡİȓĲαȚΝıİΝȩȜİȢΝĲȚȢΝπİȡȚπĲȫıİȚȢ,ΝȘΝαπȩțȜȚıȘΝȕȡȓıțİĲαȚΝİȞĲȩȢΝĲȠȣΝ1ί΢,ΝțαșȚıĲȫȞĲαȢΝĲȘȞΝ
αțȡȓȕİȚαΝĲȠȣΝȝȠȞĲȑȜȠȣΝȚțαȞȠπȠȚȘĲȚțȒέ  
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ǼδεέΝ3.16. ΢τΰελδıβΝπİδλαηαĲδευθΝįİįκηΫθπθΝηİΝ ĲαΝαπκĲİζΫıηαĲαΝ ĲκνΝįδαελδίπηΫθκνΝ ηκθĲΫζκν  
ΰδαΝĲβθΝπαλκξάΝηΪααμΝĲκνΝİλΰαασηİθκνΝηΫıκν 

 

ǼδεέΝ3.17. ΢τΰελδıβΝπİδλαηαĲδευθΝįİįκηΫθπθΝηİΝ ĲαΝαπκĲİζΫıηαĲαΝ ĲκνΝįδαελδίπηΫθκνΝηκθĲΫζκνΝΝ
ΰδαΝĲβθΝγİληκελαıέαΝİισįκνΝĲκνΝİλΰαασηİθκνΝηΫıκνΝαπσΝĲβθΝαθĲζέα 
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ǼδεέΝ3.18. ΢τΰελδıβΝπİδλαηαĲδευθΝįİįκηΫθπθΝηİΝ ĲαΝαπκĲİζΫıηαĲαΝ ĲκνΝįδαελδίπηΫθκνΝηκθĲΫζκνΝΝ
ΰδαΝĲβθΝδıξτΝπκνΝηİĲαĳΫλİĲαδΝıĲβθΝΪĲλαεĲκΝĲβμΝαθĲζέαμ 
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ΚİφΪζαδοΝδέΝΝΝ ǹθΪζνıβΝίαıδευθΝπαλαηΫτλωθΝαθτζέαμ 

 

ȂİĲȐΝ ĲȘΝ įȚαțȡȓȕȦıȘΝ ĲȦȞΝ ȕαıȚțȫȞΝ παȡαȝȑĲȡȦȞΝ ĲȠȣΝ ȘȝȚ-İȝπİȡȚțȠȪΝ ȝȠȞĲȑȜȠȣ,Ν αțȠȜȠȣșİȓΝ ȘΝ
αȞȐȜȣıȘΝ ĲȘȢΝ ıȣȝπİȡȚĳȠȡȐȢΝ ĲȘȢΝ αȞĲȜȓαȢΝ ıİΝ įȚȐĳȠȡİȢΝ ıȣȞșȒțİȢΝ ȜİȚĲȠȣȡȖȓαȢέ ȈĲȠΝ παȡȩȞΝ
țİĳȐȜαȚȠ,Ν ĲȠΝ ȝȠȞĲȑȜȠΝ πȠȣΝ ȒįȘΝ παȡȠȣıȚȐıĲȘțİΝ ȤȡȘıȚȝȠπȠȚȒșȘțİ,Ν ȑȤȠȞĲαȢΝ İȞıȦȝαĲȫıİȚΝ ĲȚȢΝ
įȚαțȡȚȕȦȝȑȞİȢΝĲȚȝȑȢΝĲȦȞΝπαȡαȝȑĲȡȦȞΝĲȠȣΝȀİĳαȜαȓȠȣΝγ,ΝȖȚαΝȞαΝπȡαȖȝαĲȠπȠȚȘșİȓΝȝȓαΝαȞȐȜȣıȘΝ
ĲȘȢΝαπȩįȠıȘȢΝĲȘȢΝαȞĲȜȓαȢΝȝİĲαȕȐȜȜȠȞĲαȢΝįȚȐĳȠȡαΝȝİȖȑșȘΝıĲȘȞΝİȓıȠįȠΝĲȠȣΝȝȠȞĲȑȜȠȣέ 

 

4.1 ΠαλοξάΝηΪααμΝ 

ȈİΝ πȡȫĲȠΝ ıĲȐįȚȠΝ πȡαȖȝαĲȠπȠȚȒșȘțİΝ ȝȚαΝ ıȪȖțȡȚıȘΝ ĲȦȞΝ ȤαȡαțĲȘıĲȚțȫȞΝ ĲȘȢΝ αȞĲȜȓαȢ,Ν ȩπȦȢΝ
αȣĲȑȢΝįȓįȠȞĲαȚΝαπȩΝĲȠȞΝțαĲαıțİȣαıĲȒΝțαȚΝĲȦȞΝįİįȠȝȑȞȦȞΝπȠȣΝπȡȠțȪπĲȠȣȞΝαπȩΝĲȠΝȝȠȞĲȑȜȠέ 

 

ǼδεέΝ4.1έΝΠαλκξάΝσΰεκν ıİΝıνθΪλĲβıβΝηİΝĲβθΝĲαξτĲβĲαΝπİλδıĲλκĳάμΝσππμΝπλκίζΫπİĲαδΝαπσΝĲκΝβηδ-
İηπİδλδεσΝηκθĲΫζκ 



 

[63] 

 

 

ǼδεέΝ 4.2. ΠαλκξάΝ σΰεκν ıİΝ ıνθΪλĲβıβΝ ηİΝ ĲβθΝ ĲαξτĲβĲαΝ πİλδıĲλκĳάμΝ σππμΝ παλΫξİĲαδΝ απσΝ ĲκθΝ
εαĲαıεİναıĲά[94] 

ΌπȦȢΝ παȡαĲȘȡİȓĲαȚΝ απȩΝ ĲȚȢΝ ǼȚțέ4.1-4.2 ȣπȐȡȤİȚ ȝȚαΝ ȚțαȞȠπȠȚȘĲȚțȒΝ ıȪȖțȜȚıȘΝ αȞȐȝİıαΝ ıĲȘȞΝ
ȤαȡαțĲȘȡȚıĲȚțȒΝπȠȣΝπαȡȑȤİĲαȚΝαπȩΝ ĲȠȞΝțαĲαıțİȣαıĲȒΝțαȚΝαȣĲȒΝπȠȣΝπȡȠȕȜȑπİĲαȚΝαπȩΝ ĲȠΝȘȝȚ-
İȝπİȚȡȚțȩΝȝȠȞĲȑȜȠέΝǾΝȝȚțȡȒΝαπȩțȜȚıȘΝıĲȚȢΝĲȚȝȑȢ,ΝȘΝȠπȠȓαΝπαȡαĲȘȡİȓĲαȚΝαπȠįȓįİĲαȚΝıĲȘȞΝȤȡȒıȘΝ
įȚαĳȠȡİĲȚțȠȪΝ ȝȑıȠȣΝ ȝİĲαȟȪΝ ĲȦȞΝ įİįȠȝȑȞȦȞΝ ĲȠȣΝ țαĲαıțİȣαıĲȒΝ țαȚΝ ĲȠȣΝ ȘȝȚ-İȝπİȚȡȚțȠȪΝ
ȝȠȞĲȑȜȠȣέΝȈĲȘȞΝπİȡȓπĲȦıȘΝĲȠȣΝȘȝȚ-İȝπİȚȡȚțȠȪΝȝȠȞĲȑȜȠȣΝȘΝαȞȐȜȣıȘΝπȡαȖȝαĲȠπȠȚȒșȘțİΝȖȚαΝįȪȠΝ
İπȓπİįαΝπȓİıȘȢΝİȟȩįȠȣΝ -δΝțαȚΝζίbar αȞĲȓıĲȠȚȤα- țαȚΝπαȡαĲȘȡȒșȘțİΝȩĲȚΝȩıȠΝαȣȟȐȞİĲαȚΝȘΝπȓİıȘΝ
ıĲȘȞΝȑȟȠįȠΝĲȘȢΝαȞĲȜȓαȢΝĲȩıȠΝȝİȚȫȞİĲαȚΝȘΝțȜȓıȘΝĲȘȢΝȤαȡαțĲȘȡȚıĲȚțȒȢΝțαȝπȪȜȘȢ,ΝıȣȝπİȡȚĳȠȡȐΝ
πȠȣΝİπȚȕİȕαȚȫȞİĲαȚΝțαȚΝıĲȚȢΝȤαȡαțĲȘȡıĲȚțȑȢΝțαȝπȪȜİȢΝπȠȣΝπαȡȑȤİȚΝȠΝțαĲαıțİȣαıĲȒȢέΝ 

ǹπȩΝĲȘȞΝȐȜȜȘΝπȜİȣȡȐ,ΝıĲȘȞΝǼȚțέ4.3 παȡȠȣıȚȐȗİĲαȚΝȘΝıȣȝπİȡȚĳȠȡȐ ĲȘȢΝπαȡȠȤȒȢΝȩȖțȠȣΝıĲȘȞΝ
ȑȟȠįȠΝıαȞΝıȣȞȐȡĲȘıȘΝĲȘȢΝαȪȟȘıȘȢΝπȓİıȘȢΝİȞĲȩȢΝĲȘȢΝαȞĲȜȓαȢέΝΌπȦȢΝİȓȞαȚΝαȞαȝİȞȩȝİȞȠ,ΝαȪȟȘıȘΝ
ĲȘȢΝ ıȣȝπȓİıȘȢΝ ȝİȚȫȞİȚΝ ĲȘȞΝ παȡȠȤȒΝ ȩȖțȠȣ,Ν țαșȩĲȚΝ πȡȑπİȚΝ ȞαΝ ȝİȚȦșİȓΝ ȘΝ παȡȠȤȒΝ ȫıĲİΝ ȞαΝ
ıȣȝπȚİıĲİȓΝȝȑȤȡȚΝĲȠΝİπȚșȣȝȘĲȩΝİπȓπİįȠΝȘΝȡȠȒέ 



 

[64] 

 

 

 

ǼδεέΝ4.3έΝΠαλκξάΝσΰεκνΝıĲβθΝΫικįκΝıİΝıνθΪλĲβıβΝηİΝĲβΝηİĲαίκζάΝπέİıβμΝπκνΝİπδĲİζİέΝβΝαθĲζέα 

 
 

4.2 ΎοομΝıπβζαέωıβμ 

ǹȞαĳȠȡȚțȐΝ ȝİΝ ĲȠΝ ȪȥȠȢΝ ıπȘȜαȓȦıȘȢ,Ν ıĲαΝ πȜαȓıȚαΝ ĲȠȣΝ ȝȠȞĲȑȜȠȣΝ șİȦȡȒșȘțİΝ ȩĲȚΝ ĲȠΝ țȡȓıȚȝȠΝ
ȪȥȠȢΝ ıπȘȜαȓȦıȘȢΝ NPSHr İȓȞαȚΝ ıĲαșİȡȩΝ țαȚΝ țαĲ’αȣĲȩΝ ĲȠȞΝ ĲȡȩπȠΝ πȡȠȑțȣȥİΝ ȘΝ ȝȠȡĳȒΝ ĲȘȢΝ
țαȝπȪȜȘȢΝ ĲȠȣΝ įȚαșȑıȚȝȠȣΝ ȪȥȠȣȢΝ ıπȘȜαȓȦıȘȢΝ NPSHa,Ν ȩπȦȢΝ ĳαȓȞİĲαȚΝ ıĲȘȞΝ ǼȚțέ4.4έΝ ΌπȦȢΝ
παȡαĲȘȡİȓĲαȚ,Ν ĲȠΝ įȚαșȑıȚȝȠΝ ȪȥȠȢΝ ıπȘȜαȓȦıȘȢΝ ȝİȚȫȞİĲαȚΝ ȝİΝ ĲȘȞΝ ĲαȤȪĲȘĲαΝ πİȡȚıĲȡȠĳȒȢ,Ν
ıȣȝπİȡȚĳȠȡȐΝπȠȣΝĲαȣĲȓȗİĲαȚΝȝİΝĲȚȢΝıȣȞȒșİȚȢΝȤαȡαțĲȘȡȚıĲȚțȑȢΝĲȦȞΝαȞĲȜȚȫȞέΝ 



 

[65] 

 

 

ǼδεέΝ4.4έΝΜİĲαίκζάΝĲκνΝNPSH ıİΝıνθΪλĲβıβΝηİΝĲβθΝĲαξτĲβĲαΝπİλδıĲλκĳάμΝσππμΝπλκίζΫπİĲαδΝαπσΝ
ĲκΝβηδ-İηπİδλδεσΝηκθĲΫζκ 

ȈĲȘȞΝǼȚțέ4.5 παȡȠȣıȚȐȗİĲαȚΝȘΝȝİĲαȕȠȜȒΝĲȠȣΝįȚαșȑıȚȝȠȣΝȪȥȠȣȢΝıπȘȜαȓȦıȘȢΝαπȩΝĲȘȞΝαȪȟȘıȘΝ
ĲȘȢΝ πȓİıȘȢΝ İȞĲȩȢΝ ĲȘȢΝ αȞĲȜȓαȢέΝ ΌπȦȢΝ παȡαĲȘȡİȓĲαȚ,Ν αȪȟȘıȘΝ ĲȘȢΝ πȓİıȘȢΝ ıĲȘȞΝ ȑȟȠįȠ,Ν ȠįȘȖİȓΝ ıİΝ
αȪȟȘıȘΝĲȠȣΝįȚαșȑıȚȝȠȣΝȪȥȠȣȢΝıπȘȜαȓȦıȘȢ,ΝțȐĲȚΝπȠȣΝαȚĲȚȠȜȠȖİȓĲαȚΝαπȩΝĲȘȞΝȝİȓȦıȘΝĲȘȢΝπαȡȠȤȒȢΝ
ȩȖțȠȣΝıĲȘȞΝȑȟȠįȠ,ΝȩπȦȢΝαȣĲȒΝπαȡȠȣıȚȐıĲȘțİΝıĲȘȞ ǼȚțέ4.3έΝǻİįȠȝȑȞȠȣ ȩĲȚΝȘΝπαȡȠȤȒΝȝİȚȫȞİĲαȚ,Ν
ȝİȚȫȞȠȞĲαȚΝțαȚΝȠȚΝαπȫȜİȚİȢΝȜȩȖȦΝİπȚĲȐȤȣȞıȘȢ,ΝȩπȦȢΝșαΝαȞαȜȣșİȓΝțαȚΝıĲȠΝȀİĳȐȜαȚȠΝεέΝ 



 

[66] 

 

 

ǼδεέΝ4.5. ΜİĲαίκζάΝĲκνΝNPSH ıİΝıνθΪλĲβıβΝηİΝĲβθΝατιβıβΝπέİıβμΝıĲβθΝαθĲζέαΝσππμΝπλκίζΫπİĲαδΝ
απσΝĲκΝβηδ-İηπİδλδεσΝηκθĲΫζκ 

 

4.3 ǺαγηοέΝαπσįοıβμ 

ΌπȦȢΝπαȡαĲȘȡİȓĲαȚΝαπȩΝĲȠΝįȚȐȖȡαȝȝαΝĲȠȣΝȠȖțȠȝİĲȡȚțȠȪΝȕαșȝȠȪΝαπȩįȠıȘȢΝπȠȣΝțαĲαıțİȪαıİΝ
ȠΝDeclaye [40] ıĲȘȞΝǼȚțέ4.6, Ș ĲȚȝȒΝĲȠȣΝȕαșȝȠȪΝαπȩįȠıȘȢΝȝİȚȫȞİĲαȚΝțαșȫȢΝȘΝαȪȟȘıȘΝĲȘȢΝπȓİıȘȢΝ
İȞĲȩȢΝ ĲȘȢΝ αȞĲȜȓαȢΝ İȓȞαȚΝ ȝİȖαȜȪĲİȡȘέΝ ǹȣĲȩΝ ȠĳİȓȜİĲαȚΝ țȣȡȓȦȢΝ ıĲȠΝ ȖİȖȠȞȩȢΝ ȩĲȚΝ αȪȟȘıȘΝ ĲȘȢΝ
ȝİĲαȕȠȜȒȢΝĲȘȢΝπȓİıȘȢΝİȞĲȩȢΝĲȘȢΝαȞĲȜȓαȢ,ΝαȣȟȐȞİȚΝĲȚȢΝİıȦĲİȡȚțȑȢΝįȚαȡȡȠȑȢΝțαȚΝıȣȞİπȫȢΝȝİȚȫȞİȚΝ
ĲȠȞΝ ȠȖțȠȝİĲȡȚțȩΝȕαșȝȩΝ απȩįȠıȘȢέΝǼπȚπȡȩıșİĲα,Ν αȪȟȘıȘΝ ĲȘȢΝȝİĲαȕȠȜȒȢΝ ĲȘȢΝ πȓİıȘȢΝ İȞĲȩȢΝ ĲȘȢΝ
αȞĲȜȓαȢ,ΝαȣȟȐȞİȚΝĲȘȞΝșİȡȝȠțȡαıȓαΝĲȦȞΝĲȠȚȤȦȝȐĲȦȞΝαȣĲȒȢΝȝİΝαπȠĲȑȜİıȝαΝȠΝİȚįȚțȩȢΝȩȖțȠȢΝıĲȘȞΝ
αȞαȡȡȩĳȘıȘΝ ȞαΝ αȣȟȐȞİȚ,Ν ȝİȚȫȞȠȞĲαȢΝ ĲȠȞΝ ȠȖțȠȝİĲȡȚțȩΝ ȕαșȝȩΝ απȩįȠıȘȢέΝ ȉȑȜȠȢ,Ν αȟȓȗİȚΝ ȞαΝ
ıȘȝİȚȦșİȓ,Ν ȩπȦȢΝ įȚαțȡȓȞİĲαȚΝ țαȚΝ απȩΝ ĲȠΝ įȚȐȖȡαȝȝα,Ν ȩĲȚ ȠΝ ȡȣșȝȩȢΝ ȝİĲαȕȠȜȒȢΝ ĲȠȣΝ ȕαșȝȠȪΝ
απȩįȠıȘȢΝİȟαȡĲȐĲαȚΝαπȩΝĲȠȞΝĲȪπȠΝĲȘȢΝαȞĲȜȓαȢέ 



 

[67] 

 

 

ǼδεέΝ 4.6. ΢νηπİλδĳκλΪΝ ĲκνΝ κΰεκηİĲλδεκτΝ ίαγηκτΝ απσįκıβμΝ ΰδαΝ įδΪĳκλκνμΝ ĲτπκνμΝ αθĲζέπθΝ ıİΝ
ıνθΪλĲβıβΝηİΝĲβθΝατιβıβΝĲβμΝπέİıβμΝİθĲσμΝĲβμΝαθĲζέαμΝ[40] 

ȀαĲȐΝ αȞĲȚıĲȠȚȤȓα,Ν ıĲȘȞΝ ǼȚțέ4.7 παȡȠȣıȚȐȗİĲαȚ ȘΝ ıȣȝπİȡȚĳȠȡȐΝ ĲȠȣΝ ȠȖțȠȝİĲȡȚțȠȪΝ ȕαșȝȠȪΝ
απȩįȠıȘȢΝȩπȦȢΝπȡȠȕȜȑπİĲαȚΝαπȩΝĲȠΝȝȠȞĲȑȜȠέΝȆαȡαĲȘȡİȓĲαȚΝȩĲȚΝȣπȐȡȤİȚΝıȪȖțȜȚıȘΝαȞαĳȠȡȚțȐΝȝİΝ
ĲȘΝȝȠȡĳȒΝĲȘȢΝțαȝπȪȜȘȢ,ΝȠȚΝįİΝĲȚȝȑȢΝĲȠȣΝȕαșȝȠȪΝαπȩįȠıȘȢΝȑȤȠȣȞΝİπȓıȘȢΝȝȓαΝıȤİĲȚțȒΝıȪȝπĲȦıȘ,Ν
įİįȠȝȑȞȠȣΝȩĲȚΝαȞαĳȑȡȠȞĲαȚΝıİΝįȚαĳȠȡİĲȚțȐΝȠȡȖαȞȚțȐΝȝȑıαέ 

 

ǼδεέΝ 4.7. ΢νηπİλδĳκλΪΝ ĲκνΝ κΰεκηİĲλδεκτΝ ίαγηκτΝ απσįκıβμΝ ıİΝ ıνθΪλĲβıβΝ ηİΝ ĲβθΝ ατιβıβΝ ĲβμΝ
πέİıβμΝİθĲσμΝĲβμΝαθĲζέαμΝσππμΝπλκίζΫπİĲαδΝαπσΝĲκΝβηδ-İηπİδλδεσΝηκθĲΫζκ 



 

[68] 

 

ȈĲȘȞΝ ǼȚțέ4.8 παȡȠȣıȚȐȗİĲαȚ ȘΝ ıȣȝπİȡȚĳȠȡȐΝ ĲȠȣΝ ȠȜȚțȠȪΝ ȕαșȝȠȪΝ απȩįȠıȘȢΝ ȖȚαΝ įȚȐĳȠȡȠȣȢΝ
ĲȪπȠȣȢΝαȞĲȜȚȫȞΝȖȚαΝįȚȐĳȠȡİȢΝĲȚȝȑȢΝĲȘȢΝȝİĲαȕȠȜȒȢΝπȓİıȘȢΝ İȞĲȩȢΝĲȘȢΝαȞĲȜȓαȢ [40]έΝΓȚαΝȩȜİȢΝ ĲȚȢΝ
πİȡȚπĲȫıİȚȢ,ΝȠΝȠȜȚțȩȢΝȕαșȝȩȢΝαπȩįȠıȘȢΝİȓȞαȚΝıȤİĲȚțȐΝȤαȝȘȜȩȢ,ΝȝİΝĲȘȞΝİȝȕȠȜȠĳȩȡȠΝαȞĲȜȓαΝȞαΝ
İπȚĲȣȖȤȐȞİȚΝĲȘȞΝȣȥȘȜȩĲİȡȘΝĲȚȝȒ,ΝπȠȣΝȦıĲȩıȠΝįİȞΝȣπİȡȑȕαȚȞİΝĲȠΝδζ΢έΝΌπȦȢΝπαȡαĲȘȡİȓĲαȚ,ΝıİΝ
ȩȜİȢΝ ĲȚȢΝ πİȡȚπĲȫıİȚȢΝ αȪȟȘıȘΝ ĲȘȢΝ ȝİĲαȕȠȜȒȢΝ ĲȘȢΝ πȓİıȘȢΝ ĲȘȢΝ αȞĲȜȓαȢΝ ıȣȞİπȐȖİĲαȚΝ αȪȟȘıȘΝ ĲȠȣΝ
ȠȜȚțȠȪΝ ȕαșȝȠȪΝ απȩįȠıȘȢέΝ ǹȞαĳȠȡȚțȐ,Ν ȝİΝ ĲȚȢΝ įȪȠΝ αȞĲȜȓİȢΝ įȚαĳȡȐȖȝαĲȠȢΝ παȡαĲȘȡİȓĲαȚΝ ȩĲȚΝ ȠȚΝ
ȕαșȝȠȓΝαπȩįȠıȘȢΝπαȡȠȣıȚȐȗȠȣȞΝȝȚțȡȒΝαπȩțȜȚıȘέ 

 

ǼδεέΝ4.8έΝ΢νηπİλδĳκλΪΝĲκνΝκζδεκτΝίαγηκτΝαπσįκıβμΝΰδαΝįδΪĳκλκνμΝĲτπκνμΝαθĲζέπθΝıİΝıνθΪλĲβıβΝ
ηİΝĲβθΝατιβıβΝĲβμΝπέİıβμΝİθĲσμΝĲβμΝαθĲζέαμΝ[40] 

ȈĲȘȞΝ ǼȚțέ4.9 παȡȠȣıȚȐȗİĲαȚ ĲȠΝ αȞĲȓıĲȠȚȤȠΝ įȚȐȖȡαȝȝαΝ ȩπȦȢΝ αȣĲȩΝ πȡȠțȪπĲİȚΝ απȩΝ ĲȠΝ ȘȝȚ-
İȝπİȚȡȚțȩΝȝȠȞĲȑȜȠέΝΌπȦȢΝπαȡαĲȘȡİȓĲαȚ,ΝıȣȝπİȡȚĳȠȡȐΝĲȠȣΝȠȜȚțȠȪΝȕαșȝȠȪΝαπȩįȠıȘȢΝıȣȝπȓπĲİȚΝ
ȝİΝ αȣĲȒΝ πȠȣΝ πȡȠȕȜȑπİĲαȚΝ απȩΝ ĲȘΝ ȕȚȕȜȚȠȖȡαĳȓαέΝ ǼπȚπȡȩıșİĲα,Ν ȠȚΝ ĲȚȝȑȢΝ ĲȠȣΝ ȠȜȚțȠȪΝ ȕαșȝȠȪΝ
απȩįȠıȘȢΝȖȚαΝ ĲȚȢΝαȞĲȜȓİȢΝ įȚαĳȡȐȖȝαĲȠȢΝıȣȝπȓπĲȠȣȞΝıİΝ ȑȞαΝȝİȖȐȜȠΝȕαșȝȩΝȖȚαΝ ĲȠΝ ȑȣȡȠȢΝ ĲȚȝȫȞΝ
πȠȣΝ ȣπȐȡȤİȚΝ țαȚΝ ıĲαΝ įȪȠΝ įȚαȖȡȐȝȝαĲαΝ ıĲȚȢΝ ǼȚțέ4.8-4.9έΝ ȉȣȤȩȞΝ απȠțȜȓıİȚȢΝ ıĲȚȢΝ ĲȚȝȑȢ,Ν αȞΝ țαȚΝ
ıȤİĲȚțȐΝ αȝİȜȘĲȑİȢ,Ν απȠįȓįȠȞĲαȚΝ ,ȦȢΝ İπȓΝ ĲȠΝ πȜİȓıĲȠȞ,Ν ıĲȘȞ ȤȡȒıȘΝ įȚαĳȠȡİĲȚțȫȞΝ ȠȡȖαȞȚțȫȞΝ
ȝȑıȦȞέ 



 

[69] 

 

 

ǼδεέΝ4.9έΝ΢νηπİλδĳκλΪΝĲκνΝκζδεκτΝίαγηκτΝαπσįκıβμΝıİΝıνθΪλĲβıβΝηİΝĲβθΝατιβıβΝĲβμΝπέİıβμΝİθĲσμΝ
ĲβμΝαθĲζέαμΝσππμΝπλκίζΫπİĲαδΝαπσΝĲκΝβηδ-İηπİδλδεσΝηκθĲΫζκ 

ȈĲȚȢΝ ǼȚțέ4.10-4.11 παȡȠȣıȚȐȗİĲαȚΝ ȠΝ ȠȖțȠȝİĲȡȚțȩȢΝ țαȚΝ ȠΝ ȠȜȚțȩȢΝ ȕαșȝȩȢΝ απȩįȠıȘȢΝ ıİΝ
ıȣȞȐȡĲȘıȘΝȝİΝĲȘȞΝĲαȤȪĲȘĲαΝπİȡȚıĲȡȠĳȒȢΝĲȘȢΝαȞĲȜȓαȢ,ΝȩπȦȢΝπȡȠȕȜȑπİĲαȚΝαπȩΝĲȠΝȘȝȚ-İȝπİȚȡȚțȩΝ
ȝȠȞĲȑȜȠέΝ ǹȞαĳȠȡȚțȐΝ ȝİΝ ĲȠȞΝ ȠȖțȠȝİĲȡȚțȩΝ ȕαșȝȩΝ απȩįȠıȘȢ,Ν αȣĲȩȢΝ ȝİȚȫȞİĲαȚΝ ȝİΝ ĲȘȞΝ ĲαȤȪĲȘĲαΝ
πİȡȚıĲȡȠĳȒȢΝțαșȫȢΝαȪȟȘıȘΝĲȘȢΝπİȡȚıĲȡȠĳȚțȒȢΝĲαȤȪĲȘĲαȢΝȠįȘȖİȓΝıİΝαȪȟȘıȘΝĲȦȞΝįȚαȡȡȠȫȞΝțαȚΝ
ĲȦȞΝȝȘȤαȞȚțȫȞΝαπȦȜİȚȫȞέ 

ȅΝȠȜȚțȩȢΝȕαșȝȩȢΝαπȩįȠıȘȢ,ΝȩπȦȢΝĳαȓȞİĲαȚΝıĲȘȞΝǼȚțέ4.11 İȝĳαȞȓȗİȚΝαȪȟȘıȘΝțαșȫȢΝαȣȟȐȞİĲαȚΝ
ȘΝ ĲαȤȪĲȘĲαΝ πİȡȚıĲȡȠĳȒȢέΝ ǹȣĲȩΝ ıȣȝȕαȓȞİȚΝ ȖȚαĲȓΝ ȘΝ αȪȟȘıȘ ĲȘȢΝ παȡȠȤȒȢ,Ν ıαȞΝ ıȣȞȑπİȚαΝ ĲȘȢΝ
αȪȟȘıȘȢΝĲȘȢΝĲαȤȪĲȘĲαȢΝπİȡȚıĲȡȠĳȒȢ,ΝȠįȘȖİȓΝΝıİ αȪȟȘıȘΝĲȠȣΝȣįȡαȣȜȚțȠȪΝȑȡȖȠȣΝπȠȣΝȝİĲαĳȑȡİĲαȚΝ
ıĲȠΝȠȡȖαȞȚțȩΝȝȑıȠ,ΝαȣȟȐȞȠȞĲαȢΝĲȠȞΝαȡȚșȝȘĲȒΝĲȠȣΝțȜȐıȝαĲȠȢΝĲȠȣΝȕαșȝȠȪΝαπȩįȠıȘȢ. 
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ǼδεέΝ 4.10έΝ ΢νηπİλδĳκλΪΝ ĲκνΝ κΰεκηİĲλδεκτΝ ίαγηκτΝ απσįκıβμΝ ıİΝ ıνθΪλĲβıβΝ ηİΝ ĲβθΝ ĲαξτĲβĲαΝ
πİλδıĲλκĳάμΝĲβμΝαθĲζέαμΝσππμΝπλκίζΫπİĲαδΝαπσΝĲκΝβηδ-İηπİδλδεσΝηκθĲΫζκ 

 

ǼδεέΝ4.11έΝ΢νηπİλδĳκλΪΝĲκνΝκζδεκτΝίαγηκτΝαπσįκıβμΝıİΝıνθΪλĲβıβΝηİΝĲβθΝĲαξτĲβĲαΝπİλδıĲλκĳάμΝ
ĲβμΝαθĲζέαμΝσππμΝπλκίζΫπİĲαδΝαπσΝĲκΝβηδ-İηπİδλδεσΝηκθĲΫζκ 
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4.4 ΚαταθΪζωıβΝδıξτομ 

ȈĲȚȢΝ ǼȚțέ4.12-4.13 παȡȠȣıȚȐȗİĲαȚΝ ȘΝ țαĲαȞȐȜȦıȘΝ ȘȜİțĲȡȚțȒΝ ȚıȤȪȠȢΝ ıİΝ ıȣȞȐȡĲȘıȘΝ ȝİΝ ĲȘȞΝ
αȪȟȘıȘΝπȓİıȘȢΝİȞĲȩȢΝĲȘȢΝαȞĲȜȓαȢΝțαȚΝĲȘȢΝĲαȤȪĲȘĲαȢΝπİȡȚıĲȡȠĳȒȢΝĲȘȢέΝΌπȦȢΝİȓȞαȚΝαȞαȝİȞȩȝİȞȠ,Ν
αȪȟȘıȘΝĲȠȣΝĳȠȡĲȓȠȣΝțαȚΝıĲȚȢΝįȪȠΝπİȡȚπĲȫıİȚȢΝαȣȟȐȞİȚΝĲȘȞΝȘȜİțĲȡȚțȒΝțαĲαȞȐȜȦıȘΝĲȘȢΝαȞĲȜȓαȢέΝ
ǹȟȓȗİȚΝ İπȚπȜȑȠȞΝ ȞαΝ ıȘȝİȚȦșİȓ ȩĲȚΝ ıİΝ ȩȜİȢΝ ĲȚȢΝ țαĲαıĲȐıİȚȢΝ πȠȣΝ ȝİȜİĲȒșȘțαȞΝ ĲȩıȠΝ ȖȚαΝ ĲȘȞΝ
ȝİĲαȕȠȜȒΝĲȘȢΝπȓİıȘȢΝȩıȠΝțαȚΝȖȚαΝĲȘȞΝĲαȤȪĲȘĲαΝπİȡȚıĲȡȠĳȒȢ,ΝȘΝțαĲαȞȐȜȦıȘΝȚıȤȪȠȢΝțȣȝȐȞșȘțİΝ
ȝİĲαȟȪΝ1kW țαȚΝ1έε kW. 

 

ǼδεέΝ 4.12έΝ ΚαĲαθΪζπıβ βζİεĲλδεάμΝ δıξτκμ αθĲζέαμΝ σππμΝ πλκίζΫπİĲαδΝ απσΝ ĲκΝ βηδ-İηπİδλδεσΝ
ηκθĲΫζκ ıαθΝıνθΪλĲβıβΝηİΝĲβθΝατιβıβΝĲβμΝπέİıβμΝİθĲσμΝĲβμΝαθĲζέαμ 



 

[72] 

 

 

ǼδεέΝ 4.13έΝ ΚαĲαθΪζπıβΝ βζİεĲλδεάμΝ δıξτκμΝ αθĲζέαμΝ σππμΝ πλκίζΫπİĲαδΝ απσΝ ĲκΝ βηδ-İηπİδλδεσΝ
ηκθĲΫζκΝıαθΝıνθΪλĲβıβΝηİΝĲβθΝĲαξτĲβĲαΝπİλδıĲλκĳάμΝĲβμΝαθĲζέαμ 
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ΚİφΪζαδοΝεέΝΝΝ ǹθΪζνıβΝφαδθοηΫθονΝıπβζαέωıβμ 

 

ȈĲȠΝ παȡȩȞΝ țİĳȐȜαȚȠΝ ĲȘȢΝ İȡȖαıȓαΝ παȡȠȣıȚȐȗİĲαȚΝ ȘΝ ıȣȝπİȡȚĳȠȡȐΝ ĲȘȢΝ αȞĲȜȓαȢ,Ν ȩπȦȢΝ
πȡȠȕȜȑπİĲαȚΝ απȩΝ ĲȠΝ ȝȠȞĲȑȜȠ,Ν ıİΝ ıȣȞșȒțİȢΝ ıπȘȜαȓȦıȘȢέΝ ǻİįȠȝȑȞȘȢΝ ĲȘȢΝ ıȠȕαȡȩĲȘĲαȢΝ ĲȠȣΝ
ĳαȚȞȠȝȑȞȠȣΝ ĲȘȢΝ ıπȘȜαȓȦıȘȢΝ ĲȩıȠΝ ȖȚαΝ ĲȘȞΝ απȩįȠıȘΝ ĲȘȢΝ αȞĲȜȓαȢΝ ȩıȠΝ țαȚΝ İȞΝ ȖȑȞİȚΝ ĲȘȢΝ
İȖțαĲȐıĲαıȘȢ,ΝȩπȦȢΝαȞαĳȑȡșȘțİΝıĲȠΝȀİĳȐȜαȚȠΝ1,ΝțȡȓșȘțİΝαπαȡαȓĲȘĲȘΝȘΝȟİȤȦȡȚıĲȒΝȝİȜȑĲȘΝĲȠȣΝ
ĳαȚȞȠȝȑȞȠȣέΝΓȚαΝĲȘȞΝαȟȚȠȜȩȖȘıȘΝĲȠȣΝȝȠȞĲȑȜȠȣ,ΝİȓȞαȚΝıȘȝαȞĲȚțȩΝȞαΝȝİȜİĲȘșİȓΝțαĲȐΝπȩıȠΝȝπȠȡİȓΝ
țȐĲȦΝ απȩΝ įȚȐĳȠȡİȢΝ ıȣȞșȒțİȢΝ ȜİȚĲȠȣȡȖȓαȢΝ ȞαΝ πȡȠȕȜȑȥİȚΝ πȩĲİΝ ĲȓșİĲαȚΝ ıİΝ ȜİȚĲȠȣȡȖȓαΝ ĲȠΝ
ĳαȚȞȩȝİȞȠΝ ĲȘȢΝ ıπȘȜαȓȦıȘȢΝ țαȚΝ ȞαΝ απȠĳİȣȤșİȓΝ πȡȠĲȠȪΝ αȣĲȩΝ İπȚįȡȐıİȚΝ ıĲȘȞΝ απȩįȠıȘΝ ĲȠȣΝ
ıȣıĲȒȝαĲȠȢέ ǹȟȓȗİȚΝȞαΝıȘȝİȚȦșİȓΝȩĲȚΝȖȚαΝĲȘȞΝαȞȐȜȣıȘΝπȠȣΝαțȠȜȠȣșİȓ,ΝȦȢΝπȚȑıȘΝİȚıȩįȠȣΝıĲȘȞΝ
αȞĲȜȓαΝ șİȦȡİȓĲαȚΝ ȘΝ πȓİıȘΝ ıĲȘȞΝ ȑȟȠįȠΝ ĲȠȣΝ ĲȡȠĳȠįȠĲȚțȠȪΝ įȠȤİȓȠȣΝ ΥİȓıȠįȠȢΝ ĲȘȢΝ αȞĲȜȘĲȚțȒȢΝ
įȚȐĲαȟȘȢ)ΝțαȚΝȩȤȚΝȘΝπȓİıȘΝıĲȠΝıĲȩȝȚȠΝİȚıȩįȠȣΝĲȘȢΝαȞĲȜȓαȢΝȖȚαΝȝİȖαȜȪĲİȡȘΝαțȡȓȕİȚαΝȝİĲαȟȪΝĲȦȞΝ
πİȚȡαȝαĲȚțȫȞΝįİįȠȝȑȞȦȞΝțαȚΝĲȠȣΝȘȝȚ-İȝπİȚȡȚțȠȪΝȝȠȞĲȑȜȠȣέ 

5.1 ΣοΝφαδθσηİθοΝτβμΝıπβζαέωıβμΝıτβθΝπİδλαηατδεάΝİΰεατΪıταıβ 

ȀαĲȩπȚȞΝ πİȚȡαȝȐĲȦȞΝ πȠȣΝ ȑȜαȕαȞΝ ȤȫȡαΝ ıĲȘȞΝ πİȚȡαȝαĲȚțȒΝ İȖțαĲȐıĲαıȘΝ įȚαπȚıĲȫșȘțİΝ ȩĲȚΝ ȘΝ
αȞĲȜȓαΝ įȪȞαĲαȚΝ ȞαΝ İțįȘȜȦșİȓΝ ĲȠΝ ĳαȚȞȩȝİȞȠΝ ĲȘȢΝ ıπȘȜαȓȦıȘȢΝ țȐĲȦΝ απȩΝ įȚȐĳȠȡİȢΝ ıȣȞșȒțİȢΝ
ȜİȚĲȠȣȡȖȓαȢέ 

ȅȪĲȦȢΝ ȫıĲİΝ ȞαΝ İȟαıĳαȜȚıșİȓΝ ȘΝ İȣıĲαșȒȢΝ ȜİȚĲȠȣȡȖȓαΝ ĲȘȢΝ αȞĲȜȓαȢ,Ν ĲȠΝ įȚαșȑıȚȝȠΝ ȪȥȠȢΝ ĲȘȢΝ
αȞĲȜȓαȢ,ΝNPSHa,ΝıĲȘȞΝİȓıȠįȠΝπȡȑπİȚΝȞαΝȣπİȡȕαȓȞİȚΝĲȠΝțȡȓıȚȝȠΝȪȥȠȢΝıπȘȜαȓȦıȘȢ,ΝȃPSHr, ȩπȦȢΝ
αȣĲȩΝ παȡȑȤİĲαȚΝ απȩΝ ĲȚȢΝ ȤαȡαțĲȘȡȚıĲȚțȑȢΝ țαȝπȪȜİȢΝ ĲȠȣΝ țαĲαıțİȣαıĲȒ,Ν țαĲȐΝ ĲȠȣȜȐȤȚıĲȠȞΝ
100mbar.  

ǹȞαĳȠȡȚțȐΝȝİΝĲȠΝįȚαșȑıȚȝȠΝȪȥȠȢΝĲȘȢΝαȞĲȜȓαȢ,ΝαȣĲȩΝįȪȞαĲαȚΝȞαΝȣπȠȜȠȖȚıșİȓΝαπȩΝĲȘȞΝțȐĲȦșȚΝ
ıȤȑıȘκ 

 a amb z f a satNPSH p H H H p    
 (5.1) 

ΌπȠȣ      İȓȞαȚΝȘΝαĲȝȠıĳαȚȡȚțȒΝπȓİıȘ    İȓȞαȚΝ ȘΝ țαĲαțȩȡȣĳȘΝ απȩıĲαıȘΝ ȝİĲαȟȪΝ ĲȘȢΝ İπȚĳȐȞİȚαȢΝ ĲȠȣΝ ȡİȣıĲȠȪΝ țαȚΝ
ĲȠȣΝțȑȞĲȡȠȣΝĲȘȢΝαȞĲȜȓαȢ    İȓȞαȚΝȠȚΝαπȫȜİȚİȢΝȜȩȖȦΝĲȡȚȕȒȢ    İȓȞαȚΝĲȠΝȪȥȠȢΝȜȩȖȦΝİπȚĲȐȤȣȞıȘȢΝĲȘȢΝȡȠȒȢ      İȓȞαȚΝȘΝĲȐıȘΝαĲȝȫȞΝıĲȘȞΝșİȡȝȠțȡαıȓαΝȐȞĲȜȘıȘȢ 

ȉȠΝȪȥȠȢΝȜȩȖȦΝİπȚĲȐȤȣȞıȘȢΝȣπȠȜȠȖȓȗİĲαȚΝαπȩΝĲȘΝıȤȑıȘΝπȠȣΝαțȠȜȠȣșİȓκ 
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pump l
a

C L u N
H

K g

     
(5.2) 

ΌπȠȣ       İȓȞαȚΝıĲαșİȡȐΝπȠȣΝțαșȠȡȓȗİĲαȚΝαπȩΝĲȠȞΝĲȪπȠΝĲȘȢΝαȞĲȜȓαȢ   İȓȞαȚΝĲȠΝȝȒțȠȢΝĲȘȢΝȖȡαȝȝȒȢ αȞαȡȡȩĳȘıȘȢ    İȓȞαȚΝȘΝĲαȤȪĲȘĲαΝĲȠȣΝȡİȣıĲȠȪΝıĲȘȞΝαȞαȡȡȩĳȘıȘ   İȓȞαȚΝȘΝĲαȤȪĲȘĲαΝπİȡȚıĲȡȠĳȒȢΝĲȠȣΝȐȟȠȞαΝĲȘȢΝαȞĲȜȓαȢ   İȓȞαȚΝȘΝıĲαșİȡȐΝİπȚĲȐȤȣȞıȘȢΝĲȘȢΝȕαȡȪĲȘĲαȢ   İȓȞαȚΝįȚȠȡșȦĲȚțȩȢΝıȣȞĲİȜİıĲȒȢΝπȠȣΝȤȡȘıȚȝȠπȠȚİȓĲαȚΝȖȚαΝȞαΝȜȘĳșİȓΝȣπȩȥȘΝ
ȘΝıȣȝπȚİıĲȩĲȘĲαΝĲȠȣΝȡİȣıĲȠȪ 

ȅȚΝ πİȡȚııȩĲİȡİȢΝ İȝπİȚȡȚțȑȢΝ ĲȚȝȑȢ ĲȘȢΝ İȟȓıȦıȘȢΝ (5.2) ȜȒĳșȘıαȞΝ απȩΝ πİȚȡαȝαĲȚțȐΝ įİįȠȝȑȞαΝ
[58] țαȚΝıȣȞȠȥȓȗȠȞĲαȚΝıĲȠȞΝπȓȞαțαΝπȠȣΝαțȠȜȠȣșİȓκ 

ΠέθαεαμΝ5.1έΝΠİδλαηαĲδεΫμΝĲδηΫμΝΰδαΝįİįκηΫθαΝİιέıπıβμΝ(δι) 
ΠαλΪηİτλομ ΠİδλαηατδεΫμΝτδηΫμ 
NPSHr 500 mbar 
Hz 0.3 m 
Ha 200 mbar 
Hf 200 mbar 

ȅȚΝ ȕαıȚțȑȢΝ παȡȐȝİĲȡȠȚΝ ıȤİĲȚțȐΝ ȝİΝ ĲȘȞΝ ȜİȚĲȠȣȡȖȓαΝ ĲȘȢΝ αȞĲȜȓαȢΝ țȐĲȦΝ απȩΝ ıȣȞșȒțİȢΝ
ıπȘȜαȓȦıȘȢΝπαȡȠȣıȚȐȗȠȞĲαȚΝ ıĲȘȞΝǼȚțέ5.1 [58]έΝ ΝǾΝȝİȜȑĲȘΝ ĲȘȢΝ ΝαȞĲȜȓαȢΝπȡαȖȝαĲȠπȠȚȒșȘțİΝıİΝ
ȜİȚĲȠȣȡȖȓαΝ țİȞȠȪΝĳȠȡĲȓȠȣΝ ĲȦȞΝ İțĲȠȞȦĲȫȞ,Ν țαșȫȢΝ ȖȚȞȩĲαȞΝȤȡȒıȘΝ ĲȠȣΝ ĲȠȝȑαΝ bypass țαȚΝȦȢΝ İțΝ
ĲȠȪĲȠȣΝįİȞΝıȣȞĲİȜȠȪȞĲαȞΝαȪȟȘıȘΝπȓİıȘȢΝİȞĲȩȢΝĲȘȢΝαȞĲȜȓαȢέΝ 

ǾΝαȞȐȜȣıȘΝĲȘȢΝαȞĲȜȓαȢ țαĲȐΝ ĲȠȞΝπȡȫĲȠΝțȪțȜȠ ĲαȜȐȞĲȦıȘȢΝ ΥȥȣȤȡȒΝİțțȓȞȘıȘ)ΝȠįȒȖȘıİΝıĲȠΝ
ıȣȝπȑȡαıȝαΝ ȩĲȚΝ ȘΝ πȓİıȘΝ İȚıȩįȠȣήİȟȩįȠȣΝ ĲȘȢΝ αȞĲȜȓαȢ,Ν țαȚΝ țαĲȐΝ ıȣȞȑπİȚαΝ ȘΝ παȡȠȤȒΝ ȝȐȗαȢ,Ν
παȡαȝȑȞİȚΝ İȞΝ ȖȑȞİȚΝ ıĲαșİȡȒ,Ν İȞȫΝ ȘΝ įȚαĳȠȡȐΝ ȝİĲαȟȪΝ įȚαșȑıȚȝȠȣΝ ȪȥȠȣȢΝ țαȚΝ țȡȚıȓȝȠȣΝ ȪȥȠȣȢΝ
ıπȘȜαȓȦıȘȢΝ įȚαĲȘȡİȓĲαȚΝ αȡțİĲȐΝ πȐȞȦΝ απȩΝ ĲȠΝ ȩȡȚȠΝ ĲȦȞΝ 1ίίmbar. ȀαșȫȢΝ ĲȠΝ ĳȠȡĲȓȠΝ ĲȠȣΝ
ıȣıĲȒȝαĲȠȢΝ αȣȟȐȞİĲαȚ,Ν ȘΝ șİȡȝȠțȡαıȓαΝ ıĲȘȞΝ ȑȟȠįȠΝ ĲȠȣΝ ıȣȝπȣțȞȦĲȒΝ αȣȟȐȞİĲαȚΝ ȜȩȖȦΝ țαȚΝ ĲȘȢΝ
αȞĲȓıĲȠȚȤȘȢΝȐȣȟȘıȘȢΝĲȘȢΝșİȡȝȠțȡαıȓαȢΝĲȠȣΝαĲȝȠπȠȚȘĲȒέΝǹȣĲȩΝȑȤİȚΝıαȞΝαπȠĲȑȜİıȝα,ΝĲȘȞΝαȪȟȘıȘΝ
ĲȘȢΝ șİȡȝȠțȡαıȓαȢΝ ıĲȘȞΝ αȞαȡȡȩĳȘıȘΝ ĲȘȢΝ αȞĲȜȓαȢ,Ν ȝİΝ ȝȓαΝ ȤȡȠȞȚțȒΝ țαșȣıĲȑȡȘıȘΝ ȜȩȖȦΝ ĲȘȢΝ
șİȡȝȚțȒȢΝαįȡȐȞİȚαȢΝĲȠȣΝĲȡȠĳȠįȠĲȚțȠȪΝįȠȤȑȚȠȣΝπȠȣΝπαȡİȝȕȐȜȜİĲαȚΝȝİĲαȟȪΝĲȠȣΝıȣȝπȣțȞȦĲȒΝțαȚΝ
ĲȘȢΝ αȞĲȜȓαȢέ ǾΝαȪȟȘıȘΝĲȘȢΝșİȡȝȠțȡαıȓαȢΝıĲȘȞΝ İȓıȠįȠΝ ĲȘȢΝαȞĲȜȓαȢ,ΝȝİΝ ĲȘΝıİȚȡȐΝ ĲȘȢ,Ν ȑȤİȚΝıαȞΝ
απȠĲȑȜİıȝαΝ ĲȘȞΝ ȝİȓȦıȘ ĲȠȣΝ įȚαșȑıȚȝȠȣΝ ȪȥȠȣȢΝ NPSHaέΝ ΌĲαȞΝ ȘΝ įȚαĳȠȡȐΝ ȝİĲαȟȪΝ NPSHa țαȚΝ
NPSHr İȜαĲĲȫȞİĲαȚΝ țȐĲȦΝ απȩΝ 1ίίmbar,Ν ĲȠΝ ĳαȚȞȩȝİȞȠΝ ĲȘȢΝ ıπȘȜαȓȦıȘȢΝ ȟİțȚȞȐΝ ȞαΝ ĲȓșİĲαȚΝ ıİΝ
İĳαȡȝȠȖȒΝțαȚΝȘΝįȚαțȚȞȠȪȝİȞȘΝπαȡȠȤȒΝȝȐȗαȢΝȝİȚȫȞİĲαȚΝıȘȝαȞĲȚțȐέΝȉȘȞΝȓįȚαΝȤȡȠȞȚțȒΝıĲȚȖȝȒ,ΝȘΝ
πȓİıȘΝĲȠȣΝıȣıĲȒȝαĲȠȢΝȝİȚȫȞİĲαȚΝαȞĲȓıĲȠȚȤαΝαȚıșȘĲȐΝțαȚΝȘΝαπȩįȠıȘΝĲȠȣΝıȣıĲȒȝαĲȠȢΝțαĲαȡȡȑİȚέΝ



 

[75] 

 

ǻİįȠȝȑȞȘȢΝ ĲȘȢΝ ȤαȝȘȜȒȢΝ παȡȠȤȒȢΝ ȜȩȖȦΝ ĲȘȢΝ ıπȘȜαȓȦıȘȢ,Ν ĲȠΝ ĲȡȠĳȠįȠĲȚțȩΝ įȠȤİȓȠΝ ıȣȞİȤȓȗİȚΝ ȞαΝ
ĲȡȠĳȠįȠĲİȓΝĲȘȞΝαȞĲȜȓαΝȝİΝȣȥȘȜȒȢΝșİȡȝȠțȡαıȓαȢΝȡİȣıĲȩΝȖȚαΝțȐπȠȚȠΝįȚȐıĲȘȝα,ΝπαȡȐΝĲȠΝȖİȖȠȞȩȢΝ
ȩĲȚΝ ȘΝ șİȡȝȠțȡαıȓαΝ ıĲȠȞΝ ıȣȝπȣțȞȦĲȒΝ İȜαĲĲȫȞİĲαȚέΝ ȀαĲȐΝ αȣĲȩΝ ĲȠȞΝ ĲȡȩπȠ,Ν ĲȠΝ NPSHa İȓȞαȚΝ
αȡȞȘĲȚțȩΝıİΝαȣĲȒΝĲȘΝȤȡȠȞȚțȒΝĳȐıȘέΝΌĲαȞΝπȜȑȠȞΝĲȠΝĲȡȠĳȠįȠĲȚțȩΝįȠȤİȓȠΝȥȣȤșİȓ,ΝȘΝșİȡȝȠțȡαıȓαΝ
ĲȘȢΝαȞαȡȡȩĳȘıȘȢΝİπαȞȑȡȤİĲαȚΝıİΝİπȚĲȡİπĲȐΝİπȓπİįα,ΝαȣȟȐȞȠȞĲαȢΝĲȠΝNPSHa țαȚΝπİȡȚȠȡȓȗȠȞĲαȢΝ
ĲȠΝĳαȚȞȩȝİȞȠΝĲȘȢΝıπȘȜαȓȦıȘȢ,ΝȫıĲİΝȞαΝİțțȚȞȒıİȚΝİțΝȞȑȠȣΝȠΝțȪțȜȠȢέ 

 

ǼδεέΝ5.1έΝΣκΝĳαδθσηİθκΝĲβμΝıπβζαέπıβμΝıĲβΝζİδĲκνλΰέαΝĲβμΝαθĲζέαμΝ[58] 

ΓȚαΝĲȘȞΝαȞĲȚȝİĲȫπȚıȘΝĲȠȣΝĳαȚȞȠȝȑȞȠȣΝĲȘȢΝıπȘȜαȓȦıȘȢΝαπȠĳαıȓıĲȘțİΝȞαΝȤȡȘıȚȝȠπȠȚȘșİȓΝȑȞαȢΝ
ȣįȡȩȥȣțĲȠȢΝ İȞαȜȜȐțĲȘȢΝ ıĲȘȞΝ αȞαȡȡȩĳȘıȘΝ ĲȘȢΝ αȞĲȜȓαȢ,Ν țαĲȐȞĲȚΝ ĲȠȣΝ ĲȡȠĳȠįȠĲȚțȠȪΝ įȠȤİȓȠȣΝ
ȫıĲİΝ ȞαΝ įȚαĲȘȡİȓĲαȚΝ ȘΝ șİȡȝȠțȡαıȓαΝ țαȚΝ țαĲ’İπȑțĲαıȘΝ ȘΝ ĲȐıȘΝ αĲȝȫȞΝ ĲȠȣΝ ȠȡȖαȞȚțȠȪΝ ȝȑıȠȣΝ
ȤαȝȘȜȒΝțαȚΝ ȞαΝ İȟαıĳαȜȓȗİĲαȚΝ ȘΝ İȣıĲαșȒȢΝ ȜİȚĲȠȣȡȖȓαΝ ĲȠȣΝıȣıĲȒȝαĲȠȢέΝǾΝǼȚțέ5.2 παȡȠȣıȚȐȗİȚΝ
ĲȘȞΝıȣȝπİȡȚĳȠȡȐΝĲȦȞΝπαȡαȝȑĲȡȦȞΝĲȘȢΝαȞĲȜȓαȢΝȣπȩΝĲȘȞΝİπȓįȡαıȘΝĲȠȣΝȣįȡȩȥȣțĲȠȣΝİȞαȜȜȐțĲȘέΝ
ȅȚΝıȣȞșȒțİȢΝȜİȚĲȠȣȡȖȓαȢΝİȓȞαȚΝαțȡȚȕȫȢΝ ȓįȚİȢΝȝİΝαȣĲȑȢΝĲȘȢΝǼȚțέ5.1,ΝȫıĲİΝȞαΝİȓȞαȚΝπȚȠΝİĳȚțĲȒΝȘΝ
İȣșİȓαΝıȪȖțȡȚıȒΝĲȠȣȢέΝȅΝȣįȡȩȥȣțĲȠȢΝİȞαȜȜȐțĲȘȢ,ΝȝİΝĲȘΝıİȚȡȐΝĲȠȣ,ΝπȡȠțαȜİȓΝȝȓαΝȣπȩȥȣȟȘΝπİȡȓΝ
ĲαΝβȀΝıĲȠΝȠȡȖαȞȚțȩΝȝȑıȠ,ΝȘΝȠπȠȓαΝαπȠįİȚțȞȪİĲαȚΝȚțαȞȒΝȞαΝİȖȖȣȘșİȓΝĲȘȞΝİȣıĲαșȒΝȜİȚĲȠȣȡȖȓαΝĲȠȣΝ
αȞĲȜȘĲȚțȠȪΝıȣıĲȒȝαĲȠȢέΝ 

ΌπȦȢΝπαȡαĲȘȡİȓĲαȚΝαπȩΝĲȠΝįȚȐȖȡαȝȝα,Ν ĲȠΝįȚαșȑıȚȝȠΝȪȥȠȢΝįȚαĲȘȡİȓĲαȚΝπİȡȓΝ ĲαΝ1η mH2O,Ν ĲȘΝ
ıĲȚȖȝȒΝ πȠȣΝ ĲȠΝ țȡȓıȚȝȠȪȥȠȢΝ ıπȘȜαȓȦıȘȢΝ țȣȝαȚȞȩĲαȞΝ πİȡȓΝ ĲαΝ ε mH2O,Ν įȚαĳȠȡȐΝ πȠȣΝ İȓȞαȚΝ
αȚıșȘĲȐΝ πȐȞȦΝ απȩΝ ĲȠΝ ȩȡȚȠΝ αıĳαȜİȓαȢΝ πȠȣΝ ȑȤİȚΝ ĲİșİȓέΝ ȀȪȡȚαΝ αȚĲȓαΝ ȖȚαΝ ĲȚȢΝ įȚαțȣȝȐȞıİȚȢΝ πȠȣΝ
ȣπȐȡȤȠȣȞΝ İȓȞαȚΝ ȘΝ πȓİıȘΝ αȞαȡȡȩĳȘıȘȢ,Ν πȠȣΝ țαșȠȡȓȗİĲαȚΝ απȩΝ ĲȘȞΝ παȡȠȤȒΝ ȝȐȗαȢΝ ĲȠȣΝ ȥȣțĲȚțȠȪΝ
ȞİȡȠȪΝıĲȠȞΝİȞαȜȜȐțĲȘ țαȚΝĲȘΝșİȡȝȠțȡαıȓαΝĲȠȣΝȡİȣıĲȠȪΝıĲȘȞΝαȞαȡȡȩĳȘıȘ. ȆȚȠΝıȣȖțİțȡȚȝȑȞα,Ν
ȩπȦȢΝπαȡαĲȘȡİȓĲαȚΝıĲȘȞΝǼȚțέ5.2, ȝİĲαȟȪ ĲȠȣΝt=300s țαȚΝĲȠȣΝt=690s ĲȠΝįȚαșȑıȚȝȠΝȪȥȠȢΝNPSHa 
ȝİȚȫȞİĲαȚΝ İȜαĳȡȫȢΝ παȡȐΝ ĲȠΝ ȖİȖȠȞȩȢΝ ȩĲȚΝ ȘΝ πȓİıȘΝ αȞαȡȡȩĳȘıȘȢΝ αȣȟȐȞİĲαȚ,Ν İȟαȚĲȓαȢΝ ĲȘȢΝ
ȝİȖαȜȪĲİȡȘȢΝİπȓįȡαıȘȢΝπȠȣΝȑȤİȚΝȘΝαȪȟȘıȘΝĲȘȢΝșİȡȝȠțȡαıȓαȢΝıĲȘȞΝαȞαȡȡȩĳȘıȘΝĲȘȢΝαȞĲȜȓαȢέ 
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[76] 

 

ǹπȩΝĲȘȞΝȐȜȜȘΝπȜİȣȡȐ,ΝȠȚΝπĲȫıİȚȢΝıĲȠΝįȚαșȑıȚȝȠΝȪȥȠȢΝıĲȚȢΝȤȡȠȞȚțȑȢΝıĲȚȖȝȑȢΝ t=700s, t=840s 
țαȚΝ t=1040s ȠĳİȓȜȠȞĲαȚΝ ıĲȚȢΝ ȕȘȝαĲȚțȑȢΝ αȜȜαȖȑȢΝ ıĲȘȞΝ παȡȠȤȒΝ ĲȠȣΝ ȥȣțĲȚțȠȪΝ ȞİȡȠȪ ıĲȠȞΝ
ıȣȝπȣțȞȦĲȒΝ πȠȣΝ ȑȤİȚΝ ȐȝİıȘΝ İπȓįȡαıȘΝ ıĲȘȞΝ πȓİıȘΝ ıĲȘȞΝ αȞαȡȡȩĳȘıȘΝ țαȚΝ ȦȢΝ İțΝ ĲȠȪĲȠȣΝ ĲȠΝ
įȚαșȑıȚȝȠΝ ȪȥȠȢΝ NPSHa. ȈĲȚȢΝ İȞįȚȐȝİıİȢΝ ȤȡȠȞȚțȑȢΝ ıĲȚȖȝȑȢ,Ν ĲȠΝ ȝİĲȡȠȪȝİȞȠΝ įȚαșȑıȚȝȠΝ ȪȥȠȢΝ
αȣȟȐȞİȚΝ İȜαĳȡȫȢΝ ȜȩȖȦΝ ĲȘȢΝ αȞĲȓıĲȠȚȤȘȢ ȝİȓȦıȘȢΝ ĲȘȢΝ șİȡȝȠțȡαıȓαȢΝ ıĲȘȞΝ αȞαȡȡȩĳȘıȘΝ ĲȘȢΝ
αȞĲȜȓαȢέΝ ȉȑȜȠȢ,Ν ȘΝ İȣıĲαșȒȢΝ ȜİȚĲȠȣȡȖȓαΝ ĲȘȢΝ αȞĲȜȓαȢΝ İȓȞαȚΝ İȪțȠȜȠΝ ȞαΝ İπȚȕİȕαȚȦșİȓΝ țαȚΝ απȩΝ ĲȘΝ
παȡαĲȒȡȘıȘΝĲȘȢΝıȤİįȩȞΝıĲαșİȡȒȢΝȝİĲαȕȠȜȒȢΝĲȘȢΝπȓİıȘȢΝİȞĲȩȢΝĲȘȢΝαȞĲȜȓαȢέ 

 

ǼδεέΝ 5.2έΝ ΣκΝ ĳαδθσηİθκΝ ĲβμΝ ıπβζαέπıβμΝ ıĲβΝ ζİδĲκνλΰέαΝ ĲβμΝ αθĲζέαμΝ ηİĲΪΝ ĲβθΝ πλκıγάεβΝ İθσμΝ
İθαζζΪεĲβΝνπσονιβμ [58] 

 

5.2 ΣοΝφαδθσηİθοΝτβμΝıπβζαέωıβμΝıτηφωθαΝηİΝτοΝβηδ-İηπİδλδεσΝηοθτΫζο 

ΓȚαΝĲȠȞΝȣπȠȜȠȖȚıȝȩΝĲȠȣΝįȚαșȑıȚȝȠȣΝȪȥȠȣȢ, NPSHa, ȤȡȘıȚȝȠπȠȚİȓĲαȚΝȘΝțȐĲȦșȚΝıȤȑıȘκ 

a res z f a satNPSH p H H H p    
 

(5.3) 

ǼȟαȚĲȓαȢΝĲȘȢΝıȤȑıȘȢΝĲȠȣΝȪȥȠȣȢΝȜȩȖȦΝĲȘȢΝİπȚĲȐȤȣȞıȘȢΝĲȘȢΝȡȠȒȢ,ΝȘΝȠπȠȓαΝαȜȜȐȗİȚΝĲȘȞΝĲȚȝȒΝĲȘȢΝ
ȝİΝ ĲȘȞΝ ĲαȤȪĲȘĲαΝ ĲȠȣΝ ȡİȣıĲȠȪΝ ıĲȘȞΝ αȞαȡȡȩĳȘıȘΝ țαȚΝ ĲȘȞΝ ĲαȤȪĲȘĲαΝ πİȡȚıĲȡȠĳȒȢ,Ν İȚıȒȤșȘΝ ȝȓαΝ
İπȚπȜȑȠȞΝ İȟȓıȦıȘΝπȠȣΝ ȞαΝ ȜαȝȕȐȞİȚΝ ȣπȩȥȘΝαȣĲȑȢΝ ĲȚȢΝ İπȚįȡȐıİȚȢέ ΈȤȠȞĲαȢΝıαȞΝ įİįȠȝȑȞȠΝȩĲȚΝ ȘΝ
ĲȚȝȒΝĲȠȣΝȪȥȠȣȢΝȜȩȖȦΝĲȘȢΝİπȚĲȐȤȣȞıȘȢΝĲȘȢΝȡȠȒȢΝİȓȞαȚΝ ȓıȘΝȝİΝβίίmbar ıĲȠΝȠȞȠȝαıĲȚțȩΝıȘȝİȓȠΝ
ȜİȚĲȠȣȡȖȓαȢ,Ν Ν ıİΝ ȠπȠȚȠįȒπȠĲİΝ ȐȜȜȠΝ ıȘȝİȓȠȜİȚĲȠȣȡȖȓαȢΝ ȣπȠȜȠȖȓȗİĲαȚΝ ȝİΝ ıȘȝİȓȠΝ αȞαĳȠȡȐȢΝ ĲȠΝ
ȠȞȠȝαıĲȚțȩΝıȘȝİȓȠΝȜİȚĲȠȣȡȖȓαȢΝȕȐıİȚΝĲȘȢΝțȐĲȦșȚΝıȤȑıȘȢΝ[58]: 
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(5.4) 

ΌπȠȣ  ̇       İȓȞαȚΝ ȘΝ παȡȠȤȒΝ ȩȖțȠȣΝ ıĲȘȞΝ İȓıȠįȠΝ ĲȘȢΝ αȞĲȜȓαȢ ıĲȠΝ ȠȞȠȝαıĲȚțȩΝ
ıȘȝİȓȠΝȜİȚĲȠȣȡȖȓαȢ      İȓȞαȚΝȘΝĲαȤȪĲȘĲαΝπİȡȚıĲȡȠĳȒȢΝĲȠȣΝȐȟȠȞαΝĲȘȢΝαȞĲȜȓαȢ ıĲȠΝȠȞȠȝαıĲȚțȩΝ
ıȘȝİȓȠΝȜİȚĲȠȣȡȖȓαȢ  ̇   İȓȞαȚΝȘΝπαȡȠȤȒΝȩȖțȠȣΝıĲȘȞΝİȓıȠįȠΝĲȘȢΝαȞĲȜȓαȢ  

H ĲαȤȪĲȘĲαΝĲȠȣΝȡİȣıĲȠȪΝıĲȘȞΝȖȡαȝȝȒΝαȞαȡȡȩĳȘıȘȢΝȝπȠȡİȓΝȞαΝȣπȠȜȠȖȚıșİȓΝαπȩΝĲȠΝȚıȠȗȪȖȚȠΝ
ȝȐȗαȢΝȦȢΝİȟȒȢκ 

lu m v A    (5.5) 

ΌπȠȣ  ̇ İȓȞαȚΝȘΝπαȡȠȤȒΝȝȐȗαȢ ıİΝkg/s     İȓȞαȚΝȠΝİȚįȚțȩȢΝȩȖțȠȢ ıİΝm3/kg   İȓȞαȚΝȘΝİȖțȐȡıȚαΝİπȚĳȐȞİȚαΝĲȘȢΝαȞĲȜȓαȢΝıİΝm2 

ǻİįȠȝȑȞȠȣΝȩĲȚΝȘΝİȖțȐȡıȚαΝİπȚĳȐȞİȚαΝįȚαĲȘȡİȓĲαȚΝıĲαșİȡȒΝıİΝȩȜαΝĲαΝıȘȝİȓαΝȜİȚĲȠȣȡȖȓαȢΝțαȚΝ
ȕȐıȘΝĲȘȢΝıȤȑıȘȢΝ Υε.5),ΝπȡȠțȪπĲİȚΝȩĲȚΝȠȚΝįȚαțȣȝȐȞıİȚȢΝıĲȘȞΝĲαȤȪĲȘĲαΝĲȠȣΝȡİȣıĲȠȪΝȠĳİȓȜȠȞĲαȚΝ
ıĲȚȢΝȝİĲαȕȠȜȑȢΝĲȘȢΝπαȡȠȤȒȢΝțαȚΝĲȠȣΝİȚįȚțȠȪΝȩȖțȠȣΝĲȠȣΝȡİȣıĲȠȪΝıĲȘȞΝαȞαȡȡȩĳȘıȘέ 

ǹȞαĳȠȡȚțȐΝȝİΝ ĲȚȢΝαπȫȜİȚİȢΝ ĲȡȚȕȒȢ,ΝαȣĲȑȢΝİȝĳαȞȓȗȠȣȞΝȝȚαΝ ȚıȤȣȡȒΝİȟȐȡĲȘıȘΝαπȩΝĲȘȞΝπαȡȠȤȒΝ
ȩȖțȠȣΝ ıĲȘȞΝ αȞαȡȡȩĳȘıȘΝ ĲȘȢΝ αȞĲȜȓαȢέΝ ȀαȚΝ ıİΝ αȣĲȒΝ ĲȘȞΝ πİȡȓπĲȦıȘ,Ν ȘΝ ĲȚȝȒΝ ĲȦȞΝ απȦȜİȚȫȞΝ
ȣπȠȜȠȖȓȗİĲαȚΝȝİΝıȘȝİȓȠΝαȞαĳȠȡȐȢΝĲȠΝȠȞȠȝαıĲȚțȩ ıȘȝİȓȠΝȜİȚĲȠȣȡȖȓαȢΝȕȐıȘΝĲȘȢΝıȤȑıȘȢΝΥε.6): 
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(5.6) 

ȈĲȚȢΝ ǼȚțέ5.3-5.4 παȡȠȣıȚȐȗȠȞĲαȚΝ ĲαΝ απȠĲİȜȑıȝαĲαΝ ĲȠȣΝ ȘȝȚ-İȝπİȚȡȚțȠȪΝ ȝȠȞĲȑȜȠȣΝ ȤȦȡȓȢΝ ĲȠȞΝ
ȣįȡȩȥȣțĲȠΝİȞαȜȜȐțĲȘΝΥǼȚțέ5.3)ΝțαȚΝȝİΝαȣĲȩȞΝΥǼȚțέ5.4). 



 

[78] 

 

 

ǼδεέΝ 5.3έΝ ΣκΝ ĳαδθσηİθκΝ ĲβμΝ ıπβζαέπıβμΝ ıĲβθΝ αθĲζέαΝ σππμΝ πλκίζΫπİĲαδΝ απσΝ ĲκΝ βηδ-İηπİδλδεσΝ
ηκθĲΫζκΝıĲβθΝζİδĲκνλΰέαΝξπλέμΝİθαζζΪεĲβ 

 

ǼδεέΝ 5.4. ΣκΝ ĳαδθσηİθκΝ ĲβμΝ ıπβζαέπıβμΝ ıĲβθΝ αθĲζέαΝ σππμΝ πλκίζΫπİĲαδΝ απσΝ ĲκΝ βηδ-İηπİδλδεσΝ
ηκθĲΫζκΝıĲβθΝζİδĲκνλΰέαΝηİ İθαζζΪεĲβ 



 

[79] 

 

ΌπȦȢΝ παȡαĲȘȡİȓĲαȚΝ țαȚΝ απȩΝ ĲαΝ įȚαȖȡȐȝȝαĲαΝ ĲȦȞΝ įȪȠΝ πİȡȚπĲȫıİȦȞ,Ν ıȪȝĳȦȞαΝ ȝİΝ ĲȠΝ ȘȝȚ-
İȝπİȚȡȚțȩΝ ȝȠȞĲȑȜȠ,Ν ȣπȐȡȤİȚΝ ȝȓαΝ ıȪȖțȜȚıȘΝ ȝİĲαȟȪΝ ĲȦȞΝ πİȚȡαȝαĲȚțȫȞΝ ȝİĲȡȒıİȦȞΝ țαȚΝ ĲȦȞΝ
απȠĲİȜİıȝȐĲȦȞΝ πȠȣΝ απİȚțȠȞȓȗȠȞĲαȚΝ ıĲȚȢΝ ǼȚțέ5.3-5.4. ǾΝ απȠȣıȓα ĲȦȞΝ ȝİȖȐȜȦȞΝ įȚαțȣȝȐȞıİȦȞΝ
ıĲαΝ ıȣȖțİțȡȚȝȑȞαΝ απȠĲİȜȑıȝαĲαΝ απȠįȓįİĲαȚΝ πȡȦĲȓıĲȦȢΝ ıĲȘȞΝ ȝȚțȡȩĲİȡȘΝ πȣțȞȩĲȘĲαΝ
įİȚȖȝαĲȠȜȘȥȓαȢΝıİΝıȪȖțȡȚıȘΝȝİΝĲαΝπİȚȡαȝαĲȚțȐΝαπȠĲİȜȑıȝαĲα,ΝπαȡȩȜαΝαȣĲȐ,ΝȘΝȗȫȞȘΝĲȚȝȫȞΝțαȚΝ
ıĲȚȢΝįȪȠΝπİȡȚπĲȫıİȚȢΝıȣȝπȓπĲİȚΝȚțαȞȠπȠȚȘĲȚțȐέ 

ȉȑȜȠȢ,ΝİȞįȚαĳȑȡȠȞΝπαȡȠȣıȚȐȗİȚΝțαȚΝȘΝȝİȜȑĲȘΝĲȠȣΝįȣȞαȝȚțȠȪΝİțįȒȜȦıȘȢΝĲȠȣΝĳαȚȞȠȝȑȞȠȣΝĲȘȢΝ
ıπȘȜαȓȦıȘȢΝ ΥȝȑıȦΝ ĲȘȢΝ ĲȚȝȒȢΝ ĲȘȢΝ įȚαĳȠȡȐȢΝ NPSHa-NPSHr) ȖȚαΝ įȚȐĳȠȡİȢΝ ĲαȤȪĲȘĲİȢΝ
πİȡȚıĲȡȠĳȒȢέΝΌπȦȢΝİȓȞαȚΝİȝĳαȞȑȢ,ΝαȣȟαȞȠȝȑȞȘȢΝĲȘȢΝĲαȤȪĲȘĲαȢΝπİȡȚıĲȡȠĳȒȢ,ΝĲȠΝįȚαșȑıȚȝȠΝȪȥȠȢΝ
ȝİȚȫȞİĲαȚΝ ȖȚαΝ ĲȘȞΝ ȓįȚαΝ șİȡȝȠțȡαıȓαΝ İȚıȩįȠȣΝ ĲȠȣΝ ȡİȣıĲȠȪΝ ıĲȘȞΝ αȞĲȜȓα,Ν ȝİΝ απȠĲȑȜİıȝαΝ ȞαΝ
ȣπȐȡȤİȚΝ αȣȟȘȝȑȞȠȢΝ țȓȞįȣȞȠȢΝ İȝĳȐȞȚıȘȢΝ ĲȠȣΝ ĳαȚȞȠȝȑȞȠȣΝ ĲȘȢΝ ıπȘȜαȓȦıȘȢΝ ıİΝ ȤαȝȘȜȩĲİȡȘΝ
șİȡȝȠțȡαıȓαέΝΓȚαΝȜȩȖȠȣȢΝπȜȘȡȩĲȘĲαȢ, ıȘȝİȚȫȞİĲαȚΝȩĲȚΝȘΝαȞȐȜȣıȘΝπȡαȖȝαĲȠπȠȚȒșȘțİΝțȠȞĲȐΝıĲȠΝ
ȠȞȠȝαıĲȚțȩΝıȘȝİȓȠΝȜİȚĲȠȣȡȖȓαȢΝȖȚαΝĲȘȞΝπİȡȓπĲȦıȘΝȤȡȒıȘȢΝĲȠȣΝȣįȡȩȥȣțĲȠȣΝİȞαȜȜȐțĲȘκ 

                          
ΌπȦȢΝİȓȞαȚΝİȝĳαȞȑȢΝαπȩΝĲȘȞΝǼȚțέ5.5,ΝȘΝİπȓįȡαıȘ ĲȘȢΝĲαȤȪĲȘĲαȢΝπİȡȚıĲȡȠĳȒȢΝıĲȠΝĳαȚȞȩȝİȞȠΝ

ĲȘȢΝ ıπȘȜαȓȦıȘȢΝ İȓȞαȚΝ ȚįȚαȓĲİȡαΝ ıȘȝαȞĲȚțȩέΝ ǿįȚαȓĲİȡαΝ ȖȚαΝ ĲȘΝ ȝİĲȐȕαıȘΝ απȩΝ ĲαΝ θίίrpm ıĲαΝ
1200rpm  παȡαĲȘȡİȓĲαȚΝȩĲȚΝȘΝįȚαĳȠȡȠπȠȓȘıȘΝĲȠȣΝǻΥNPSH) İȓȞαȚΝαțȩȝαΝȝİȖαȜȪĲİȡȘέΝǹȞαĳȠȡȚțȐΝ
ȝİΝ ĲȘΝ ȗȫȞȘΝ αıĲȐșİȚαȢΝ ΥȩĲαȞΝ ĲȠΝ ǻΥNPSH) İȓȞαȚΝ țȐĲȦΝ απȩΝ 1mH2O) αȣĲȒΝ πȡȠıİȖȖȓȗİĲαȚΝ ıİΝ
șİȡȝȠțȡαıȓαΝ ȜȓȖȠΝ ȝİȖαȜȪĲİȡȘΝ απȩΝ ĲȠȣȢΝ γεoC ȖȚαΝ ĲαȤȪĲȘĲαΝ πİȡȚıĲȡȠĳȒȢΝ 1200rpm,Ν İȞȫΝ ıĲȘȞΝ
ȓįȚαΝ șİȡȝȠțȡαıȓαΝ ȘΝ ĲȚȝȒΝ ĲȠȣΝ ǻΥNPSH) İȓȞαȚΝ δέεεmH2O țαȚΝ 6.47mH2O ȖȚαΝ ĲαȤȪĲȘĲİȢΝ
πȡİȚıĲȡȠĳȒȢΝθίίrpm țαȚΝ400rpm αȞĲȓıĲȠȚȤαέ 

 

ǼδεέΝ5.5. ǹθΪζνıβΝįνθαηδεκτΝıπβζαέπıβμΝΝΰδαΝįδΪĳκλİμΝĲαξτĲβĲİμΝπİλδıĲλκĳάμ 



[80] 

 

ΚİφΪζαδοΝζέΝΝΝ ΢νηπİλΪıηατα 

ȈĲȘȞΝπαȡȠȪıαΝȝİĲαπĲȣȤȚαțȒΝįȚαĲȡȠȕȒΝȝİȜİĲȒșȘțİΝȘΝαȞȐπĲȣȟȘΝİȞȩȢΝȘȝȚ-İȝπİȚȡȚțȠȪΝȝȠȞĲȑȜȠȣΝ
ȖȚαΝ ĲȘȞΝ πİȡȚȖȡαĳȒΝ ĲȘȢΝ ȜİȚĲȠȣȡȖȓαȢΝ ȝȚαȢΝ αȞĲȜȓαȢΝ șİĲȚțȒȢΝ İțĲȩπȚıȘȢ,Ν ȘΝ ȠπȠȓαΝ ȤȡȘıȚȝȠπȠȚİȓĲαȚΝ
ıĲȘȞΝ πİȚȡαȝαĲȚțȒΝ İȖțαĲȐıĲαıȘΝ αȞȐțĲȘıȘȢΝ șİȡȝȩĲȘĲαȢΝ απȩΝ ĲαΝ ȞİȡȐΝ ȥȪȟȘȢΝ ĲȦȞΝ ȂέǼέȀέΝ İȞȩȢΝ
πȜȠȓȠȣ,Ν ȝİΝ ȤȡȒıȘΝ İȞȩȢΝ ȣπȠțȡȓıȚȝȠȣΝ țȪțȜȠȣΝ ORC πȠȣΝ ȑȤİȚΝ İȖțαĲαıĲαșİȓΝ ıĲȠΝ ǼȡȖαıĲȒȡȚȠΝ
ǹĲȝȠțȚȞȘĲȒȡȦȞΝțαȚΝȁİȕȒĲȦȞΝĲȘȢΝȈȤȠȜȒȢΝȂȘȤαȞȠȜȩȖȦȞΝȂȘȤαȞȚțȫȞΝǼȂȆέΝ 

ȈİΝ πȡȫĲȘΝ ĳȐıȘ,Ν ıĲȠΝ ȝȠȞĲȑȜȠ,Ν πȠȣΝ αȞαπĲȪȤșȘțİ,Ν ȤȡȘıȚȝȠπȠȚȒșȘțαȞΝ ȠȡȚıȝȑȞİȢΝ ȕȠȘșȘĲȚțȑȢΝ
παȡȐȝİĲȡȠȚ,Ν ȠȚΝ ȠπȠȓİȢΝ ȑπȡİπİΝ ȞαΝ įȚαțȡȚȕȦșȠȪȞΝ ȕȐıȘΝ ĲȘȢΝ αȞĲȜȓαȢΝ πȠȣΝ șαΝ ȝİȜİĲȘșİȓέΝ ΓȚαΝ ĲȚȢΝ
αȞȐȖțİȢΝ ĲȘȢΝ įȚαțȡȓȕȦıȘȢΝ ȤȡȘıȚȝȠπȠȚȒșȘțαȞΝ βίΝ ȝİĲȡȒıİȚȢΝ ȝİΝ įİįȠȝȑȞαΝ ȖȚαΝ ĲȘȞΝ πȓİıȘ,Ν ĲȘΝ
șİȡȝȠțȡαıȓαΝțαȚΝĲȘȞΝπαȡȠȤȒΝıĲȘȞΝİȓıȠįȠΝțαȚΝıĲȘȞΝȑȟȠįȠΝĲȘȢΝαȞĲȜȓαȢέΝ 

ȂİĲȐΝ ĲȘȞΝ įȚαįȚțαıȓαΝ ĲȘȢΝ įȚαțȡȓȕȦıȘȢ,Ν αțȠȜȠȪșȘıİΝ ȘΝ αȞȐȜȣıȘΝ ĲȦȞΝ ȕαıȚțȫȞΝ παȡαȝȑĲȡȦȞΝ
ȜİȚĲȠȣȡȖȓαȢΝ ĲȘȢΝ αȞĲȜȓαȢέΝ ǹπȩΝ ĲȘȞΝ ıȪȖțȡȚıȘΝ ȝİΝ ĲαΝ įİįȠȝȑȞαΝ ĲȠȣΝ țαĲαıțİȣαıĲȒΝ țαȚΝ ĲȘΝ
ȕȚȕȜȚȠȖȡαĳȓα,Ν πȡȠȑțȣȥİΝ ȚțαȞȠπȠȚȘĲȚțȒΝ ıȪȖțȜȚıȘ ıĲαΝ απȠĲİȜȑıȝαĲαΝ ĲȠȣΝ ȘȝȚ-İȝπİȚȡȚțȠȪΝ
ȝȠȞĲȑȜȠȣέΝ ǼπȚπȜȑȠȞΝ πȡαȖȝαĲȠπȠȚȒșȘțİΝ ȝİȜȑĲȘΝ ĲȠȣΝ ĳαȚȞȠȝȑȞȠȣΝ ĲȘȢΝ ıπȘȜαȓȦıȘȢ,Ν ȩπȦȢΝ αȣĲȒΝ
πȡȠȕȜȑπİĲαȚΝαπȩΝ ĲȠΝȘȝȚ-İȝπİȚȡȚțȩΝȝȠȞĲȑȜȠ,ΝțαȚΝ ıȣȖțȡȓșȘțİΝȝİΝπİȚȡαȝαĲȚțȐΝįİįȠȝȑȞαΝȖȚαΝ ĲȘȞΝ
ȣπȩΝ ȝİȜȑĲȘΝ αȞĲȜȓαέΝ ȈȣȝπȑȡαıȝαΝ ĲȘȢΝ ıȪȖțȡȚıȘȢΝ ȒĲαȞΝ ȩĲȚΝ ĲȠΝ παȡȩȞΝ ȝȠȞĲȑȜȠΝ įȪȞαĲαȚΝ ȞαΝ
πȡȠȕȜȑȥİȚΝ ȝİΝ ȚțαȞȠπȠȚȘĲȚțȒΝ αțȡȓȕİȚαΝ ĲȘΝ ıȣȝπİȡȚĳȠȡȐΝ ĲȘȢΝ αȞĲȜȓαȢΝ ıİΝ ıȣȞșȒțİȢΝ πȚșαȞȑȢΝ ȖȚαΝ
İțįȒȜȦıȘΝıπȘȜαȓȦıȘȢΝțαȚΝȞαΝȤȡȘıȚȝİȪıİȚΝȖȚαΝĲȘȞΝπȡȩȜȘȥȘΝĲȠȣΝĳαȚȞȠȝȑȞȠȣέΝ 

ǼȞΝȖȑȞİȚ,ΝȘΝ αțȡȓȕİȚαΝ ĲȠȣΝȘȝȚ-İȝπİȚȡȚțȠȪΝȝȠȞĲȑȜȠȣΝπȠȣΝαȞαπĲȪȤșȘțİΝ țȡȓȞİĲαȚΝ ȚțαȞȠπȠȚȘĲȚțȒΝ
ȖȚαΝ ȞαΝ ȤȡȘıȚȝȠπȠȚȘșİȓΝ ıĲαΝ πȜαȓıȚαΝ ĲȘȢΝ ȝİȜȑĲȘȢΝ ĲȠȣΝ ȝȠȞĲȑȜȠȣΝ ĲȘȢΝ αȞĲȜȓαȢΝ ĲȘȢΝ πİȚȡαȝαĲȚțȒȢΝ
İȖțαĲȐıĲαıȘȢΝαȞȐțĲȘıȘȢΝșİȡȝȩĲȘĲαȢ,Ν ĲȩıȠΝıİΝıȣȞșȒțİȢΝπȜȒȡȠȣȢΝĳȠȡĲȓȠȣΝȩıȠ țαȚΝıİΝȝİȡȚțȩΝ
ĳȠȡĲȓȠέ 

ǹȞαĳȠȡȚțȐΝȝİΝĲȘȞΝįȣȞαĲȩĲȘĲαΝȖȚαΝπİȡαȚĲȑȡȦΝİȝȕȐșȣȞıȘΝıĲȠΝİȞΝȜȩȖȦΝșȑȝα,ΝȘΝπȚȠΝαȞαȜȣĲȚțȒΝ
ȝİȜȑĲȘΝĲȠȣΝĳαȚȞȠȝȑȞȠȣΝĲȘȢΝıπȘȜαȓȦıȘȢ,ΝĲȠȣΝȠπȠȓȠȣΝȘΝıȘȝαıȓαΝπİȡȚȖȡȐĳȘțİΝαȞαȜȣĲȚțȐΝİȞĲȩȢΝ
ĲȘȢΝįȚπȜȦȝαĲȚțȒȢ,ΝțαȚΝȠΝπȡȠıįȚȠȡȚıȝȩȢΝĲȠȣΝĲİȤȞȠȠȚțȠȞȠȝȚțȐΝȕȑȜĲȚıĲȠȣΝİπȚπȑįȠȣΝȣπȩȥȣȟȘȢΝȖȚαΝ
İȟαıĳȐȜȚıȘΝ ĲȘȢΝ İȣıĲαșȠȪȢΝ ΥțαȚΝ αıĳαȜȠȪȢΝ απȩΝ șȑȝαĲαΝ ıπȘȜαȓȦıȘȢ)Ν ȜİȚĲȠȣȡȖȓαȢΝ ĲȘȢΝ αȞĲȜȓαȢΝ
țȡȓȞİĲαȚΝȩĲȚΝαπȠĲİȜİȓΝπȡȩıĳȠȡȠΝȑįαĳȠȢΝȖȚαΝİπȚıĲȘȝȠȞȚțȒΝȝİȜȑĲȘέΝǼπȚπȡȩıșİĲα,ΝįİįȠȝȑȞȘȢΝĲȘȢΝ
πȠȜȪΝȤαȝȘȜȒȢΝȠȜȚțȒȢΝαπȩįȠıȘȢΝĲȘȢΝαȞĲȜȓαȢ,ΝȘΝȠπȠȓαΝİπȘȡİȐȗİȚΝıȘȝαȞĲȚțȐΝțαȚΝĲȠȞΝȠȜȚțȩΝȕαșȝȩΝ
απȩįȠıȘȢΝ İȞȩȢ ıȣıĲȒȝαĲȠȢΝ αȞȐțĲȘıȘȢΝ șİȡȝȩĲȘĲαȢ,Ν șİȦȡİȓĲαȚΝ ȩĲȚ, ıĲȠΝ ȝȑȜȜȠȞ, ĲȝȒȝαΝ ĲȘȢΝ
İπȚıĲȘȝȠȞȚțȒȢΝ țαȚΝ ȕȚȠȝȘȤαȞȚțȒȢΝ ȑȡİȣȞαȢΝ șαΝ İπȚțİȞĲȡȦșİȓΝ ıĲȘȞΝ ȕİȜĲȓȦıȘΝ ĲȦȞΝ ȖİȦȝİĲȡȚțȫȞΝ
ȤαȡαțĲȘȡȚıĲȚțȫȞΝ ĲȦȞΝ İȞΝ ȜȩȖȦΝαȞĲȜȚȫȞΝȝİΝıțȠπȩΝ ĲȘȞΝȕİȜĲȚıĲȠπȠȚȒıȘΝ ĲȘȢΝ ȜİȚĲȠȣȡȖȓαȢΝ αȣĲȫȞέ 
ȈĲαΝ πȜαȓıȚαΝ αȣĲȒȢΝ ĲȘȢΝ ȜȠȖȚțȒȢ,Ν țȡȓȞİĲαȚΝ ıțȩπȚȝȘΝ ȘΝ ȡİȣıĲȠȝȘȤαȞȚțȒΝ ȝȠȞĲİȜȠπȠȓȘıȘΝ (CFD 
analysis) ȝȓαȢΝαȞĲȜȓαȢΝįȚαĳȡȐȖȝαĲȠȢΝπȠȣΝșαΝȕȠȘșȒıİȚΝıȘȝαȞĲȚțȐΝıĲȠȞΝπȡȠıįȚȠȡȚıȝȩΝİțİȓȞȦȞΝ
ĲȦȞΝıĲȠȚȤİȓȦȞΝπȠȣΝįȪȞαȞĲαȚΝȞαΝȕİȜĲȚȦșȠȪȞΝΝȝİΝıĲȩȤȠΝĲȘȞΝαȪȟȘıȘΝĲȘȢΝαπȩįȠıȘȢΝĲȘȢΝαȞĲȜȓαȢέ 
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Σνποζσΰδο 
  
A  ǼπȚĳȐȞİȚα,Ν[m2] 
AU  ȈȣȞĲİȜİıĲȒȢΝȝİĲαĳȠȡȐȢΝșİȡȝȩĲȘĲαȢ,Ν[W/K] 
C  ǹȞĲȓıĲȡȠĳȠΝȜȩȖȠȣΝıȣȝπȓİıȘȢ,Ν- 
C  ǼȚįȚțȒΝșİȡȝȩĲȘĲα,Ν[J/kgK] 

pumpC
 

ȈĲαșİȡȐΝπȠȣΝțαșȠȡȓȗİĲαȚΝαπȩΝĲȠȞΝĲȪπȠΝĲȘȢΝαȞĲȜȓαȢ, [kg/m2s2] 

error ȈĳȐȜȝα,Ν- 
f  ȈȣȤȞȩĲȘĲα,Ν[Hz] 

af
 

ȁȩȖȠȢΝȩȖțȦȞΝV1 πȡȠȢΝVs,  - 

ef  
ȁȩȖȠȢΝfa πȡȠȢΝC, - 

pf
 

ȁȩȖȠȢΝȩȖțȦȞΝVex πȡȠȢΝVs,  - 

g  ǼπȚĲȐȤȣȞıȘΝĲȘȢΝȕαȡȪĲȘĲαȢ,Ν[m/s2] 
h

 
ǼȞșαȜπȓα,Ν[J/kg] 

a  
ǶȥȠȢΝȜȩȖȦΝİπȚĲȐȤȣȞıȘȢΝĲȘȢΝȡȠȒȢ,Ν[mH2O] 

f
 

AπȫȜİȚİȢΝȪȥȠȣȢΝȜȩȖȦΝĲȡȚȕȒȢ,Ν[mH2O] 

z  
ȊȥȠȝİĲȡȚțȒΝ įȚαĳȠȡȐΝȝİĲαȟȪΝ ĲȘȢΝαȞĲȜȓαȢΝ țαȚΝ ĲȠȣΝ ĲȡȠĳȠįȠĲȚțȠȪΝ įȠȤİȓȠȣ,Ν
[mH2O] 

K
 

ǻȚȠȡșȦĲȚțȩȢΝ ıȣȞĲİȜİıĲȒȢΝ πȠȣΝ ȤȡȘıȚȝȠπȠȚİȓĲαȚΝ ȖȚαΝ ȞαΝ ȜȘĳșİȓΝ ȣπȩȥȘΝ ȘΝ
ıȣȝπȚİıĲȩĲȘĲαΝĲȠȣΝȡİȣıĲȠȪ,Ν- 

L
 

ȂȒțȠȢΝĲȘȢΝȖȡαȝȝȒȢΝαȞαȡȡȩĳȘıȘȢ, [m] 
m ȆαȡȠȤȒΝȝȐȗαȢ,Ν[kg/m3] 
N

 
ȉαȤȪĲȘĲαΝπİȡȚıĲȡȠĳȒȢ,Ν[rpm] 

aNPSH  
ǻȚαșȑıȚȝȠΝȪȥȠȢΝαȞĲȜȓαȢ,Ν[mH2O] 

rNPSH  
ȀȡȓıȚȝȠΝȪȥȠȢΝıπȘȜαȓȦıȘȢ,Ν[mH2O] 

p
 

ȆȓİıȘ,Ν[bar] 

r pp 
 

ȆȓİıȘΝȝİĲαȟȪΝĲȡȠĳȠįȠĲȚțȠȪΝįȠȤİȓȠȣΝΝțαȚΝαȞĲȜȓαȢ,Ν[bar] 

resp  
ȆȓİıȘΝĲȠȣΝĲȡȠĳȠįȠĲȚțȠȪΝįȠȤİȓȠȣΝαȞȐȞĲȚΝĲȘȢΝαȞĲȜȓαȢ, [bar] 

satp  
ȆȓİıȘΝαĲȝȠπȠȓȘıȘȢΝĲȠȣΝȠȡȖαȞȚțȠȪΝȝȑıȠȣ, [bar] 

Q
 

ΘİȡȝȚțȒΝȚıȤȪȢ,Ν[W] 

wr  
ȁȩȖȠȢΝİπȚıĲȡİĳȩȝİȞȠȣΝȑȡȖȠȣ,Ν- 

Tr  
ȁȩȖȠȢΝșİȡȝȠțȡαıȚȫȞ,Ν- 

T
 

ΘİȡȝȠțȡαıȓα,Ν[Ȁ] 
condT  

ΘİȡȝȠțȡαıȓαΝıȣȝπȪțȞȦıȘȢ,Ν[Ȁ] 

critT  
ȀȡȓıȚȝȘΝșİȡȝȠțȡαıȓαΝĲȠȣΝȠȡȖαȞȚțȠȪΝȝȑıȠȣ,Ν[Ȁ] 

evapT
 

ΘİȡȝȠțȡαıȓαΝαĲȝȠπȠȓȘıȘȢ,Ν[Ȁ] 

mechT  
ǺȠȘșȘĲȚțȒΝπαȡȐȝİĲȡȠȢΝȖȚαΝȣπȠȜȠȖȚıȝȩΝαπȦȜİȚȫȞ, [J] 

wT
 

ΘİȡȝȠțȡαıȓαΝĲȠȚȤȫȝαĲȠȢ,Ν[Ȁ] 
u

 
ǼıȦĲİȡȚțȒΝİȞȑȡȖİȚα,Ν[J/kg] 

lu  
ȉαȤȪĲȘĲαΝĲȠȣΝȡİȣıĲȠȪΝıĲȘȞΝαȞαȡȡȩĳȘıȘ,Ν[m/s] 

W  ǿıȤȪȢ,Ν[W] 
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admW  
ȆαȡαȖȩȝİȞȘΝȚıȤȪȢΝțαĲȐΝĲȘȞΝįȚİȡȖαıȓα su2 su3, [W] 

compW
 

ȀαĲαȞαȜȚıțȫȝİȞȘΝȚıȤȪȢΝțαĲȐΝĲȘȞΝıȣȝπȓİıȘ,Ν[W] 

disW
 

ȀαĲαȞαȜȚıțȫȝİȞȘΝȚıȤȪȢΝțαĲȐΝĲȘȞΝįȚİȡȖαıȓαΝexex1, [W] 

expW
 

ȆαȡαȖȩȝİȞȘΝȚıȤȪȢΝțαĲȐΝĲȘȞΝİțĲȩȞȦıȘ,Ν[W] 

hydrW
 

ȊįȡαȣȜȚțȒΝȚıȤȪȢ,Ν[W] 

pumpW
 

ȀαĲαȞαȜȚıțȫȝİȞȘΝȚıȤȪȢΝıĲȘȞΝαȞĲȜȓα,Ν[W] 

shW
 

ǹπαȚĲȠȪȝİȞȘΝȚıȤȪȢΝıĲȠȞΝȐȟȠȞαΝĲȘȢΝαȞĲȜȓαȢ,Ν[W] 

V  ȆαȡȠȤȒΝȩȖțȠȣ,Ν[m3/s] 

0V  
ȃİțȡȩȢΝȒΝİπȚȗȒȝȚȠȢΝȩȖțȠȢΝαȞĲȜȓαȢ,Ν[m3] 

1V  
ΌȖțȠȢΝπȠȣΝ ȑȤİȚΝȘΝȐĲȡαțĲȠȢΝ ĲȘȢΝαȞĲȜȓαȢΝȩĲαȞΝȘΝ ȕαȜȕȓįαΝ İȚıαȖȦȖȒȢΝ İȓȞαȚΝ
αȞȠȚȤĲȒΝțαȚΝαȡȤȓȗİȚΝȘΝįȚİȡȖαıȓαΝ ĲȘȢΝαȞαȡȡȩĳȘıȘȢΝ ĲȠȣΝȠȡȖαȞȚțȠȪΝ ȝȑıȠȣ, 
[m3] 

exV  
ΌȖțȠȢΝ πȠȣΝ ȑȤİȚΝ ȘΝ ȐĲȡαțĲȠȢΝ ĲȘȢΝ αȞĲȜȓαȢΝ ȩĲαȞΝ ȘΝ ȕαȜȕȓįαΝ İȟαȖȦȖȒȢΝ İȓȞαȚΝ
αȞȠȚȤĲȒΝțαȚΝαȡȤȓȗİȚΝȘΝįȚİȡȖαıȓαΝĲȘȢΝİȟαȖȦȖȒȢΝĲȠȣΝȠȡȖαȞȚțȠȪΝȝȑıȠȣ, [m3] 

hV  
ΌȖțȠȢΝαȞαȡȡȩĳȘıȘȢΝĲȠȣΝİțĲȠȞȦĲȒ,Ν[m3] 

HV  
ΌȖțȠȢΝİȝȕȠȜȚıȝȠȪΝαȞĲȜȓαȢ,Ν[m3] 

sV  
ȅȜȚțȩȢΝȩȖțȠȢΝĲȘȢΝαĲȡȐțĲȠȣΝĲȘȢΝαȞĲȜȓαȢ,Ν[m3] 

v  ǼȚįȚțȩȢΝȩȖțȠȢ,Ν[m3/kg] 
 
 
ǼζζβθδεΪΝıτηίοζα 

 
ȁȩȖȠȢΝıȣȝπȓİıȘȢ,Ν-   ȆȣțȞȩĲȘĲαΝĲȠȣΝȠȡȖαȞȚțȠȪΝȝȑıȠȣ,Ν[kg/m3] 

 
ǻİέετİμ 
ad ΈȟȠįȠȢΝαπȩΝĲȘȞΝȚıİȞĲȡȠπȚțȒΝΥțȪȡȚα)ΝıȣȝπȓİıȘΝĲȘȢΝαȞĲȜȓαȢΝΥȕȜέǼȚțέγ.2) 
amb ǹȞαĳİȡȩȝİȞȠΝıĲȠΝπİȡȚȕȐȜȜȠȞ 
calc ȊπȠȜȠȖȚȗȩȝİȞȠΝαπȩΝĲȠΝȝȠȞĲȑȜȠ 
el ǾȜİțĲȡȚțȩȢ 
ex ΈȟȠįȠȢΝαπȩΝĲȘȞΝαȞĲȜȓα ΥȕȜέǼȚțέγ.2) 
ex1 ΈȟȠįȠȢΝαπȩΝȚıȠȕαȡȒΝȥȪȟȘΝĲȘȢΝȡȠȒȢΝex ΥȕȜέǼȚțέγ.2) 
ex2 ǹįȚαȕαĲȚțȩȢΝıĲȡαȖȖαȜȚıȝȩȢΝĲȘȢΝȡȠȒȢ ex1  ΥȕȜέǼȚțέγ.2) 
f/d ǹȞαĳİȡȩȝİȞȠΝıĲȠȞΝȡȣșȝȚıĲȒΝıĲȡȠĳȫȞ 
in ǼȓıȠįȠȢ 
is ǿıİȞĲȡȠπȚțȩȢ 
L

 
ΈȟȠįȠȢΝαπȩΝαįȚαȕαĲȚțȩΝıĲȡαȖȖαȜȚıȝȩΝįȚαȡȡȠȫȞΝΥȕȜέǼȚțέγ.2) 

leak ǻȚαȡȡȠȑȢ 
loss ǹπȫȜİȚİȢ 
m ȂȘȤαȞȚțȩȢ 
man ȆȡȠıįȚȠȡȚıȝȑȞȠΝαπȩΝĲȠȞΝțαĲαıțİȣαıĲȒ 
meas ȂİĲȡȠȪȝİȞȠΝπİȚȡαȝαĲȚțȐ 
mot ǹȞαĳİȡȩȝİȞȠΝıĲȠȞΝǾήȀΝπȠȣΝȠįȘȖİȓΝĲȘȞΝαȞĲȜȓα 
nom ȅȞȠȝαıĲȚțȩȢ 
out ΈȟȠįȠȢ 
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su ǹȞȐȝİȚȟȘΝİȚıȩįȠȣΝȝİΝαȞαțȣțȜȠȪȝİȞİȢΝȡȠȑȢΝΥȕȜέǼȚțέγ.2) 
su0 ǼȓıȠįȠȢΝıĲȘȞΝαȞĲȜȓαΝΥȕȜέǼȚțέγ.2) 
su1 ΈȟȠįȠȢΝαπȩΝαįȚαȕαĲȚțȩΝıĲȡαȖȖαȜȚıȝȩΝΥȕȜέǼȚțέγ.2) 
su2 ǹȞȐȝİȚȟȘΝsu1 ȝİΝįȚαȡȡȠȑȢΝΥȕȜέǼȚțέγ.2) 
su3 ΈȟȠįȠȢΝαπȩΝȚıȠȕαȡȒΝșȑȡȝαȞıȘΝΥȕȜέǼȚțέγ.2) 
tot ȅȜȚțȩȢ 
trap ȆαȖȚįİȣȝȑȞȘΝπȠıȩĲȘĲαΝȡİȣıĲȠȪ 
vol ȅȖțȠȝİĲȡȚțȩȢ 
0 ΈȟȠįȠȢΝαπȩΝȚıİȞĲȡȠπȚțȒΝİțĲȩȞȦıȘΝİȖțȜȦȕȚıȝȑȞȘȢΝȡȠȒȢΝΥȕȜέǼȚțέγ.2) 
1 ΈȟȠįȠȢΝ απȩΝ αįȚαȕαĲȚțȐΝ ȚıȩȤȦȡȘΝ ȝİĲαȕȠȜȒΝ İȖțȜȦȕȚıȝȑȞȘȢΝ ȡȠȒȢΝ

ΥȕȜέǼȚțέγ.2) 
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ΠαλΪλτβηαΝǹ 

ȈĲȠΝ İȞΝȜȩȖȦΝπαȡȐȡĲȘȝαΝπαȡȠȣıȚȐȗȠȞĲαȚΝȠȚΝ țȫįȚțİȢΝπȠȣΝαȞαπĲȪȤșȘțαȞΝıĲȠΝπİȡȚȕȐȜȜȠȞΝ ĲȠȣΝ
EES ȖȚαΝ ĲȘΝ įȚαțȡȓȕȦıȘΝ ĲȦȞΝ παȡαȝȑĲȡȦȞΝ ĲȠȣΝ ȝȠȞĲȑȜȠȣΝ ĲȘȢΝ αȞĲȜȓαȢ,Ν țαșȫȢΝ țαȚΝ ĲȠΝ ȓįȚȠΝ ĲȠΝ
ȝȠȞĲȑȜȠΝĲȘȢΝαȞĲȜȓαȢέ 

module 
pump(f,N,T_in,p_in,p_out,W_man,T_out_meas,m_meas,e_m,e_w,e_T,C,f_p,X,Vol_h,A_su,A_
ex,A_leak_nom,AU_su_nom,AU_ex_nom,AU_amb,m_cal,W_cal,T_cal,eta_is,eta_vol,W_loss,
T_w,W_iso,W_iso1) 

  
eta_fd=0.92 
W_m_nom=3000 
Load=W_cal/W_m_nom 
eta_mot=Interpolate2('eta_mot','Load','eta_mot',Load=Load) 
m_nom= 0.39 
f_nom=50 
Vol_h=Vol_s-Vol_cl 
C=Vol_cl/Vol_s 
  
"su0 initial state"   
m_cal= N/60*(Vol_s/v_su3-f_a*Vol_s/v_0)-m_leak 
m_su0=m_cal 
T_su0=T_in 
p_su0=p_in 
v_su0=VOLUME(R134a,T=T_su0,P=p_su0) 
H_su0=ENTHALPY(R134a,T=T_su0,P=p_su0) 
S_su0=ENTROPY(R134a,T=T_su0,P=p_su0) 
  
"su0--->su  adiabatic mixing whit leakage" 
m_su0*H_su0+m_leak*H_L= m_su*H_su 
m_su=m_su0+m_leak 
p_su=p_su0 
v_su=VOLUME(R134a,h=H_su,P=p_su) 
S_su=ENTROPY(R134a,h=H_su,P=p_su) 
T_su=TEMPERATURE(R134a,h=H_su,P=p_su) 
  
"su--->su1  isentropic pressure drop" 
m_su1=m_su 
p_su-p_su1=m_su1^2*v_su/(2*A_su^2) 
v_su1=VOLUME(R134a,s=S_su1,P=p_su1) 
H_su1=ENTHALPY(R134a,s=S_su1,P=p_su1) 
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S_su1=S_su 
T_su1=TEMPERATURE(R134a,s=S_su1,P=p_su1) 
  
"su1---->su2  adiabatic mixing whit trapped mass"  
m_su1*H_su1+m_1*H_1= m_su2*H_su2 
m_su2=m_su1+m_1 
p_su2=p_su1 
T_su2=TEMPERATURE(R134a,h=H_su2,P=p_su2) 
v_su2=VOLUME(R134a,h=H_su2,P=p_su2) 
S_su2=ENTROPY(R134a,h=H_su2,P=p_su2) 
  
"su2---->su3  isobaric heating, suction phase" 
m_su3=m_su2 
Q_suc=m_su3*(H_su3-H_su2) 
Q_suc=(1-exp(-AU_su/(m_su3*cp)))*m_su3*cp*(T_w-T_su2) 
AU_su=AU_su_nom*(m_cal/m_nom)^0.8 
p_su3=p_su2 
cp=CP(R134a,T=T_su2,P=p_su2) 
S_su3=ENTROPY(R134a,h=H_su3,P=p_su3) 
v_su3=VOLUME(R134a,h=H_su3,P=p_su3) 
T_su3=TEMPERATURE(R134a,h=H_su3,P=p_su3) 
U_su3=INTENERGY(R134a,h=H_su3,P=p_su3) 
W_suc=p_su3*Vol_s*(1-f_a)*N/60 
  
"su1--->ad   isentropic compression" 
m_ad=m_su3 
W_comp=m_ad*(U_ad-U_su3) 
U_ad=INTENERGY(R134a,s=S_ad,v=v_ad) 
H_ad=ENTHALPY(R134a,s=S_ad,v=v_ad) 
S_ad=S_su3 
p_ad=PRESSURE(R134a,s=S_ad,v=v_ad) 
T_ad=TEMPERATURE(R134a,s=S_ad,v=v_ad) 
f_p=v_ad/v_su3 
  
"ad---->ex  isochoric adiabatic" 
m_ex=m_ad 
W_iso=m_ex*(U_ex-U_ad) 
v_ex=v_ad 
T_ex=TEMPERATURE(R134a,h=H_ex,v=v_ex) 
S_ex=ENTROPY(R134a,h=H_ex,v=v_ex) 
p_ex=PRESSURE(R134a,h=H_ex,v=v_ex) 
U_ex=INTENERGY(R134a,h=H_ex,v=v_ex) 
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"ex---->ex1   isobaric cooling, discharge phase" 
m_ex1=m_ex-m_leak 
Q_dis=m_ex1*(H_ex1-H_ex) 
Q_dis=(1-exp(-AU_ex/(m_ex1*cp1)))*m_ex1*cp1*(T_w-T_ex) 
AU_ex=AU_ex_nom*(m_cal/m_nom)^0.8 
p_ex1=p_ex 
cp1=CP(R134a,h=H_ex,P=p_ex) 
S_ex1=ENTROPY(R134a,h=H_ex1,P=p_ex1) 
v_ex1=VOLUME(R134a,h=H_ex1,P=p_ex1) 
T_ex1=TEMPERATURE(R134a,h=H_ex1,P=p_ex1) 
W_dis=p_ex1*Vol_s*(f_p-C)*N/60 
  
"ex1---->ex2   isentropic pressure drop" 
m_ex2=m_ex1-m_0   
p_ex1-p_ex2=m_ex2^2*v_ex1/(2*A_ex^2) 
p_ex2=p_out 
v_ex2=VOLUME(R134a,s=S_ex2,P=p_ex2) 
S_ex2=S_ex1 
T_ex2=TEMPERATURE(R134a,s=S_ex2,P=p_ex2) 
H_ex2=ENTHALPY(R134a,s=S_ex2,P=p_ex2) 
T_ex2=T_cal 
  
"ex1--->0  isentropic expansion" 
m_0=f_a*Vol_s*N/(v_0*60) 
S_0=S_ex1 
v_0=v_ex1*X 
X=f_a/C 
T_0=TEMPERATURE(R134a,s=S_0,v=v_0) 
H_0=ENTHALPY(R134a,s=S_0,v=v_0) 
p_0=PRESSURE(R134a,s=S_0,v=v_0) 
U_0=INTENERGY(R134a,s=S_0,v=v_0) 
  
"0---->1  isochoric adiabatic" 
m_1=m_0 
W_iso1=m_1*(U_1-U_0) 
v_1=v_0 
T_1=TEMPERATURE(R134a,P=p_1,v=v_1) 
S_1=ENTROPY(R134a,P=p_1,v=v_1) 
p_1=p_su2 
H_1=ENTHALPY(R134a,v=v_1,P=p_1) 
U_1=INTENERGY(R134a,P=p_1,v=v_1) 
   
"ex--->L  leakage" 
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m_leak=A_leak*(2*(p_ex-p_L)/v_ex)^0.5 
A_leak=A_leak_nom*(f/f_nom) 
v_L=VOLUME(R134a,s=S_L,P=p_L) 
p_L=p_su0 
S_L=S_ex 
H_L=ENTHALPY(R134a,s=S_L,P=p_L) 
T_L=TEMPERATURE(R134a,s=S_L,P=p_L) 
  
"balance" 
W_in=W_comp+W_dis-W_suc 
W_cal=W_in+W_loss 
W_el=W_cal/eta_fd/eta_mot 
  
Q_suc+Q_amb-W_loss+Q_dis=0 
Q_amb=AU_amb*(T_w-T_amb) 
T_amb=273.15+20 
W_loss=4.28*f 
 
  
e_m=((m_cal-m_meas)/m_meas)^2 
e_w=((W_cal-W_man)/W_man)^2 
e_T=((T_cal-T_out_meas)/T_out_meas)^2 
  
"efficiency" 
eta_is=(H_is-H_su0)/(H_ex2-H_su0) 
H_is=ENTHALPY(R134a,s=S_su0,P=p_ex2) 
eta_vol=m_cal*v_su0/(N/60*Vol_s*(1-C)) 
  
end 
  
"point 1" 
f[1]=41.4183 
N[1]=795.2315 
T_in[1]=273.15+33.4201 
p_in[1]=0.9884E+06 
p_out[1]=2.2596E+06 
  
W_man[1]=15*N[1]/84428*1000+V_meas[1]*(p_out[1]-p_in[1])*10^(-2)/511 
m_meas[1]= 0.3169      
V_meas[1]=0.3169/1174.8996*1000*60                   
T_out_meas[1]= 273.15+ 34.4965 
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call 
pump(f[1],N[1],T_in[1],p_in[1],p_out[1],W_man[1],T_out_meas[1],m_meas[1],e_m[1],e_w[1],
e_T[1],C,f_p,X,Vol_h,A_su,A_ex,A_leak_nom,AU_su_nom,AU_ex_nom,AU_amb,m_cal[1],W
_cal[1],T_cal[1],eta_is[1],eta_vol[1],W_loss[1],T_w[1],W_iso[1],W_iso1[1]) 

  
"point 2" 
f[2]=42.6794 
N[2]=819.4444 
T_in[2]=273.15+ 33.7963  
p_in[2]=0.994E+06 
p_out[2]=2.284E+06 
  
W_man[2]=15*N[2]/84428*1000+V_meas[2]*(p_out[2]-p_in[2])*10^(-2)/511      
m_meas[2]= 0.2976                             
V_meas[2]=0.2976/1173.3694*1000*60 
T_out_meas[2]= 273.15+34.8958   
  
call 

pump(f[2],N[2],T_in[2],p_in[2],p_out[2],W_man[2],T_out_meas[2],m_meas[2],e_m[2],e_w[2],
e_T[2],C,f_p,X,Vol_h,A_su,A_ex,A_leak_nom,AU_su_nom,AU_ex_nom,AU_amb,m_cal[2],W
_cal[2],T_cal[2],eta_is[2],eta_vol[2],W_loss[2],T_w[2],W_iso[2],W_iso1[2]) 

  
"point 3" 
f[3]=43.101 
N[3]=827.539 
T_in[3]=273.15+ 34.3648  
p_in[3]=1.0042E+06 
p_out[3]=2.2383E+06 
  
W_man[3]=15*N[3]/84428*1000+V_meas[3]*(p_out[3]-p_in[3])*10^(-2)/511 
m_meas[3]= 0.2956                           
V_meas[3]=0.2956/1171.0593*1000*60 
T_out_meas[3]= 273.15+35.4542  
  
call 

pump(f[3],N[3],T_in[3],p_in[3],p_out[3],W_man[3],T_out_meas[3],m_meas[3],e_m[3],e_w[3],
e_T[3],C,f_p,X,Vol_h,A_su,A_ex,A_leak_nom,AU_su_nom,AU_ex_nom,AU_amb,m_cal[3],W
_cal[3],T_cal[3],eta_is[3],eta_vol[3],W_loss[3],T_w[3],W_iso[3],W_iso1[3]) 

  
"point 4" 
f[4]=43.7066 
N[4]=839.1667 
T_in[4]=273.15+ 34.4499 
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p_in[4]=1.0035E+06 
p_out[4]=2.3013E+06 
  
W_man[4]=15*N[4]/84428*1000+V_meas[4]*(p_out[4]-p_in[4])*10^(-2)/511                                         
m_meas[4]= 0.3091                      
V_meas[4]=0.3091/1170.6966*1000*60 
T_out_meas[4]= 273.15+35.546 
  
call 

pump(f[4],N[4],T_in[4],p_in[4],p_out[4],W_man[4],T_out_meas[4],m_meas[4],e_m[4],e_w[4],
e_T[4],C,f_p,X,Vol_h,A_su,A_ex,A_leak_nom,AU_su_nom,AU_ex_nom,AU_amb,m_cal[4],W
_cal[4],T_cal[4],eta_is[4],eta_vol[4],W_loss[4],T_w[4],W_iso[4],W_iso1[4]) 

  
"point 5" 
f[5]=43.6992 
N[5]=839.0256 
T_in[5]=273.15+35.5737 
p_in[5]=1.0337E+06 
p_out[5]=2.2944E+06 
  
W_man[5]=15*N[5]/84428*1000+V_meas[5]*(p_out[5]-p_in[5])*10^(-2)/511                     
m_meas[5]= 0.2929                          
V_meas[5]=0.2929/1166.1665*1000*60 
T_out_meas[5]= 273.15+ 36.6779 
  
call 

pump(f[5],N[5],T_in[5],p_in[5],p_out[5],W_man[5],T_out_meas[5],m_meas[5],e_m[5],e_w[5],
e_T[5],C,f_p,X,Vol_h,A_su,A_ex,A_leak_nom,AU_su_nom,AU_ex_nom,AU_amb,m_cal[5],W
_cal[5],T_cal[5],eta_is[5],eta_vol[5],W_loss[5],T_w[5],W_iso[5],W_iso1[5]) 

  
"point 6" 
f[6]=45 
N[6]=864 
T_in[6]=273.15+31.7888 
p_in[6]=0.9318E+06 
p_out[6]=2.2161E+06 
  
W_man[6]=15*N[6]/84428*1000+V_meas[6]*(p_out[6]-p_in[6])*10^(-2)/511                                          
m_meas[6]= 0.345                            
V_meas[6]=0.345/1181.253*1000*60 
T_out_meas[6]= 273.15+ 33.0351   
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call 
pump(f[6],N[6],T_in[6],p_in[6],p_out[6],W_man[6],T_out_meas[6],m_meas[6],e_m[6],e_w[6],
e_T[6],C,f_p,X,Vol_h,A_su,A_ex,A_leak_nom,AU_su_nom,AU_ex_nom,AU_amb,m_cal[6],W
_cal[6],T_cal[6],eta_is[6],eta_vol[6],W_loss[6],T_w[6],W_iso[6],W_iso1[6]) 

  
"point 7" 
f[7]=45.8088 
N[7]=879.5294 
T_in[7]=273.15+31.9806 
p_in[7]=0.9484E+06 
p_out[7]=2.2451E+06 
  
W_man[7]=15*N[7]/84428*1000+V_meas[7]*(p_out[7]-p_in[7])*10^(-2)/511 
m_meas[7]= 0.3416                          
V_meas[7]=0.3416/1180.5794*1000*60 
T_out_meas[7]= 273.15+ 33.2125 
  
call 

pump(f[7],N[7],T_in[7],p_in[7],p_out[7],W_man[7],T_out_meas[7],m_meas[7],e_m[7],e_w[7],
e_T[7],C,f_p,X,Vol_h,A_su,A_ex,A_leak_nom,AU_su_nom,AU_ex_nom,AU_amb,m_cal[7],W
_cal[7],T_cal[7],eta_is[7],eta_vol[7],W_loss[7],T_w[7],W_iso[7],W_iso1[7]) 

  
"point 8" 
f[8]=46 
N[8]=883.2 
T_in[8]=273.15+32.209 
p_in[8]=0.9469E+06 
p_out[8]=2.2085E+06 
  
W_man[8]=15*N[8]/84428*1000+V_meas[8]*(p_out[8]-p_in[8])*10^(-2)/511                                                
m_meas[8]= 0.3225                        
V_meas[8]=0.3225/1179.6276*1000*60 
T_out_meas[8]= 273.15+ 33.4207 
  
call 

pump(f[8],N[8],T_in[8],p_in[8],p_out[8],W_man[8],T_out_meas[8],m_meas[8],e_m[8],e_w[8],
e_T[8],C,f_p,X,Vol_h,A_su,A_ex,A_leak_nom,AU_su_nom,AU_ex_nom,AU_amb,m_cal[8],W
_cal[8],T_cal[8],eta_is[8],eta_vol[8],W_loss[8],T_w[8],W_iso[8],W_iso1[8]) 

  
"point 9" 
f[9]=47.5 
N[9]=912 
T_in[9]=273.15+32.0176 
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p_in[9]=0.9392E+06 
p_out[9]=2.3107E+06 
  
W_man[9]=15*N[9]/84428*1000+V_meas[9]*(p_out[9]-p_in[9])*10^(-2)/511                                  
m_meas[9]= 0.3328                          
V_meas[9]=0.3328/1180.3628*1000*60 
T_out_meas[9]= 273.15+ 33.3145 
  
call 

pump(f[9],N[9],T_in[9],p_in[9],p_out[9],W_man[9],T_out_meas[9],m_meas[9],e_m[9],e_w[9],
e_T[9],C,f_p,X,Vol_h,A_su,A_ex,A_leak_nom,AU_su_nom,AU_ex_nom,AU_amb,m_cal[9],W
_cal[9],T_cal[9],eta_is[9],eta_vol[9],W_loss[9],T_w[9],W_iso[9],W_iso1[9]) 

  
"point 10" 
f[10]=48.3415 
N[10]=928.1561 
T_in[10]=273.15+32.224 
p_in[10]=0.945E+06 
p_out[10]=2.2631E+06 
  
W_man[10]=15*N[10]/84428*1000+V_meas[10]*(p_out[10]-p_in[10])*10^(-2)/511                                    
m_meas[10]= 0.3508                      
V_meas[10]=0.3508/1179.5523*1000*60 
T_out_meas[10]= 273.15+ 33.5456 
  
call 

pump(f[10],N[10],T_in[10],p_in[10],p_out[10],W_man[10],T_out_meas[10],m_meas[10],e_m[1
0],e_w[10],e_T[10],C,f_p,X,Vol_h,A_su,A_ex,A_leak_nom,AU_su_nom,AU_ex_nom,AU_am
b,m_cal[10],W_cal[10],T_cal[10],eta_is[10],eta_vol[10],W_loss[10],T_w[10],W_iso[10],W_iso
1[10]) 

  
"point 11" 
f[11]=50 
N[11]=960 
T_in[11]=273.15+32.2236 
p_in[11]=0.9471E+06 
p_out[11]=2.3938E+06 
  
W_man[11]=15*N[11]/84428*1000+V_meas[11]*(p_out[11]-p_in[11])*10^(-2)/511                                   
m_meas[11]= 0.3513                       
V_meas[11]=0.3513/1179.5687*1000*60 
T_out_meas[11]= 273.15+ 33.6531 
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call 
pump(f[11],N[11],T_in[11],p_in[11],p_out[11],W_man[11],T_out_meas[11],m_meas[11],e_m[1
1],e_w[11],e_T[11],C,f_p,X,Vol_h,A_su,A_ex,A_leak_nom,AU_su_nom,AU_ex_nom,AU_am
b,m_cal[11],W_cal[11],T_cal[11],eta_is[11],eta_vol[11],W_loss[11],T_w[11],W_iso[11],W_iso
1[11]) 

  
"point 12" 
f[12]=50 
N[12]=960 
T_in[12]=273.15+35.6434 
p_in[12]=1.0499E+06 
p_out[12]=2.4405E+06 
  
W_man[12]=15*N[12]/84428*1000+V_meas[12]*(p_out[12]-p_in[12])*10^(-2)/511                      
m_meas[12]= 0.3545                      
V_meas[12]=0.3545/1165.992*1000*60 
T_out_meas[12]= 273.15+ 37.1179 
  
call 

pump(f[12],N[12],T_in[12],p_in[12],p_out[12],W_man[12],T_out_meas[12],m_meas[12],e_m[1
2],e_w[12],e_T[12],C,f_p,X,Vol_h,A_su,A_ex,A_leak_nom,AU_su_nom,AU_ex_nom,AU_am
b,m_cal[12],W_cal[12],T_cal[12],eta_is[12],eta_vol[12] 
,W_loss[12],T_w[12],W_iso[12],W_iso1[12]) 

  
"point 13" 
f[13]=41.6732 
N[13]=800.1252 
T_in[13]=273.15+33.9166 
p_in[13]=0.9913E+06 
p_out[13]=2.2608E+06 
  
W_man[13]=15*N[13]/84428*1000+V_meas[13]*(p_out[13]-p_in[13])*10^(-2)/511                               
m_meas[13]= 0.301                      
V_meas[13]=0.301/1172.8465*1000*60 
T_out_meas[13]= 273.15+ 34.9719 
  
call 

pump(f[13],N[13],T_in[13],p_in[13],p_out[13],W_man[13],T_out_meas[13],m_meas[13],e_m[1
3],e_w[13],e_T[13],C,f_p,X,Vol_h,A_su,A_ex,A_leak_nom,AU_su_nom,AU_ex_nom,AU_am
b,m_cal[13],W_cal[13],T_cal[13],eta_is[13],eta_vol[13] 
,W_loss[13],T_w[13],W_iso[13],W_iso1[13]) 

  
"point 14" 
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f[14]=41.6845 
N[14]=800.3431 
T_in[14]=273.15+33.8893 
p_in[14]=0.9889E+06 
p_out[14]=2.3475E+06 
  
W_man[14]=15*N[14]/84428*1000+V_meas[14]*(p_out[14]-p_in[14])*10^(-2)/511                              
m_meas[14]= 0.3125                    
V_meas[14]=0.3125/1172.9434*1000*60         
T_out_meas[14]= 273.15+ 35.0127 
  
call 

pump(f[14],N[14],T_in[14],p_in[14],p_out[14],W_man[14],T_out_meas[14],m_meas[14],e_m[1
4],e_w[14],e_T[14],C,f_p,X,Vol_h,A_su,A_ex,A_leak_nom,AU_su_nom,AU_ex_nom,AU_am
b,m_cal[14],W_cal[14],T_cal[14],eta_is[14],eta_vol[14],W_loss[14],T_w[14],W_iso[14],W_iso
1[14]) 

  
"point 15" 
f[15]=42.6895 
N[15]=819.6389 
T_in[15]=273.15+34.4907 
p_in[15]=0.9999E+06 
p_out[15]=2.2819E+06 
  
W_man[15]=15*N[15]/84428*1000+V_meas[15]*(p_out[15]-p_in[15])*10^(-2)/511                                
m_meas[15]= 0.3029             
V_meas[15]=0.3029/1170.4977*1000*60        
T_out_meas[15]= 273.15+ 35.5729 
  
call 

pump(f[15],N[15],T_in[15],p_in[15],p_out[15],W_man[15],T_out_meas[15],m_meas[15],e_m[1
5],e_w[15],e_T[15],C,f_p,X,Vol_h,A_su,A_ex,A_leak_nom,AU_su_nom,AU_ex_nom,AU_am
b,m_cal[15],W_cal[15],T_cal[15],eta_is[15],eta_vol[15],W_loss[15],T_w[15],W_iso[15],W_iso
1[15]) 

  
"point 16" 
f[16]=43.7018 
N[16]=839.0755 
T_in[16]=273.15+35.4338 
p_in[16]=1.0303E+06 
p_out[16]=2.3091E+06 
  
W_man[16]=15*N[16]/84428*1000+V_meas[16]*(p_out[16]-p_in[16])*10^(-2)/511                                     
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m_meas[16]= 0.2904                 
V_meas[16]=0.2904/1166.7352*1000*60 
T_out_meas[16]= 273.15+36.4773 
  
call 

pump(f[16],N[16],T_in[16],p_in[16],p_out[16],W_man[16],T_out_meas[16],m_meas[16],e_m[1
6],e_w[16],e_T[16],C,f_p,X,Vol_h,A_su,A_ex,A_leak_nom,AU_su_nom,AU_ex_nom,AU_am
b,m_cal[16],W_cal[16],T_cal[16],eta_is[16],eta_vol[16],W_loss[16],T_w[16],W_iso[16],W_iso
1[16]) 

  
"point 17" 
f[17]=46 
N[17]=883.2 
T_in[17]=273.15+32.1759 
p_in[17]=0.9467E+06 
p_out[17]=2.3757E+06 
  
W_man[17]=15*N[17]/84428*1000+V_meas[17]*(p_out[17]-p_in[17])*10^(-2)/511                              
m_meas[17]= 0.3397               
V_meas[17]=0.3397/1179.763*1000*60 
T_out_meas[17]= 273.15+33.5023 
  
call 

pump(f[17],N[17],T_in[17],p_in[17],p_out[17],W_man[17],T_out_meas[17],m_meas[17],e_m[1
7],e_w[17],e_T[17],C,f_p,X,Vol_h,A_su,A_ex,A_leak_nom,AU_su_nom,AU_ex_nom,AU_am
b,m_cal[17],W_cal[17],T_cal[17],eta_is[17],eta_vol[17],W_loss[17],T_w[17],W_iso[17],W_iso
1[17]) 

  
"point 18" 
  
f[18]=47.5 
N[18]=912 
T_in[18]=273.15+31.9583 
p_in[18]=0.9393E+06 
p_out[18]=2.5196E+06 
  
W_man[18]=15*N[18]/84428*1000+V_meas[18]*(p_out[18]-p_in[18])*10^(-2)/511                               
m_meas[18]= 0.3356                
V_meas[18]=0.3356/1180.6079*1000*60 
T_out_meas[18]= 273.15+33.4128 
  
call 

pump(f[18],N[18],T_in[18],p_in[18],p_out[18],W_man[18],T_out_meas[18],m_meas[18],e_m[1
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8],e_w[18],e_T[18],C,f_p,X,Vol_h,A_su,A_ex,A_leak_nom,AU_su_nom,AU_ex_nom,AU_am
b,m_cal[18],W_cal[18],T_cal[18],eta_is[18],eta_vol[18],W_loss[18],T_w[18],W_iso[18],W_iso
1[18]) 

  
"point 19" 
f[19]=47.2934 
N[19]=908.0335 
T_in[19]=273.15+32.5063 
p_in[19]=0.9521E+06 
p_out[19]=2.2142E+06 
  
W_man[19]=15*N[19]/84428*1000+V_meas[19]*(p_out[19]-p_in[19])*10^(-2)/511                     
m_meas[19]= 0.3413                
V_meas[19]=0.3413/1178.4353*1000*60 
T_out_meas[19]= 273.15+33.754 
  
call 

pump(f[19],N[19],T_in[19],p_in[19],p_out[19],W_man[19],T_out_meas[19],m_meas[19],e_m[1
9],e_w[19],e_T[19],C,f_p,X,Vol_h,A_su,A_ex,A_leak_nom,AU_su_nom,AU_ex_nom,AU_am
b,m_cal[19],W_cal[19],T_cal[19],eta_is[19],eta_vol[19],W_loss[19],T_w[19],W_iso[19],W_iso
1[19]) 

  
"point 20" 
f[20]=50 
N[20]=960 
T_in[20]=273.15+37.1739 
p_in[20]=1.0925E+06 
p_out[20]=2.3947E+06 
  
W_man[20]=15*N[20]/84428*1000+V_meas[20]*(p_out[20]-p_in[20])*10^(-2)/511                             
m_meas[20]= 0.3599               
V_meas[20]=0.3599/1159.763*1000*60 
T_out_meas[20]= 273.15+38.5139 
  
call 

pump(f[20],N[20],T_in[20],p_in[20],p_out[20],W_man[20],T_out_meas[20],m_meas[20],e_m[2
0],e_w[20],e_T[20],C,f_p,X,Vol_h,A_su,A_ex,A_leak_nom,AU_su_nom,AU_ex_nom,AU_am
b,m_cal[20],W_cal[20],T_cal[20],eta_is[20],eta_vol[20],W_loss[20],T_w[20],W_iso[20],W_iso
1[20]) 

  
error=(SUM(e_m[1..20]))^0.5+(SUM(e_w[1..20]))^0.5+(SUM(e_T[1..20]))^0.5 
 


