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that proved disastrous to the control performance. Any
compensation for this coupling effect requires information on
the size of roll rate. It was decided that the best compensa-
tion for the deleterious effects would be the removal of the
effect, e.g., a roll control channel. The roll control channel
reduces roll rate to an acceptably low level (<2° see).

With the decision to control roll rate in the vehicle, the
analysis and understanding of planer on-off control systems
can be applied to the problem.!—3 With roll rate control,
the vehicle spin rate is controlled to be within a threshold
value, p, within a few seconds of system activation and the
vehicle is brought under control or acquired for any arbi-
trary orientation. This overall stability did not exist in the
system without roll control.
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Turbulence Effects in Chemical
Reaction Kinetics Measurements

IrviN GrassmMan® anp Igor J. EBERSTEINT
Princeton University, Princeton, N. J.

I. Introduction

ECENT interest in the effect of turbulent flow on reaction
kinetics has developed from consideration of such prob-
lems as recombination of atoms in hypersonic wakes,! effi-
cient supersonic combustion,? etec. The authors’ interest in
the problem stems from their use of a flow reactor for the
measurement of chemical reaction rates. This reactor is
different from the clagsical flow reactor in that the gas flow
is turbulent.®? In the course of examining possible sources
of errors that may arise in chemical kinetic measurements
due to turbulent fluctuations, some simple phenomenological
developments were evolved which could be of interest to
_other investigators. The developments are quite different
from the detailed turbullent flow approaches of other investi-
gators;% ® however, they bring to light more clearly some
of the important physical aspects of the problem.

II. Aspects of the Problem

Turbulence may affect the reaction rate in two ways. It
may alter the fundamental chain mechanism either by se-
lectively enhancing various elementary reactions of the chain
or by altering the diffusion of free radicals. The second way,
which is really a simplification of the first, is enhancement of
the overall rate, the instantaneous value of which may be
expressed in the form

v = dc/dt = —kc" = —c"BT™e EIET )

Thus the problem is first to ascertain whether or not the
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basic mechanism is affected by the turbulence. If this is not
the case, and if steady-state kinetics do apply to the turbu-
lent field, one must determine whether the rate at the means
of the fluctuating quantities (I" and c¢) differs significantly
from the mean rate.

A third element of the problem is whether the turbulence
enhances the eddy characteristics to a point where, for a one-
dimensional system, longitudinal heat and mass transfers are
such that they contribute to the temperature or concentra-~
tion at a point and not just to the chemical reaction alone.
This point is a simple extrapolation of the laminar flame
propagation problem, where the temperature in the flame
front is determined by the extent of the chemical reaction
and by the amount of heat conducted back from the high
temperature edge of the flame.®* Only the laminar con-
ductivity must be replaced by a turbulent eddy conductivity.
If the effect of heat transfer is small, the adiabatic tem-
perature profile may be related to the measured temperature
profile by

T\ _ (dT d*T/da? _
(d_x>ad B <E>m {1 * [(me/eA)(dT/dx)]} B

aT
<d“>m 1 +8

where $ is the ratio of conductive to convective terms. For
the adiabatic flow reactor mentioned previously, conditions
are such that 3 is less than 1%, and conductivity effects may
be neglected.”

III. Steady-State Considerations

In the description of turbulence given by Hinze® flow in
the smallest eddies is no longer turbulent but viscous, and
molecular effects are dominant. Batchelor? states that the
energy of turbulent motion dies away effectively to zero long
before length scales comparable with the molecular mean
free path are reached. It seems reasonable to assume from
Refs. 8 and 9 that the only means by which the chemical
kinetics within the smallest eddies of the turbulent field can
be affected are turbulent pressure fluctuations in the fluid
and molecular diffusion of species into or out of the tiny
eddy. If the mean distance travelled by a tiny laminar
pocket during its lifetime is sufficiently small so that it does
not travel into regimes whose concentration and tempera-
ture are drastically different, then it will not encounter
steep gradients, and the rate of change of conditions in the
eddy due to diffusion effects will be slow.

For flow in a circular pipe, such an eddy, “lifepath” [
is likely to be less than the pipe diameter D, and, for Reynolds
numbers used in the flow reactor (Re ~ 10,000), I is approxi-
mately 0.2 D.1* From these criteria, it is found that in the
flow reactor an eddy encounters a 29, change in concentra-
tion and a 2°C difference in temperature. It seems safe to
say that these gradients are sufficiently shallow so that diffu-
sion will not cause any rapid fluctuations of temperature or
concentration within an eddy. As regards pressure fluctua-
tions and temperature fluctuations due to compressibility,
Wight!! has shown that small amplitude fluctuations do not
affect significantly the chemical kinetics. From information
given by Lewis and von Elbe and Laurence,!? a character-
istic time of turbulent oscillation may be estimated. For
conditions in the flow reactor, a characteristic turbulent
time of 20 to 30 msec is obtained.

A mechanism for the thermal decomposition of hydrazine
was proposed,” and the resulting set of differential equations
was integrated numerically. The results that are presented
in Fig. 1 show that the time necessary to reach a chemical
steady state is generally less than 0.1 msec when the tempera-
ture is in the 1000°K range. Under these conditions, the
chemical transient time is only 0.5% of the characteristic
time of turbulent fluctuation just given. Actually, the time
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10 1000 tion term immediately becomes evident. The activation
~HYDRAZINE energy of recombination reactions is about zero and the over-
e —T] all order 3. The temperature dependence through the 7™
. . g
ok /‘4/ oo term can vary with the third body, but, for comparisons such
e as those being made here, m can be taken as —4£.15 It follows
e e then that the inequality |n| > [m + (E/RT)| holds.
, -] The fluctuating temperature may be represented as
;'0 i /5/7 © follows:
- - Ve
~ s -
o V4 k —
g $;§Mm 3 TO/AT) = 1 + a.f®) (3)
glo - o [ e .-
3 /" z where —1 < f(t) < 1, and
2 =
2— % 1 T
£ 8 (T = - ﬁ) T()de
2 E i
© <
z * By definition, the mean temperature {T) is a constant
g,o*_ / 77 T T independent of time. If Eq. (3) is integrated over a time
o < 7)/ sufficiently long to give the mean temperature, the left-hand
- " side of the equation becomes one. It follows that the integral
%““" """ ] of f (¢) over the time period 7 must be zero.
1000 °K Writing the overall rate in terms of an Arrhenius ex-
INERT coNe 200 Hgﬁé’/t pression, the following equation is obtained:
1 L

10 100
TIME, MICROSECONDS
Fig. 1 Hydrazine decomposition at 1000°K showing
buildup to steady-state concentration of radicals

required by the free radical system to adjust to a tempera-
ture change of a few degrees is likely to be less than the time
required to reach steady state. Thus, it is safe to assume
that steady-state kinetics do prevail in the flow reactor. But
it is quite likely that, in flows containing steep gradients,
high scales, and high intensities of turbulence, smaller char-
acteristic times prevail, and a simple steady-state analysis of
the kinetics is not permissible. Thus turbulent flames, some
supersonic combustion schemes, and wakes in hypersonic re-
entry must be examined with great caution.

IV. Mean Rates

The variation of the rate with respect to temperature and
concentration is found readily from Eq. (1). It follows that

dv de E1dT
7="7+[’"+fﬁ]7 @

Equation (2) permits one to estimate the relative im-
portance of concentration and temperature in fluctuating
fields, if, as a first approximation, one assumes that the
same percentage fluctuation occurs in both. If |n| « |m +
(E/RT)| temperature effects predominate, and if the in-
equality is reversed, concentration effects predominate.

In complex combustion reactions, the overall order is
somewhere about, but never greater than, 2, and the activa-
tion energy ranges from about 20 to 40 kcal/mole. A reason-
able choice of m is 1, and for temperatures of concern it thus
reasonably may be assumed that the inequality |n| < |m 4
(E/RT)| holds.{

In the flow reactor mentioned earlier, where measurements
were made on the decomposition of ethylene oxide!* in the
temperature range of 900° to 1200°K, the activation energy
was found to be 45 keal/mole and the overall order unity.
Consequently,

Im + (B/RT)| = % + [45,000/(1.99)(1000)] > 1

For a flow scheme in which the recombination of atoms is
the main chemical event, the importance of the concentra-

I m at times has been given values ranging from 0 to +1
in order better to correlate experimental data.'* For com-
bustion systems, m contains the temperature dependency of the
collision frequenecy and other pre-exponential factors.

iy~ olem (0 -7)] @

It follows from Eq. (3) that

D) __af®

I="F = 1+ a.f(t)

= a,f(t)

for small @.. This expression may be substituted in Eq. (4).
The quantity in brackets can be expanded in series and the
result integrated fto give a mean value of k. Note again
that the integral of f (f) is zero. The following result is
obtained:

5 _ () = k(T
k(T))

where b = Ea./R (T).

Assume the temperature fluctuation to be £109, of the
total temperature spread. This total spread is usually less
than 100°K in the reactor. A typical operating tempera-
ture is 800°K, and a typical first-order rate constant is 100
sec™l. A typical activation energy is 30 keal/g-mole.
Under these conditions a. = ¢, and b = 0.236. It follows
that § < 2.89,. Although this value is hardly insignificant,
it is certainly quite tolerable considering the deviations
usually found in chemical kinetic measurements. However,
it should be remarked that, under conditions of high turbu-
lence, the difference between the mean rate and rate at the
mean temperature may be significant.

<A—a4n =il @)
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Plane Jet in a Moving Medium

A. Pozzr* axp B. SABATINIT
University of Naples, Naples, Italy

IT is well known that major difficulties in the viscous theory
of jets occur from the impossibility of obtaining similar
solutions when conditions are different from those of Schlicht-
ing.2

The purpose of this paper is to show how it is possible to ob-
tain “nearly similar” solutions and to give a solution of the
linearized equation.

Basic Equations and **Nearly Similar’’ Solutions

The equations governing the motion of an incompressible
plane jet in a moving medium in the boundary-layer ap-
proximation aref

Uy + vy = (1)
Ul + DUy = Viyy (2)
‘Related boundary conditions are

u0,y) = u;, for y<h
(3)
w0, y) = u, for y>h

v(x,0) = 0 u,(2,0) = 0
€Y

u(x, o) =y,

where 24 is the height of the jet at x = 0, u; its velocity, and .
the external (constant) velocity.

If it is assumed?® that the slit is infinitesimal, initial condi-
tions [Eq. (3)] are replaced by

&dg f _: (w* — uudy = 0 5

(This equation was obtained by integrating Eq. (2) between
— o and + «, taking into account the continuity equation).
Put in Eqgs. (1) and (2)

U= U — U V=1 (6)
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{ These equations also hold good for compressible fluids as long
as up can be assumed constant.
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The continuity equation does not change, whereas the momen-
tum equation becomes

Tk + ity + Ui = Vg, )

Now one assumes the stream function ¢ to be a “nearly
similar” function; i.e., one writes

¥ ) = @) 2 famo ®
with
1 = y/h(@) 9)

Equations and boundary conditions make it possible to find
the unknown functions h(zx), m(z), and F(x) to obtain

h o= 3vV/2; F(z) = »V/31/3  (10)

Note that the fo(n) in Eq. (10) is that of Schlichting’s solu-
tion3 for a jet in a medium at rest.

To obtain the velocity functions fi() of the expansion
scheme (8), this expression is substituted in Eq. (7) and the
mi(z) coefficients equated to zero.

m = 3uxVs;

Solutions of the Linearized Equation

As long as m is sufficiently small (i.e., m? < m), only the
first term in the series expansion of Eq. (8) may be considered.
The equation that determines the velocity function f,'(n)
in Eq. (9) is then

L= =R = 20" — £ — ufe” — (11)

subject to the boundary conditions
f(0) =0 £70) =0 fl(=) =0 (D’

Moreover, to satisfy Eq. (5) up to terms of order m, it must
be verified that

(=) 42 [T W dn = 0 (1"
Since it seems very difficult to solve Eq. (11) exactly, the

following approximation is proposed:
Integrate Eq. (11) once:

L= =f'f" + 2f'n + fo— 2 j;”flfoy dn (12)
Now, as previously stated, condition (5) requires that
Gn) = fulm) = 2 [ 15" dn (13)

is zero when 7 — . Moreover, at 9 = 0 both function Jo
and j; 7 fife” dn are zero.

So, following an interative method, one assumes in Eq.
(12), as first-approximation value of (13), G(4) = 0.

]

2.8

VT
W
\

16

Fig. 1 Velocity
functions

e

12

NG

i

16 ¢ 20



