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Results are presented from a numerical analysis and experimental study of the 
enthalpy and velocity distributions along and across a subsonic plasma air Jet. 

In using plasma jets for cutting, welding, fusing, and treating high-meltlng and heat- 
reflecting materials, with regard to the plasma-chemical processes it is necessary to know the 
distribution of the basic parameters of the Jet over its length and width in order to select 
optimum operating regimes. 

This article addresses the problem of theoretically and experimentally determining the 
distribution of velocity and enthalpy in an axisymmetrical, optically fine, submerged plasma 
air jet issuing from the channel of an electrlc-arc gas heater (EAGH) into the surrounding 
atmosphere. 

Plow of the plasma jet will be described theoretically using the boundary-layer method 
[I]. The flow is assumed to be steady and laminar, with local thermodynamic equilibrium. No 
external electrical or magnetic fields are superimposed, gravity forces are negligibly small, 
and pressure is constant. Effects connected with diffusion and chemical reactions are not 
considered. 

The system of differential equations describing the flow of the plasma jet with allowance 
for the above assumptions may be written as follows: 

energy equation 

p u  O---Z + o v  - -  - . + u - -  ~ ;  Or r Or Pr Or \ Or ] (1) 

equation of motion 

continuity equation 

p u  - -  + p v  - -  - -  - -  ~ r  ; (2)  
Ox Or' r Or 

0 O (pvr) = O. O---x-- (pier) 4- ~ ,~ (3) 

System 
and thermophyslcal property coefficients. 

The boundary conditions allow for smooth Joining of the Jet with the environment: 

x = O ,  O%-~r~ro, h=ho( r ) ,  u =  uo(r), v = O ,  (4) 

x > O ,  r = O ,  Oh~Or=O, Ou/Or=O, v(x, 0 ) = 0 ,  (5) 

x > O ,  r - - 6 ,  u = O ,  Ou/Or=O, (6) 

x>O, r = A ,  h = h = ,  Oh/Or=O. (7) 

Instead of the usual equation of state, we used an equation approximating an isobaric connec- 
tion between density and enthalpy p = Ah -n and making it possible to consider dissociation 

(1)-(3) is closed by the equation of state and the enthalpy dependences of the transfer 
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and ionization of the gas [2]. The dependence of the viscosity of air on enthalpy was ap- 
proximated with the data in [3], while data from [4] was used for emissivity. 

For reducing the equations to dimensionless form, we took the nozzle radius as the 
characteristic length and parameter values in the center of the cross section at the nozzle 
edge as the other characteristic values. 

The system of differential equations for the plasma Jet was solved by the method of 
finite differences. To find an approximate solution to the problem being examined, we intro- 

duced a lattice of points ~ = {(rk, Xn):r k = kTx, k = 0, i, 2, ... Kx, KxT x = Lx, Lx/x= o = I; 
x n = nTa, n = 0, i, 2 t ... N, NT a = X} on which the system (1)-(3) is approximated by dif- 
ference equations [5]: 

2 
rp (g) zg~ -}- r9 (g) wy; = Ci (a (y, r) YT-)~ -}- C2rB x (Y) z; -Jr- G r r  (y), 

k = l ,  2 . . .  K = - - I ,  n - - l ,  2 . . .  N, 

(8) 

1 (9) 
(/-'/2 ,n -- ~1 ,n) = 0, ~/1 ,n -- YO ,n  - -  

1 
YKx,n - -  YKx--1 ,n 3 

rp (9) zz 7 -t- r9 (g) wzo = C,,, (a (g, r) z-/-)r , 
r 

k = l ,  2 . . .  K = - - I ,  n = l ,  2 . . .  N, 

1 
- -  (z 2 ,, - -  z 1 ,,) = O, z i (  x = O, Zl ,n 2o,n 3 ' ' 

r (p (~,) Z)x + (,o (g) wr)-;- = O, wo = O, 

k = l ,  2 . . .  K=, n = l ,  2 . . .  N. 

Here y, z, and w are approximate values of h, u, and v, respectivelyD at the point 
for the function f = f(r, x): 

CI, 

dimensionless form. 

___(y~_~,_gKx_=,.)=0, (1o) 

(il) 

(12) 

(13) 

(rk, Xn); 

f r -  fh'n--fh--l'n ; f r -  fh@l,rt - -  f " ' "  ; fo = : k + ~ , .  - -  & - ~ . .  ; (14) 
1; i T ~  r 2 T i 

f r =  f k , ~ - - f ~ , ~ - ,  , (15 )  
T2 

1 
a(tJ, r) = ~ [r ldx(y) lh ,n- -rk_l l - t (y)Jh_l ,n];  ( 1 6 )  

C t = - - - 1  ," C.,_ ~oUo ., C3-- % r o . ,  C ~ = - - I  ," (17) 
Reo Pro pohoro 9ouoho Reo 

62, Cs, and C~ are dimensionless complexes obtained in reducing the initial equations to 
The above equations are solved by iteration in the following manner 

s s s-}-I s s s s s + l  s s 2 s 

r 9 (y) z gr  -}- rp (Y) wyo = Ct (a (y, r) YT-)r % C2r~t ([r z; -1- Car~ (y), (18) 
k = l ,  2 . . .  K = - - I ,  n = l ,  2 . . .  N ,  

s s 

s+lgl ,n--s+lYo,, 31 (g2,n - -  El 9 = 0, (19) 

s s 
s+l s+l 1 (YKx-X,n--Yl(x-2, n) = O, (20)  
YKx, n - -  YKx-- 1, n 3 

s + l  s s + l  . s + l  s s s-}-I s-}-I 

r 9 (y) z z x-q- r9 (y) WZo = Ca(a (y ,  r) ZF) r, (21) f 

k =  1,,2 . . .  K x - - 1 ,  n = l ,  2 . . .  N, 
s+a s+i 1 s s s+l 
z l ' n - -  z~ 3 (z2,n--zl ,n) = O, zKx,n ---- 0, (22) 
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s§ s§ s§  s+l s+l  
r (p (y)  z); § (p (~) wr) T = O, w o,~ = O, 

(23) 
k = l ,  2 . . .  K~, n = l ,  2 . . .  N, s=O,  1, 2, 3 . . .  

Calculations are performed with Eqs. (18)-(23) as follows: assuming that the s-th values 
of all the sought quantities on the n-th layer have been found, we use the known approximate 
values of y, z, and w on the (n -- 1)-th layer and Eq. (18) to find the (s + 1)-th values of 

s+l s+l 
y. We then determine z from (21) and w from (23). We procee d in a similar manner from 
the (s + l)-th approximation to the (s + 2)-th approximation. The iteration procedure is 
continued until we obtain agreement between two successive approximations with an assigned 
accuracy e, i.e., until satisfaction of the inequality 

s+l  s 
m a x  [ gh ~ - -  Yh ~1 < e. ( 2 4 )  

The value of s is chosen in accordance with the number of steps r ~  and T a .  

To obtain a submerged high-temperature air jet in the experiments, we used an EAGH with 
eddy stabilization and self-adjusting arc length. The flow from the plasmatorn nozzle was 
subsonic. The mass flow rate of the gas was set by means of a pressure regulator installed 
ahead of the flow nozzle. Gas pressure before the nozzle was read from a standard manometer. 
The power in the arc was changed without changing the gas flow rate by using a ballast rheo- 
stat. 

The measurements were made in Jets from plasmatrons with electrode diameters of 15 and 
20 mm operated in regimes characterized by arc powers of 40, 50, 70, and 120 kW. Gas flow 
rates were 2.5, 3.5, and 5.5 g/sec. The radial distributions of the parameters were measured 
in the maximum regime in cross sections 5, 20, 40, and 70 mm from the nozzle edge. 

The parameters of the jet were measured with a combination transducer which permitted 
simultaneous measurement of the change in the heat flow from the Jet to a barrier over time 
and the stagnation pressure in the plasma flow. The method of a semiinfinlte body [6] was 
used to determine the arbitrarily time-varylng heat flux. Here, the temperature of a calori- 
metric element was measured with Chromel--Copel thermocouples embedded 1-2 mm below the sur- 
face of a heat exchanger. 

To simultaneously measure the stagnation pressure, a hole was drilled in the copper 
cylinder of the heat-flux transducer. The end of the hole opposite the working end was con- 
nected with a strain-gauge pressure transducer. The ratio of the area of the hole to the 
area of the end of the transducer was 1/100. The transducer permits measurement of pressure 
change in tenths to hundredths of an atmosphere with frequencies up to 300 Hz. The working 
frequencies of the heat-flux transducer range up to 100 Hz. The heat fluxes measured by 
transducers with and without the drilled hole agree satisfactorily [7]. The combination trans- 
ducer is advanced over a section of the Jet by an electric motor. The location of the trans- 
ducer in the Jet is determined by a special coordinate finder. The temperature of the thermo- 
couples, stagnation pressure~ and transducer coordinates were recorded over time with an N030A 
cathode-ray oscillograph. Heat fluxes were calculated on an "Elektronika S50" computer. 

The enthalpy of the gas was determined from the steady-state dependence of the heat flux 
to a spherical body in the vicinity of the stagnation point on the parameters of the gas flow 
with a laminar flow of equilibrium dissociated air or nitrogen [8]: 

q = 4 . 5 . 1 0  - 4  R - 0 ' 5  (p  - -  p~)O.25 pO.25 (h__hw)" ( 2 5 )  

The velocity of the plasma flow was found from measurements of the dynamic head~ with allow- 
ance for the enthalpy dependence of density. 

Figure 1 shows a comparison of the theoretical and experimental radial distributions of 
the parameters of the plasma air Jet. The numerical calculations were performed by the method 
described above on a B~SM-6 computer. The experimental dimensionless profiles of enthalpy and 
velocity agree satisfactorily with the theoretical curves obtained from the solution of Eqs. 
(1)-(3). The parameter profiles are similar along the Jet and are approximated well by 
Gaussian curves: 
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Fig. i. Profiles of enthalpy (a) and velocity (b) in a plasma 
air jet. Calculation: i) with (1)-(3); 2) with (26); 3) with 
(27). Experiment: 4-7) our data, hom = 47,250 kJ/kg; 4) x/ 
ro= 0.5; 5) 2; 6) 4; 7) x/ro = 7; 8) [9], x/to = 8.3-16.7, 
hom = 7680 kJ/kg; 9) [i0], x/ro = 17-43, hom = 6980-10,860 kJ/ 
kg; i0) [14], x/to = 0.5, hom = 70,000 kJ/kg. 

h/hm = e x p [ .  In 2 (r/ro. s hm)2], (26) 

u/um = exp [-- In 2 (r/ro. 5 urn)a]. (27) 

Relations for determining the thermal and dynamic half-widths of the Jet were obtained 
by approximating the numerical results and have the following form: 

to-5 "r~ (X) = r o § 0.07 x, (28)  
�9 5 h o n  ~ 

to. ~ (x)=ro. 5.o~ @0'05x" (29) 

Also shown in Fig, 1 is experimental data from [9] and [i0] on a turbulent plasma air 
jet. This data shows that the profiles of the parameters of laminar and turbulent jets are 
similar for the main sections of the Jet. The turbulent Jet is described formally by the 
same differential equations as in the case of laminar flow, except for a substitution of trans- 
fer coefficients [i]. 

Enthalpy and velocity decrease more rapidly along the axis in the plasma jet than in a 
cold jet (Fig. 2) due to the large difference in the densities of the hot and cold gas. Com- 
parison of the distributions of the plasma-Jet parameters shows that enthalpy falls more 
rapidly than velocity along the jet and that the thermal boundary of the Jet is broader than 
the dynamic boundary (ro.sh m > ro.sUm). This conclusion is consistent with the representa- 
tions of the theory of jets [Ii], 

The character of change of the axial parameters is affected by the initial distribution 
of the parameters. As shown by an analysis of experimental and theoretical studies performed 
in [12], this distribution is close to parabolic. This is explained by the fact that the 
length of the core of the jet, with constant values of velocity and enthalpy, is relatively 
small and, in our experiments, did not exceed one gauge. 

Comparison of the axial distributions of the parameters of the laminar Jet shows satis- 
factory agreement between the theoretical and experimental results up to gauge eight. With 
a further increase in distance from the nozzle edge, the measured drop in the parameters is 
more rapid than the calculated decrease. This is attributable to an increase in the rates of 
exchange with the environment due to the transition from laminar to turbulent flow. At x/ro > 
14, the experimental data agrees with the results in [9] and [10] for a turbulent Jet. The 
transition of the plasma air flow to the turbulent regime at this distance was noted in [13]. 

The difference in the numerical results obtained for our conditions with and without 
allowance for the radiation of the Jet did not exceed 8%. Radiation may determine the thermal 
state of the medium if the pressure is high and there is a high degree of initial heating 
[16] .  

Thus, the completed study of  the c h a r a c t e r i s t i c s  of a plasma a i r  Jet showed tha t  the 
above-described method of  determining the d i s t r i b u t i o n  of parameters over the length and 
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Fig. 2. Axial change in enthalpy (a) and velocity (b) in a 
plasma air jet. Calculation: l) with (1)-(3); 2) data from 
[i] for a cold Je~. Experiment: 3-6) our data; 3) hom = 24,500 
kJ/kg; Uom = 350 m/sec; 4) 27,400 and 370; 5) 43,900 and 410; 
6) 47,250 and 640; 7) [9], hom = 7680 kJ/kg; 8) [i0] ham = 
6980-10,860 kJ/kg; 9) [15], hom = 13,630 kJ/kg; uom = 220 m/sec. 

radius of the jet gives results which agree satisfactorily with empirical data and can be 
used to determine optimum parameters for a laminar Jet from an EAGH in different production 
operations. 

NOTATION 

x, r, axial and radial coordinates; u, v, axial and radial components of velocity; p, 
density, ~, viscosity; ~, emissivity; to.s, radius at which local value of velocity or en- 
thalpy is half its axial value; ~, A, radii of dynamic and thermal boundary layers; q, heat 
flux, kW/m2; h, h w, stagnation enthalpy and enthalpy at wall temperature, kJ/kg; p, p., stag- 
nation pressure and static pressure, Pa; R, radius of curvature of spherical front part of 
body. Indices: 0, conditions at nozzle edge; m, conditions on Jet axis; -, conditions on 
outer boundary of jet. 
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EFFECT OF THE AERODYNAMIC STRUCTURE OF A FLOW ON THE HYDRAULIC 

CHARACTERISTICS OF THE DIFFUSER OF A FLAT-FLAME INJECTOR TORCH 

R. K. Narkhodzhaev and E. R. Kasparov UDC 662.951.23/27:533.6 

It is experimentally established that the admission of a twisted flow into a dif- 
fuser makes it possible to increase the expansion angle of the flow and reduce 
the dimensions of the torch. 

Conical and plane diffusers with small divergence angles [1-3] are commonly used in 
various aerodynamic systems in the case of potential flow to smooth out the velocity profile 
and increase total pressure. Separated flows, arising at angles greater than 5-i0 ~ , place 
limitations on the degree of divergence of the diffuser. Such flows favor the formation of 
eddies and stagnant zones, which leads to dissipation of the flow energy and pressure loss. 
The main characteristic of the diffuser is the impact efficiency, which is determined experi- 
mentally for different divergence angles. This characteristic is inserted into a formula 
for determining the pressure loss from the difference in velocities in the inlet and outlet 
sections of the diffuser [2, 3] 

AP = (w~ -- w2) 2 
q~dif " (i) 2g 

The problem posed here was to obtain a flat flame 300 mm wide at the combustion front 
using a cylindrical mixing chamber 50 mm in diameter and having a minimum distance between 
the inlet and outlet sections of the diffuser. The chamber was chosen on the basis of the 
capacity of the torch, while the width of the flame was chosen on the basis of processing 
considerations connected with the area of application of the torch. The losses in the dif- 
fuser were limited by the excess gas pressure of 50 kPa and flow rate of 1 m3/h (the maximum 
permissible quantity of vapor phase of the liquified gas taken from the 50-11tar container). 

The above problem cannot be solved with a diffuser with the recommended divergence angle 
of 5 ~ [3], since the above dimensions for the mixing chamber and outlet section would give 
the diffuser a length of several dozen gauges. This would in turn increase friction losses 
of the kinetic energy of the flow and the dimensions of the torch. 

A broad flame front could be obtained only by introducing a twisted flow into the dif- 
fuser cavity. It was suggested a priori that the more intensive development of such a flow 
[4] would ensure unseparated flow in a diffuser with a large divergence angle. Three dif- 
fusers with divergence angles of 45, 60, and 75 ~ and curvillnear generatrices were studied on 
the basis of this proposal. The inlet sections of the diffusers were made circular, with a 
diameter equal to the diameter of the mixing chamber. The circle was made into an ellipse 
going away from the inlet, with the ellipse degenerating into a sllt with the dimensions 
300 • 6 mm at the diffuser outlet [5]. This optimum shape for the diffusers was chosen in 
accordance with the work [6], where the authors give preference to diffusers with a convex 
inlet section and a rectilinear continuation to a concave outlet section. 
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