A TURBULENT IMMERSED AIR WALL JET
ON A BURNING GRAPHITE SURFACE

£. P. Volchkov and P. V. Nikitin

The turbulent boundary layer in an immersed air jet traveling along a burning graphite
wall is analyzed. In order to study the heat and mass transfer and the friction in the
boundary layer, a method of calculation based on the solution of the integrated energy
and momentum relations is employed, allowing for the conservative properties of the
turbulent boundary layer at the wall [1].

NOTATION
x — longitudinal coordinate ¥ — enthalpy factor
y — transverse coordinate k — reduced concentration of
s = height of slot the i-th component
0 — thickness of boundary layer 7 — tangential stress
6* — displacement thickness b — permeability parameter
§** —momentum-loss thickness, Cy — form (shape) parameter
w— velocity # — dynamic viscosity coef-
j — transverse mass flow (flux) ficient
p — density ¢ » — friction coefficient
T — temperature ¥ — relative friction coeffi-
i — total enthalpy cient
Y — temperature factor

INDICES

w — parameters at the wall; 0 — parameters at the outer boundary of the boundary layer;
o — parameters outside the wall; s — parameters in the slit (slot).

1. Integrated Characteristics of the Boundary Layer at the Wall., Let us consider a turbulent stream
of gas flowing out of a slot and traveling along the surface (Fig. 1). Gas is drawn in from the surrounding
space and moves with the gas jet. The surface around which the gas is flowing may enter into chemical re-
actions with the gas flow, as a result of which a transverse flow of matter jy = p Wy 1S created at the wall.
At the wall a "wall" boundary layer & thick develops. At the outer boundary of this layer the velocity takes
its maximum value in this section: 8wy/8y = 0.

Let us integrate the equation of motion of the boundary layer along the y axis fromy=0toy =24

w Aw o
w, 'ﬁ 4 pwy ‘3—;— = 3y (1.1)
allowing for the continuity equation
dpw, dpw » 1.2)
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and the boundary conditions for the layer under consideration

T=Ty, we=0, pwy=J, @=0)
1.3)
T=0, wy=wy=7[(z) (y=29)

As a result of this we obtain the integrated momentum eqguation of the boundary layer at a permeable
wall in an immersed jet:

dR** §* [i} R¥* dW ¢ 1.4
G+ (U g — ) T = A WRW, ~y
o z o ’
WO = ’;}: , X = N Cp = _50;;2 (1 .5)
5 5 ) i 9
- _ _pw =\ % W
o* = S(i Powo )dy ;= S: oo (_1 wo )dy v b= powaCy (1.6)
o . 1

Here & *, 6%* are the displacement thickness and the momentum-loss thickness of the boundary layer
respectively; °f, is the local coefficient of friction calculated from the maximum velocity in the cross sec-
tion under consideration, and by is the permeability parameter of the wall.

b3

The viscosity of the gas at the outer boundary of the wall boundary layer may, in general, vary. In
the integration equation (1.4), however, on transforming to dimensionless quantities it is convenient to use
a constant viscosity value, since this enters under the sign of the differential. In the case under considera-
tion we therefore used the viscosity of the gas in the slot. The Reynolds numbers based on the momentum-
loss thickness and slot, respectively, may accordingly be defined thus:

RE® powe™ ., R, = Pt
By By
For brevity we may write
&* 8
Ci=1+ - — 5= 1.7

In order to solve the integrated relationship (1.4) we require the law governing the change in the maxi-
mum velocity with length, the law of friction, the permeability factor by, and the form parameter C,.

1. In an immersed flat jet propagating in a space filled with gas of the same density (pg = poo) the
maximum velocity varies in accordance with a power law [1, 2]

Wo = GoX° (1.8)
2. We take the law of friction in the wall boundary layer in the form [3, 4]
cf; — 3R T ’.p,_w)m _— 5 . ( §1
o= areen (e )t wa (38) () 1.9

Here uy is the dynamic viscosity at the wall, ¥ is the relative law of heat and mass transfer and fric-
tion; for developed turbulent flow [3], with R** < 10%, we have A = 0.0128, m = 0.25.
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In a uniform, subsonic boundary layer, when the wall temperature is greater than the temperature of
the circumfluent gas (¥, > 1), the limiting relative law may be used [3]

. 4 b1 ke bopr )2 i,
‘F=b"1<w1—1>{ar“g[ T Y ) } —arolg [ wl‘_:'fJ } (""ZT.,) (1.10)

Here iy and i; are the total enthalpies of the gas at the wall and at the outer boundary of the wall
boundary layer, ‘

3. If the chemical reactions at the wall take place in the diffusion mode (in which the process is de-
termined by the rate of diffusion and not by the velocity of the chemical reaction), the permeability param-
eter by may be expressed in terms of the reduced weight concentrations of the chemical elements entering
into the reaction [5, 6]. The reduced concentration is the concentration of the chemical element, indepen-
dently of the state in which it occurs (free or in a chemical compound}.

In the case of the interaction of graphite with the oxygen in a gas stream, which leads to the reaction
C+0—-CO (1.11)

at the wall (T = 1500°K), the permeability parameter is determined [5, 6] from the reduced concentrations
of the oxidizing agent K(0) and the reduced concentrations of the carbon K(C)

_ KO b
bl_ K{O)w 1! i*;"bl . K(C)w (1.12)

For the diffusion mode of combustion, when the reaction (1.11) takes place at the wall, we have

K (C)w = 12['23[{ (C'O)wf K (O)w == ls/zaK (Co)w (1 .13)
Finally, from Eqgs. (1.12) and (1.13) we obtain an expression for the permeability parameter
K(Q), 3
b =—%p> K (00 = —K (0)o (1.14)

Equation (1.14) is obtained subject to the condition of similarity between the heat-and-mass-transfer
and friction processes, i.e., %efi = 8;. Thus, for a stream of air propagating in a space filled with air,
K(0), = 0.232, ‘

}’"7
T paweSt | powe ey T T paght {1.15)

Here S, is the Stanton diffusion number, calculated from the velocity at the outer boundary of the wall
boundary layer,

4, Tt was shown in [1] that, when gas flowed around an impermeable wall under isothermal conditions,
the form parameter C; =— 8. Let us find how the existence of nonisothermal conditions and permeability
of the wall affect C;. For this purpose we shall analyze the changes taking place in the integrated charac-
teristics of the boundary layer

* i E &
Ll :S}(i——i—m}dn, %:&—S:@(i—m)dn (1.16)

Here w = wy /Wy, n=y/6.

The density distribution over the cross section of the boundary layer may be found from the equation
of state of an ideal gas, and from the condition of similarity between the velocity and temperature profiles

in the wall boundary layer [3]

2oy . 1.1
—=t+A—De, p=-p 1.17)

Taking w = n77 and integrating Eq. (1.16), allowing for (1.17), we have

& 1"’ 1

6
NI § P S o) M
5 "i 7[ (’1—-1[3)8 hl'lp_}— v%[; (7-—“2)(1—‘343)%-1 (1,18}
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In order to analyze the influence of mass transfer at the impermeable wall on the integrated charac-
teristics of the boundary layer, we make use of the velocity profile obtained for this case in [7], with p =
const

o=1—VF b0 —0p) + b (1 — o) (1.20)

Here w, = n‘/7 is the velocity distribution in an isothermal boundary layer at an impermeakle plate.
In this case the relative law of mass-and-heat transfer and friction [7] is

F g
Ve (=182, b=b¥ =T 1.21)
powo €3,

Then from Egs. (1.16) and (1.20) we find the dependence of the in’cegra’ced characteristics of the bound-
ary layer on the inflow

&* 1 /oraer s b 1.22
= (VT ) -22)
§F* 1 e Rrwar b i 14 J— B2
=5 (VT T~ )~ (¥ ) o VI T B — (1.23)

In Fig. 2, curve 1 represents the dependence of the form parameter C, on the nonisothermal factor
{for b = 0} and on the inflow (or blast} (for ¥ = 1}; curve 2 is calculated from Egs, (1.16)-(1.23).

Together with the law of friction (1.9), the integrated momentum relation (1.4) gives a linear differen-
tial equation.

In general form, the solution of this is

x
R%% W;Cg [A {m + 1) Rs S ngx(m-}-lhl (,1 -+ bl) ¥ ( im } ax + (R**ng)gm](l-}-m)*i (1 .24)
Xo §

For b = const, and with a constant wall temperature, ¥ = const. In the main region of the flow (X >
X,) we then obtain the following from Eq. (1.24) with due allowance for (1.8):

R¥* { A (mA1) B (1 + b1) CpX ( By )m}(mﬂ)—l (1.25)
aCifm+ 1)+ ad-1 By

Let us substitute Eq. (1.25) into the law of friction (1.9); using the relation S, = ’Q‘Cfil:)-o € we finally
obtain:

o AV {aCy(m 4+ 4) + a +- 1] (_ML)" __m
S1= [A{m+1) BY (1 4 by CXOmPo8 \ /) " m4-1 (1.26)

For practical calculations it is more convenient to use the Stanton number, which is determined from
the parameters in the slot, In this case,

82 = s = SiWo = S,0,X° (1.27)
2. Experimental Investigation, Experiments were carried out in an apparatus providing for the in-
ductive heating of a graphite channel. A complete description of the apparatus was given in [5]. The ar-
rangement of the working part in which the experiments were conducted is shown in Fig. 3. As working
parts we used cylindrical samples 1 with an internal diameter of 41 mm, an external diameter of 60 mm,
and a length of 190 mm, The samples were made of graphite with a density of = 1895 kg /m?3,

An ajr jet was passed into the channel through an annular tangential slot s = 2.08 mm wide formed by
two coaxial nozzles 2 and 3. From the surrounding space air was drawn into the chamber through the inner
nozzle 3. The gas from the channel was expelled into the atmosphere, The flow of air passing into the slot
was measured by means of flowmeters, The temperature of the air remained practically the same in all
the experiments: Tg = T, ~ 290°K,
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First we made a number of calibration experiments under isothermal conditions in the absence of
chemical reactions at the wall. The aim of these experiments was that of obtaining the characteristics of
the wall jet and comparing with existing data. In the experiments the Reynolds number with respect to the
slot Rg varied from 3.6 - 10% to 17 - 10%, which corresponded to a change in velocity wg from 26.2 to 124 m/
sec, As a result of the ejection of air from the surrounding space the relative velocity was wg/Weo = 3.8~4.

The velocity profiles of the jet were measured under isothermal conditions by means of a total-head
tube. The tube had an elliptical cross section 0.25 mm high and 1 mm broad., This was introduced into the
channel through a groove 10 mm wide., The measurements were made at the opposite wall. The tube was
moved in the vertical and horizontal directions by means of a locating system with a scale division of 0.05
mm,

We shall now give the results of the measurements and also present a comparison with experiments
on a wall jet at a flat plate [2]. In Fig, 4, the curve represents the Glauert velocity profile [8] in a wall jet;
the points 1, 2, and 3 (measurements in the tube) and points 4 and 5 of [2] (measurements at a plate) cor-
respond to the following parameters:

Points 1 2 3 4 5
X=11.3 56.9 32.7 9.6 73
we=26.2 48.8 124 30.2 4.4 m/sec
Wy=28.5 31 93 32.6 28.7
n= 3.3 10,5 6.8 2.6 10.9 mm

We see that the velocity profiles of the wall jet obtained in the present investigation for flow in a tube
(s/Dy = 0.0508) are in excellent agreement with the velocity profiles in a plane jet {2, 8]. The transverse
coordinate y; in Fig. 4 corresponds to the point at which the velocity equals half the maximum value in the
section under consideration.

The experimental results obtained by measuring the maximum velocity of the wall jet in the tube
closely follow the relation

W, = 3.6 X045 @.1)
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obtained in [2] for plane flow over a relative inflow velocity range of 3 < wg/Wo < 9. Evidently in the pres-
ent case (for s/D; = 0.0508 and x /D, = 5) the transverse curvature has no serious effect on the character-
istics of the wall jet, and the flow in this is similar to that of a plane jet.

We also studied the heat and mass transfer in a wall air jet at the burning surface of a cylindrical
graphite channel, In this case the graphife sample 1 (Fig. 3) was heated to Ty = 1900-2000°K by means of
an inductor 4 attached to a high-frequency generator, This corresponded to a slight change in the enthalpy
factor 8.3 = ¥; = 8.7. The temperature of the graphite wall was measured with an OPPIR-017 optical
pyrometer. The nonuniformity in the temperature distribution along the wall (from 30 to 170 mm) was no
greater than 6% . For a wall temperature of Ty > 1500°K reaction (1.11) passed into the diffusion mode.
During the heating of the graphite channel to the working temperature, and also during the cooling period
at the end of the experiment, an inert gas (nitrogen or argon) was passed through the slot into the channel,
and the inner nozzle 3 was tightly closed with a shaped stopper. This was done to eliminate the possible
combustion of the surface while heating and cooling. When the sample had been heated to the required tem-
perature, the stopper was taken away from the nozzle 3 and air was passed into the slot instead of the inert
gas.

During the experiment (7 = 80-200 sec), a 1-2 mm thickness of graphite was carried away. After the
experiment the sample was cut into cylindrical sections 10 mm wide. The thickness of combustion was de-
termined by measuring the inifial and final internal diameters. The final internal diameter was measured
on a comparator with a scale division of 1 u .

The mass flow of material in the wall was determined from the relation

& HD* — Do} ¥ 2.2

hh=—"= 2T

Here 6 is the thickness of the burned layer of graphite, y is the density of the graphite, 7 is the burn-
ing time, D* is the final diameter, and D, is the initial diameter.

The experimental values of the Stanton criterion were calculated from the equation

fip
Ss= oo (2.3)

58
where the value of the parameter b; was determined from (1.15).

In order to carry out a calculation on the basis of Eqgs. (1.26) and (1.27) we must know the law of
variation of the maximum velocity and the value of the form parameter C,;. Under the conditions of the ex-
periments, the permeability parameter was small: b =b,¥ < 0.1, The value of C; ~ — 11 is determined
from Fig. 2 as a function of the nonisothermal parameter ¥ only. Then, using this value of C, and the law
of variation of the maximum velocity (2.1), we obtain from Egs. (1.26) and (1.27):

012 noo\0.2
0.2
SyRy* = X0-56 p0.5 ( p::) Fos @4

In this case, ¥ is determined from Eq, (1.10), and it is assumed that the Prandtl and Schmidt numbers
are equal, Figure 5 shows the intensity of combustion jyw10° (kg/sec - m?) of the graphite along the length
of the channel x10° (m) in an immersed wall jet of air for three different velocities in the slot. Two experi-
ments were made in each mode. The points 1, 2, 3, 4, 5, 6 correspond to the following values of the param-
eters:

Points 1 2 3 4 5 6
we= 144 113.4  59.6 = 72.7 27.4 .
T,=1923 1928 1938 1988 1997 21595%5
Curves 7, 8, 9 in Fig. 5 are calculated from the equation

0.1251pw, W08 ( By, )0'2

jw = _—
X!}.563g.2}}0.6 p's

(2.5)

for velocities in the slot of, respectively, 114, 66, and 28.7 m/sec.

The same experimental data are presented in Fig, 6. We see that on analyzing the data in this way
the results correlate excellently. The notation of the experimental points 1, 2, 3, 4, 5, 6 is the same as in
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Fig. 5. The continuous line 7 is based on a calculation by Eq. (2.4) with ¥, = 8.,5. For comparison we also
show the calculated eurve 8 under isothermal conditions with ¢, = 1. We see that the departure from iso-
thermal conditions in the present case reduces the intengity of mass and heat transfer by more than a factor
of two by comparison with isothermal circumfluence.

e 4]
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