TURBULENCE IN CALCULATIONS OF HEAT TRANSFER AT
THE STAGNATION POINT OF A JET INTERACTING
NORMALLY WITH A PLANAR OBSTACLE
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Calculations of heat transfer at the stagnation point of subsonic and supersonic axisymmetric
jets interacting with a normally positioned planar obstacle are performed. Results of the cal-
culations are compared with available experimental data.

The interaction of subsonic and supersonic jets with obstacles situated along the normal to the jet
axis is characterized by considerable heat fluxes going to the obstacle, and several times in excess of those
calculated on the basis of familiar formulas which define gy near the stagnation point, Experimental inves-
tigations have shown that discrepancies in the data of theory and experiment are accounted for by the influ-
ence of appreciably intense turbulent pulsations inherent in the jets on flow and on heat transfer [1-3]. As
the jet impinges on the obstacle, the pulsations give rise to additional heat transfer and momentum. The
increment in momentum can be characterized by the introduction of additional viscosity V¢ due to the pres-
ence of turbulent pulsations in the jet, Since heat transfer and momentum transfer through the stream tur-
bulence at the stagnation point takes place in the direction perpendicular to the wall, we assume that v is
proportional to the intensity of the turbulence ¢ of the oncoming jet and to the distance y from the obstacle:

v, = Kel oy, (1)

where Uw is the time-averaged velocity of the impinging stream (in the case of subsonic jets U = Uy, the
velocity in the exit section of the nozzle; in the case of supersonic jets U, = Uy, the velocity downstream
of the shock appearing in frontof the obstacle); K is a proportionality factor to be determined, This as-
sumption was introduced for the first time in {4], in a discussion of an experimental investigation of the ef-
fect of induced turbulent pulsations of free flow around a cylinder on heat transfer at the stagnation point.

In this case, where the liquid is assumed to be incompressible, a self-similar solution of the Navier
—Stokes system exists in the neighborhood of the stagnation point.

Using the equations for the velocity components v, and Vy in the radial direction and along the normal
to the obstacle, respectively,

o, = Brf’ (1), v, = — 21/ vBf (n) (2)
and for the temperature
e 7. (3

where

e

and, introducing these expressions into the Navier— Stokes equations, we obtain the following system of
equations
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(bn+5’;)e"+(2f+b)@'=o, 5)
where
b= Kel, I
vg
The boundary conditions for the solution (4) and (5) assume the form
fO =f0)=0(0)=0; f(0)=0(wn)=1. (6)

Figure 1 shows the dependence of @' (0) = Nu/Re on the parameter b for Pr = 0.74 and 1,0, In this range
of variation in Pr, the theoretical curve is approximated fairly well by the formula

' (0) = 0.763 (1 + 0.75b%-52) Pro-¢

or
Nu = 0,763 (1 4 0.756%52) Pro-41/Re, )
where
2
Nu = _‘_1.(1; Re — ._ﬁ_q_ ;
iy

d=dg; B=(1.5Uz/dy)59/d) %% in the case of subsonic jet over the initial interval [5]; d = dy; B = 2a,/d,
in the case of a supersonic jet over the initial interval [1, 2].

Note that, when b =0, Eq. (7) yields the familiar equation for Nu in the neighborhood of the stagna-
tion point.

Taking the equation for b into acccunt, we convert Eq. (7) for a subsonic jet to the form

y —0,11 y 0,06 S —
No— 098 (L] [1 < oo s () S posy e o
a a
where
No— %o, pe_ Uads

and for a supersonic jet

Nu = 1.08(1 - 0,6K0-5%2:52M¥5"Re02%) P04,/ Re, (9)
where
Nu = ady ; Re= %y ;M _ U
}"w vw a*
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The intensity of the turbulence £ needed in order to determine the proportionality factor K in the case
of subsonic jets is assumed to be roughly equal to the average intensity of a free jet in the cross section to
the state where the nozzle exit section is removed from the obstacle; the value of £ was determined from
experimental data cited in [6]. In the case of supersonic jets, &€ was assumed equal to the average intensity
of the jet turbulence in the neighborhood of the stagnation point downstream of the shock appearing in front
of the obstacle, and was determined from the experimental data reported in [1, 2]. Comparison with the
experimentally determined Nu ratios for subsonic jets Re = 3.1+ 10% to 5.5+ 10° [3, 5, 7, 8] and supersonic
jets Re = 107 to 5 - 10° {1, 2] shows that the factor K is approximately constant and equal to 0,17 and 0,19,
respectively, in the case of subsonic and supersonic jets.

Figure 1 shows experimental data taken from [1-3, 5, 7, 8] for comparison, Note that the insignifi-
cant spread in the values of K and Nu can be attributed to errors in the determination of ¢,

, NOTATION
y, T are the cylindrical coordinates;
Vys Vi are the components of velocity;
] is the constant in linear distribution of radial flow velocity in the neighborhood of the stagna-
tion point; '
Ay is the speed of sound;
T is the temperature;
g is the heat flux;
v is the viscosity;
Ve is the additional viscosity due to turbulent pulsations of jet;
£ is the intensity of turbulence;
Nu, Re, Pr is the Nusselt number, Reynolds number, Prandtl number;
M is the Mach number;
Vo is the distance from nozzle exit section to obstacle;
n is the incalculability factor of jet;
d is the diameter of nozzle, jet;
Y is the adiabatic exponent;
W is the wall;
o is the inviscid stream;
a is the nozzle exit section;
1 are parameters downstream of shock appearing in front of obstacle;
*

are critical parameters,
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