CALCULATIONS ON A TURBULENT HETEROGENEOUS JET ENTERING
A HALF SPACE

G. F. Gorshkov and V. S. Terpigor'ev UDC 532.517.4:533.951.7

Integral equations have been used in calculations on turbulent nonisothermal jets
of variable composition escaping into a space filled with air. The calculations
are in satisfactory agreement with experiment.

1. Consider an isobaric turbulent jet of viscous compressible gas whose equivalent shock-
wave temperature at the end of the nozzle is about 10“°K and which enters a space filled with
different gas. This is a highly nonisothermal jet of variable composition. An example is
provided by a low-temperature plasma jet.

The effective boundary-layer thicknesses are the following: dynamic, &; thermal, S7;
and diffusion, 8p. Then we can use the conditions for the following fluxes to be zero at
the boundary: the momentum puz, the excess heat content puAh, and the excess matter pulg.

Then the differential equations for continuity, momentum, energy, and matter give us
that the following integral equations apply:
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Equations (1)-(4) are as follows: (1)-(3) apply for the origin moments and for the first
moment , derived from generalized integral equations [1] analogous to Golubev's relations for
an incompressible fluid.

For a subsonic jet of moderate speed (My < 0.3) h >> u®/2;we can therefore assume that
H = h.

To (1)-(4) we must add expressions for the dimensionless distributions of pu®, pudh, puhf
together with the equation of state for the mixture of gases and the relationship between the
effective thicknesses of the boundary layers.

The following functional relations have been derived [2] for the fluxes of momentum and
excess heat content in cross sections of a jet of low-temperature plasma:

2 5
(p‘l’;) =1 —n"?s, (5)
pubh s
(utty, Tt (6)
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TABLE 1. Numerical Values of A; and nj Appearing in the Equa-

tion of State

Gas Air Ns Ar He H,
n 0,8230 0,8345 1 1 0,7851
A, ]/m3 36300 37168 253000 245000 11075
T.10"3 0.29-7.0 0.29-7.0 0.29-9.5 0.29-9.5 0.29-6.0
] ! 0,03 0,07 0,011 0,003 0,004

By analogy with (5) and (6), we have the following for the dimensionless distribution of the
excess-matter flux:

puldt 1.5
__.___:(l—rlo )4, (7)
(PulrE),,
We envisage a binary mixture of chemically unreactive gases to which the following equa-
tion of state applies:

pi :Ai/h?i, (8)
The Ai and ni are constants dependent on the nature of component i. The available data [3]

provide these constants. Table 1 gives the numerical values; T * 10~% is the temperature
range for which (8) applies, while o is the standard deviation of the data of [3] from (8).

We now introduce the relative mass concentration and relative volume of component i}
then published equations [4] provide the basis for calculations on a binary mixture whose
density obeys (8), i.e., we can find the density as a function of the enthalpy and concentra-
tion.

‘Calculations have been performed in this way for a mixture of Ar, He, or N, with air,
in each case for various concentrations.

The results indicate the following equation of state for the mixture:

A ‘
Pm = g G BRG (T —E))

(9
where B = A;/A, and the subscripts 1 correspond to the gas from the nozzle and 2 to the gas
in the space. In what follows the subscripts to p, h, and £ are omitted.

Equation (9) allows one to assume any gas as the filling for the external space.

The differences in the effective thicknesses of the boundary layers are such [2, 5, 6]
that we may assume that the thermal and diffusion boundaries coincide, while the relation
between 6, 8T, and 8p is [2]

8, 6, ~ 8/0.87. (10)
In addition, we need an expression for the turbulent friction that appears in (4).
We assume that
ou ou
— _— == 611, .
Ty v, or PrOUy, ar (ll)

The universal constant % is taken as 0.0095 for an incompressible fluid [1].

Therefore, the parameters of this jet may be found by solving (1)-(4) with (9) and (10)
in conjunction with (5)-(7) and (11) subject to the initial conditions

X = Xy = x/rq =0, §=8=8/r,.
As for X = %o we have GEITT; = (pu®)p/ (pu*)y = l;we get the result for So from (1) and
(5) as
8, = 1/@2D)"*® ~ 2,7367,
1
243
D= 1— E.5yg dn = 222
é‘( TN = e

This system of equations gives us §, 81, &p, p, u, h, &,
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Fig. 1. Distributions of: a) velocity; b) excess enthalpy in N, jets with 6, = 83.8,
calculation: 1) x = 43 2) 45; 3) 64; experiment: &) x = 45; 5) 64; 84 = 138, He,
calculation: 6) x = 4.

Fig. 2. Distribution of the fluxes of momentum, excess enthalpy, and matter along the
jet axis and the corresponding effective thicknesses in relation to superheating for

He and == 0.0095; solid lines from calculation for (pu’)m and §; broken lines for
(pudh)p, (puAf)gp and 8T, &p: 1) 645 = 5.3; 2) 16; 3) 138.

2. System (1)-(4) with (9) and (10) was solved with a BESM-4 computer (TA-1M compiler)
with an Algol-60 program. The run time for a single case covering the range in x from 0 to
70 was 1 h (including compilation). :

Figures 1-3 show some results for jets of argon, helium, and nitrogen entering air with
% = 0.0095 for a wide range of excess temperatures 84 = hg/hy in the jet.

Qualitatively speaking, the calculations give a physically correct picture for the jet
propagation.

For example, the velocity distribution (Fig. la) or the excess-enthalpy distribution
(Fig. 1b) is not self-modeling and becomes flatter as x increases. This is due to the reduc~-
tion in the local superheating of the jet.

Under otherwise equal conditions, a jet having a large 85 cools much more rapidly (curves
1 and 6 for x = 4 in Fig, la and b), i.e., the distributions for u and Ah become steeper.

The same applies to the axial parameters of the jet, i.e., the falls in (pu)p, (push)p =
(puAh) p/ (pudh) g, (purl)p = (pusf)p/(purg)g for the hotter jets are more rapid, while the effec-
tive boundary-layer thicknesses increase,as Fig. 2 shows. The falls in (puAh)y and (pudf),
are steeper than the fall in (puyqm by 0.75.

Figure 3a shows numerical results for the compfessibility parameter w = py/pq, while Fig.
3b shows the results for 0, as regards the expansion of the main part of the jet, that is,
C = déos/dx.

Figure 3a has line 1 as the numerical result for the effect of w on C/Cy=, for helium
and argon jets, while line 2 represents jets of nitrogen, air, or hydrogen, where the symbols
show the experimental results of [2, 5-8].

Clearly, the expansion of the main part of the jet is influenced not only by the compres-—

sibility but also by the nature of the gas, and therefore some generalizations in terms of w or
C are not universal.

On the other hand, the superheating parameter 8, (Fig. 3b) provides a close fit to the
measurements as a single relationship of the form
C’C8a=1 = 14-0.156 1g8,. (12)
The line calculated from (12) in Fig. 3b fits the numerical results to ¢ = 0.02 for jets
of helium, argon, nitrogen, and air escaping into air, while the symbols show measured data

from the same sources (symbols as in Fig. 3a). It is clear that the measurements fit the cal-
culations from (12) to ¢ = 0.022.
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Fig. 3. Effects of: a) compressibility; b) superheating on the expansion of the
main part of the jet: a) calculation: 1) He, Ar; 2) air, Nz, H;; experiment: 3,
4, 5, 6) Ar, He, air, Ny [2); 7) [5]1; 8) [6]; 9) [7]; 10) [8]; b) calculation:
11) from (12); experiment: 3, 4, 5, 6, 7, 8, 9, 10.

Fig. 4. Comparison of theory and experiment for the distribution of the axial
parameters and the corresponding effective thicknesses; a) Ar, 64 = 11, calc.: 1)
(pu)m; 2) §; experiment: 3) (pu)p, §; air, 84 = 26.3, calc.:4) (pu”)p; 5)
(pudh)y,; experiment: 6) (puz)m; 7) (pudh),[8];b) N2, 64 = 29.5, calec.:1) (puz)m

and §; 2) (puAh)y and &; experiment: 3) (pu”)py, 8; 4) (pudh)p, ST-

Therefore, the radial dimensions of the jet increase with the superheating and differ
appreciably from the radial dimensions for an isothermal jet (6,5 = 1) of incompressible fluid.

Figures 1 and 4 compare results for the transverse and axial parameters of jets of ni-
trogen, argon, and air with values from experiment [2] and values computed from measurements

[8l.

The calculations agree with experiment to within o < 0.02 for the axial parameters and
within o < 0.25 for the effective thicknesses.

The coordinate for the initial section Xo was chosen on the basis of experiment [2, 8].

One can estimate Xo by means of a published relation [9] derived for slightly heated
jets of variable composition:

Xo = 9/(Pmfpa)”">. (13)

Derivation of xo from (13) gives slightly exaggerated values because Xo is affected by the
turbulence, the uneven distribution of the gasdynamic parameters in the nozzle, and the high
initial superheating. These factors reduce the length of the initial part to 3-4 times the
radius of the nozzle [2]. -

Satisfactory agreement with experiment shows that the integral method widely applied to
isothermal and slightly heated jets can also be applied to hot jets of variable composition
provided that the self-modeling parameters are appropriately chosen, along with the equation
of state for the gas mixture, the turbulent viscosity, etc,
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PECULIARITIES OF THERMOPHYSICAL MEASUREMENTS OF THERMOELECTRIC MATERIALS

K. K, Semenyuk , UDC 536.2.083

This paper examines a method for direct measurement of the heat losses in deter-
mining the thermal conductivity of thermoelectric materials.

In {[1] Harman proposed to determine.the thermal conductivity of thermoelectric materials
by measuring the temperature difference T2 — T, between the ends of a thermoelement, through
which a current I was flowing, from the formula

s 2(T,—Ty

In order to reduce the error v due to thermal losses from the surface of the specimen,
one uses quite long and fine thermocouples and current leads, and the measurements are con-
ducted in vacuum on specimens of dimensions such that the condition w << 1 holds [2, 3]. Be-
low we examine the method of direct measurement of the correction term Y in Eq. (1). The
method is based on the phenomenon that if the Peltier effect is used to create a heat flux
through the thermoelement, the flux magnitude and direction can be controlled by varying the
magnitude and direction of the electric current I.

We consider a thermoelement with current leads whose length satisfies the condition at
infinity d7 >> (erz/az)“ﬁc. We assume also that the following conditions hold. 1) There is
no temperature drop over the cross section of the thermoelement. This condition holds if
(@8/%x) << 1. 2) The thermoelectric parameters and the heat-transfer coefficient are indepen-
dent of temperature. Then the heat-conduction equations for the thermoelement and the cur-
rent leads in dimensionless form take the form

Z_z?_—mz(e.—eeHvz:o, 2)
=
@9
B o (8, — 60 + Cpyv* =0, <
day;
a0y _
—dx:_ —of, (0, — 8) +Cpy v? = 0. (%)

Here and below the subscripts 1 and 2 refer to the first (on the left in Fig. 1) and second
faces, respectively, of the thermoelement. This means that the thermal conditions are dif-
ferent at the ends; and 8, is the dimensionless temperature of the surrounding medium.

We assume that for a single direction of current through the thermoelement the tempera-
tures 8] < 6} are established at its ends. If the current direction is changed, then 8Y > 83.
Thus, Eqs. (2)-(4) can be solved by well-known methods with the following boundary conditions:
for the first current direction
and for the second direction

8(0)=18, (0)=18;, 0(1) .—_:Gh (1) = 6].

An additional condition for 87, and 87, is that the heat flux at infinity is zero.
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