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The inﬂuence of subcooling on refrigeration control quality By Bernd Kätow, M.Sc. Mech. Eng. Danfoss A/S (Nordborg, Denmark).



Contents: 1. What is subcooling and how is it achieved? 2. How does subcooling aﬀect the individual components in the refrigeration circuit? 3. How does subcooling aﬀect overall refrigeration system control? 4. Two examples in a Mollier diagram 5. Final comments



Introduction In connection with system dimensioning or during plant operation, the theme “subcooling” is often considered (if at all) solely from a “single component” perspective, i.e. the expansion valve. It is normally taken for granted that the other components also “contribute” as part of the planned operating conditions.



Using this as a basis, the aim is to explain the control characteristics of the refrigeration system as a function of the subcooling while taking account of the internal interaction between the individual components.



But practical application examples often prove this theory wrong!



The result is often a completely diﬀerent and comprehensive picture than the one which emerges when using the “single component” perspective.



The purpose of this text is to initially describe the eﬀects of subcooling on the individual refrigeration plant components under constant marginal conditions and without mutual interference.



A practical approach to analysing the topic is then outlined by means of two examples in a Mollier diagram. Finally, the presented conclusions are discussed in detail.



1. What is subcooling and how is it achieved? When subcooling the liquid refrigerant before it enters the expansion valve the purpose is twofold:  



to increase plant refrigeration capacity and to prevent ﬂash gas formation ahead of the expansion valve.



In this way the evaporation enthalpy is increased by a certain amount. This is illustrated as follows in the Mollier diagram:



In practice, condensed refrigerant can be subcooled in diﬀerent ways: A. By dimensioning condensers in such a way that in addition to featuring the necessary condensing surface they also incorporate a subcooling section. In air-cooled condensers, however, the achieved eﬀect is normally insigniﬁcant. By expanding the condensing surface you can at best reduce the condensing pressure in which case subcooling must be achieved as outlined under points B, C or D. B. By installing internal heat exchangers thereby providing subcooling and suction gas superheating at the same time. C. By installing external heat exchangers thus making it possible to achieve subcooling by means of an external cooling system. In this way heat extracted by the subcooling process is either delivered to a secondary cooling agent (water, air, brine) or another refrigeration system operating at a lower temperature.



������������������



D. By installing the receiver or the piping, respectively, outdoors, thus allowing for seasonally dependant subcooling.



Fig. 1
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2. How does subcooling aﬀect the individual components in the refrigeration circuit? When answering this question, two marginal conditions must be taken into account: I The subcooling eﬀect solely relates to the individual component. Interactions between individual plant components are not considered. II The data apply to static conditions under constant marginal conditions. Dynamic processes are not taken into account.



Component manufacturers normally indicate the subcooling eﬀect of each individual product, and in this connection the following components are described in more detail: COMPONENT



MANUFACTURER



SOURCE



Expansion valve



DANFOSS A/S, Nordborg (DK)



[1]



Compressor



BITZER, Sindelﬁngen (D)



[2]



Evaporator



KÜBA, Baierbrunn (D)



[3]



Expansion valve



Compressor



Statement: „Under constant marginal conditions, the expansion valve capacity increases with increasing subcooling!“



Statement: „Under constant marginal conditions, the compressor capacity increases when subcooling increases!“



Cause: If the superheating temperature, the evaporating temperature and the pressure diﬀerence across the valve remain constant, it is assumed that the opening degree and thus the refrigerant mass ﬂow through the valve is constant.



Cause: When the superheating, evaporating and condensing temperatures are constant, it is assumed that the refrigerant mass ﬂow through the compressor is constant.



The inlet enthalpy - and thus the overall evaporation enthalpy - is increased under these conditions, and according to the formula: ∆ Q0 = m × ∆h, the refrigeration capacity has increased by ∆ Q0 compared to a situation without subcooling. Whereby:



∆ Q0 = Refrigeration capacity increase [kW] m = Refrigerant mass ﬂow [kg/s] ∆h = Enthalpy increase through subcooling [kJ/kg]



If subcooling increases, the speciﬁc volumes during expansion [m3/kg] decrease. With a constant valve opening degree this would result in an even larger refrigerant mass ﬂow, m [kg/s], thus increasing the above-mentioned capacity even further!



The result is the same as the one achieved for the expansion valve.



Evaporator Statement: „Under constant marginal conditions, evaporator capacity will more or less remain constant with increasing or decreasing subcooling!“ Cause: The capacity of an evaporator with a given surface area depends solely on the temperature diﬀerence and the heat transmission coefﬁcient [3]. Because of the increasing subcooling, refrigerant heat absorption ability is improved. This, however, has no direct eﬀect on evaporator capacity under unchanged marginal conditions (see EN 328). Capacity ratings apply to an evaporator inlet condition in the area of 0.2 < x < 0.3 (x = vapour mass fraction).



3. How does subcooling aﬀect overall refrigeration circuit control? Because of the component interaction, the constant marginal conditions presupposed under point 2 can only be realised in practice under certain conditions! In order to describe the eﬀect of subcooling on overall system behaviour, the conditions mentioned earlier must be taken into consideration:  



Component interaction and Variation of thermodynamic parametres
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Control system: Expansion valve – Evaporator – Compressor Increasing subcooling allows the refrigerant to absorb additional heat. The exploitation of this possibility now depends on the conditions in the evaporator. In addition, the refrigerant media (e.g. air or water) must of course be capable of giving oﬀ this additional heat! This can be achieved by increasing the media mass ﬂow or the inlet temperature. If the media mass ﬂow and the inlet temperature remain unchanged, the outlet temperature should fall. Because of the many possible system conﬁgurations, the following explanations must be taken with some reservations. A system with one evaporator without evaporating pressure control is used as a basis. The equation to be used in calculating evaporator heat transfer is as follows: Qo Whereby:



= k × ∆tlog × A



Qo = Refrigeration capacity [kW] k = Heat transmission coeﬃcient [kW/(K × m2] ∆tlog = Logarithmic, average temperature diﬀerence [K] A = Heat-transferring surface [m2]



In addition, it is assumed that the heat transmission coeﬃcient remains unchanged (this value primarily depends on the refrigerant side conditions). In order to convert the oﬀered additional heat either the logarithmic average temperature diﬀerence ∆tlog must be increased or the heat-transferring surface A must be expanded (i.e. the evaporation surface is favoured at the expense of the superheating surface).



In practice, the average temperature diﬀerence often increases, and in evaporators without pressure control, the evaporation temperature will fall. In this case the compressor must overcome a higher pressure diﬀerence, and this results in decreasing compressor capacity. However, the increase factors for the compressor capacity in the event of increasing subcooling stated by compressor manufacturers (e.g.: [2]) are normally based on constant temperature and pressure conditions! If the enthalpy rise provided by the evaporator can actually be exploited, the refrigerant mass ﬂow [kg/s] will decrease. The expansion of the evaporating surface thus achieved leads to a reduction of the superheating surface at the evaporator outlet. According to the “MSS theory”* developed by Danfoss, each evaporator has a stability characteristic curve. In order to maintain the required capacity, a certain minimum superheating or rather minimum superheating surface must be ensured. With rising subcooling, the control system will increasingly approach the unstable area. Finally, the superheating signal may collapse when the subcooling becomes suﬃciently large. The remaining, relatively small superheating surface is no longer able to maintain the required stable superheating signal. Not even optimised expansion valves or electronic injection controllers can in this case “provide” the missing surface! Electronic control systems can, however, expand the scope of the evaporating surface and thus allow less superheating than mechanical control systems.



Extent of subcooling The extent of the permissible subcooling cannot be stated in general. Above all, this depends on the components being correctly dimensioned in relation to each other.



In addition, ﬂash gas formation before the expansion valve should of course be prevented by means of a certain amount of subcooling!



Over dimensioned expansion valves can be critical, as can over dimensioned evaporators. In the latter case the over dimensioned surface reduces the logarithmic average temperature diﬀerence ∆tlog thereby limiting the superheating scope. The same applies to systems with over dimensioned expansion valves.



An over dimensioned compressor also constitutes a risk. Here capacity step control produces substantial changes in the superheating signal. These changes may aﬀect the stability limit of the evaporator and lead to hunting of the superheat signal. This tendency is also reinforced by excessive subcooling.



Furthermore, it is important to consider whether a certain subcooling was presupposed at the time when the evaporator was selected and its capacity deﬁned by the manufacturer’s.



The variable operating conditions should also be taken into account. Examples hereof are seasonal changes or diﬀerences between start-up and continuous operation.



This applies to KÜBA evaporators (pursuant to EN 328, April 1999, see [5]).



A subcooling which is adequate for continuous operation may not be available at start-up. This can cause problems in this speciﬁc phase.



As a guideline a vapour mass fraction at the evaporator inlet within the range: 0.2 < × < 0.3 should be aimed at. This guideline forms the basis of the capacity information in pursuance of the above-mentioned standard [5] and it has proven to be the best starting point for good control. * “MSS” = Minimal Stable Signal (of superheating) Article - The inﬂuence of subcooling on refrigeration control quality - 20050404
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4. Two examples in a Mollier diagram To round oﬀ, two examples are presented as an illustration of the theme subcooling. The marginal conditions for these considerations are: 



Pressure drops in piping, heat exchangers etc. are disregarded in the graphical representation.







Assuming correctly dimensioned, installed and adjusted plant components, the achievement of a vapour mass fraction around 0.2 < x < 0.3 at the evaporator inlet [3] is considered the main criteria for unproblematic control. If the marginal conditions deviate from those indicated on the capacity datasheet for the evaporator concerned (or other evaporators), the manufacturer should be contacted in order to obtain the required capacity data.



The following problem is illustrated in ﬁgure 2: Using the same subcooling, a vapour mass fraction at the evaporator inlet is achieved which on the high pressure side lies at the upper norm limit and which on the low pressure side is too low. If subcooling disappears, the start-up condition of the high pressure side may change to x = 0.36 (broken line). This happens, for example, if the condensing temperature increases or if air-cooled condensers work without external subcooling; an event that is far more common. Practical application examples illustrate the considerable impact of even relatively small deviations from evaporator factory settings.
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Example 1: R22 Cascade system A cascade system consists of two separate refrigeration circuits. The condenser on the low pressure side is at the same time the evaporator on the high pressure side. For the sake of simplicity, it is assumed that the same refrigerant is used in both parts of the system. Operating conditions: Cascade low pressure side : Condensing temperature Evaporating temperature Subcooling ➝ Evaporation starting point



–15°C –40°C 10 K x = 0,07



Cascade high pressure side: Condensing temperature Evaporating temperature Subcooling ➝ Evaporation starting point



45°C –20°C 10 K x = 0,30



When the external heat impact on the distributor and distributor pipes is taken into account, the evaporator start-up condition would shift even further to the right! Without subcooling, the vapour mass fraction on the low pressure side is still too small compared to the norm conditions. In this case the evaporator manufacturer must be consulted.



Article - The inﬂuence of subcooling on refrigeration control quality - 20050404



Fig. 2 Article - The inﬂuence of subcooling on refrigeration control quality - 20050404
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Example 2: R22 – Booster system In the booster system the discharge gas from the low pressure compressors is fed directly into the high pressure compressors. Too high outlet temperatures on the high pressure side can be prevented by injecting liquid into the suction gas. Operating conditions: Booster system high pressure side Condensing temperature Suction temperature Subcooling



Subcooling evaporator: 45°C –5°C 35 K



Booster system low pressure side Discharge temperature –5°C Evaporating temperature –40°C ➝ Evaporation starting point x = 0,24
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In this instance, the exceptionally high subcooling is required to achieve the required evaporation starting range (see ﬁgure 3)! This can be obtained, for example, by installing an evaporator, which must of course also be dimensioned in accordance with the same main criteria:



➝



Evaporating temperature –5°C Subcooling 10 K Evaporation starting point x = 0,23



(the broken line in ﬁg. 3 - page 7).



Article - The inﬂuence of subcooling on refrigeration control quality - 20050404



Fig. 3 Article - The inﬂuence of subcooling on refrigeration control quality - 20050404
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5. Final comments All measures to achieve subcooling should be considered carefully in advance. Subcooling should prevent ﬂash gas formation before the expansion valve and ensure that the designed evaporator performance range is achieved.



The conditions described here apply equally to mechanical and electronic controllers. Because of the possibility of monitoring of operating data, the conditions manifest themselves faster when using electronic controllers.



Plant capacity can only be increased under certain circumstances and only up to the capacity stated by the evaporator manufacturer!



Often the injection system (mechanical or electronic) is unjustly blamed for unsatisfactory operating conditions.



Attempts to “upgrade” underdimensioned components by means of subcooling may impair the control quality!



Especially when using electronic controllers, the fact that these controllers make it possible to optimise plant operation in terms of control and thus also proﬁtability should be exploited more consistently.



From an energetic point of view, the use of subcooling is not always advantageous. Especially the use of internal heat exchangers (heat exchange between liquid and suction line) should be calculated in advance (see [4]). In addition, the problem with high suction gas temperatures will arise here. Especially with hermetic compressors this temperature should not exceed a certain value.



The theoretical knowledge, which is supported by practical application experience, is summarised on the following page under the heading „Six statements on subcooling“.



Source references [1]



DANFOSS A/S



Catalogue information about expansion valve dimensioning



[2]



A. Stenzel



“Einﬂuss der Saugdampfüberhitzung auf das Leistungsverhalten von Kältemittelverdichtern”, Ki 5/1986 (“The impact of suction gas superheating on refrigerant compressor capacity”, Ki 5/1986)



[3]



U. Schmitz



“Auswahl luftbeaufschlagter Verdampfer“, Ki 12/1988 (“Choosing air-cooled evaporators“, Ki 12/1988)



[4]



K. Breidenbach



“Der Kälteanlagenbauer”, Verlag C.F. Müller GmbH, Karlsruhe, 4. Auﬂage 2003 (“The refrigerating plant manufacturer”, Verlag C.F. Müller GmbH, Karlsruhe, 4. edition, 2003)



[5]



EN 328



“Test procedures for establishing the performance of forced convection unit air coolers for refrigeration”, April 1999



Six statements on subcooling Statement 1 Subcooling must prevent ﬂash gas formation before the expansion valve and ensure correct valve function. Too little subcooling may lead to (temporary) vapour formation at the expansion valve inlet and thus to a considerable capacity reduction. Statement 2 Because of reduced refrigerant ﬂow, too much subcooling may reduce the superheating surface in the evaporator and thus lead to capacity-reducing hunting of the superheat signal. In some cases compressor life time is impaired by the increased liquid supply. Statement 3 In systems without evaporating pressure control, evaporating temperature often falls as subcooling increases. Because of the widening gap between condensing and evaporating pressure, compressor capacity and consequently overall plant capacity may decrease, thus increasing plant operating time.



Statement 5 The use of internal heat exchangers (between suction gas and liquid line) is questionable from an energetic and controltechnical point of view and should be considered carefully on beforehand. Over dimensioning may lead to both high subcooling and high superheating with the latter one possibly having a negative eﬀect on the compressor application area. See Breidenbach: “Der junge Kälteanlagenbauer”, Verlag C.F. Müller GmbH, Karlsruhe, 4. Auﬂage 2003. Statement 6 Subcooling can only increase plant capacity under certain conditions and only up to the norm capacity prescribed by the evaporator manufacturer! Attempts to “upgrade” underdimensioned components by means of subcooling may impair the quality of the control! Therefore subcooling should be used as a means of achieving the values prescribed by component manufacturers.



Statement 4 Experience has shown that it is recommendable to dimension the system so that it features an evaporating starting point of around 20% < x < 30% (vapour mass fraction), provided the evaporator manufacturer does not prescribe otherwise (pursuant to EN 328). Depending on plant type, lower or higher subcooling may be required.
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