NOTATION

%, stream function, m2/sec; v, coefficient of kinematic viscosity, m%sec; T, temperature, °C; N = vy/v; p, coefficient of dynamic
viscosity; Pr, Prandtl number; f, dimensionless stream function; 5, self-similar variable; Gr, = g8(T,, — To)x3/u02, Grasshof number;
p, density of the fluid, kg/m3; a, heat transfer coefficient, W/(mZ-K); 6, thickness of thermal boundary layer; Fy,, force of friction.
Subscripts: 0, temperature of the fluid at some distance from the wall; w, temperature of the wall; *, controlling temperature; max,
maximum longitudinal velocity.

LITERATURE CITED

E. M.Sparrow and J. L. Gregg, Trans ASME, 80, No. 4, 879-886 (1958).

. L. M. Mikheeva, in: Heat Transfer and Thermal Modeling [in Russian], Moscow (1959), pp. 226-238.

. S. Akagi, Trans. Jpn. Soc. Mech. Engnr., 30, No. 213, 624-635 (1967).

. T. Fujii, M. Takeuchi, M. Fujii, et al., IJHMT, 30, No. 5, 753-787 (1970).

. V. P. Carey and J. Mollendorf, in: Proc. 6th Int. Transfer Conf., Toronto, Vol. 2 (1978), NC-5, pp. 211-216.

. G. G. Shklover and S. E. Gusev, Inzh.-Fiz. Zh., 53, No. 2, 229-236 (1987).

. S. E. Gusev, "Heat exchange and hydrodynamics in the free-convective flow of a coolant with variable physical properties in
a horizontal tube bundle,” Candidate’s Dissertation, Technical Sciences, Kaluga (1985).

. H. Shaukatullah and B. Gebhart, Numer. Heat Transfer, 2, No. 2, 215-232 (1979).

1. Dzhaluriya, Natural Convection. Heat and Mass Exchange [Russian translation], Moscow (1983).

10. G. G. Shklover and S. E. Gusev, in: Convective Flows: Collection of Scientific Papers {in Russian}, Perm’ (1985), pp. 92-98.

11. A.Z. Shcherbakov, Transport and Storage of High-Viscosity Petroleum and Petroleum Products with Heating [in Russian], Moscow

(1981).
12. Yu. A. Sokovishin and A. A. Kovkova, Inzh.-Fiz. Zh., 48, No. 1, 50-64 (1985).

[

NN o

©

DETERMINING THE MAXIMUM VELOCITY OF A GAS
BEING DISCHARGED OUT OF A NOZZLE

V. V. Skryabin UDC 629.7.036.53

It is proposed to calculate the maximum discharge velocity of a chemically neutral real gas out of a Laval nozzle with
consideration given fo the latent heat of vapor formation of the substance in the expansion of the gas within the nozzle
fo total condensation, as well as to calculate the parameters which correspond to the saturation line. An equation
has been derived to determine the maximum velocity of the discharge gas from an energy point of view.

The velocity at which a gas is discharged out of the diffuser of a Laval nozzle as the gas expands to a pressure of p; = 0 and
a temperature T, = 0 and, consequently, given a gas enthalpy of i, = 0 this discharge velocity is usually referred to as the maximum
velocity [1]. The value of this maximum velocity is determined from the equation of conservation for the energy of the gas as the
latter expands within a nozzle, without phase transition:

Wi = 2i. 1
With T, = const and a variable p, for an ideal gas i; = const, and, therefore, in actual practice, when T, = const, the value
of W; is assumed to be independent of p_ [2].
Let us examine the question as to whether the velocity defined by Eq. (1) is the only maximum velocity for a chemically neutral
real gas. A basis for the validity of the formulation of such a problem can be found, as demonstrated in [3, 4], that the heat of

vapor formation evolved in the condensation of the metal vapors generates (within the diffuser of the nozzle) an increase in the
velocity of the uncondensed gas.
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The results from [3, 4] allow us to write the equation of velocity (or the law of energy conservation) in the following form
for the flow of a chemically neutral substance within whose process of gas-phase expansion we find the formation of a liquid phase:

W2=2(c—igt Pr—e). )]
As the gas expands from p,, T, to 0 < p, < p, 0 < T, < T, the value of i;, changes within the limits 0 < i, < i, and given
corresponding regime expansion parameters the substance may either remain gaseous (3 = 0) or change partially into the liquid
phase (0 < 4 < 1), or change completely into the liquid phase (¥ = 1). The material in the nozzle diffuser can be held to be
gaseous in the strict sense of the word, provided that there exists no thermodynamic conditions for condensation, which is equivalent
to the expansion of the gas in the nozzle to the parameters p, # pg, T # Te. As p, — p, T, — T (and, consequently, iy — i)
we find from (2) the equation for the velocity of the gas on expansion to parameters close to the conditions of condensation (the
saturation line):

Wi = 2(ic— is). ©)
The expansion of the gas in the diffuser of thenozzle to p, = p,, T, = T, creates thermodynamic conditions of condensation.
Regardless ofthe value of ), we will assume that the gas changes into the liquid phase is discontinuous fashion during the expansion
to the parameters p, = p,, T, = T};, and the initial velocity of liquid-phase motion is equal to the velocity of the gas determined
from Eqg. (3), and in the subsequent combined motion of the two phases their velocities are equal. This assumption is validated
by the fact that, first of all, the usually observed supersaturation of the gas in nozzles and jets corresponds to exceedingly small
droplet dimensions of 10—%- 10~ m [5] and, secondly, it has been demonstrated in [3] that the velocity of droplets having a dimension
of ~2:10~% m differs from the velocity of the gas by no more than 1%.
The expenditures of energy in the gas phase of the flow on increasing the initial kinetic energy

Eo=.0,5 $mgW3 4

the condensate mass m = gbmg to the final kinetic energy

E

out

— 72
= O,5fﬂg“/ ' ®)

and the same condensate mass at the nozzle outlet all amount to

e = (Eout — Eo) mig' = 0,5¢ (W2 — W2). ©)

Having substituted (5), (6), and (3) into (2), after simple transformations we will derive the equation for the velocity of the

two-phase (gas + liquid) flow of substance at the nozzle outlet, with consideration given to the consumption of gas-phase energy
on maintaining the velocity of the condensate at a level equal to the velocity of the gas phase:
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Fig. 1. Velocities W, W, Wy, and W, [m-sec—l]
of air discharged out of a nozzle as a function
of p, [10° Pa] when T, = 300 K.



W2=2lic—istvr(1+¥)"L )
For all of the substances the parameters p; and T; of a saturation line limited by a melting point having the coordinates p,

and T, and a critical point with p . and T, correspond strictly with one another [7] and are attained in the process of gas expansion
within the nozzie when p, and T, combine ahead of the nozzle, as defined by the equation of isentropy:

ps/pe = (Ts ' Te)r@=07" 8)

Consequently, the region in which the parameters of gas expansion within a nozzle exist, and for which the values of W and W,
can be determined, is bounded from below by the line of saturation, and it is bounded on the right and on the left by the lines
of isentropic expansion of the gas, these lines ascending from the boundary points of the saturation line, these points having the
coordinates pp, Tp, and p, T~ At the critical point r = 0, so that W, = W, is in the expansion of the gas to the critical point.
At the melting point r = rp, of the substance it may consequently be assumed that as the gas expands in the nozzle diffuser to
the melting point, at which ¢ = 1, i; = i, the velocity of substance flow reaches the following energy-dependent maximum value:

Wiar = 2 (ic— i g + 0,57mas). ©)

We can see from (9) that with total condensation of the gas in the nozzle diffuser ( = 1) half of the evolved heat of vapor
formation is spent to accelerate the condensate to the velocity of the gas.

As an example, the figure shows the results obtained (with utilization of the data from [7], i.e., with consideration given to
the real properties of the gas) from the calculation of W; and W, as a function of p. when T, = 300 K for air (y = 1.4), which
is assumed to be the optimum working fluid of a gas-reactive system [2]. Here we also find the results from a calculation of W
for the case in which ¢ = 1 on the basis of Eq. (7) and for W; when e = 0 and ¥ = 1, on the basis of Eq. (2), i.e., in the absence
of expenditures of energy on acceleration of the condensate. The calculations were carried out under the condition that the air,
in accordance with (8), expands from the pressure p, = (15.9-637.4)-10° Pa within the chamber to the parameters of the saturation
line at the nozzle outlet, limited by the fusion point for air (py, = 0.07-10° Pa, T, = 64 K) and the critical point (P = 37.7:10°
Pa, T, = 1325 K).

We can see from the figure that when we take into consideration the real properties the values of W, Wy, and W, for the
air increase with a reduction in p,.

The figure identifies the point for the maximum value of Wy ;... = 773 m/sec. We can see that W and W; can assume values
greater than Wy ., and, in particular, Wy,, = 830 m/sec, W3 .., = 947 m/sec. Consequently, the concept of the maximum gas
discharge velocity of a nozzle can have various meanings, since its magnitude is determined by the initial and final parameters of
expansion and the level of condensation which accompanies the expansion of the gas in the nozzle. We can employ the energy-related
maximum velocity defined by Eq. (9) as a concept to characterize the energy possibilities of a chemically neutral real gas. The
theoretically limiting energy potentials of a chemically neutral real gas serve to characterize the value of W3 pnar

NOTATION

T, and T, absolute temperature of the gas within the chamber and in the nozzle; p. and p,, gas pressure in the chamber
and in the nozzle; i, and i, gas enthalpy in the chamber and in the nozzle; 1p, mass condensate fraction; r, latent heat of vapor
formation; e, expenditures of gas-phase energy in the flow to maintain the velocity of the condensate at a level equal to the velocity
of the material flow within the diffuser ofthe nozzle; Ty, pe and i, parameters of dry steam at the saturation line; T P and i,
parameters of the substance at the melting point; T and p,, parameters of the substance at the critical point; -y, isentropy exponent.
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