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AuHoTamma—PaccMaTpUBAOTCA O0COGEIIHOCTH TEIIOEMKOCTH B MPOLECCaX ¢ MAccOOOMEHOoM,

BBOJIMTCHA MAacCOBOE BO3jeiicTBUE ¥ BUOM3MEHEHHME IMOHATMA OTHOCHTEIBHOM BIIAKHOCTU

IPUMEHUTEJIBHO K TAKMM IpomeccaM. [IpHBOJATCA OCHOBHBIE DPe3yJbTATHl MCCIEOBAHUA

YACTHHIX TPOLECCOR : PAacyeTHHIE BHIPAMKEHUA [JIA TPOUBBOJHHIX OT OCHOBHBIX MAPaMETPOB CO-

CTOAHUA W A TemroemKocrelt. llajaraeTrcd MeTop MCCIEAOBAHUA IIPOIECCOB B 00MIEM
ciIyuae, OCHOBAHHBI Ha Pe3yibTaTax MCCIe0BAHUA YACTHBIX MPOIECCOB.

NOMENCLATURE

absolute pressure of mixture

ture in processes without
phase transformation;

[kg/m?]; n, the number of state para-
partial pressure of vapour in meters or process properties
mixture [kg/m?]; under consideration;
saturated pressure at tempera- pandr, internal and total heat of
ture of mixture [kg/m?2]; evaporation at temperature of
mixture volume per 1 kg of mixture [kcal/kg];

dry gas [m3/kg of dry gas]; Uyg and iy, internal energy and enthalpy
specific volume of liquid at of vapour at its partial pres-
boiling point [m3/kg]; sure and temperature of
specific volume of dry satura- mixture [kcal/kg];

ted vapour at temperature of U and [, internal energy and enthalpy

mixture [m3/kg];

specific volume of vapour at
its partial pressure and tem-
perature of mixture [m3/kg];
specific weight of dry satura-
ted vapour at temperature of
mixture [kg/m3];

specific weight of vapour at its

Cog and cypa,

Cpg and cppa,

of mixture per kg of dry gas
[kcal/kg of dry gas];

specific heat capacities of gas
and vapour at constant
volume [kcal/kg °C];

specific heat capacities of gas
and vapour at constant pres-
sure [kcal/kg °C];

partial pressure and tempera- Cy and Cp, heat capacities at constant
ture of mixture [kg/m3]; volume and constant pressure
absolute temperature [°KJ; [kcal/kg of dry gas °Cl;
relative humidity; C, heat capacity of mixture per
vapour content [kg/kg of dry kg of dry gas, in the present
gas]; process [kcal/kg of dry gas
vapour concentration in mix- °Cl;

ture; Cy and (i, temperature coeflicients of in-

adiabatic exponent for mix-

* Processes bound up with the transformation of

mechanical energy.
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ternal energy and enthalpy of
mixture per 1 kg of dry gas
[kcal/kg of dry gas °C]J;
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A, heat equivalent of 1 kgm of
mechanical work [kcal/kg m];
_Aps(v” — o) fraction of heat of evapora-
¥ = r  ction used in expansion
work;
Ry

=% 1 dys

4 Rva + v
Ry, gas constant for gas com-

ponent of mixture {kgm/kg

“Cl;
Roa =25 [kg/ikg °Cl;

R = Ry + dvaRya;

In vawrious fields of engineering dynamic pro-
cesses are encountered which result from in-
ternal energy transformations bound up with the
external mass transfer. There are, for example,
processes occurring when water is injected into a
high temperature gas flow to study the thermal
aerodynamic effect, processes of gas outflow
with condensation of vapour in it, etc. Some-
times internal transformations are accompanied
by the external energy exchange as in processes
of gas compression in a compressor cooled by
fluid injection or expansion of gas with vapour
condensation in it.

A mixture of gas and vapour is the working
medium and is considered as a single thermo-
dynamic system possessing certain specific
properties.

The laws of such processes in vapour-gas
mixtures are notable for the great complexity
involved in calculation and study., One of the
peculiarities of such processes is that the
character of relations connecting the parameters
and energy properties change considerably when
transforming from one state to the other. This
made it necessary to make use of differential
relations. Since the state of a vapour-gas
mixture is defined in the general case by three
independent variables, the expression for the
perfect differential and derivative of any state
function has three partial derivatives. The prob-
lem is to find for them such calculation
expressions that would allow the quantitative
dependence of partial derivatives on the rate of
mass transfer to be observed. To obtain such
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expressions particular processes should be
studied.

The particular thermodynamic processes of
vapour-gas mixture may have two independent
parameters. If the process is limited by the
adiabatic condition one of the parameters
remains constant in this case as well. The
number of such processes depends on the
number (n) of the state parameters or process
properties, which have to be used. If they are
given in pairs of any combination of constant
values, different processes will be obtained.
There can be many such processes namely
(n!2(n — 2)!), but not all of them are of the
same interest. It is advisable to consider only
those processes, which are either themselves en-
countered in engineering practice or yield the
derivatives found in investigations.

For these reasons, to reveal the processes to be
studied, the three thermal parameters (p, V, T),
vapour concentration K, relative humidity p and
the adiabatic condition of the process were
considered. Six properties yield fifteen com-
binations, i.e. fifteen particular processes, which
have been studied.

As a matter of convenience they were classi-
fied on two different bases: (1) the nature of the
change in humidity and (2) the way the surround-
ings affect them. According to the nature of
change in humidity they are divided into three
groups:

I—at K = const (5 processes)
{l—at K = var, ¢ = const. {4 processes)
IIt—at X = var, ¢ = var. (6 processes}.

The processes of the first group take place
without mass transfer, they are therefore not
discussed in the present paper. Processes IT and
11T are given in Table 1.

Classification according to the way the
surroundings affected the processes is shown by
the diagram Fig. 1. Each pair of letters
designating a definite particular process shows
which of the parameters are kept constant in the
process. According to this classification of the
particular processes they are divided into four
groups: 4, isochoric; B, adiabatic; C, processes
at constant concentration; D, processes effected
by the surroundings in all three ways.

When studying thermodynamic processes
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mass effect

FiG. 1. Classification of particular processes according
to the way the surroundings affect them.

Notation
SV, adiabatic process at constant volume; Sp adia-
batic process at constant pressure; ST, adiabatic
process at constant temperature; Sg, adiabatic pro-
cess with constant relative humidity; Sk, adiabatic
process with constant concentration; @K, adiabatic
process with constant concentration and relative
humidity; 7K, isothermal process with constant con-
centration; pK, isobaric process with constant
concentration; VK isochoric process with con-
stant concentration; Vg isochoric process with
constant relative humidity; V7, isothermal process
at constant volume; Vp, isochoric process at con-
stant pressure; pT, isothermal process at constant
pressure; pg isobaric process with constant humidity ;
Te, isothermal process with constant relative

humidity.

bound up with internal energy transformation
and external heat transfer, it is advisable and
even necessary to introduce the third effect,
mass effect, besides the two energy exchanges
(mechanical action and heating effect).

Mass effect should be understood as the
introduction or removal of fluid by such an
amount as corresponds with the conditions of
complete phase transformation in an infinitesi-
mally small region of the process under con-
sideration. Mass effect is positive (ddys > 0) with
evaporation and negative (ddys < 0) with con-
densation, where dy, is vapour content in
kg/kg of dry gas. Mass effect may exert its
influence both together with energy exchange
and independently of it. Whether independent or
isolated, the mass effect is the effect on an
energetically isolated system. The ability of mass

effect to change the thermodynamic state of an
energetically isolated system allows this effect
to be considered as a special kind of external
effect on the thermodynamic system.

To produce independent mass effect it is not
enough to exclude heating effect and mechani-
cal action of the surroundings. It is also a
requirement that the energy of the fluid intro-
duced and removed be zero. Thus, the fAuid
should be introduced (removed) in such a state
(p, T) that the sum of its internal energy and
potential energy of pressure is assumed to be
zero. Otherwise (as actually occurs) the fluid
energy should be recorded separately or summed
up with corresponding components of energy
exchange.

The kinetics of the phenomena bound up with
mass transfer is not taken into account in
thermodynamic studies and is not considered
in the present paper. It is convenient to assume
the value ddw/dT to be the basic intensity
criterion for mass effect.

For the convenience of studying dynamic
processes, it is necessary to alter the notion of the
relative humidity. The relative humidity is the
ratio of the specific weight of vapour at its
partial pressure and temperature of mixture to
the specific weight of dry saturated vapour at
the same temperature irrespective of the pressure
in the mixture

Usually in literature the relative humidity is
defined in the same way but, at a first with the
small difference: it is advisable to define the
value of the specific weight of dry saturated
vapour in denominator not only by the tempera-
ture but also by the pressure in the mixture.
The latter circumstance restricts unjustifiably
both the region over which this parameter
applies and the limits over which it can change.
It can be used in this case only at such tempera-
tures which do not exceed the temperature of
saturated vapour corresponding to the pressure
of the mixture. Thus, for example, the applica-
tion of the parameter ¢ at a temperature equal
to 1 atm abs. is restricted by a temperature of
99-1° C. Further temperature rise with constant
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pressure and concentration no longer alters the
value ¢ (shown in Fig. 2).

This figure represents the dependence of the
relative humidity on the temperature of the
vapour—air mixture with different weight frac-
tions of the vapour. The figure shows that with
the weight fraction of the vapour equal to 0-5
the relative humidity changes from 1 only to a
value of 0-6. With further temperature rise
shown by dotted line the relative humidity
hardly alters. If the recommended definition of
this parameter is used, it will then change
smoothly as well (solid line), and the applica-
tion region for vapour will extend up to the
critical point.

When studying the process, the gas component
of the mixture is assumed to be the state of an
ideal gas, in most cases the real properties of
water vapour being taken into account. For
the mixture the state equation is used

pV = RT (a)

where V is the volume of the mixture per kg of
dry gas; R = Ry + dpaRua is the variable de-
pendent on the concentration of vapour and its
properties in the present state. From (a) we get

dp dV 4T
ddpe = o (’; o T)
where
Ry
o = R;c; + dm

is always positive.

e —
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Fic. 2. Dependence of relative humidity on tempera-

ture with different weight fractions of vapour g, in
vapour—air mixture.
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Heat capacity per kg of dry gas was taken as
the basic energy property of the thermodynamic
process. In processes without mass effect heat
capacity is determined by the ordinary thermo-
dynamic formulae for a gas mixture

Cv == Cog T dya Cora (1)
Cp = Cpg + v Cpva (2)

When mass effect appears heat capacity
changes sharply and it becomes necessary to
consider the thermal effect of phase transfor-
mation. In strict conformity with the first law of
thermodynamics in this case we can obtain two
equivalent expressions for heat capacity per

kg of dry gas
A o 3
(), ©

)

Oy

Cyz = Cy + Uy (g;l)yz +

od,

Cyz = Cp + i (ﬁ)y
where heat capacities Cy and Cp are determined
by formulae (1) and (2); wwe and iy are the
internal energy and enthalpy of the vapour;
V' is the volume of the mixture per kg of dry
gas; y and z are the arbitrary parameters which
in the process remain constant.

If equation (3) is applied to the particular case
of the isochoric process, when y = V = const.
and z = const., the last component becomes
zero. Therefore for the true heat capacity of a
vapour-gas mixture at constant volume per kg
of dry gas, we obtain the following expression

Odly,
CVZ B CV + Hya ("a—;:}) Ve (5)
Similarly, using equation (4) for the isobaric
process, we obtain

od,

sz = Cp —‘}“ ?‘va, (??)pz (6)

The intensity of mass effect (8dpa/0T)v. and
(9dya/0T)p, depends not only on the condition
' = const. or p == const., but also on that, what
second parameter z remains constant. In the
general case, therefore, both heat capacity at
constant volume and that at constant pressure
are the functions of the process and they
take values from O (heat capacity at constant
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volume in the adiabatic isochoric process and
heat capacity at constant pressure in the adia-
batic isobaric process) to oo (in isothermal
processes).

Hence it follows as well that in the general
case the values Cy; and Cy, do not represent the
amount of heat that goes to change the internal
energy and enthalpy. Also, the increment of
these functions depends on the mechanical
action and the internal energy exchange, i.e.
mass effect. This circumstance makes it neces-
sary to introduce special temperature coefficients
of internal energy and enthalpy.

By analogy with relation (3) given for heat
capacity, we can obtain the expression for the
temperature coefficient of the internal energy.
Thus, we have

oU Otlypa,
(Culyz = (ﬁ)m == Cy + Upa (W)pz

kcal )
{k‘g" a?a;g'ag‘aa} ™
and for the particular case of an isochoric
process
(CU)pz == CVz

Similarly, the expression for the temperature
coefficient of the enthalpy is

ol . (Odpa
= (i7),, = &40 (7).

kcal
ng"'o‘f aym} ®

in particular case of an isobaric process
(C])yz = sz

From (7) and (8) it is easy to find an expression
similar to the Meier formula

Odva

(CI - CU)yz = AR + A}"va Uva (—@7')

T /e

The apparatus thus prepared enables us to

reveal peculiarities in the particular equilibrium

thermodynamic processes and to obtain and

study the expressions for particular derivatives,

temperature coefficients Cy and Cr and heat

capacity of the process. The results obtained for
2K
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all the investigated processes with mass effect are
presented in Table 1.

The following notation is adopted in the
Table:

P, pressure of mixture
[kg/m?;
Ps, saturated pressure at

temperature of mix-
ture [kg/m?];
specific volume of
fluid and saturated
vapour [m3/kg];
internal energy and
enthalpy of vapour
under conditions of
mixture [kcal/kgl;
internal and total
heat of evaporation
at mixture tempera-
ture [kcal/kgl;
p fraction of heat of
evaporation required
for expansion work;
T, absolute femperature
°’KL;
A, heat equivalent of
unit of work [kcal/
kgm];

Upa,s lvay

P s

k=22,
Cy

The notation of the processes is given in
captions for Fig. 1.

The expressions listed in the Table for each
particular process characterize it at any given
point determined by the known parameters.
Integrating these expressions from the initial to
the final state, we can determine the change in
the parameters and the average values of heat
capacity and temperature coeflicients Cy and
Cy throughout the process. The latter allows
calculation of the change in the internal energy
and enthalpy in the process by the ordinary
thermodynamic formulae.

However this does not exhaust the signifi-
cance of the expressions obtained. A number of
other processes, as mentioned above, can be
studied with their help. The processes which go
on without heat exchange with the surroundings
but with mechanical action (pure dynamic
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processes) are of the greatest interest. In Fig. 1
the particular cases of the adiabatic pracesses
are presented by group B. Besides the particular
processes, however, there exist a number of other
adiabatic processes, notable for intensity of
mass effect. Such processes are the most com-
mon in engineering. Consider the method of their
investigation.

In the general case for the differentials of
pressure, the volume per kg of dry gas and
vapour content, can be written:

_ (%
dp = (dT)S¢ dT+ (ad«ga) ddfua

() 4s o
s} 20, @

¥
dp = (é»g)m v+ (a dw) ddu
. (ép
T(\@)des (10)
av = (3K) 4T + (ay) ddpa

or Sdyy adva
oV
(3],

dde = (‘?—;’*—y’f‘) a7+ (a“"’“) A
\ S: 2’

+ (ﬁ’«“ ds. (12

oS Jrp )

If thermodynamic irreversibility of mass
effect is neglected and it is supposed that the
adiabatic process is mechanically reversible,
then the entropy S per kg of dry gas will remain
constant (dS’ == 0) and the last term in equa-
tions (9)-(12) will vanish. The following relations
for derivatives can be written:

dp  {op op ddya
a7 (5T) S + (8dm> so dT (3
dp _(op op ddye
av = (5’7)5:29@ + (6&',,;;)537 dv (14)
av oV oV ddua
a7~ (ET) Stua + (5071;1)31‘ dar 3
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d-dva . Odva’ Odya dp
ar ( ar’)sp - (—aT)STE"T (16)
ddva  (Odya . [Pdwey dT
dp ( op ) (ﬁ) wdp 47

Substituting the expressions for partial de-
rivatives from Table 1* with constant ST, SV
and Sp, and the known relations

@y _ k_p.
T ) says k— 1T’

(i’fi’) S Y WP
arT deg k— 1T \av dea——— 17

with constant Sd,, (adiabatic process at constant
concentration), we obtain
dp k p ipa ddye

dar k-1 T AV dT

1 . dd,
AV (CZU + Iva d;ﬁ‘) (18)
dVv ] P Uva D 1 iva ddm
it A cmi{ﬁ(" ) i (19)
av_ 1V e dda
dT k—1 T Adp dT
1 dd,
=~ 15 (cv + ttva d;f) (20)
ddya Cp AV dp
=t @
ddm AV Cp dT
A4 2
dp !-aa !uz, dp ( 2)

From equations (18)-(22) the derivatives
considered can be plotted versus the degree of
change in pressure and mass effect intensity for
the whole range of adiabatic processes.

Depending on the character of the adiabatic
process the derivatives under consideration
change their sign as well as (over a wide range)
their value. They assume values from O to oo,
have the points of discontinuity, inflexion points,
extremal points and each curve, representing the
change of some derivative, has one or two
asymptotes.

* In Table 1 instead of the derivative (8p/a V') its inverse
value is given.
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Being now in possession of relations (18)-(22)
or graphs plotted by them, we can study every
possible process of vapour-gas mixtures with
mass transfer including such complicated pro-
cesses as those of near-sonic and supersonic gas
flows. The relations given allow the “sound”
adiabatic exponent and local speed of sound to
be determined, the influence of mass transfer
upon the flow rate and the shape of nozzle to be
established, some crisis phenomena in the flow
to be found, the factors and conditions that
caused them to be revealed, and so on.

Thus, for example, the speed of a sound for
the vapour—gas mixture is

v
a == (k,Sn gp T%)

where ksn is the adiabatic exponent for the
calculation of the speed of sound.

If the gas is not saturated or the vapour-gas
mixture is of a high temperature, and may be
considered as a perfect gas, then using equations
(18) and (20) we obtain

(23)

dp . ddvu
var & thegr
kgn m== = e (24)
P dav c ddpa
a? V+uva'aT

If the gas is saturated, we find, using Table 1

kon = — 2 (2
Sn — P aV)S@

de”’ — Cyin
Ci} I‘.H - d’l’a i?){! i —}" C,p uva’ - ¢ Ita
d7 Ap
= - - (25)
» dv
Cyv" — dy uva'a"f

Another example follows. From the Bernoulli’s
equation for a mixture containing 1 kg of dry
gas

wz
Vdp + d [(1 + dw)ig} ~0

we can obtain

(26)

dw 1 pe W ddpg
pud R & ST i
&= " w { 70 + &) dp } @n

where p; and w are the density and velocity of
the vapour—gas mixture.

575

Since in any adiabatic process of unsaturated
gas ddys > 0, the sign of the derivative ddwa/dp
is the same as that of dp. Hence, the absolute
value dw/ dp (from 24) increases with dp > 0 and
decreases with dp < 0, i.e. mass effect influences
the velocities in these two cases in different
ways. When the equality

Pe w2 ddys 1
2(1 +dw) dp
is satisfied in processes which take place with
pressure drop, the derivative passes through zero
value and with further increase in the left part
of this equality reverses sign. From relations
(21) and (22) we can find the conditions under
which the sign reversal of dw/dp will occur.

As in the case of equation (27) we can obtain
the expression for dw/dT, whose value under cer-
tain conditions passes through zero as well. It can
shown that the flow rate equal to the local
speed of sound is reached (at high temperatures)
both in a nozzle and in a diffuser after the
narrow cross section had been passed through.

CONCLUSIONS

1. A vapour-gas mixture should be considered
as a single thermodynamic system possessing
specific properties. The latter are mainly de-
termined by thermal effect of the phase trans-
formation and by external mass transfer.

2. When studying thermodynamic processes
of vapour—gas mixtures with phase transforma-
tions of the moisture it is advisable to consider
the third, namely the mass effect, in addition to
the two others.

3. It is convenient to classify particular pro-
cesses of vapour—gas mixtures, which occur with
two constant parameters, according to the two
features: the nature of the change in humidity
(it is used when studying particular processes)
and the way the surroundings affect them (used in
studying processes on a larger scale).

4. Heat capacity at constant volume and that
at constant pressure are functions of a process
and in the general case do not determine the
increment of the internal energy and enthalpy.
To define the increments of these functions it
is advisable to introduce the temperature
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coeflicients of the internal energy Cy and en-
thalpy Cr.

5. The specific properties of the mixture which
are manifest in the processes with mass effect
predetermine the necessity of their study with
partial differential operators. Expressions for the
derivitives of the basic state functions for ten
partial processes with mass effect are obtained.

6. The particular derivatives obtained consti-
tute an effective means of studying every possible
process with mass transfer. The method of
investigation is demonstrated by considering
some of the laws of energy transformations in a
flow.
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Abstract-—Heat capacity properties in processes with mass transfer are considered, and mass effect
and change in relative humidity concepts are introduced in conformity with such processes. The
main results of a study of particular processes are given, these are in the form of calculation expres-
sions for derivatives of basic state parameters and for heat capacities. A method for studying general
processes is given. This is based on the results of investigations of particular processes.

Zusammenfassung—Der Einfluss der Wirmekapazitit auf Prozesse mit Stofftransport wird unter-

sucht, wobei Masseneffekt und Anderung der relativen Feuchtigkeit einbezogen werden. Die

Hauptergebnisse eines Studiums der Teilvorgidnge sind angegeben, und zwar in Form berechneter

Ausdriicke fiir die Ableitungen der Grundparameter und der Wirmekapazitaten. Eine Methode

zur Untersuchung allgemeiner Vorginge wird mitgeteilt. Sie beruht auf den Ergebnissen des
Studiums der Teilvorginge.



