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Statement of the problem. The goal of the study is to make the selection of the components of a
zeotrope mix and concentrations of its low-boiling component with a lower boiling point, which is
the minimum value of the difference between its average temperature in the evaporator and condenser of heat pumps used for heating and cooling environments with limited thermal capacity.
Results. This paper provides a description of the method and methodical provisions for determining the minimum magnitude of the difference of average temperatures of a zeotrope mix in the
condenser and the evaporator, which is achieved by the selection of its components and the values
of the concentration of the low-boiling component.
Conclusions. The proposed method and assumptions on achieving the minimum value of the difference of the average temperatures of a zeotrope mix in the condenser and evaporator by choosing each
of the two similar ones based on the physical properties of its components and the values of the concentration of the low-boiling component on the basis of the dependence of the saturation temperature
of the mixture in the evaporator and condenser of the heat pump on the relative amount of its vaporized
liquid phase. It was shown that there is a significant influence of the temperatures of the heated and
cooled environments with limited heat capacity on the selection of the components of a zeotrope mix
and the value of its low-boiling component, the one that produces the minimum value of the difference
of average temperatures of condensation and boiling, and as a result, the maximum energy efficiency.
Keywords: choice, mix, operating agent, compressor, heat pump, system heat gas provision and ventilations,
heating, cooling, medium with limited heat capacity.

Introduction. During the use of renewable thermal sources that have a limited volumetric
capacity, e.g., the air whose temperature considerably changes during cooling in the evapora© Shuraits А. L., Rulev А. V., Usacheva Ye. Yu., 2018
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tor and heating in the heat pump condenser, the use of substances with constant boiling and
condensation temperatures as working substances is characterized with a reduction in the
energy efficiency of its use [5, 13, 21].
Simultaneously implementation of a cycle with variable temperatures of media with a limited
heat capacity as well as working substances in the condensers allows the energy efficiency of
heat pumps to be improved [1, 2, 19]. The use of working substances consisting of zeotropic
mixtures with variable temperatures in the evaporator and condenser of the heat pump has been
studied by A. A. Sukhikh, K. S. Generalov, I. A. Akimov [13], V. G. Bukin, Yu. A. Kuzmin
[1, 2], М. Kim and other foreign authors [16—18], L. А. Оgurechnikov, N. N. Mezentseva
[8, 9] as well as other research institutions of Moscow Power Engineering Institute, Kutateladze Institute of Thermal Physics (Siberian Department of the Russian Academy of
Sciences), Astrakhan State Technical University, etc. In [9] it is concluded that the condensation and boiling temperatures in the evaporator of the heat pump have a significant effect on
the composition of the zeotropic mixtures of temperatures. The former also depend on changing temperatures of heated and cooled media with a limited heat capacity.
However, to the best of our knowledge, the problems of choosing the best combinations of
mixtures of working substances and their composition in compression heat pumps of systems
of heat and gas supply and ventilation for heating and cooling of media with a limited heat
capacity providing a maximum energy efficiency.
1. Justification of brands of working substances for use as components of the zeotropic
mix in heat pumps. Working substances used as components of the zeotropic mixture in heat
pumps should not damage the atmospheric ozone layer [7] and have any negative effect on climate change [3], be fire-safe, easy to use, cost-efficient, have no impact on human health, have
variable boiling and condensation temperatures that are most suitable for heating and cooling of
media with a limited heat capacity in systems of heat and gas supply and ventilation. Presently
there are no working substances that perfectly comply with all of the requirements. E.g., freons
R11, R12, which used to be common and could be used as components of the zeotropic mixture in
systems of heat and gas supply and ventilation, have a negative impact on the atmospheric ozone
and heat-reflecting layer. Therefore the choice of the components for the zeotropic mixture is
individual for heating and cooling of such media as water, air and natural gas in systems of heat
and gas supply and ventilation given all the positive and negative factors of their influence.
According to the analysis, zeotropic mixtures that consist of R22/R142b, R32/R134а,
R32/R152а or saturated hydrocarbons R290/600 (propane and butane), R600а/R601 (isobu-
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tene and n-pentane), R290/R601а (propane and isopentane), R600а/R601b (isobutene and new
pentane). E.g., according to the activity of the depletion of the Earth’s ozone layer, saturated
hydrocarbons are considered completely safe. These gases do not cause the greenhouse effect,
have no negative impact on climate change, human body, they are extracted immediately from
natural gas and are considerably more cost-efficient that other working substances. Mixtures
of R22/R142b, R32/R134а, R32/R152а are characterized with low ozone-depletion activity
and cause no greenhouse effect.
A considerable drawback of zeotropic mixtures is a reduction in the coefficient of heat emission in “the internal surface of heat exchange pipes – working substance” system of the evaporator and condenser of the heat pump (Fig. 1) due to a reduction in the centers of vapor
formation and a drop in the diameter of the bubble that breaks away compared to each of the
components of the mixture [4].
Denotations in the zeotropic mixture:
а––b are pressing of the vapor phase in the
compressor 4; b––c is condensation of the
vapor phase in the condenser 6; c––d is a
reduction in the temperature of the saturated liquid phase in the controller 9;
d––a is evaporation of the saturated liquid
phase in the evaporator 1.

tскд.н , tскд.к is the initial and final temperature
of condensation of the vapor phase of the
zeotropic mixture in the condenser, оС;

tси.н , tси.к is the initial and final boiling
temperature of the liquid phase of the mixture in the evaporator, оС
Fig. 1. Scheme of the heat pump operating using zeotropic mixtures with a counterflow of the mixture and a
medium with a limited heat capacity in the evaporator and condenser:
1 is a counterflow pipe evaporator; 2 is a space between the pipes in the evaporator 1;
3 is a pipeline of the vapor phase of the zeotropic mixture for joining with the output of the evaporator 1;
4 is a compressor; 5 is a pipeline of the vapor phase of the zeotropic mixture for joining with the output of the
compressor 4; 6 is a counterflow pipe condenser; 7 is a space between the pipes in the condenser 6;
8 is a pipeline of the liquid phase of the zeotropic mixture for joining with the output of the counterflow pipe
condenser 6; 9 is a controller for reducing the temperature of the saturared liquid phase of the zeotropic mixture;
10 is a pipeline of the liquid phase of the zeotropic mixture for joining the controller 9
with the output of the pipe evaporator 1
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In addition, during heating and cooling of media with a limited heat capacity such as air and
other gaseous substances it is of not much importance. The calculations performed according
to [4, 6, 15] show that a reduction in the total coefficient of heat emission is not over 5.5 %.
This is due to the fact that the main proportion of the coefficient of heat transfer is in the heat
emission coefficient in “the outer surface of the ribbed heat exchange pipes – medium with a
limited heat capacity” system that is characterized with a lower forced flow compared to the
zeotropic mixture. This reduction in the intensity of heat exchange and thus an increase in
capital investments in heat exchange surfaces of the evaporator and condenser in this case is
much lower compared to that of operational expenses due to an increase in the coefficient of
transformation of the compression heat pump.
A drawback of saturated hydrocarbons as they are used as the components of zeotropic mixtures is their flammability. Therefore industrial heat pumps set up in the premises should be
fitted with fire detectors. Simultaneously during the use as a drive of a compressor of a gas
engine that is most suitable for heating media with a limited heat capacity of systems of gas
and heat supply and ventilation, setting up a fire detector is essential as it is based on the fire
safety regulations for gas supply structures according to SP 42-101-2003 and Federal Standards and Regulations (FNiP) for industrial safety “Safety Regulations of Gas Distribution
Gas Consumption Networks” (Act by the Federal Environmental, Engineering & Nuclear Supervision Agency from November 11, 2013, no. 542). In addition, for modern heat pumps that
are not much filled even for leaking of the entire working substance its concentration in a
premises with the geometric volume of 15 m3 is nine and more times lower than the lower
concentration limit of flammability of the mixture R600а and R601 that is со 1.7—1.35 %
[10, 12]. Moreover the compression and evaporation equipment and all the elements in bivalent systems filled with a working substance are commonly outdoors.
Considering the total combination of advantages and disadvantages, presently over 35 % of
refrigerators in households of Europe and Asia run on isobutane R600a, propane R290, mixtures of saturated hydrocarbons as they are more commonly used, cost-efficiency and economic sustainability.
2. Developing methods and ways of achieving a minimum difference of average temperatures of condensation and boiling of the zeotropic mixture in the condenser and
evaporator of the heat pump. The main drawback of existing heat pumps using pure
substances for heating and cooling of media with a limited heat capacity as working substances are large differences of the temperatures between:
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–– a working substance with a constant boiling temperature in the evaporator and a medium
with a limited heat capacity that causes a considerable reduction in the parameter in a space
between the pipes;
–– a working substance with a constant condensation temperature in the condenser and a medium with a limited heat capacity that causes a considerable reduction in the parameter in a
space between the pipes in the condenser;
–– a working substance in the evaporator and condenser and thus a low energy efficiency of
the heat pump.
These large differences are due to the following. The temperature of a working substance
being used that consists of one substance during boiling in the evaporator and a transition
from the vapor into the liquid state in the condenser is constant. Additionally for more
complete heat extraction the temperature of a medium with a limited heat capacity should
go down and conversely, in the condenser it goes up. This causes an increase in the average difference of the temperatures between a working substance and a medium with a limited heat capacity in the evaporator and condenser of the heat pump compared to when
the temperatures of a working substance and a medium with a limited heat capacity and
thus a difference of their temperatures will be constant throughout the entire process.
The use of working substances consisting of zeotropic mixtures with variable temperatures in
the evaporator and condenser allow a considerable reduction in the difference between the
temperatures in the evaporator and condenser of the heat pump.
The objective of the paper is to decrease the difference between the temperatures of a working
substance of a zeotropic mixture in the evaporator and condenser of the heat pump down to a
minimal value that corresponds with its maximum energy efficiency.
The heat pump that implements the cycle with variable temperatures of the zeotripic hydrocarbon mixture used as a working substance and media with a limited heat capacity used as sources
of heat and drain with counterdirections of their flow (see Fig. 1) operates in the following way.
In the counterflow pipe evaporator 1 (Fig. 1) the zeotropic mixture consisting of two components with similar physical properties (e.g., isobutene and pentane (R600а/R601), propane and
butane R290/R600, propane and isopentane R290/R601а) transforms from the liquid into the
vapor state at a variable temperature from the initial tси.н at the input to the final tси.к at the ouput of the evaporator 1 due to heat provided from a heat source with a limited heat capacity
from a space between the pipes 2. Change in the temperature of a two-component zeotropic
mixture in the counterflow pipe evaporator 1 is shown in the “temperature –– area of a heat
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exchanger” graph (Fig. 2). As a result of cooling, the heat source with a limited heat capacity
reduces its temperature from the initial tви.н at the input to the final tви.к at the output from a

Temperature, t °C

space between the pipes 2 of the evaporator (Fig. 2).

Area, F, m2
Fig. 2. Graph of changes in the temperatures of the zeotropic mixture and medium with a limited heat capacity
that allows a minimum difference between the average temperatures to be evaluated in the counterflow
evaporator and condenser of the heat pump:
кд
кд
tc.ψ
=0,0% , t c.ψ =100% are the constant temperatures of condensation of the vapor phase of pure substances in the conи
и
denser, оС; tc.ψ
=0,0% , t c.ψ =100% are the constant temperatures of boiling of the liquid phase of pure substances in the

evaporator, оС; tви.н , tви.к are the initial and final temperature of a medium with a limited heat capacity, e.g., the
кд
, tвкд.н are the final and initial temperature of a medium
air in a space between the pipes in the evaporator, оС; tв.к

with a limited heat capacity, e.g., the air in the condenser, оС; tкд, tи are the temperature pressures between
heat exchanging flows respectively in the counterflow condenser and evaporator, оС; tскд.ср , tси.ср are the average
temperatures of condensation and boiling of the zeotropic mixture in the condenser and evaporator respectively, оС.
Denotations of the processes in pure substances: a––b is compression of the vapor phase in the compressor 4;
b––c is condensation of the vapor phase in the condenser 6; c––d are reduction in the temperature of the
saturated liquid phase in the controller 9; d––a is evaporation of the saturated liquid phase in the evaporator 1
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The two-component zeotropic mixture in the counterflow pipe evaporator 1 and a heat source
with a limited heat capacity in the space between the pipes 2 move in opposite directions at an
average difference between the zeotropic mixture and the heat source with a limited heat capacity that is t и and constant at any point of the evaporator (the cycle a-b-c-d-a, Fig. 2).
A saturated vapor phase forming in the counterflow pipe evaporator 1 from the zeotropic mixture through the pipeline 3 with the temperature tси.к are directed into the compressor 4. Here it
should be noted that for the sake of simplicity the scheme in Fig. 1 does not include a regenerative heat exchanger recommended in [2, 13, 19] for overheating of the vapor phase at the output
of the evaporator 2 over tси.к due to the heat of the liquid phase at the output of the condenser
6 and thus preventing hydraulic shocks in the compressor 4 owing to the drops that were not
completely evaporated in the evaporator 1. However the fact that the regenerative heat exchanger is not included into the scheme in Fig. 1 has almost no effect on the objective of the
study, i.e. a selection of the components and composition of the zeotropic mixture when a minimum difference between the condensation and boiling temperatures of the mixture is achieved.
In the compressor 4 the vapor phase is compressed up to the pressure Ркд when its temperature
becomes equal to the initial value tскд.н . From the compressor 4 the saturated liquid phase from
the zeotropic mixture is directed through the pipeline 5 into the counterflow pipe condenser 6.
In the counterflow pipe condenser 6 the zeotropic mixture transforms from the vapor to the liquid state at a variable temperature from the initial at the input tскд.н to the final tскд.к at the output
(Fig. 2) due to the emission of the heat condensation of the zeotropic mixture through the walls
of the counterflow pipe condenser 6 to a heated medium with a limited heat capacity flowing in
a space between the pipes 7. As a result, a medium with a limited heat capacity результате is
heated and increases its temperature from the initial tвнкд at the input to the final tвккд at the output
from a space between the pipes 7 of the condenser (Fig. 2). The condensing zeotropic mixture
in the counterflow pipe condenser 6 and a heated medium with a limited heat capacity flowing
in a space between the pipes 7 move in the opposite directions at an average difference of the
temperatures between the zeotropic mixture and a heat source with a limited heat capacity that
is t кд , which is constant at any point of the condenser 6 (the cycle a-b-c-d-a, Fig. 2).
The saturated liquid phase formed in the counterflow pipe condenser 6 from the zeotropic
mixture through the pipeline 8 is directed into the controller 9 where its pressure is reduced to
the value that corresponds with the temperature of the start of boiling tси.н that is necessary for
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cooling of a medium with a limited heat capacity. Then the saturated liquid phase of the zeotropic mixture with the temperature of the start of boiling tси.н is directed through the pipeline
10 into the counterflow pipe evaporator 1. In the counterflow pipe evaporator 1 the saturated
liquid phase of the zeotropic mixture is saturated again and the cycle is repeated in the sequence similarly described above.
The novelty of the suggested method is that each of the two components of the zeotropic mixture
similar in their physical properties as well as the value of the molar concentration of a lowboiling component of the mixture ψi is selected so that a minimum difference between the average temperatures of condensation and boiling by means of choosing based on the expression

t

кд
с .ср

 tси.ср   min ,

(1)

where ψi is the i-th value of the molar concentration of a low-boiling component in the zeotropic
mixture from two components with similar physical properties at ψi = ψн,…ψх,...ψy,…ψk,
mole %; tскд.ср , tси.ср are the average temperatures of condensation and boiling of the zeotropic
mixture respectively in the counterflow condenser and evaporator, оС.
According to [5], a maximum energy efficiency, i.e. a maximum coefficient of transformation
for the cycles of heat pumps with a variable temperature is achieved at a minimum difference
between the average temperatures of the zeotropic mixture in the condenser and evaporator.
If for the counterflow condenser and evaporator the difference between the temperatures
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If for the counterflow condenser and evaporator the difference between the temperatures
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The values of the initia, current and final temperatures of condensation t in the condenser in
the range tскд.н  tскд.к as well as initial, current and final temperatures of boiling t in the evaporator tси.н  tси.к depending on the relative quality (dryness) Х of the zeotropic mixture that is
boiled or condensed at a specified molar concentration of a low-boiling component ψi are de-

60

Issue № 1 (37), 2018

ISSN 2542-0526

termined according to the first law by Konovalov considering the Raoult’s and Dalton’s law
and the Antoine equation [11]:

i
1- i

Х  Р
В
В

А2  2
А1  1
 Р  10 С2 t Р  10 С1 t


,



(4)

where Р is an absolute pressure of the zeotropic mixture in the evaporator and condenser of the
heat pump, Pа.105; А1, В1, С1 are the coefficients that are typical of a component with a lower
temperature of boiling and condensation at the pressure of the mixture Р in certain temperature
ranges t; А2, В2, С2 are the coefficients that are typical of a component with a higher temperature of voiling and condensation at the pressure of the mixture Р in certain temperature ranges t.
The coefficients А1, В1, С1 and А2, В2, С2 used in the formula (4) are given in [14].
The temperature of the start of boiling of the zeotropic mixture in the evaporator is calculated
in the Celcius degrees using the formula (4) when a current temperature t is made equal to

tси.н , i.e. t = tси.н at the relative amount of the boiled away zeotropic mixture Х = 0 and the end
of boiling t = tси.к at Х = 1. The temperature of the start of condensation of the zeotropic mixture
in the condenser t = tскд.н is determined in the Celcius degrees using the formula (4) at the relative amount of the condensed zeotropic mixture Х = 1 and the end of condensation t = tскд.к at
Х = 0. t at specified Х is calculated using the formula (4) by means of the trial-and-error method.
Note that a difference caused by the use of the calculation formula (4) based on Dalton’s and
Raoult’s laws and the Antoine equation for zeotropic mixtures particularly for saturated hydrocarbons at the absolute pressure of up to 1.0 МPа with the data of immediate measurements is 4.5 % [20].
Changes in the temperature of the boiled away or condensed mixture in the range of
changes in the dryness Х from 0 to 1.0 first of all causes changes in the temperature of the
heated or cooled medium with a limited heat capacity. The initial temperature of a medium
with a limited heat capacity, e.g., the air depending on changes in the temperature, dryness
and consumption of the zeotropic mixture for the counterflow heat exchanger is determined
using the equilibrium equation between a working substance and medium with a limited
heat capacity in the evaporator and condernser of the heat pump:
–– for the evaporator with a limited heat capacity:

Gв  сви  tви.к  Gc  rси  X си  cси (tси.к  tси.н ) 
t 
;
cви  Gв
и
в .н
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–– for the condenser:
tвкд.н 

Gв  свкд  tвкд.к  Gc  rс  Х скд  cскд (tскд.н  tскд.к ) 
.
cвкд  Gв

(6)

Here Gс, Gв is a molar consumption of the zeotropic mixture and a medium of a limited heat
capacity, mole/h; rcи , rcкд is the average latent heat of evaporation (vapor formation) of the
zeotropic vapor and liquid mixture in the evaporator and condenser, kJ/mole; сви , свкд is the
average specific heat capacity of a medium with a limited heat capacity, e.g., the air in the
evaporator and condenser, kJ/(moleК); сси , сскд is the average specific heat capacity of the
zeotropic vapor and liquid mixture in the temperature range of boiling away and condensation
in the evaporator and condenser, kJ/(moleК); X си , X скд is a relative amount of the boiled
away or condensed (dryness) zeotropic mixture in the evaporator and condenser.
Working substances for the zeotropix mixture and molar concentration of its low-boiling
component that a minimum difference between the average temperatures correspond with are
chosen in the following sequence.
1. A zeotropic mixture consisting of two components is chosen that has
–– an initial condensation temperature tскд.н that is larger than a medium with a limited heat
capacity compared by the temperature pressure that is assumed to be about tкд = 5.07.0 К;
–– an initial boiling temperature tси.н that is smaller than a heat source with a limited heat capacity by the temperature pressure that is assumed to be about tи = 5.07.0 К.
2. According to the formula (4) using the method of selection, the absolute pressures Ркд, current t and final condensation temperatures in the condenser tскд.к as well as the absolute pressures Ри, current t and final boiling temperatures in the evaporator tси.к are determined for different values of molar concentration ψi = ψн,…ψх,...ψy,…ψk, mole %.
3. Calculations to determine the difference  tскд.ср  tси.ср  using the formulas (2) or (3) for a
range of values of molar concentration ψi = ψн,…ψх,...ψy,…ψk and then the minimum value
is selected.
Therefore according to the suggested method, the components of a zeotropic mixture
and concentration of its low-boiling component are determined that will provide a minimum
difference between the temperatures  tскд.ср  tси.ср   min and thus a maximum energy efficiency of the heat pump.
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Based on the suggested methodological assumptions, the components of a zeotropic mixture
and the concentration with a lower boiling temperature were chosen when a minimum difference is provided between its temperatures in the condenser and evaporator of the heat pump
used for heating and colling of media with a limited heat capacity in systems of gas and heat
supply and ventilation.
The selection was performed using the example of two zeotroipc mixtures with each having
similar physical properties of the components:
–– a zeotropic mixture “R600а (isobutane) — R601 (n-pentane)” with the concentration of a
low-boiling component R600а (isobutane) accepted in the range ψi = 0.0 100.0 mole % with
the step 2.0 mole %.
–– a zeotropic mixture “R290 (propane) — R600 (n-butane)” with the concentration of a lowboiling component R290 (propane) accepted in the range ψi = 0.0 100.0 mole % with the
step 2.0 mole %.
The temperature pressure between heat-exchanging flow in the counterflow condenser and
evaporator is accepted to be tкд =tи =7 0С. The temperature of a medium with a limited heat
capacity at the output of the condenser is tвкд.к = 65 0С, then

tскд.н  tвкд.к  t к
is tскд.н = 65+7 = 72 0С.
The temperature of a medium with a limited heat capacity at the output of the evaporator is

tвкд.н = 43 0С, then
tси.н = tви.к −tи
is tси.н = 43−7 = 36 0С.
According to the results of the calculations, a minimum difference between the average temperatures of the condensation and boiling ( tскд.к − tси.ср ) =18 оС = min based on the expression
(4) is achieved for a zeotropic mixture “R600а (isobutane) — R601 (n-pentane)” for the molar
concentration of a low-boiling component R600а (isobutane) in the mixture is
ψi = 45 mole %. The results of the calculations also show that as the molar concentration of a
low-boiling component which is ψi = 0.0 mole% and ψi = 100 mole% is achieved, the mixture
turns into a pure substance with constant condensation temperatures of the vapor phase

tcкд.0,0%  const , tcкд.100%  const in the condenser and with constant evaporation temperaи
и
 const , tc.ψ=100%
 const in the evaporator.
tures of the vapor phase tc.ψ=0,0%
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According to the expression (1), the difference between the average temperatures of condensation in the condenser and that of boiling increases up to the maximum values that are

tcкд.0,0%  tcи.0,0% = 36 оС,
tcкд.100,0%  tcи.100,0% = 36 оС,
and conversely, the energy efficiency of the heat pump decreases down to the minimum.
The cycle of the heat pump at ψi = 0.0 mole% and ψi = 100 mole% (see Fig. 2) is presented as
a-b-c-d-a. According to the calculations, the temperatures of heated and cooled media with
a limited heat capacity have a significant effect on the choice of the components of a zeotropic mixture and concentration of its component with a lower temperature of boiling. Changes
in the temperatures of a medium with a limited heat capacity at the output of the condenser

tвкд.к and evaporator tвкд.н causes a choice of other brands of zeotropic mixtures and other values
of the proportion of a low-boiling component in them.
Conclusions. 1. The analysis of possible use of working substances as components of a non-

azeotropic mixture in heat pumps showed that the mixtures R22/R142b, R32/R134а,
R32/R152а have a lower ozone-depletion activity and mixtures of saturated hydrocarbons
R290/600 (propane and butane), R600а/R601 (isobutene and n-pentane), R290/ R601а (propane and isopentane), R600а/R601b (isobutene and new pentane) are considered completely
safe based on the degree of the depletion of the Earth’s ozone layer. These gases do not have
any significant greenhouse effect and no impact on climate change, human body. Mixtures of
hydrocarbons are more cost-efficient than other working substances.
2. The novelty of the suggested method is that minimum differences between the eaverage temperatures of condensation and boiling are achieved by choosing each of the two components of
a zeotropic mixture with similar physical properties and the molar concentration of its lowboiling component ψi based on the dependence of the temperature of its saturation in the condenser and evaporator of the heat pump on a relative amount of the boiled away mixture.
3. The temperatures of heated and cooled media with a limited heat capacity are proved to have
a significant effect on the choice of the components of a zeotropic mixture and the molar concentration of its low-boiling component ψi when a minimum difference between the average
temperatures of condensation and boiling and thus a maximum energy efficiency is achieved.
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