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Kiev-PaCCMaTpHBalOTCK pe8yJIbTaTbl HOBEJX KCCJleAOBaHKti JISlHaMK¶eCKEX IIpOqeC- 

COB, conpoBo~aronuixcs Tenxoxaccorreperiocor4. IIonyqeHHHe BaBKCSiMOCTH CJIyHtaT 
OCHOBO& MeTOAa KCCJle~OBaHKH BHepPeTKPeCKKX npeo6paaosaHHti B KOTOKe. 

rai3EJIK IlapOPaklOBaK CMeCbB UpOlJeCCaXKCllapHTeJIbHOPO OXJIWKAeHKR(KJfH KOHAeHCaq- 
KOHHOPO xarpesa) paccaaaTpxsaeTca Kax oco6oe aeruecTa0 c nepeareririolt exririxuen Haccbl ri 
Kpe~e~K¶eHH~YHTepKO~HaMK~eCKEMKCBOtCTBaMKpea~bHO~O~a~a (CBepXpWIbHbIira8). 

II~wB~~TCK rpaQxsecKarr aaxricrilboerb qacxribrx II~OHOB~~~IX xar3sexsm ri o6maaa cxecx 
no TeaanepaType OT KHTeHCHBHOCTK @a80Boro nepexona Am BCeXTeOpeTKwCKK BOlWOlKKbIX 
wa6aTHbIX IIpOqeCCOB lIapOra8OBOfi CMeCH (B CABOeHHOfi CKCTeMe KOOpJJKHaT). npOK8BOJ&- 
ATCR aHwH8 8aBBCEMOCTH, lIO8BOJIHBIUkilt YCTaHOBKTb, B 'IaCTHOCTW, IIKTb XapaKTepHEAX 

rpynn ajuia6aTxbrx hpoqecccx, 0Tnauarorruixcx 8riaKox npaparr.reaa OCHOBH~ZX napawrpoa . 
HaxogKTcK BEIpaWeHKR -R: IIOKa8aTeJIK aAEa6aTbI k B BaBKCHMOCTK OT BHTeHCBBHOCTK 

i$aaoBoro nepexoxa 6. AriaJrrraripyeTcH 8aBriemfocTb k =f (I) EI II~HBOAKTCR ee rpa@x xx13 
r3cex Tpex cxyvaex B npoueccax c ricnapexsieM. 

nOJIyYeHKbIe TaKKY o6pasoK CBeAeHHFI IIOBBOJIRIOT KCCAeJIOBaTb npeo6pasosaririe aHepI'HH 
B AOTOKe c TennoKacconepeKocoK. IIpnKeHeHKa KeTona KoKaaaHo Ha npxvepe ariasuiaa 
aaBxcsinl0CTK CK~P~CTH OT H8KeHenm AaBJleHKK. B ~acTHocTK,noKa8aHo,wo c ylaeabuma- 
KeKAaBJIeHEKCKOpOCl‘b MOmeTHe TOJIbKO BOSpaCTaTb,HO B yMeKbKIaTbCH. 

NOMENCLATURE 

absolute pressure of vapour-gas 
mixture [N/m’] ; 
partial pressure of vapour in mix- 
ture [N/m’] ; 
saturation pressure at mixture tem- 
perature [N/m21 ; 
volume of mixture per 1 kg of dry 
gas [m3/kg of dry gas] ; 
specific vapour volume at its partial 
pressure and temperature of mix- 
ture [m3/kg] ; 
specific volume of dry saturated 
vapour [m3/kg] ; 
mixture density [kg/m31 ; 
absolute temperature [“ICI ; 
relative humidity ; 
vapour content [kg/kg of dry gas] ; 
partial derivative of pressure and 
volume containing 1 kg of dry gas 
with respect to temperature in an 
adiabatic process ; 

l Part 1, see [4]. 

1535 

R, 

R, Rm 

u, 1, 

u . WY l",, 

CVYC, 

C v,g, C","W 

partial derivative of pressure and 
volume containing 1 kg of dry gas 
with respect to vapour content in 
an adiabatic process ; 
gas constant for mixture containing 
1 kg of dry gas [kJ/(kg of dry gas. 

deg>l ; 
specific gas constants for gas and 
vapour [kJ/kg . deg] ; 
internal energy and enthalpy of 
mixture containing 1 kg of dry gas 

[kJ/kg of dry gas] ; 
internal energy and enthalpy of 
vapour at its partial pressure and 
temperature of mixture [kJ/kg] ; 
temperature coefficients of intrinsic 
energy and enthalpy of mixture per 
kg of dry gas [kJ/(kg of dry gas. 

deg)l ; 
isochoric and isobaric heat capaci- 
ties of mixture containing 1 kg of 

dry gas [kJ/kg of dry ~1; 
specific isochoric heat capacities of 
gas and vapour, [kJ/kg deg] ; 
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cp, 0’ cptrm specific isobaric heat capacities of 
gas and vapour [kJ/kg deg]; 

k,, k,, k3, adiabatic exponents in processes 
with phase transition, heat and 
mass transfer with independent 
state parameters pV, TV, TP re- 
spectively ; 

if, phase transition rate with respect to 
temperature [kg/(kg of dry gas. 

deg] ; 
0, phase transition rate with respect 

to volume [kg/m’] ; 

43 process heat [kJ/kg of dry gas]; 

w velocity [m/s]. 

THERMODYNAMIC phenomena which result from 
heat and mass transfer in transpiration cooling 
of gas flow have long attracted the attention of 
researches. Vulis [l] was engaged in research 
on these problems back in the early forties. 
His studies made it possible to establish the 
influence of various factors upon velocity of gas 
flow and its state parameters. Consideration 
was given to the effects of heat exchange, 
friction, gas flow rate and channel cross section, 
delivery or withdrawal of work as well as various 
combinations of these factors. 

In particular, the combined effect of heat and 
mass transfer observed in liquid evaporation or 
vapour condensation in a gas flow was investi- 
gated. The results were reported by the author 
in several papers and set forth later in a very 
informative and extensive monograph [ 11. 

Recently research on these problems was 
started in the U.S.A., where Shapiro and his 
coworkers of Massachusetts Institute of Tech- 
nology conducted not only theoretical, but 
also experimental studies. The results of their 
studies were published in [2]. Similar experi- 
ments were performed in the Soviet Union. 

In the theoretical studies conducted, the 
changes in the states of air and injected liquid 
were considered separately. With this approach 
to the investigated problem, certain important 
features of the processes remained obscure or 
were not sufficiently clarified. 

The method of analysis presented in this 
paper is based on the reasoning set forth below. 

The choice of a unit of mixture quantity or a 
mass unit is the determining factor in energy 
research. A variable mass of vapour-gas mixture 
per 1 kg of dry gas has been adopted as a unit. 
The liquid is one of the constituents of the 
environment, and thermal phenomena due to 
the phase transition are internal phenomena. 
The mass changes only in connection with 
phase transition ; it controls the phase transi- 
tion rate and, thus, the caloric properties of the 
mixture. For example, the adiabatic exponent 
and temperature coefficients of enthalpy and 
internal energy (Ci = dI/dT and C, = dU/dT) 
ranges within - cc and + XX, depending on the 
nature of the process and differ substantially 
during the process ; the quantity pV/T = R 
(where R = R, + d,,R,,) is essentially variable. 

These quantities are variable for any real gas, 
but in the considered case under the conditions 
mentioned they change within extremely wide 
ranges. Thus, we analyse a certain conventional 
substance which has hypertrophic thermo- 
dynamic properties of a real gas, and in this 
sense it may be called super-real gas. 

The mass-transfer rate as- well as the phase 
transition rate is expressed as a vapour-content 
derivative with respect to temperature (similar 
to heat capacity). 

The processes of transpiration cooling involve 
usually no essential heat transfer with the 
surrounding medium and therefore may be 
considered as adiabatic. There is an infinite 
number of adiabatic processes with different 
rates of phase transition. In a particular case, 
they may take place with a single constant 
parameter. 

Particular cases of such processes have been 
investigated earlier [3]. Of considerable interest 
is the generality of their laws valid not only for 
a stationary gas, but also for gas flow. The 
derivation of formulae for energy conversions 
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in adiabatic gas flow with transpiration cooling 
makes it possible not only to discover certain 
complicated thermodynamic gas phenomena, 
but also to explain their physical significance. 

This paper presents a method of analysis, 
its thermodynamic fundamentals and examples 
of application. With this in view, the research 
was carried out under the following simplifying 
assumptions : 

1. The gas and vapour components of a mixture 
are assumed to be perfect gases. 

2. The fluid was injected at zero value of en- 
thalpy and entropy, i.e. io,vo = So,, = 0 is 
assumed. 

3. The irreversibility due to evaporation of 
liquid in an unsaturated gas and mechanical 
irreversibility of the process are neglected. 

4. The injection and evaporation of liquid (or 
condensation of vapour) is assumed to be 
uniform over the whole volume and adequate 
for the prescribed rate of phase transition. 

To derive general equations for adiabatic 
processes involving transpiration cooling we 
make use of the differential equations and for- 
mulae for heat capacities given in [4]. 

From the differential equations, the following 
expressions can be obtained for adiabatic 
processes : 

I/‘= CL 0 C 
T = -2 

aT *zt-, 
(2) 

P 

ci 

dq=,, = -$ 

8V 

viJ= ad,, dqcO= ( ) c 
-2 

pt (3) 

where Ci and C, are temperature coefficients 
of enthalpy and internal energy determined from 
the formulae : 

Ci=C,i-i,,l; C,=C,+U,<. (4) 

C, and C, are isobaric and isochoric heat 

capacities of the mixture per kg of dry gas in the 
processes involving no phase transition. 

C, = C,, + L Cp,va; C, = Co,, + &,c,, v(I. 

From the formulae for heat capacities in 
[4] one can determine the rate of phase transi- 
tion in particular adiabatic processes occurring 
with one of the following parameters remaining 
constant: T, p, V, d,. For the processes con- 
cerned it takes on the following values respec- 
tively : 

tT= fa, 5, = - p, 
“(I 

5” z - “, 
w 

i& = 0. (5) 

Examination of expressions (2-5) enables us 
to reveal some specific properties of vapour-gas 
mixtures and certain phenomena arising from 
these properties. 

Figure 3 shows partial derivatives of the 
mixture pressure and volume with respect to 
temperature plotted against the rate of phase 
transition from formulae (2). The relationship 
is presented for all adiabatic processes theoretic- 
ally possible in a vapour and gas mixture under 
the following conditions : mixturehumid air, 
p = 2.25.10’ N/m2, t = 14O”C, d, = 002 kg/ 
kg dry air. 

The rate of phase transition from formula (1) 
assumes positive values in two cases: with 
evaporation involving an increase of tempera- 
ture dd, > 0 and dT > 0 and in condensation 
with a decrease in temperature .dd, < 0 and 
dT < 0. Negative values occur in the cases 
when dd, and dT have opposite signs. 

It follows from the aforesaid that the plot 
should be presented in twin coordinates: the 
left-hand system corresponds to the processes 
with decreasing temperature, the right-hand to 
those involving increasing temperature. Com- 
paring this with equation (l), we conclude that 
in the left-hand plot the signs of t and dd,, are 
opposite and in the right-hand plot they are 
coincident. Thus the values of 5 between the 
ordinates of the twin system correspond to the 
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- 
evap. dd, zs 0 cond. dd, ~0 evap. ddm +O 

FIG. 1. Partial derivatives p; and V; vs. rate of phase transition. 

processes with vapour condensation, whereas 
the processes involving evaporation comply with 
the remaining values of < negative in the left- 
hand and positive in the right-hand plot. 

nation of symbols indicating the growth of the 
parameters as follows from Fig. 1 and is pre- 
sented in Table 1. 

Adiabatic processes with condensation have so 
far been of little practical interest (except for 
the cases of cp = 0 and are not dealt with in this 
paper. Therefore, when constructing the plot, 
it is advisable to omit its central part and bring 
the remaining parts together till their ordinates 
merge. Considered below are only those parts 
of the straight lines presented in Fig. 1 which are 
shown by solid lines. 

The dependence of the partial derivative of 
the mixture pressure and volume with respect 
to the vapour content upon the rate of evapora- 
tion from formulae (3) is presented graphically 
in Fig. 2 where the dependence of the tempera- 
ture coefficients Ci and C, upon 5 is also shown. 

20 

16 

The intersection point of the straight line 
pb and the abscissa determines the magnitude of 
evaporation rate rP, at which the process 
becomes adiabatic-isobaric. In a similar manner, 
the intersection point of the straight line Vr 
and the abscissa characterizes <, for an adiabatic- 
isochoric process. For an adiabatic-isothermal 
process, tT = + co. When the negative value of 
dT approaches zero, (dT = - 0), then & = - co 
and, again if dT = +0 then ?j, = +co. -16 

In addition to these three particular processes, 
Fig. 1 shows two more cases : those of constant 
vapour content d, and constant relative humidity 
q. The particular processes referred to enable 
one to divide all adiabatic processes into five 
groups designated by Roman numerals in 
Fig. 1. Each group has its own specific combi- 

FIG. 2. Partial derivatives p’,,; Vi and temperatUre CoefiCiCntS 
Ci and C, vs. rate of evaporation. 
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Table 1 

Group 
of 

processes 
1; d&a dT dp dV drp 

I I CP 
-02 -7 >o <o >o <O >o 

Lx3 

11 
C 

-9 -5 I >o <o <o <o >o 
‘In UW 

III - 5 0 

I 

>O <o <o k-0 >o 
%I 

IV OK, >O >o >o CO >o 

V Li+a >o >o >o <O <o 

where 
c p&a dv” 

Y 

r. = 
cp ‘dT 

It follows from Figs. 1 and 2 that the processes 
involving evaporation can only occur with 
expansion, if the values of the phase transition 
rates are within the following relatively small 
limits : 

-2<e<o. (6) 
w 

For the processes which involve a decrease 
in pressure, the rate of phase transition assumes 
values over somewhat wider limits: 

-+<o. 
w 

The limits of these two cases proved to be 
different. Hence, there is a range of { where the 
signs of dp and dV coincide. Actually, it turns 
out that in the processes involving evaporation 
with 

(8) 

dp < 0 and dY < 0 (for the processes with 
condensation, it would be dp > 0 and dV > 0). 
Consequently, in this range of 5, the adiabatic 
index should assume negative values. The 
adiabatic index has been investigated in more 
detail. 

This made it possible to establish that the 
adiabatic index takes on various values in the 
equations comprising different combinations 
of the thermal parameters (p, V; T, V; T, p) 
and varies with the rate of evaporation over 
infinite limits from -cc to +cc, some of its 
positive values being attained at 5 + + 00. 

To obtain the expressions for calculation of 
the adiabatic index, we make use of the following 
relationship for a mixture containing 1 kg of 
dry gas : 

dQ = C,dT + pdV = 0 [kJ/kg dry gas] (9) 

dQ = C,dT - I’dp = 0 [kJ/kg dry gas] (10) 

pV=RT (11) 

Ci - C” = R +-P”. .G,. t CkJMkg dry g=-deg)l 
(12) 



(2) Initial equation (10). By substituting in it 
for the temperature differential from (13) and 
using (12), we obtain 

k 
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From equation (11) we get : 
dT = (p.dV + V.dp - TdR)IR. (13) 

Relationships (9-13) and formulae (4) make 
it possible to obtain an equation for the adiabatic 
process with transpiration cooling and the 
expressions for the adiabatic index, making the 
deductions by three methods different from each where 

other by initial equations and deriving three 
process equations which correspond to three 
probable combinations of the varying para- 
meters in each of the three cases concerned. 

(1) Initial equation (9). Substituting the value 
of dT from formula (10) and then making use 
of equality ( 12), we find : 

is another local adiabatic index. 
If k, is assumed to be constant, the adiabatic 

equation with variables p and V is obtained on 
integrating (b) : 

where 

k _ ci - Pvavvot 
z- 

Cl4 
(14) 

is a local adiabatic index which for convenience 
will be used with subscript 2. (Other expressions 
designated as k1 and k, will be discussed later). 

If k, is assumed to be constant within the 
whole process or a part of it, then, with p and 
V independent, one can obtain an adiabatic 
equation from (a): 

t!f!? = const. 
R 

The latter enables us to obtain adiabatic 
equations (where T, V and T, p are variable) 
with the aid of (11) : 

TVkZ-’ = const. 

(kz - 1 Vkz (15) 

= const. 

The adiabatic index k2 in these equations 
should be calculated from formula (14). It is 
noteworthy that of the three process equations 
obtained, only one (where variables T and V 
are independent) is of the conventional form. 
The two other equations are more complicated 
because they incorporate the third variable R. 

If the former is divided by the latter and the 
(R/Ci)-th root is extracted from both parts of 
the equality we get : 

pVi = const. (18) 
where 

O-9 

k, = ci 
C” + PLJaV”(IS 

(16) 

v k3 
P- 0 = const. 

Two equations given below are obtained in a 
similar manner : 

6 
ks - 1 

T- = const. 

T 
(k3 - 1 )lks = const. 

P 

(17) 

where the value of the adiabatic index k3 should 
be determined from (16). 

In this case, out of the three equations ob- 
tained, the one containing the independent 
variables T and p is of the usual form, the adi- 

abatic index being expressed through another 
relationship and thus numerically different from 
k 2. 

(3) The usual adiabatic expressions (15) and 
(17) with variables T, V and T, p are the initial 
equations which can be presented as follows : 

TVRICu = const * -9 
T-RIG 

P 
= const. 

- li 
ki = 2. (19) 
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Substituting from (11) for the volume in one 
case and for pressure in the other in equality 
(18) we obtain adiabatic equations incorpora- 
ting variables T, V and T, p which take the 
form : 

RTVkl-’ = const. 

RT 
(kl-lb/k1 

= const. 
P 

Consequently, we obtain only one ordinary 
adiabatic equation with variables p and V (18), 
the adiabatic index again being expressed in a 
new form. 

Thus, it follows from the above, that if adiaba- 
tic equations ~~~rat~g variables T, I’ ; T, p 
and p, V are of the usual form, the adiabatic 
indices in these three cases will be different. The 
adiabatic indices are shown in Table 2. 

Table 2 also gives the relations~ps for the 
adiabatic index in some particular cases of the 
adiabatic process. The relationships are readily 
obtained from appropriate general expressions, 
if it is taken info consideration that in an 

adiabatic-isochoric process C, = 0, adiabatic- 
isobaric Ci = 0, adiabatic-isothermic 5 = co 
and in an adiabatic process with constant vapour 
content 5 = 0. The relations~~ for the adia- 
batic index K+, in a process with constant relative 
humidity Q, are somewhat more difficult to 
obtain. We shall not, however, discuss the 
method for obtaining these relationships. 

The calculation was made for air under the 
following conditions: p = 2.25 . IO5 N(m2, 
t = SOO”C, d, = 002 kg/kg dry air and at 
various evaporation rates 5 = (- 1 + -1-o-6) _ 
10e3 kg/kg dry air deg. 

When the rate of phase tr~sition 5 changes, 
temperature coefficients C, and Ci change 
substantially. This produces an effect upon 
the adiabatic index as is evident from the general 
expressions for k,, kz and k3. This relationship 
is graphically shown in Fig. 3. 

In all three cases, the relationship k = f(t) 
is expressed by fractional linear functions plotted 
as equilateral hyperbolae with asymptotes 
parallel to the coordinate axes. To determine the 
asymptotes of such hyperbolae, it is sufficient 

Table 2 Adiabatic index 

lndepen- 
dent 

variables 

General 
expressions For particular adiabatic processes 

V = coast. p = con&. T = co&. d, = const. Q, = COIL%. 

k, k, k, kd k, 

0 ‘ve 
cc 

CP k&l c a) - iJu,(l + b) - 
UVkl c, a-b 

T,V 2- 
& _ ci - Pm?,5 P,v,5 C k& + a) - (1 + b) 

c. 
CO -- 1 -! 

G c, a-b 

T,P ka = 
G L c 

-! k& + a) - (1 + b) 

C” - P&& 
0 

PwQ,C 
1 

G a - i,/u,, b 

Notes : 

Indexes kl, and ksn assume negative values. 
With Q, = const., the process is possible at temperatures not exceeding the critical temperature for steam. 
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-08 -06 - 0.4 

EXlccO 

O-2 04 

FIG. 3. Values of local adiabatic indices for processes in- 
volving evaporation of water injected into humid air (1,2,3,4- 
asymptotes for k, ; k2 and k, ; k, and k, ; k,, respectively). 

to find their centre coordinates in each of the 
three cases. Since the hyperbolae equations are 
known [equations (14, 16, 19)], the coordinates 
can be found readily with the aid of ordinary 
mathematical methods. The centre coordinates 
determined for each hyperbola are given in 
Table 3. 

It is evident from Table 3 and Fig. 3 that 

r = -C,IUva is the centre abscissa of two 
hyperbolae relating to k, and k,. It follows from 
(5) that this rate of phase transition makes the 
process adiabatic-isochoric. Consequently, kl 
and k, in the adiabatic-isochoric process pass 
through f cc. Point A represents the process 
on the abscissa. 

Table 3. Coordinates of hyperbola centre 

Centre For For For 
coordinates k, = fl(<) k, =fAt) ks =h(T) 

r, -5 _z -2 

k, 
1, - 1 1 
U, 

As shown in Fig. 1;the region on the graph 
between the asymptote passing through point A 
and the ordinate (with < = - C,/u,, + 0) refers 
to the processes with expansion. Therefore, the 
curve sections within this region determine the 
values of the adiabatic index for expansion 
processes and those to the right and left of this 
region give the adiabatic index in the processes 
with compression. 

The curves in Fig. 3 cross the abscissa to the 
left of point A and, hence, in the processes that 
involve evaporation of the liquid injected, the 
adiabatic indices k,, kz and k, can assume zero 
values only in compression processes with a 
decrease in temperature. 

Indices k, and k, become zero at the same 
value of 5, and their respective curves intersect 
at point B (Fig. 3). To determine the value of 5 
for this point, we equate the expressions for 
k, or k, from (16) or (19) to zero, tinding as a 
result that C1 = 0. Expressing Ci in compliance 
with (4) 

5, = - +. 

The values obtained for Ci and 5 determine 
the adiabatic-isobaric behaviour of the process 
and point B represents these values on the 
abscissa. 

The adiabatic index k, assumes the zero value, 
as results from (14) and (4) at 

ci - Pwvw c = cp + %a5 

or for the evaporation rate of 

r= -2. 
v(1 

All three curves intersect the ordinate in one 
point D. Since then r = 0, it follows that 
k = CJC,, i.e. the adiabatic index assumes an 
ordinary expression for a process without phase 
transition. 

With the rise in temperature, k2 and k, 

increase, if r < 0, and they decrease, if r > 0, 
while kl increases for all the values of [ whilst 
point B approaches the ordinate and point D 
the abscissa. 
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The graphical relationship given in Fig. 3 In the processes of group IV, dT > 0, 
is plotted for a gas temperature (500°C) above because the rate of cooling is rather small : 
the critical point of water vapour (374°C) owing 
to which a physical state characterized by 
relative humidity is impossible. In this case, t-4 < 5. 
the adiabatic processes involving evaporating 
cooling should be divided into four groups. The An isothermal process with which the left- 
ranges of the adiabatic indices for each of the and right-hand sides of the inequalities given 
four groups of processes are given in Table 4. above are equal serves as a boundary between 

Table 4. Limits of the values of adiabatic index for processes involving 
evaporation 

Group of 
processes k, k, k, 

l/k,, l/O 

II 
c c _-J _e 
. I 

o/-w W- 03 O/k,, 
1, U, 

III -50 
/ U, 

+ w/k + w/h 

IV o/+w kd 5 
I 

h/l Wl 
UW 

Note: k,, k,, and k,, are taken from Table 2. 

Only group III contains the processes with 
expansion. Thecompression processes character- 
istic of the first two groups differ from those 
falling into group IV in the sign of the tem- 
perature gain. The processes under groups I and 
II occur with dT > 0 which may be attributed to 
a substantial cooling. It is convenient in this 
case to take the rate of phase transition with 
respect to the volume as a criterion of the cooling 
rate. 

ad ( > o(I o = av dq=O 

The processes falling into the first two groups 
are accompanied by intense cooling 

the processes falling into groups I and IV. This 
occurswith<= +a~. 

With the state parameters for which the 
curves presented in Fig. 3 are plotted, the 
numerical values of the quantities given in 
Table 4 are as follows: 

gP= -C&= -0*31.10-3kg/kgdryairdeg 

r” = - C,/u,, = - 0.25. lo-’ kg/kg dry air deg 

klT = i,/uva = l-116; kzp = - 0602; k, = 1.38 

k3” = - 2.29 ; the rate of phase transition with 
respect to the volume o = -0.722 kg/m3. 

Specified in Table 4 are the processes falling 
into group II for which the three adiabatic 
indices assume negative values, k, in group I 
and k3 in group III being partially negative. 



1544 G. A. MIKHAILOVSKY 

The data obtained on the behaviour of the 
adiabatic indices of the partial derivatives of 
the thermal parameters of state and their 
differentials make it possible to investigate 
energy conversion both in a stationary gas and 
in gas flow. In the latter case, it is also necessary 
to determine the partial derivatives of the flow 
velocity (or some other function under study) 
with respect to the pressure, temperature, 
vapour content or some other parameter re- 
garded as in independent variable and a con- 
trolling factor in the investigation. 

Assuming the rate of cooling liquid injected 
to be zero, the following relationship can be 
obtained 0’ = pw is the flux density) : 

($),,=, = - f (1 + $2. (20) 

Figure 4 presents (~w/L$)~=~ against the 
rate of evaporation (for the same conditions as 
in Fig. 1). The curve is a hyperbola and the 
centre coordinates are : 

8W 

a 

@.= g)dq_o= -::(1 + 3 
0 ad”* CP 5, = T dq=o = - i, 

200 

-400 
-0.6 -0.4 -0.2 0 0.2 

.gc 103 

FIG. 4. (8 w/ap)& = ,, vs. evaporation rate. 

With 5 increasing from -Ci,/iw to 0, that is, For instance, it follows from Table 5 in which 
in the processes involving a pressure drop (see are given the values calculated for the same 
Fig. l), the derivative @w/a&r= 0 decreases conditions as for the diagrams shown earlier, 
from + co to 0 and then to -I/’ which is true that with the velocity of 500 m/s the inequality 
for a process without phase transition. (22) and with 1000 m/s the inequality (23) hold 

In the case of a pressure drop (dp < 0), the 
derivative from formula (20) can be not only 
negative, but also positive. Its transition through 
0 occurs, when the evaporation rate reaches 
a certain critical value 

L = - &. (21) 

If - C$i,, < r < L then dw < 0. If 
<,, < 4 < 0,thendW > 0. 

In the case of a pressure rise (both with 
-co < 5 < - Cd& and 0 < < < + co), 
dw < 0. 

In most cases, 

CL1 ’ ; 
“(1 

(22) 

and is, therefore, within the range of the pro- 
cesses falling into group II. However, it may turn 
out at high rates that 

(23) 

If so, a simultaneous decrease in pressure and 
velocity will occur in some processes falling 
into group III as well, being attended not with a 
decrease, but an increase in the volume of the 
mixture (see Fig. 1). 

Table 5 

C 
t”C +.103 

C” 
-. lo3 r:, lo3 5::. 103 

‘Ia 4, 

140 0.382 0.295 -0350 - 0.280 

500 0.325 0.268 -0.304 -0.253 

r’ and 4” are the critical values of the evaporation rate at 
flow velocities of 500 m/s and 1000 m/s, respectively. 
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true, that is, <,, passes through a boundary 
between groups II and III. This occurs, when 
the flow velocity attains a certain boundary 
value which can be determined from 

f&, = - 2 
“(1 

whence, comparing it with formula (21), one can 
obtain an expression for the velocity at the 
boundary : 

w = &u,, - i,). 

At temperatures of 140, 500 and 1000°C u’ is 
900,865 and 812 m/s, respectively. 

These analytical and graphical relationships 
make it possible to derive, in addition to the 
equations given above, also other formulae 
which are unusual for simple substances. 

(5) The method set forth above allows certain 
thermodynamic and gas dynamic phenomena in 
transpiration cooling processes to be investi- 
gated and explained, taking into account the 
effect of these phenomena on the results of the 
processes concerned. 

(3) In the processes falling into group II, that 
is at the evaporation rate of 

all three adiabatic indices assume negative 
values. 

(4) These unusual properties in the processes 
with transpiration cooling result in unexpected 
phenomena in a fluid flow. For instance, com- 
pression can give rise to a pressure drop which 
can give rise not to an increase, but to a decrease 
in flow velocity, etc. 

Hence, it is concluded that : 1. 

(1) The local adiabatic index assumes values 2. 

from --co to +.cc depending on the rate of 
evaporation. 3. 

(2) In the adiabatic equations incorporating 
different independent variables (p, V ; T, V ; T, p), 

the adiabatic index takes on different numerical 
4 

’ 
values. 
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Abstract-The results of recent research on dynamic processes with heat and mass transfer are considered. 
A gas or a vapour-gas mixture in these processes is considered as a specific substance with a variable 

mass unit and hypertrophic thermodynamic properties of a real gas (a super-real gas). 
A graphical relationship of partial derivatives of mixture pressure and volume with respect to tempera- 

ture as a function of the rate of phase transition for all adiabatic processes theoretically possible in a 
vapour-gas mixture is given. 

Expressions for the adiabatic exponent as a function of the rate of the phase transition c are derived. 
Relationship k = f(c) is analyzed and is plotted for all three cases of processes with evaporation. 

The data thus obtained on the behaviour of the adiabatic exponent and partial derivatives of the state 
thermal parameter j make it possible to investigate energy transformations in a flow with heat and mass 
transfer. 

Application of the method is illustrated by the analysis of velocity against pressure. 

R&m&-Les resultats d’une recherche recente sur les processus dynamiques avec transport de chaleur 
et de masse sont pris en consid&ration. 

Un gax ou un melange de vapeur et de gax est consid6rb dam ces processus comme une substance 
specifique avec une unite de masse variable et des propri&t(s thermodynamiques hypertrophiees d’un gax 
r&l (gax sur-r&l). 

Une relation graphique des d&iv&s partielles de la pression et du volume du melange par rapport a la 
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temperature est donnQ en fonction de la vitesse du changement de phase pour tous les processus adiaba- 
tiques possibles thtoriquement dam un melange de vapeur et de gaz. 

Des expressions sont obtenues pour l’exposant adiabatique en fonction de la vitesse de changement 
de phase 5. La relation k = f(c) est analysee et tracQ dans trois cas de processus avec evaporation. 

Les resultats obtenus ainsi sur le comportement de I’exposant adiabatique, et Ies d&iv&z partielles des 
parambtres d’etat thermiques rendent possibles l’ttude des transformations d’energie dans un &coulement 
avec transport de chaleur et de masse. 

L’application de la mtthode est illustree par I’analyse de la vitesse en fonction de la pression. 

Zasammenfasa.nng-Die Ergebnisse einer ktirzlich durchgeftihrten Untersuchung iiber dynamische 
Prozesse mit Wgrme- und Stoffiibergang werden angegeben. 

Ein Gas- oder ein Gasdampfgemisch wird in diesen Prozessen iiber eine spezifische Substanz mit 
veriinderlicher Masse und iiberentwickelten thermodynamischen Eigenschaften eines realen Gases 
betrachtet (ein super-reales Gas). Eine graphische Beziehung wird angegeben fiir partielle Ableitungen 
des Gemischdruckes und des Volumens nach der Temperatur als Funktion der Phasentibergangsgesch- 
windigkeit fiir alle theoretisch miiglichen adiabaten Prozesse in einem Dampf-Gasgemisch. 

Der Adiabatenexponent wird als Funktion der Phaseniibergangsgeschwindigkeit < abgeleitet. Die 
Bezeichmmg k = f(a wird analysiert turd ist fur alle drei Falle der Prozesse mit Verdampfung aufgezeichnet. 

Die so erhaltenen Werte Eir das Verhalten des Adiabatenexponenten und der partiellen Ableitung der 
thermischen Zustandsparameter ermiiglichen die Untersuchung in einer Strijmung mit W&me- und 

Stoffiibergan. Die Anwendung der Methode wird gezeigt. 


