EXPERIMENTAL INVESTIGATION OF THE RATE OF PHASE
AND CHEMICAL TRANSFORMATIONS IN A HIGH-VELOCITY
HIGH-TEMPERATURE STREAM

Z. G. Shaikhutdinov and A, M., Rusak UDC 533.6:536.46

A procedure for the experimental—theoretical investigation of the evaporation and combus~-
tion of a liquid injected into a supersonic high-temperature stream is proposed.

The kinetics of phase and chemical transformations at high temperatures and high flow velocities are
of great concern in a wide range of practical problems. In viev of the complexity of a direct analysis of
these phenomena (according to the temperature of the mixture, chemical composition, etc.), it appears
more promising to determine the rates of these processes from their final effect, the change in the static
pressure of the stream along the channel.

This effect is very pronounced and may be easily and accurately measured, especially at supersonic
velocities of the flux of reacting mixture, Thus, for example, the evaporation of 10% kerosene in a homo-
geneous hot mixture moving with supersonic velocity at M = 2.5 produces a pressure drop of approximately
15% below the level in the absence of evaporation. For the flow of such a mixture with complete combus-
tion of the fuel, the pressure in a cylindrical channel should increase by approximately 100%.

Obviously, the change in static pressure in a channel is the result of many factors acting simultan~
eously on the flow: friction along the channel wall, heat transfer to the wall, mechanical action of the in-
jected liquid and its infusion, evaporation, decomposition, combustion, The problem is that in order to
investigate the rate of any particular component process (e.g., combustion), it is necessary first to de-
termine the rates of all the others. In this case the rate of the process under consideration can be de-
termined from the condition that its effect on the pressure change, in combination with the already known
(or determined) effects, must yield the measured value of this change. The problem thus reduces to
matching the rate of that given process within a given channel segment so as to reconcile the calculated
and the tested change in pressure (considering all effects). Let us see how this can be accomplished in
practice,

The change in static pressure in a one~dimensional stream along an elementary segment d/ of the
channel is expressed by the relation [1]:
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The increments of variables in Eq. (1) during phase and chemical transformations,‘dT*/T *, €dl/D,
dx/kPFM? dF/F, and dl-l»/#, are considered in turn,

dT*T* is the change in stagnation temperature of the stream. The total enthalpy of the gas + liquid
mixture, without accounting for the latent heats of phase and chemical transformation, can be written as
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A change in this quantity dI over the length of a channel segment is determined by the heat transfer to the
channel wall dQcgo], the heat of evaporation of some liquid dQgyap, and the heat of the chemical reaction

dQchem:
al = — dQ cool T dQevap'Jl‘ dQchem

or
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In this specific case the heat dissipation into the surrounding space can be reduced to an amount
which is negligibly small in comparison with the thermal effect of phase and chemical transformations
[2] so that the process occurring inside the tube may be considered thermally insulated: dQugo1 = 0,

dQ”‘P: L dm’ dQchem: Qchem(a’ T) dm chems (3)

evap
where Qchem (%, T) is the thermal effect of the chemical reaction per unit weight of the reacting substance
at given values of excess oxidizer ¢ and mixture temperature T.

£dl/D is the friction through distance di. This parameter can be determined by a blow test in an
empty experimental channel, or can be calculated by known formulas,

dX/kPFM? is the drag of the injected liquid particles (droplets) suspended in the stream within a given
segment of the channel

dx = ;21 dxyy, (4)

where n is the number of categories in the size spectrum of droplets (depending on the desired precision)
and m is the number of droplets in one i-th category.

The drag of a single evaporating droplet can be determined according to the formula:

dia = Ca(RY) $(We) Fapg— o2 (5)

where Cg(Re) is the drag coefficient for a spherical droplet and ¥(We) is a correction factor to account
for the deformation of the droplet in the stream.

The initial dispersion spectrum of the injected liquid as well as Cq(Re) and ¥(We) can be calculated
by the conventional method in [3].

In order to calculate the drag of droplets in the stream, it is necessary to know the change in their
dimensions through every segment along the entire channel. For this purpose, the change in the droplet
diameter of every category must be related to the total quantity of evaporating liquid. The desired rela-
tion can be established as follows:

According to [3], the evaporation rate for a single particle is

dm I—Cou
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where ¢ = f(Cj, Cw, Nu). Equation (6) is represented in a form more convenient for numerical compu-
tations:
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Fig.1l. Schematic diagram of the test apparatus: 1) oxygen; 2) air;
3) starting fuel; 4) spark plug; 5) fuel; 6) nozzle; 7) sprayer; 8)
cylindrical tube; 9) to the manometers.

Assuming Pmix, Dy, Ce, Cj and ¢ to be constant for all droplets, we find the ratio Ami/Am with
Amj denoting the quantity of evaporating liquid among m droplets of diameter ddi in the i~th category and
Am denoting the total quantity of evaporating liquid, calculated for segment dl of the channel,
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From here, the actual quantity of evaporating liquid in the i~th category of droplets m becomes

Am, = (—‘3—’"—) Affexp (9)
Am [ cale
and the relative change in diameter of the i-th category within segment d}
Adg 1 Amy (10)
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dF/T the increment of cross-section area in the channel.

di/t is the relative increment of molecular weight, a parameter which is determined uniquely by the
rates of phase and chemical transformations, i.e.,

de s (dmwg_ L M. T) ‘ (11
1 m m

Based on all this, the method of determining the rates of phase and chemical transformations in the
stream was implemented as follows,

The experiments were performed on an apparatus suitable for operating with cold air (mode A), with
a hot chemically inert gas comprising the products of kerosene combustion in air at @ =1 (mode B), and
with a hot chemically active gas comprising the products of kerosene combustion in gaseous oxygen at @
=1.2-1.4 (mode C). The gas was accelerated to supersonic velocity through a Laval nozzle section term~
inating into a cylindrical tube (Fig.1), Near the entrance, a set of spray needles for injecting the liguid
was installed in the tube so that the liquid could be infuseduniformly across the tube. The tube was drained
throughout its entire length for measuring the static pressure of the stream.

The actual experiment was performed in the following sequence:

1. The flow in the tube was studied in all modes of operation without spray needles and liquid in-
jection, in order to establish accurately the values of the friction coefficient for the given tube.

2. The effect of spray needles obstructing the flow (without liquid injection) was established by a
blow test. An evaluation of this effect wasbased onthe magnitude of the pressure recovery coef-
ficient.

3. On the premise that the measured and the calculated pressure change in the tube due to the in-
fusion of injected liquid must be made to agree, the dispersion characteristics of the injection
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Fig.2. Pressure distribution AP/P (1) (test values: with
injection (a), blow without injection(b)) and calculated dis-
tribution of evaporated liquid mass Geyap = Gevap/ Gj (2)
with water injection throughout the apparatus length I (cm).
G =0.38, M =2.48, TS =1600K, Py = 0.4 bar, operating
mode B.

system of spray needles in the path of a supersonic stream were determined by a blow test in
mode A, The empirical constants in the formulas for calculating the dispersion spectrum and the
ballistics of droplet motion in the given apparatus were determined at the same time,

4, After completion of steps 1~3, it is possible to calculate the effect of friction, the acceleration
of evaporating droplets, and the presence of spray needles on the gas stream and, thus, only the
effects of evaporation remain unknown. The evaporation rate is determined uniduely by adjust—
ing the value of Amevap/ m for segment d{ till the calculated pressure change (AP/P)cglc and the
tested pressure change (AP/P)eXp agree completely.

5. Steps 1-4 are preliminary for determining the combustion rate (complete combustion). The eva-
poration rate must have been determined here either experimentally (steps 1-4) under conditions
approaching those of the combustion process, or by calculations based on existing methods and
corrected to account for the test conditions according to procedure 1-4, In the latter case the
rate of fuel combustion remains the only unknown quantity, to be determined analogously to the
evaporation rate in step 4.

In accordance with the sequence just described, we have developed a computer technique of process-
ing the data of each step. From the initial values for the stream and the injected liquid and from the test
results (pressure distribution in the tube), the computer yields the end values for each stage: the evapo-
ration and the combustion rates along the channel, With data on the flow velocity along every tube seg-
ment already given, these results can easily be converted into respective process rates as functions of
time,

To illustrate the applicability of this method, we show here actual test results: evaporation rates in
a supersonic high-temperature water jet (approximately a 1:3 mixture ratio) in Fig.2 and combustion rates
for injected kerosene in Fig,3. The water evaporation rates and the kerosene combustion rates shown on
these diagrams have been obtained by recalculation in accordance with the pressure-change technique des-
cribed earlier. Pressure measurements with and without attendant evaporation and combustion are also
indicated on these diagrams.

On the basis of this example, with the results shown here, it is possible to evaluate — at least ap~
proximately — the accuracy of determining the rates of phase and chemical transformations by this method.

The accuracy of such a determination depends on the mathematical errors in converting pressures
along the tube to process rates, onthe errors in measuring pressure changes, and on errors due to vari-
ous effects that have not been taken into account (wave effects during liquid injection and nonuniformities of
flow parameters in the tube) on the pressure changes.

In the process of computer operations, these errors can be reduced to any desirable level. The
error in plotting a pressure-change profile along the tube 5Ef§as can be reduced by modern techniques to
+0.3~0.5%. Special numerical—theoretical and experimental studies have shown that, as a result of shock
waves generated during liquid injection and of flow nonuniformities in the tube, the pressure curve may
contain possible errors 0RPSS of up to £2-5% relative to the real effects of phase and chemical transforma-
tions.
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Considering that friction plays a small role in the total pressure change during intensive phase and,
especially, chemical transformations and that the injected liquid is accelerated, as a rule, over a short
segment of the tube, these errors may be disregarded in an analysis of evaporation and combustion. Then,
the relative error in the evaporation rate
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is determined according to the formula
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based on Eq, (1), where 6ap is the total absolute error of pressure measurements:
8 = = V(60 + (O )
Inserting here the parameter values which correspond to our test conditions, we obtain

8§ ~+3—75%.

evap

When combustion is intensive, the evaporation of the burning liquid plays a less significant role in
the total pressure change and — to the first approximation — its error may also be neglected. Then, by
analogy, the relative error in the combustion rate

6 ( Amchem)
= _ mj — 6(:hem
chem ™ AM o /T Al gpemim,
is determined according to the formula
5o (1 — M%) 8ap
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and for our particular test condition it is

Bapen= == 1.0 — 2.5%.

A more precise analysis with a consideration of all accompanying processes will yield an error of
up to +8% in the evaporation rate and =3-4% in the combustion rate, which should be entirely adequate for
the solution of engineering problems,
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NOTATION

2

isthe Mach number;

isthe Reynolds number;
isthe Nusselt number;

isthe Weber number;

is the pressure

is the temperature;

is the area;

isthe length;

is the tube diameter;

is the mass;

is an adiabatic exponent;

is the molecular weight;
isthe velocity;

isthe specific heat at constant pressure;
is the quantity of heat;

is the enthalpy;

is the heat of evaporation;

is the air excess;

isthe coefficient of friction;
isthe density

isthe coefficient of surface friction;
isthe diffusivity;

is the vapor concentration;
is the flow rate (per second);
is the time;

is the diameter.
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Subscripts

cale denotes calculated values;
exp denotes experimental values;
chem denotes chemical reaction;
evap denotes evaporation;
cool  denotes cooling;
mix denotes the mixture;
denotes droplet;
denotes vapor;
denotes gas;
denotes parameters of the injected liquid;
denotes zero cross section;
denotes stagnation parameters;
© denotes vapor parameters, on the surface of the evaporating drop and in the stream, respectively,
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