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ABSTRACT

Certain problems associated with the application of a gas turbine
cycle to the manufacture of nitric oxide are investigated. The feasi-
bility of quenching the nitric oxide decomposition reaction with a De Laval
nozzle is demonstrated. Thermochemical studies show that yields of
nitric oxide approaching one percent are attainable in a gas turbine cycle.
The severe turbine blade cooling problem can be surmounted with the use
of either transpiration cooling or film cooling. Transpiration cooling
with internal liquid vaporization is found to be the most promising method.
The coolant requirements amount only to approximately one percent of
the main stream mass flow per cooled-turbine-blade row. The effect
of transpiration and film cooling upon cycle performance is negligible.
Although all the problems associated with the application of a gas turbine
cycle to the manufacture of nitric oxide appear to be surmountable, no
attempt is, however, made in this study to ascertain the economical
feasibility of the process. The answer to this question involves factors
which are not purely technical and thus lies outside the scope of the

thesis.
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I. SUMMARY

The simple, open-cycle gas turbine combines all the necessary
elements for the production of nitric oxide into a single unit. The
turbine supplies the power to drive the compressor, which, in turn,
provides the high pressure necessary for expanding the combustion gases.
Small amounts of nitric oxide are formed in the combustion chamber at
high temperatures. The turbine nozzle provides the quenching meché.n-
ism for freezing the nitric oxide decomposition reaction. The turbine
extracts a portion of the energy of the working gases. After the re-
generative heat exchanger further reduces the energy of the gas stream,
some extraction process, like the one development at the University of
Wisconsin under Daniels, may be used to separate the nitric oxide from
the combustion products.

The feasibility of quenching the nitric oxide decomposition re-
action with a De L.aval nozzle is demonstrated in Section III. Cooling
rates of the order of 106 0K/sec are available in the De Laval nozzle,
and these rates are sufficiently high to freeze the decomposition re-
action at combustion-chamber temperatures approaching 3000°K.

Thermochemical studies, carried-out in SectionlIV, show that
yields of nitric oxide approaching one percent are attainable without
oxygen enrichment in a gas turbine cycle. Increasing the oxygen con-
centration by 88 percent can lead to yields of nitric oxide approaching
two-and-one-half percent. Although oxygen enrichment leads to
appreciable increases in the yield of nitric oxide, it is questionable

whether its use is justified for the reasons discussed in Section IV.



Combustion-chamber temperatures near 2500°K are required
to produce nitric oxide yields approaching one percent in the gas turbine
cycle. The problems of turbine blade cooling associated with total *
temperatures of 2500°K and above are quite formidable. So severe are
the operating conditions that the use of unconventional methods of cool-
ing are required. The application of transpiration and film cooling
methods to the turbine blade cooling problem is considered in Section
VI-B. The four cooling methods investigated are: (1) gaseous trans-
piration cooling, (2) liquid transpiration cooling, (3) transpiration cool-
ing with internal liquid vaporization and (4) film cooling. All four
methods were found to be comparable with one another in terms of
coolant requirements. When the service-life of the turbine blades is an
important consideration, calling for lower allowable wall temperatures,
liquid transpiration cooling and transpiration cooling with internal
liquid vaporization require coolant flow rates from one-half to one-third
of those required with gaseous transpiration cooling. The vapor-lock
phenomenonassociated with the inherent instability of the liquid film in
liquid transpiration cooling is not present in the method of transpiration
cooling with internal liquid vaporization. Consequently, when turbine
blade temperatures near IZOOOK or lower are desired, transpiration
cooling with internal liquid vaporization is the most promising of the four
methods investigated. Thec coolant requirements for this method of
transpiration cooling amount only to approximately one percent of the

main stream mass flow for each cooled-turbine-blade row.

% "Total temperature' and ""stagnation temperature' are synonymous
terms.



In order to retain high turbine efficiencies as well as to prevent
recovery of high static temperatures, the formation of shock waves
between the turbine blades should be avoided. This means that the
approach Mach number relative to the blades should be less than one.
However, due to the special requirements relating to the expansion of
the working gases in the application of the gas turbine cycle to the man-
ufacture of nitric oxide, the avoidance of shock waves is impractical.
Moreover, although the presence of shock waves between turbine blades
leads to decreases in turbine efficiency, the effect of the shock waves
on cycle performance is only moderate. Under these circumstances it
is better to expand to relatively high Mach numbers in order to reduce
the total temperature relative to the turbine blades even though this
means an increase in the static temperature of the gases due to the
shaock waves. With the use of high turbine wheel speeds, which are
made possible by turbine blade cooling, the ratio of the total temperature
of the working gases relative to the blades to the total temperature
(i.e., Tor/To) can be reduced to values approaching 0.80. Althougha
total temperature relative to the blades of 1500°K cannot be obtained by
expanding from a combustion chamber temperature of ZSOOOK, the
extraction of energy by the turbine will quickly reduce the relative
total-temperature to 1500°K. Lower values of relative Mach number
and 1‘01,/1‘0 may be attained by counter-rotation of the turbine nozzle
ring.

The effect of the coolant injection upon cycle performance is



investigated in Section VI-C. A simple one-dimensional analysis
discloses that the coolant injection, used in transpiration cooling or
in film cooling, has a negligible effect both upon those blade rows
which are directly cooled and upon that portion of the cycle downstream
of the coolant-injection zone. The effect of coolant injection is
negligible principally because the coolant flow rates are small.
Although all the problems associated with the application of a
gas turbine cycle to the manufacture of nitric oxide appear to be sur-
mountable, no attempt is, however, made in this study to ascertain
the economical feasibility of the process. The answer to this question
involves factors which are not purely technical and thus lies outside

the scope of the thesis.



II. INTRODUCTION

A. Quenching Action of the De Laval Nozzle

If the pressure difference across a De Laval nozzle is large
enough to yield sonic velocity at the throat, then the time-rate of de-
crease of temperature of a fluid particle (-DT/Dt) is very large even
near the nozzle entrance section. For representative nozzles of the type

6 %K /sec. These

used in small test rockets (-DT/Dt) is of the order of 10
enormous cooling rates can be utilized to ""freeze' chemical reactions.
Chemical processes proceed at finite rates of reaction, and the speed of
the reaction is an exponential function of the temperature. Therefore,
if the rate of cooling is much greater than the rate of chemical reaction,
it may be possible to quench the reaction in a De Laval nozzle.

In order to make the preceding statements clearer, consider the

reversible chemical reaction shown in Eq. (1)

A + B=—=C + D (1)

Suppose now that at high temperatures the reaction proceeds more

rapidly to the right than to the left thereby tending to consume the re-
actants A and B and to yield the products C and D, and that the reverse
is true at low temperatures. Suppose further that the reaction takes

place in the gas phase and that chemical equilibrium has been reached in
the combustion chamber. The gas mixture is then allowed to pass through

a nozzle. During transit through the nozzle the gas experiences a large
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temperature drop. Consequently, during passage of the gas through
the nozzle the reaction of Eq. (1) will tend to move to the left since it
was supposed that the reaction tends to proceed to the left at low
temperatures, If the cooling rate is sufficiently rapid, however, then
there is insufficient time for the reaction to occur. Another way of
viewing the situation is to think of the quenching action of the nozzle as
inhibiting the attainment of equilibrium conditions during nozzle flow
with the result that the gas composition at the exit of the nozzle is
practically the same as existed at the entrance to the nozzle. The speed
of a chemical reaction is an exponential function of temperature; hence,
if the static tcmpcerature at the nozzle exit ie sufficiently low so that
the rate of reaction is essentially zero, the effect of the DeLaval nozzle
has been one of "freezing' the chemical system practically at the

equilibrium conditions existing in the combustion chamber.

B. Utilization of the Quenching Action of the De Laval Nozzle

The preceding discussion suggests that in order to utilize
successfully the quenching action of the nozzle in the manufacture of
chemicals the following conditions must be met:

1. A useful chemical product must be formed in the zone pre-
ceding the De Laval nozzle.

2. The reverse reaction must be capable of being frozen by the
quenching action of the De Laval nozzle.

3. The chemical reaction leading to the desired product must be

endothermic.



4, The use of the De Laval nozzle for freezing of chemical
reactions must offer economic advantages over other methods of ob-
taining the desired chemicals.

The necessity of the first two conditions is self-evident. The
gquestion arises, howcver, as to what is the criterion for determining
whether a given chemical reaction can be frozen at a composition
approaching that of the gas mixture at the nozzle entrance. Fortunately,
this criterion has been determined previously by Penner (Ref. 1)*. Never-
theless, because of the importance of the criterion in this thesis and
because of the abbreviated treatment of the basic derivation in the
original presentation, a complete derivation of the criterion for near-
frozen flow is included in Appendix II in a form suitable for application
to this study. The detailed discussion of this criterion, based upon the
derivation of the basic equation obtained in Appendix II, is presented in
Section III together with a representative application to the decomposition
of nitric oxide.

The reason the chemical reaction must be endothermic follows
from the principle of Le Chatelier, which states that when equilibrium
has been reached, a change in any of the factors affecting equilibrium
tends to make that reaction take place which will neutralize the effect of

the change. This law then says that an endothermic reaction tends to-

% References are to be found in Section IX.



wards completion as the temperature is increased; that is, as heat is
added. On the other hand, when the temperature is décreased, the
reaction tends to reverse and reform the reactants. This reversal of
reaction is exactly what we wish to prevent by the quenching action of
the De Laval nozzle. The chemical reaction leading to the desired
chemical compound should not be exothermic because exothermic re-
actions tend towards completion when the temperature is decreased.
Consequently, for such reactions the quenching action of the De Laval
nozzle is of no practical use.

The fourth necessary condition for the successful application of
the quenching action of the nozzle relates to economic considerations.
The choice of the best production method must necessarily rest upon a
detailed study of all of the alternative processes. However, it is
obvious that the more easily a chemical reaction can be quenched, the
less important become the extremely rapid quenching rates available
with the De Laval nozzle.

For practical applications of the De Liaval nozzle it is of primary
importance to recover the kinetic and internal energy of the exit gases.
This energy may be recovered in only two ways: (1} by heat transfer
to some other medium and (2) by extraction of mechanical work using
a turbine. Which method or combination of methods is most suitable can
be decided only after a detailed cycle analysis has been made for the
chemical reaction involved. The most important variables entering the

discussion will be the nozzle entrance pressure and temperature and



the Mach number of the gases at the nozzle exit.

Aside from economic considerations, it is evidently necessary
to reduce the energy content of the exit gases in order to prevent
reheating to the stagnation temperature. Otherwise an approach to the
equilibrium composition at the beginning of the process might result,
thereby negating the purpose of the quenching process.

One possible but uneconomical method for energy reduction in-
volves the injection of a cooling fluid into the jet stream. In addition
to wasting the available energy, this method would greatly increase the
recovery costs for extracting the desired chemical products from a
greatly diluted mixture.

A second method of energy extraction, which deserves serious
consideration, is the use of a turbine. The first stages of such a turbine
would be of the impulse type, in which rapid energy extraction occurs
with a resultant rapid decrease in stagnation temperature of the working
gases. The latter stages of the turbine would be of the reaction type
in which both rapid stagnation and static temperature drops occur.

The use of the De Laval nozzle in conjunction with one or a com-
bination of these energy-extraction mcthods must be superior econom-
ically to other methods of obtaining the desired chemicals. But, it is
clear that any discussion of the relative merits of different proposed
methods must be related to a specific chemical compound. Consequently,
the subsequent discussion will be confined to the manufacture of a

specific chemical; namely, the manufacture of nitric oxide.
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C. Quenching of the Reaction 2NO =X N, + O,

Nitric oxide is an extremely useful compound since it can be
uscd as starting matcrial for the manufacture of a large number of
nitrogen compounds which find wide application in industry and
agriculture. That the decomposition of nitric oxide is a relatively
slow process, except at high temperatures, has been known for a long

time, An indication of this fact is given by the data shown in Table I.

TABLE 1

Time Required for Ten Percent Decomposition of Two Percent Nitric
Oxide in the Presence of Ten Percent Oxygen and Eighty Percent
Nitrogen.

8]

T, K 1000 1500 2000 2500

Time, sec. 107 90 0.27 0.032

The cooling rates required in order to freeze the reaction ‘?.NOZN2 + O2
at various temperatures are discussed in Section III-B. In the for-
mation of nitric oxide from its elements 21.6 Kcal are absorbed per
mole.

In order to form some conclusion as to the economic merits of
possible De Laval nozzle processes relative to existing nitrogen fix-
ation schemes, a brief summary of the competitive methods is outlined
first. The principal existing competitors of De Laval nozzle processes

in the fixation of atmospheric nitrogen include the following:
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Natural Fertilizers Ammonium salts and alkali nitrates are

produced in nature through the decomposition of organic
matter. Such natural fertilizers as ''chile saltpetre'', which
provided about fifty-five percent of the world production of
fixed nitrogen in 1913 and only about twenty-four percent in
1929, have largely been replaced by various processes for the
more direct fixation of atmospheric nitrogen (Ref. 3, pp. 70-

72).

Rainfall Lightning during electrical storms is responsible for

the fixing of vasts amounts of nitrogen from air by a mechanism
essentially identical to that described below for the electric

arc process, It has been estimated (Ref. 4, p. 14) that from
one to ten pounds of nitrogenous compounds are carried to the
ground per acre by rainfall each year.

Bacterial Fixation A certain class of plants, called Legumes,

in cooperation with bacteria are capable of fixing atmospheric
nitrogen. Alfalfa, clover, peas, and beans are examples of
legumes which are used in the practice of crop rotation to help
prevent nitrogen depletion of soils by such nonlegumes as corn,
cotton, tobacco and wheat (Ref. 3, p. 70).

Electric Arc Process The electric arc process (Ref. 5, p.

1820) is used to synthesize nitric oxide by blowing a mixture

of oxygen and nitrogen through an electric arc. The
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mixture temperature is raised to about 2000°C and is then
rapidly cooled. This process is carried-out chiefly in Norway,
where electrical power is cheap, but it is questionable whether
this process can continue to compete with other methods (Ref.
6, pp. 387-389).

"By-product Ammonia'" Ammonia is obtained from the

destructive distillation of coal, which contains nitrogenous
material. By-product ammonia is passed through sulfuric acid
and converted to ammonium sulfate, which finds extensive use
as a fertilizer. From one to one-and-half percent of the coal
is converted into ammonium sulfate (Ref. 5, p. 1578).

Cyanamide Process Calcium cyanamide, CaCNZ, is produced

by the reaction of pure nitrogén with calcium carbide at about
1475°K. Calcium cyanamide may then be treated with steam

to yield calcium carbonate and ammonia; it may also be fused
with salt and carbon to yield sodium cyanide NaCN. Calcium
cyanamide is an excellant alkaline fertilizer.

Synthetic Ammonia Ammonia is produced by the Haber process

(or by onc of its many modifications) through the direct reaction
of hydrogen and nitrogen under high pressure and at tempera-
tures in the neighborhood of 775°K. The basic raw materials

are coke and air.

Wisconsin Process This method (Ref. 2) is used to synthesize

nitric oxide from air. The air is preheated by passing it through
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a pebble-bed regenerator consisting of a refractory material
such as magnesium oxide. The hot air then passes to a
combustion chamber, where fuel is added and burned. The
resulting gas mixture is quenched in a second pebble-bed re-
generator. Next, the flow of air is reversed and the cycle re-
peated. Temperatures in excess of 2375°K have been obtained
with nitric oxide yields approximating the theoretical limit. As
of March,1953, Dr. Farrington Daniels, who developed the
Wisconsin process, estimated that his method was competitive
with the synthetic ammonia process, without having been per-
fected to the same degree. At the present time more than half
of the total cost of nitrogen fixation by the Wisconsin process is
tied up with recovery of nitric oxide from dilute gas mixtures, in
which the concentration of NO is of the order of two percent. It
is to be expected that the recovery costs will be reduced con-
siderably as additional work is done and that ultimately the
Wisconsin process may be economically superior to all of the

other conventional methods of nitrogen fixation.

The first three processes, which are the principal natural sources
of fixed nitrogen, are still of importance, but they are inadequate to
maintain the nitrogen balance of the soil. The role of synthetic nitrogen-
fixation is to help replenish man's and nature's depletion of the nitrogen
of the soil and to provide raw material for the manufacture of nitrogenous

compounds. The electric arc process is no longer of importance
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principally because of the high cost of electrical power. "By-product
ammonia' will continue to be an important secondary source of fixed
nitrogen. The cyanamide process is considerably more expensive than
the ammonia process (Ref. 6, pp. 389-390), The cyanamide process,
however, should be able to maintain itself for some time because of the
value of cyanamide as a fertilizer and as a raw material for further
synthesis of nitrogen-containing chemicals.

The real competition to any proposed process utilizing the Del.aval
nozzle will arise from the synthetic ammonia process and from the
Wisconsin process. The common ground upon which these three com-
petitors meet is that of the manufacture of nitric acid. Nitric acid is the
base for the manufacture of inorganic and organic nitrates and nitro
derivatives, both of which find extensive use in the chemical industry.

Ammonia is oxidized according to the reaction
4NH, + 50, =—= 4NO + 6H,0 (2)

by passing a mixture of about ten percent ammonia and ninety percent
of air over heated platinum gauze at 1225°K. The gases leaving the
platinum catalyst then pass through absorption towers, where the follow-

ing successive reversible reactions take place:
aNO + O, /= 2NO; > (3)

3NO, + H, ———= 2aHNo, + NO. (4)
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About ninety-six percent of ammonia is converted to nitric acid whose
concentration varies from sixty-one to sixty-five percent in comparison
to the fifty to fifty-five perccnt concentrations obtained from the electric
arc process. The chief advantages of this ammonia system are (a) the
relatively low cost of producing ammonia and (b) the possibility of ship-
ment of anhydrous ammonia to various oxidation plants located in the
ultimate consumption areas. In the Wisconsin process, nitric acid is
produced from nitric oxide by reactions (3) and (4) above. The nitric
oxide is adsorbed on silica gel from the mixture of combusted gas and
air leaving the second pebble-bed regenerator. The recovery methods
are currently being improved by the group under Daniels at the
University of Wisconsin. After the pilot plant stage was completed at
San Jose, California, the Food Machinery and Chemical Corporation,
which acquired development rights, has erected a plant at Sunflower,
Kansas.

The Wisconsin process, like the turbine cycle using the De Laval
nozzle, involves the problems of quenching of the nitric oxide decom-
position reaction and extraction of dilute nitric oxide. At present the
limiting factor in the Wisconsin process is associated with deterioration
of the pebble-beds in the regenerators due to the combined effects of
high temperature, temperature reversals, and erosion caused by the
flowing gases. These three effects combine to limit the maximum
temperature permissible in the furance, which, in turn, determines the

maximum nitric oxide yields. The cost of extraction of the nitric oxide
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from the gas stream per pound of nitric oxide is roughly inversely pro-
portional to the concentration of this constituent. As stated earlier in
this discussion, the extraction process constitutes more than half of the
total cost of the manufacture of nitric oxide. Furthermore, even if the
pcebble bed deterioration problem were solved, the higher quenching
rates required for further increases in maximum allowable temperature
could not be met efficiently with pebble-bed quenching in its present form.
The cooling rates available with pebble-bed cooling are of the order of
104 °K/sec (Ref. 2), which is satisfactory at 2000°K, but is inadequate
at 2500”K where cooling rates of the order of 105 °K/sec are required.

The temperature and cooling rate limitations of the Wisconsin
process may be circumvented by a DeLaval nozzle process. Theoretical
cooling rates of the order of 106 °K/sec or greater can be obtained with
suitably chosen nozzles. The real problem, of course, is connected
with the energy extraction from the nozzle exit gases. Brief mention
of various energy exitraction methods, together with reasons why energy
extraction is necessary, was made in Section II-B. In Part B of this
thesis a detailed analysis is made of a cycle employing a turbine. A
brief outlinc of the use of a gas turbine cycle will be made at this point,
in order to illustrate the operation and problems involved.

The simple, open-cycle gas turbine combines all the necessary
elements for the production of nitric oxide in a single unit (Cf. Fig. 1).
The turbine supplies the power to drive the compressor, which, in turn,

provides the high pressure necessary for expanding the combustion gases.
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The compression process helps to increase the temperature of the air,
but the largest temperature rise is the result of combustion of fuel
added in the combustion chamber. Nitric oxide is formed according to
the reaction (3). Since equalnumbers of moles of gas appear on both
sides of this equation, the yield of nitric oxide is practically indepen-
dent of pressure in the range of pressures and temperatures to be
encountered in a gas turbine cycle. The turbine nozzle provides the
quenching mechanism for the freezing of the nitric oxide decomposition
reaction. A regenerator may also be used to enhance the efficiency of
the cycle by increasing the temperature of the gases betore they enter
the combustion chamber. In a well-designed system an excess of
power will be developed by the turbine, and consequently the gas turbine
cycle is essentially a power-generating gas turbine installation. The
cycle may be looked upon either as a chemical process for synthesizing
nitric oxide with the excess turbine power considered as a by-product
or, alternatively, as a cycle for power production with the synthetic
nitric oxide as a by-product.

As was indicated earlier, very high temperatures are desirable
in order to secure maximum yields of nitric oxide. Temperatures of
about 2500°K are required to raise the nitric oxide yield appreciably
above one percent. A turbine inlet temperature of 2500°K is roughly
twice as high as can be used in conventional turbines. When it is con-
sidered that some method of turbine blade cooling is required for

temperatures over 1375°K (or about ZOOOOF), it is apparent that the
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cooling problem at 2500°K will be formidable.

Combustion-chamber temperatures in the neighborhood of 2500°K
lead to other problems. The initial temperature of the air prior to
combustion should be above about 1000°K in order to minimize fuel
consumption and to permit the utilization of atmospheric oxygen for
burning of the fuel. Otherwise, little oxygen will be left to combine with
the nitrogen, and the yield of nitric oxide will be low. The regenerator
helps to overcome this situation by transferring heat from the exhaust
gases to the incoming air.

In a gas turbine cycle, the most effective use of high combustion-

high
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chamber. High pressures are necessary for extracting the thermal
energy of the working gases. As an illustration of this point, consider

a turbine, having an efficiency of eighty-five percent, receiving work-
ing gases at 2500°K and twenty-five atmospheres and discharging at a
back pressure of one-and-half atmospheres; the total temperature of the
exhaust gases may be shown to be about 1480°K (2205°F) for ¥ = 1. 30.
On the other hand, the exit gases from the same turbine taking gases
from the combustion chamber at 2500°K and ten atmospheres and dis-
charging at the same back pressure, leave at a total temperature of
1750°K (26910F). This difference of exit temperature represents a loss
of roughly ninety hoursepower for each one lb/sec of mass flow, taking

into consideration the extra compressor work required for the higher

chamber pressure. On the other hand, the task of obtaining pressures
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of twenty-five atmospheres and above in high speed axial flow com-
pressors in a difficult development problem.

The anticipated temperatures and pressures raise difficult
problems for the design of the regenerator. Most alloys have very
little strength above 1000°K (about 13500]?). Moreover, at high tem-
peratures creep phenomena become important. Even the best high
temperature alloys are limited to stresses less than approximately
5000 psi for an allowable elongation of one percent in 100, 000 hours at
1150°K (1610°F) (Ref. 7, p. 443, and Ref. 8, p. 552). The combined
stresses resulting from (a) the thermal stresses due to the axial
temperature gradients along the direction of flow in the regenerator
(Cf. Ref. 10, pp. 422-427), and (b) the normal stresses due to the
pressure differential across the heat transfer surface of the regener-
ator, are too large for such temperature-pressure combinations as
1500°K and twenty-five atmospheres or 1750°K and ten atmospheres.

In fact, the circumferential stresses arising from a pressure difference
of twenty-five atmospheres across the walls of tubes are about 2500 psi
(Ref. 9, p. 60). These results indicate that counterflow heat transfer
cannot be used exclusively, and that some combination of the three types
of heat exchangers (parallel-flow, crossflow and counterflow) must be
used. Concurrent use of different types of heat exchangers leads to
complications in design and requires large investments.

The preceding introduction has served (1) to describe the nature
of the quenching action of the De Laval nozzle, (2) to formulate four

conditions which must be met in order to utilize successfully this quench-
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ing action in the production of chemicals, (3) to indicate the applic-
ability of the quenching mechanism to the decomposition reaction of

nitric oxide, and (4) to suggest which problems should be investigated.

D. Organization of the Research Presentation

The preceding paragraphs have suggested that the research may
be divided conveniently into two parts, one dealing with chemical con-
siderations and the other with engine cycle considerations. In Part A,
two important studies relating to chemical considerations are invest-
igated. In the first analysis, presented in Section III, the criteria
necessary for "freezing' a chemical reaction in a De L.aval nozzle are
derived and applied to the nitric oxide decomposition reaction. In the
second, presented in Section IV, the thermochemical studies for the
production of nitric oxide are described. The variation of the yield of
nitric oxide with the amount of fuel burnt and with the amount of oxygen
added in order to enrich the inlet air are investigated.

In Part B, some of the problems associated with the application
of a gas turbine to the manufacture of nitric oxide are investigated. The
turbine-blade cooling problem is investigated in some detail. Coolant-
flow requirements are determined both for transpiration cooling and
for film cooling in Section VI-B. The effect of transpiration and film

cooling upon cycle performance is studied in Section VI-C.
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III. CRITERION FOR NEAR-FROZEN FLOW

A. Introduction to the Basic Equation

As was indicated in the Introduction, one of the requirements
for the sucessful application of the quenching action of the De Laval
nozzle to the manufacture of chemicals is that the reaction products
must be capable of being frozen. This means that the rate of chemical
reaction must be slow enough and the rate of cooling fast enough to pre-
vent appreciable chemical reaction during transit through the nozzle.
The criterion for determining whether a given chemical reaction
can be frozen at a composition approaching that of the gas mixturc in
the combustion chamber has been worked out by Penner (Ref. 1) for one-
dimensional isentropic expansion of a perfect gas through a De Laval
nozzle. Since the treatment of the near-frozen flow criterion was very
abbreviated in the original publication and because of the significance
of the criterion for this thesis, a complete derivation of the criterion
is given in Appendix II. The derivation makes a number of approx-
imations and assumptions none of which are any more restrictive than
the assumption of one-dimensional isentropic expansion of a perfect gas.

The derivation leads to the following rather complicated equation (Cf.

Eq. AII-28):
Sy )
e Y Jé_,é’_) /
—‘: “'TI - KF-”-/X’J R’T;foo , _ KE(T) Z'(Q o ’\)/ )2/ R
T -1 AH (__Q_I Ke (T) w W (5)
- RT>\ Dt
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which is applicable to chemical reactions represented by

Y6 = LG, (6)

and in which the symbols have the following meanings:

It

static temperature
total temperature in the combustion chamber

"composition temperature' corresponding to the actual
gas composition at a given static temperature T

average value of the reaction rate constant for the for-
ward reaction described in Eq. (6) over the temperature
interval (To - T)

mole fraction of components j and k, respectively

heat of reaction or the heat absorbed at constant
pressure for the chemical reaction described by Eq. (6)

universal gas constants expressed in appropriate units
total pressure in the combustion chamber

density of gases in combustion chamber

density of gases corresponding to the static temperature T

rate of decrease of static temperature with time
following a gas particle

equilibrium constant based upon partial pressures and
is to be evaluated at the static temperature T

equilibrium constant corresponding to the combustion
or total temperature T

coefficients multiplying the chemical symbol G in the
relation representing the stoichiometry of the reaction
given by Eq. (6).
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Equation (5) determines the so-called ""composition tempera-
ture' T' corresponding to the actual gas composition existing at the
point in the expansion where the static temperature has decreased from
the combustion or total temperature T0 to the static temperature T as
a function of the chemical kinetics of the system and of the rate of
decrease of the static temperature with time (-DT/Dt). The "composition
temperature' T' is related to the actual gas composition by means of
the expression for the equilibrium constaut. An alternative method of
interpreting Eq. (5) is to consider the temperature ratio (TO - T')/(TO-T)
as given and to determine the required rate of cooling for quenching of
the reaction {(i.e., -DT/Dt) as a function of this temperature ratio and
of the chemical kinetics of the system. The former view-point will be
used in the subsequent analysis. An expression for the rate of cooling
(-DT/Dt) is derived as a function of the nozzle parameters in Appendix
IIT for isentropic flow through a Del.aval nozzle. The expected cooling
rates for De Laval nozzles are discussed in paragraph C of this section.
At this point in the discussion it is sufficient to indicate that the cooling

rates are of the order of 106 OK/sec.

B. Application to the Decomposition of Nitric Oxide

Nitric oxide decomposes according to the overall reaction

2NO=— N, + O, : (7)

Therefore, using Eq. (5),
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Y - = 2~ =1, (8)

J
2
IO LU TR
and
'W/)L;} = /)Ljo (9b)

The rate constant kf for the decomposition of nitric oxide accord-
ing to the reaction given by Eq. (7) has been determined both experiment-
ally and theoretically by Daniels and his co-workers (Ref. 2). The
theoretical relation determined by them was found to be in good agreement
with the experimental results obtained in a nitrogen fixation furnace
after proper adjustment of the frequency factor. The expression for kf

reported by Daniels is

Kep = Iogwf”(“m,OOO/RT) otmos  sec’ (10)
or
9 oo (11)
- - cC mole - ec
Ky, = 10 RTanp (-70,000/RT) s

where R is the gas constant equal to 1.987 cal/®K-mole and R' is the
gas constanf equal to 82.0 cm3-atmos/°K—mole. More recently Wise
and Frech (Ref. 11) determined the rate constant kf for the decom-
position of nitric oxide for the temperatures somewhat greater than

1000°K to be given by
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‘s 3 -t
k*w = 3./ x 10 Lxp (“BZ,OOO/RT) em mole sec. (12)
Wise and Frech obtained this expression by fitting a curve to (1) the
previously available experimental data of Koerner (Ref. 12) and of
Hendrickson (Ref. 13) and (2) to their own experimental results taken
at temperatures below 1300°K in a quartz vessel. The rate constant
k]f as evaluated from Eqgs. (10) and (12) are given in Table II. Except
for temperatures in the neighborhood of 2100°K, there is a significant
difference between the values of k; as given by Eqgs. (10) and (12) as
can be seen from Table II. In view of the fact that Daniels' rate ex-
pression is known to be in accord with results observed in the Wisconsin
process for nitrogen fixation, it is preferable to use his rate data for
the present applications since the conditions in the Del.aval nozzle
process certainly are much closer to those existing in the pebble-bed
than to those existing for purified gases in a quartz reaction vessel.
Nevertheless, both Egs. (10) and (12) will be used in subsequent cal-
culations.

The heat of reaction AH for the decomposition of nitric oxide as
given by Eq. (7) is 43, 200 cal/mole (Ref. 14). The values of
KP(T) = KP'2 given in Table Il were obtained from National Bureau of
Standard reports (Ref. 15). The values of the density ratio p /p0 for
isentropic expansion may be taken from the tabulated values of Keenan

and Kaye (Ref. 16, pp. 139-147).
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TABLE 11

Reaction Rate and Equilibrium Constants vs. Temperature

kf atmos-l sec_1 * K '1'=
p
T k (Pno) K 12
0 P “rw (Pr,)2 (Po,)™ ’
K Eq. (10) Eq. (12) Mal 0
1000 5.13x10" ' 4.52x10"8 | 8.549x10"° | 7.308x10"7
1100 1.35x10™> 1, 75%10" 2.302x10"% | 5.299x1078
1200 1.91 x10™% 3. 66x10'5 5. 259x10‘4 2.766x10" '
1300 1.91x10"> 4.75x10°% | 1.055x107% | 1.113 x107°
1400 1,17x10" 2 4.25x10°> | 1.918x10"3 3.679x107°
1500 6. 20x10"% 2.84x10"% | 3.226x10"3 | 1.041x107>
1600 2.75x10"" 1.485x107" | 5.078x107° | 2.579x107°
1700 1.00 6.38x10"} 7.577x107° 5. 741x10™°
1800 3.16 2.32 1.082x10"% | L.171x107%
1900 8. 85 7.35 1. 487x10" 2 2. 211x10™%
2000 2. 24x10! 2. 06x10" 1.981x10" 2 3.924x10™ %
2100 5.18x10" 5. 26x10" 2.567x10"% | 6.589x10"
2200 1. 11x10° 1. 23x10° 3. 252x10" 2 1. 058x10" >
2300 2. 23x10% 2. 65x10° 4.035x10" 2 1. 628x10" >
2400 4. 22x10° 5.36x10° 4.912x10 2 2. 413x10™ 3
2500 7.59x10% 1. 02x10° 5. 888102 3. 467x10"°>
2600 1.30x10° L. 86x10° (4.80x10‘3)**
2700 2.15x10° 3, 22x10° (6.55x107 %)
2750 8. 747x10“2 7. 651::1()’3
2800 3.43x10° 5.37x10° (8. 88x10"°)
2900 5.30x10° 8. 61x10° (1.153x10" %)
3000 7.94x10° 1. 34x10* 1. 215x10”" 1. 476x10”%

Source for Kpt : {(Ref, 15).

* To convert these units of k_ to (cm3 mole*l sgc-l) multiply values in
the table by 82. 06 times the temperature in K.

*% Figures in parenthesis were obtained from plot of Kp'

temperature,

2

vs.
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Example Consider now the combustion of a suitable fuel such
as methane CH4 at 300 psia in preheated air producing an adiabatic
flame temperature of 2500°K. Suppose under these conditions that to-
gether with other constituents the combustion products include nitric
oxide, nitrogen and oxygen to the extent of ¥y, =0.01, %, =0.70,
and /)Joa = 0.0412, respectively, where the s are the
equilibrium mole fractions. The following data may be collected for

these conditions:

T, = 2500°K

P = 300 psia = 20.4 atm
Kp(T)= 5.89x107% Kp*(T)= 3.47x107°
AH = 43,200 cal/mole

o

a = gy, =0.01, b= g =0.70, c= ¥ =0.0412

1

Take (-DT/Dt) = 10°°K/sec and ¥ = 1. 30.

The temperature ratio (TO-T')/(TO—T) may now be calculated
from Eq. (5) in order to determine the extent of the nitric oxide de-
composition. Consider, for instance, the point in the expansion process
where the gases have accelerated to a Mach number M of 0.5. At this
Mach number and for ¥ = 1.30, the values of T/T0 = 0.964 and
p/po = 0.884 may be read from the tables of Keenan and Kaye. This

means that the static temperature is 0.964x2500 = 2400°K. Hence,

JR— -t i

- 5 . "‘” .
kw‘o = 5.90 x 10> afmos sec = 1.2&5x/0 liters mole sec ;

} , R
K, (T) = 4.912.00° . Ko (T) = 241310
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Substituting these values into Eq. (5) leads to the result

|

I — II -.a
e - — 4. 10 » 10 :
T - T

hence,

/

-T; - T 3 '-l'.lelOﬁz(Z‘.S'OO—?_q-OO):‘]"I K .
This small temperature difference means that there has been only a
small amount of nitric oxide decomposition. The extent of the de-

composition can be computed from an equation derived in Appendix V;

viz.,
o, ;P
§ - I = (KP/KF.,)
{ (b~ C) ! a]
2 [ T Ha Kp
where § = 2x/a is the fractional part of nitric oxide which has de-

composed. At a temperature of 2495° KP/ = 3.414x10-3. There-

fore, using the same initial concentrations as above (i.e., a = 0.01,

b =0.20 and ¢ = 0.0412),

4

?

E =4.95x10"

which means that only about five hundreths of one percent of the initial
nitric oxide has decomposed. If the situation is investigated at the
point in the expansion where the [low has accelerated to a Mach number
of 0.9, TO-T‘ is found to be 4.7°K as compared to 4. 1°K at M = 0.5,
Therefore, under these conditions the nitric oxide decomposition

reaction has been effectively quenched. On the other hand, if the extent
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of the decomposition is investigated using Eq. (AIL-27) for an adiabatic
combustion temperature of TO = 3000°K and for a = 0.020, b = 0.653
6

and ¢ = 0.415 with (-DT/Dt} = 10° °K/sec, then at the point in the
expansion where M = 0.5 (where the static temperature is 28900K) it

is found that approximately ten percent of the initial nitric oxide has

decomposed.®* Approximately one-half of the nitric oxide which was
formed when the temperature was increased from 2890°K to 3000°K is
decomposed in expansion to Mach number 0.5. This amount of de-
composition corresponds to a flow which is approximately midway
between frozen and equilibrium flow. The reason for the discrepancy
between the amounts of decomposition for expansion from the two initial
temperatures is principally due to the fact that the rate constant kf
increases exponentially with temperature. Consequently, the point of
diminishing returns is rapidly reached in the process of increasing the
combustion temperature in order to enhance the yield of nitric oxide.
The point of diminishing returns can be determined only after (1) the
amount of permissible decomposition has been specified, (2) the actual
average value of (-DT/Dt) has been computed, and (3) the actual initial
concentrations of the three constituents have been determined. Each of
these three considerations requires further study. The first involves
economic considerations, which will not be investigated here. The
second is investigated in the next section (i.e., Section III-C), and the

third is studied in detail in Section IV,

* The effect of dissociation constituents such as atomic ozygen upon
the decomposition of nitric oxide is ignored.
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C. Cooling Rates in DeL.aval Nozzles

An expression for (-DT/Dt) as a function of the nozzle para-
meters is derived in Appendix III for nozzles having sonic velocity at
the throat section. The consideration of the one-dimensional isen-
tropic expansion of a perfect gas through a De Laval nozzle (Cf. Fig. 2)
whose variation of cross-sectional area may be represented by a
parabolic expression in the axial coordinate ledto the equation (Cf.

Eq. AIII-10)

3/a
_DTY - 246 R, £(MY)
Dt) S (13)

where (-DT/Dt) = rate of cooling at a section of nozzle where the Mach

number is M
\/

2 3/2 2
F(M ‘K): 2»/?({"') (A/ v ’) I__ MM* N
’ Y+ A/AX T, L — M*2
M = Mach number
AL = length of nozzle from entrance section to the throat

in feet

b= (A/A¥) -1

nozzle entrance

AJA*= area at any cross-section divided by the nozzle
throat area

J32.2%53.34x1.8 = 55.5 ft/sec(°K)?

in order to be consistent with units of A in feet
and TO in %K

M* o mfxs!l T Y2
2 T,

)
1



e = W= X ] - /W) (@)

¥/x-Na+1= /v

JHN1VTIONIWON
F1ZZ0N WAV 30

2 old
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The values of f(M,Y¥) are tabulated in Table AIIlI-1 as a function of Mach
number in the range from M = 0.05 to M =1.50 for ¥ =1.30 and

¥ = 1.40. An expression for interpolating to other values of ¥ is given
by Eq. (AIII-12).

Consider the expansion of combustion gases through a De Laval
nozzle. Let the gases enter a nozzle of convergent-length A =0.10 ft.
at a total temperature T0 = 2500°K and at an entrance Mach number
M0 = 0.310, which corresponds to an entrance area ratio AlA* = 2,000
orto b=A/A* -1 =1,000. For these conditions the variation of
(-DT/Dt) through a portion of the nozzle has been computed from Eq. (13)

for ¥ =1.30and Y = 1. 40, and the results are presented in Tahle IIT.

TABLE III.

The Variation of the Cooling Rate Through De lL.aval Nozzles as a Function
of the Mach Number (T, = 2500°K, £ =0.10 ft., b = 1. 000, M, = 0. 310).

M — |0.310 | 0.4 { 0.5 |0.7 | 0.9 | 1.1 | 1.3 1.5

Y=
00)11.30] 0.696 | 1.70| 3.27 | 6.72|13.0 | 21.1 | 26.9 | 30.0
X
((56 Y=
onsed' |1.40|0.948 | 2.26| 4.44 | 8.94|16.6 | 26.6 | 32.7 | 36.3

The figures in Table III substantiate the previous assertion that (-DT/Dt)
is of the order of 106 oK/sec.
1t should be noted that the cooling rate (-DT/Dt) varies as the

three-halves power of the total temperature To' Referring to Eq. (5)
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and ignoring for the moment the variation of kf and of the gas com-
position as reflected through the terms = - Qlk)z//yk and

W f)b% with T, itis clear that the temperature ratio (TO—T‘)/(TO"T)
varies approximately as the minus one-half power of the total tempera-
ture, since (-DT/Dt) varies as the three-halves vpower of To' This
remark presupposes that comparisons are made at corresponding

points in the flow, i.e., p/pO and KP(T)/KP(TO) are held constant .
Since the change in To-‘/a due to variations of T in the range 2500 -
3000°K is only secondary importance, the change of the temperature
ratio (TO-T')/(TO-T) is principally due to the variation in k; and in the
two terms representing composition. The rate constant varies expon-
entially with temperature whereas the variation in the product of the two
composition terms is more nearly linear in temperature. Consequently,
the assertion, made in the preceding section, that the principal variation
in the temperature ratio (TO-Tt)/(TO—-T) with increase in total tempera-
ture T0 is due to kf is justified.

The effects of the entrance Mach number and of the nozzle
geometry upon the variation of (-DT/Dt) through the nozzle may be ob-
tained also from Eq. (13). These effects can be studied by comparing
different nozzle configurations at the point in the expansion of the gases
where the Mach number (or the static temperature) is the same for all
nozzle configurations. If the length of the converging portion of the
nozzle and the ratio of specific heats ¥ are held constant and if the

comparisons are made at the same Mach number M and static tempera-
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ture T, then from Eq. (13)

<~ PI) /<. _D_I> =Jb (14)
Dt M, Dt Mo= 0.310

where M is the entrance Mach number. The cooling rates for a given
entrance Mach number are compared in Table IV to the cooling rates
corresponding to Mo = 0,310 {which was selected for the sake of
convenience since bMo =0.310 = 1.00). For /@: 0.10 ft and for

¥ =1.30, the variation of the cooling rate through the nozzle may be
obtained by multiplying the values in Table III by the appropriate values
in Table IV. The valucs in Tablc IV indicatc the advantages of large
area ratios A/A% at the entrance section. Other design considerations,
however, will limit the maximum practical values for the entrance area
ratio.

It is apparent from Eq. (13) that the cooling rate (-DT/Dt) is
inversely proportional to the nozzle convergent-length L. Decreasing £
by one-half increases (-DT/Dt) by a factor of two.

The use of some other curve instead of a parabola to represent

the nozzle shape will lead to somewhat different values of (-DT/Dt). For

nozzles whose shape may be represented by

AAT L b (A - (15)

(-DT/Dt) is given by Eq. (14) in Appendix III. For the case b = 1, which

corresponds to an entrance Mach number of 0.310, the expression for
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TABLE IV

Effect of Entrance Mach Number upon Cooling Rates

in De Laval Nozzle for ¥ = 1.3

M, (8747, B,/ OB monio
0. 05 11. 721 3.274
0.10 5.885 2. 210
0.15 3.952 1.718
0. 20 2.994 1. 412
0.25 2. 426 1.194
0. 30 2.054 1. 025
0.31 2.000 1. 000
0.35 1.793 0.8905
0. 40 1.602 0.7752
0. 45 1. 459 0.6775
0.50 1.348 0.5899
0.55 1. 261 0.5109
0. 60 1.193 0.4393
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(-DT/Dt) reduces to

DT n A ( ")‘/2- —r3/2.
2Dy A R) T ¢ _ 16
( D‘c) L (A ) M.) (e
In the limit as n becomes very large

A 2 a3
[oe) 2l ~) & T o

This means that (~-DT/Dt) is proportional to the exponent n in the
expression for Lhe area variation through the nozzle. Conscquently, in
order to obtain maximum values of (-DT/Dt) large values of the exponent
n should be incorporated into the nozzle design.

In recapitulation, in order to maximize the cooling rate (-DT/Dt)
in the converging porticn of the nozzle, nozzles should be designed with
(1) large entrance area-ratios A/A%*, (2) small entrance-to-throat
lengths /(7,, and (3) rapidly decreasing area ratios A/A%, corresponding

to large values of n in Eq. (15).

D. Temperature Below Which the Nitric Oxide Decomposition

Effectively Ceases

One question .which has not been answered so far in the discussion
is: at what temperature does the decomposition reaction of nitric oxide
effectively cease? In as much as nitric oxide decomposes even at room
temperature (although at an immeasurably slow rate), any criterion

which is established should specify a maximum permissible rate of decom-
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position below which the reaction may be regarded as effectively
quenched. The criterion must be based on the rates of cooling available
in the downstream flow~path. For instance, suppose it were possihle

to reduce the total temperature of the gas from a very high temperature
{greater than 3000°K say) to room temperature at the rate of 106 “K/sec.
At this cooling rate the decomposition reaction is effectively quenched

at some temperature above ZSOOOK, whereas at a lower cooling rate

the quenching temperature would be lower. For this reason downstream
cooling rates must be considered. With these preliminary statements

it should be clear that the criterion could be stated in the form of an

inequality; viz.,

+, +T

/(%)‘“ < (a8 | ’ (18)
tl

where (Ag)max is the maximum permissible decomposition, and T |is
the period of time required to reduce the total temperature to some
value near room temperature. In order to determine the temperature
under consideration from this inequality, it is necessary to know the
downstream history of d¥ /dt.

Fortunately, because of the enormous decrease in the rates of
nitric oxide decomposition with temperature, it is possible to obtain
an approximate temperature below which the decomposition has effect-
ively ceased. In Appendix IV an expression [Cf. Eq. (A IV—5)] is derived

for the time required to decompose small amounts of nitric oxide under
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equilibrium conditions with the temperature held constant. This equation
has been nsed to calculate the time to decomponse one percent and fen
percent of the initial nitric oxide concentration at various temperatures
as shown in Table V. The initial concentrations of nitric oxide, nitrogen

and oxygen were assumed to be such that KP‘ = az/bc = 3, 47x10—3,

o
which corresponds to equilibrium concentrations at 2500°K. Two values

of the initial concentration of nitric oxide were used as parameters. Two
different sets of decomposition times are reported in the body of the
table. The values not given in parenthesis were calculated using kf

irom Eq. (10), and those in parenthesis were obtained using kfw fr}gm
Eq. (12).

From these values of the decomposition time for equilibrium

conditions it is clear that the decomposition reaction during flow may be

conservatively considered to have ceased when the total temperature has

been reduced to 1500°K provided that heat exchanger equipment exists

downstream with sufficiently high cooling rates to reduce the total

- temperature to about room temperature in times of the order of ten
seconds or less. This requirement is quite conservative for modern
heat exchanger equipment.

A more elegant method of determining the temperature under con-
sideration would have been to compute the average values of (-.DT/Dt)
from Eq. (5) which is required to prevent the temperature ratio
(T0 - T‘)/(T0 - T} from exceeding a previously specified value. However,

the statement that the decomposition time reaction of nitric oxide effect-



ively ceases below 1500°K is all that is required in the practical

applications which are to be considered in this thesis.

TABLE V

Decomposition Time as a Function of Temperature

for Kp t* = 3.47x107° (T_ = 2500°K)
{Seconds)
T One Percent Decomposition Ten Percent Decomposition
°K a = 0,01 a= 0,02 a = 0,01 a = 0,02
sk
2200 0.013 ., 0.007 0.151 0.076
“o (0. 015) (0.007) {0,168) 0.084
2100 0,024 0,012 0.272 0.136
(0.025) (0.012) (0.276) (0.138)
2000 0. 051 0.025 0.567 0,283
(0. 048) (0.024) (0.522) (0.260)
1900 0,122 0. 061 1.35 0.675
(0.101) {0, 051) (1.12) (0.560)
1800 0.330 0.165 3,65 1.82
(0.242) (0.121) (2.68) (1.33)
1760 1.03 0.514 11.3 5.65
(0.655) (0.327) (7.20) (3.60)
3.70 1.85 40,6 20.3
1600 (2. 00) (1. 00) (21.9) (11.0)
1500 16,4 8.19 180 89.9
(7.50) (3.75) (82.4) (41, 2)

*  Values not in parenthesis: ka

*% Values in parenthesis: kf

from Eq.

(12) was used,

from Egq. (10) was used;
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Iv. THERMOCHEMICAL STUDIES FOR THE PRODUCTION
OF NITRIC OXIDE

In any commerical process for the production of chemicals one of
the considerations of crucial importance is the yield of the chemical
products under various conditions of manufacture. As was indicated in
the Introduction, nitric oxide is a commercially useful chemical product
suitable for manufacture by use of the methods of the gas turbine cycle.
The question naturally arises as to what are the conditions that lead to
favorable yields of nitric oxide.

Since nitrogen and oxygen unite to form nitric oxide according to

the reversible reaction

N. + O =—= 2NO |, (19)

2 2

several observations can be made. First, since the forward reaction is
endothermic, the equilibrium is shifted to the right as the temperature is
increased, according to the Principle of Lie Chatelier. Furthermore,
higher temperatures are desirable also because the rate of attainment

of equilibrium is greatly accelerated at elevated temperatures. Second,
since there is no change in the number of moles during the reaction, the
direction of the reaction is unaffected by pressure. Consequently, the
pressure level can be determined from other considerations. Third.
since the reactants, nitrogen and oxygen, are abundantly available in

the air, it is obvious that air will be the principal source of the starting
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materials. It may, however, be desirable under certain conditions to
add extra oxygen to the air. This matter is discussed later on.

The high temperatures may be obtained in three ways: (1) inlet
air may be heated in a heat exchanger; (2) fuel may be added to the inlet
air which was preheated as in (1), and the mixture burnt; and finally,

(3) the inlet air, which has been heated during the compression process
in a gas turbine cycle, may be passed through heat transfer equipment
from where the air passes to a combution chamber where fuel is added
and burnt. Daniels uses the second method in his nitrogen fixation
furnace (Ref. 2).

The combustion process in methods (2) and {3) above will consume
oxygen in proportion to the amounts of fuel employed, thus reducing the
oxygen available for nitric oxide formation. As the relative amount of
fuel is increased, however, higher and higher temperatures are reached
up to the point where the stoichiometric ratio of fuel and air is reached.
These two processes, the higher temperatures and increased competition
for the oxygen by the fuel, suggest that as the fuel-to-air ratio is
increased a maximum yield of nitric oxide occurs before the stoichio-
metric mixture ratio is reached.

At this point the question is raised whether or not it would be
advisable to add extra oxygen to the inlet air in order to increase the
yield of the nitric oxide. If oxygen-enriched air is employed, the
optimum combination of inlet air and inlet fuel temperatures, amount of
extra oxygen to be added, etc., can only be determined by economic

considerations. The most important of the economic comsiderations will
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be the relative value of the nitric oxide produced to the cost of the extra
oxygen added. However, in any event, the effect of oxygen enrichment
upon the yield of nitric oxide should be investigated. Accordingly, the
yield of nitric oxide as a function of the fuel-to-oxygen ratio and also

of the nitrogen-to-oxygen ratio (which is a measure of the amount of
oxygen added) is desired. In order to keep the labor of making these
calculations to a minimum, the method of Hdatel, Williams and
Satterfield (Ref. 17) was employed for calculating the adiabatic flame
temperatures and the corresponding equilibrium concentrations.

The calculations were made for methane CH4 burning in air or
oxygen-enriched air al a pressure of 300 psia. The results of the
computations are shown in (Fig. 3}. The inlet temperatures of both the
fuel and air were taken to be lBOOOK, a temperature which represents
an upper limit for the inlet temperatures obtainable because of the
limitations of heat exchanger equipment. In as much as somewhat lower
inlet temperatures will necessarily have to be employed in practice, the
yields of nitric oxide shown in (Fig. 3) represent maximum expected
values. The effect of lower inlet temperatures is indicated in Table VI,
where the nitric oxide yields are contrasted at 1000°K and 1300°K.
Looking first at the case where methane is burning in air without oxygen
enrichment, (Fig. 3) shows that the nitric oxide yield increases rapidly
up to a value of 1.2 pcrcent at C/O=0.17, levels off, and then slowly
decreases to 0.9 per cent at the stoichiometric mixture ratio of C/lo= 0. 25.

For the case where the air is oxygen-enriched to the extent that N/O= 2.0



-43.

(which corresponds to an increase in the oxygen concentration of eighty-
eight percent) (Fig. 3) shows that the nitric oxide yield increases
rapidly up to a value of 2.4 percent at C/O = 0. 16, and then falls rather
rapidly to 1.6 percent at the stoichiometric mixture ratio of

C/O = 0.25. Therefore, the maximum yield is doubled (i.e., increased
from 1.2 to 2. 4 percent) when the oxygen concentration is increased
approximately by ninety percent. Under these conditions it is question-
able in an economic sense whether oxygen-enrichment is worth-while.
Furthermore, the maximum yield for N/O = 2. 00 occurs at a tempera-
ture of approximately 290001{, whereas the corresponding temperature
for N/O = 3.76 is ZSOOOK. In Section III-B it was noted that the de-
composition of nitric oxide at temperatures in the neighborhood of
3000°K is likely to be large even for the extremely large cooling rates

of small sized Ne l.aval nozzles. In summary, it may be said that

although oxygen-enrichment leads to appreciable increases in the yield

of nitric oxide, it is questionable whether its use is justified.

Table VI shows the effect of inlet temperature upon the yield of
nitric oxide. From these figures and the fact that 1300°K represents
the upper limit of inlet temperatures, it is clear that yields less than
one percent are to be expected without oxygen-enrichment.

If another high-energy fuel had been used instead of methane,
the results would not have been appreciably affected. In practice, the
use of a liquid fuel is indicated in order to reduce the pumping work

required to increase the inlet pressure to values in excess of 300 psia.
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TABLE VI

Yield of Nitric Oxide in Percent for N/QO = 3.76 as a Function of Gas
Inlet Temperature for Various C/O Ratios.

T. c/0O

in
K 0.10 0.15 0.20 0.25
1000 0.32 0.67 0.72 0.62
1300 0.75 1.2 1.2 0.89

On the other hand, the heat of vaporization would have to be supplied for
liquid fuels, and the problems of increasing the inlet temperature of
liquid fuels to temperatures approaching 1300°K would be formidable.
In general, slightly lower yields are to be expected for liquid fuels. In

summary, the maximum yields of nitric oxide to be expected for the

conditions associated with the gas turbine cycle are limited to values

of about one percent.
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V. CONCLUSIONS FOR PART A - - CHEMICAL CONSIDERATIONS

The following conclusions evolve from the discussion concerning

chemical considerations given in Section III and IV:

1. The De Laval nozzle will quench the nitric oxide decomposition
reaction by limiting the decomposition to about five hundreths
of one percent for combustlion temperatures of 2500°K or less.

2. The De Laval nozzle is only moderately effective in freezing
the decomposition reaction for combustion temperatures in
the neighbarhood of 3000°K.

3. The cooling rate experienced by the gas flowing through a
De Laval nozzle increases very rapidly to enormous values,
reaching such rates as 106 °K/sec when the gases have
expanded to a Mach number of 0.5 and 107 °K/sec at a Mach
number of 0.8 for typical nozzle geometries.

4. The cooling rate (-DT/Dt) in the converging portion of
De Laval nozzles may be maximized by designing the nozzles
with (1) large entrance area-ratios A/A%, (2) small
entrance-to-throat lengths £ , and (3) rapidly decreasing
area ratios A/A%*,

5. The nitric oxide decomposition reaction may be considered
to have ceased when the total temperature has been reduced

to ISOOOK, assuming the existence of heat exchanger equip-
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ment downstream which is capable of reducing the
temperature of the gases to room temperature in times

of the order of ten seconds or less.

The use of oxygen-enriched air in order to increase the
vield of nitric oxide is of doubtful value.

The maximum yields of nitric oxide to be expected for the
conditions associated with the gas turbine cycle are limited
to values of about one percent and will occur at fuel-to-air

ratios less than stoichiometric.
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VIi. GAS TURBINE CYCLE

A. General Introduction

In the Introduction it was explained that the energy of the exit
gases from the De Laval nozzle must be extracted in order (1) to pre-
vent the recovery of the stagnation or combustion-chamber tempera-
ture of the gases when they are finally brought to rest and (2) to
utilize the available energy of the exit gases for useful purposes be-
cause of economical considerations. The use of a turbine for the
purposes of energy extraction was mentioned as one possible method.

A brief discussion of the gas turbine cycle and of the associated problems
was presented also. It was noted that heat exchanger limitations placed
restrictions upon the attainable combustion temperatures. However,
long before heat transfer equipment becomes a limiting factor in the
attainment of higher combustion temperatures the problem of turbine
blade cooling enters. The turbine blade cooling problem is considered in
some detail from the thermodynamic point of view in the next subsection.
The effect of transpiration and film cooling upon cycle performance is
considered in a following subsection. Ths important problem of turbine
blade stresses is not investigated.

Temperatures of 2500°K (-’45040O F) and higher are desired in the
combustion chamber in order to enhance the yield of nitric oxide. In
addition to the desirability of higher temperatures for the sake of

increasing the yields of nitric oxide, higher operating temperatures can
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lead to highly significant increases in cycle performance. The advan-
tages occurring from higher Lurbine inlel temperatures are well known
(Cf, for instance, Ref. 18), and consequently will not be discussed here.
Attention is merely called to the fact that for a given flow rate the out-
put-power per pound of working fluid is proportional to the turbine inlet

temperature.

B. Turbine Blade Cooling

The problems of turbine blade cooling associated with total
temperatures of 2500°K (4040°F) and above are quite formidable. So
severe are the operating conditions the use of unconventional methods of
cooling the turbine blades is indicated. The various methods of turbine
blade cooling are discussed next.

1. Methods of Turbine Blade Cooling

A survey of the status of turbine blade cooling problem at the end
of World War II together with a summary of NACA investigations of gas
turbine blade cooling to the end of 1947 was presented in a paper by
Ellerbrock (Ref. 19). The results of the analytical investigations of the
NACA up to the end of 1947, as reported by Ellerbrock, are summarized
in Table VII. Three possible methods of turbine blade cooling by means
of conductive heat transfer were investigated: (1) rim cooling, in which
the temperature of the rim of the turbine wheel is reduced by the cool-
ing fluid and the blades are cooled by heat conduction to the rim; (2)

hollow-blade air cooling, in which air is forced through hollow turbine
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TABLE VII

Methods of Turbine Blade Cooling

Type Approximate Maximum Allow- Coolant Rate
of able Effective Gas Temperature| Hot Gas Rate

Cooling °F °K Percent

I. Rim 1800 1255

IlIa. Hollow Blade 2000 1360 13

without Inserts

ITb. Hollow Blade

with Inserts 2300 1533 5

ITIa. Internal

Liquid Cooling 3000 1922

IIIb. Ceramic Coat-

ing with Internal 3500 2200

Liquid Cooling

" Comguted from figures presented in Reference 19, assuming
15007F as the maximum permissible effective gas temperature
for turbine blades without cooling.
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blades and out through the blade tips; and (3) internal liquid cooling,

in which a liquid is circulated in a closed system through the passages
in the turbine blades and disks. In method (2) the effect of inserts in
the hollow blade passages was also investigated. In connection with
internal liquid cooling the effect of ceramic coatings was also reported.
From the figures in TableVII it is clear that only internal liquid cool-
ing with ceramic coatings on the turbine blades allows an approach to
temperaturcs of 2500°K. Objections to this method of cooling arises

on the grounds that a considerable amount of energy is conducted
through the blade walls to the cooling fluid. Unless a significant pro-
portion of this energy can be recovered in an economically useable form,
then this method will suffer economic disadvantages as compared with
other possible methods of turbine blade cooling. Although considerable
progress (including the operation of a secondary turbine by the exhaust
from the rotating steam generator) has been made with internal water
cooling by Schmidt in Germany (Ref. 20), it was felt that a more satis-
factory solution to the turbine blade cooling problem for temperatures
near 2500°K could be obtained by the methods of transpiration cooling
and of film cooling. These methods do not suffer from the previously
mentioned objection to internal liquid cooling. For aircraft applications
the amount of cooling fluid consumed in transpiration or film cooling
assumes the same vital importance as fuel consumption. For station-

" ary, open-cycle power-plant applications, however, the amount of cool-

ing fluid employed is of only secondary importance. In a power-plant
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cycle in which nitric oxide is being manufactured, the coolant injected
into the main stream tends to increase the recovery costs of the nitric
oxide by further diluting the concentration of the desired product. The
amount of coolant required in transpiration and film cooling is, how-
ever, so small that the effect of coolant injection both upon nitric oxide
recovery costs and upon cycle performance assumes only secondary
importance. For this reason, therefore, only the application of trans-
piration and film cooling methods to the turbine blade cooling problem
has been considered in this thesis.

Transpiration cooling is the cooling which is afforded to a sur-

face by the protective layer formed when a fluid is injected through a
porous medium into a hot atmosphere. If the fluid is a liquid, the cool-

ing is called liquid transpiration cooling, or more picturesquely, sweat

cooling. If the fluid is a gas, the cooling is called gaseous transpiration

cooling, or alternatively, porous wall cooling. Film cooling is the cool-

ing afforded to a surface by the protective film formed when a fluid is
injected through a relatively small number of holes or slots and then is
carried downstream over the surface by the main stream. Again, the
coolant may be either a gas or liquid. However, liquids are used almost
invariably for this purpose, and hence the term '"film cooling'' has come
to imply liquid coolants. Film cooling resembles liquid transpiration
cooling, but differs in the fact that the film must be renewed at successive
points downstream as the liquid is evaporated, whereas in liquid trans-
piration cooling the coolant is injected more or less uniformly over the

surface.
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A certain amount of experimental work and theoretical study has
been done on transpiration and film cooling. The principal theoretical
treatments for the case of turbulent flow, which is the type of [low of
most practical interest in rocket motors and in gas turbines, are those
of Rannie (Ref. 21), Friedman (Ref. 22}, and Crocco (Ref. 23). Ref-
erences to experimental work may be found in these papers. Crocco's
treatment is the most general and is an extension of Rannie's approxi-
mate theory of gaseous transpiration cooling to the case in which the
coolant may react chemically with the main stream gases. Crocco
develops a general expression, which is valid for gaseous and liquid
transpiration cooling and for film cooling. A more intensive treatment
of the case for film cooling is given by Knuth (Refs. 24 and 25), who
eliminates one of the basic assumptions common to all of the theoretical
studies. Knuth does not make the assumption that the influence of the
injected fluid is confined to the laminar sublayer, but instead considers
the influence of the coolant upon the turbulent core.

Recently E.R.G. Eckert and Livingood have considered the
application of a transpiration cooling to gas turbine blades. Calcula-
tions pertinent to the laminar flow region near the leading edge of the
blades is presented in Reference 26. Calculations for an arbitrarily
chosen transpiration-cooled gas-turbine blade are presented in Ref-
erence 27, using the Rannie-Friedman approximate theory for the tur-
bulent regions around the blades.

It is well known that the boundary layer over the forward portion
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of turbine blades and airfoils is laminar for a certain distance along
the blade. At a certain point along the blade and near the point of
minimum pressure, transition occurs from a laminar to a turbulent
boundary layer. The extent of the laminar layer is longer on the pressure
side of the blade than on the suction side. The exact point of transition
cannot be predicted accurately for transpiration-cooled blades because
little is known as yet about the effect of the injected coolant upon the
location of the transition point. Qualitatively, one would expect the in-
jected coolant to have a destabilizing influence and to shift the transition
point forward. On the other hand, cooling of the boundary layer is ex-
pected to have a stabilizing effect according to the work of Lees (Ref. 28).
The coolant requirements are greater for a turbulent boundary
layer than for a laminar one because of the additional heat transported
by turbulent exchange, which is present in the turbulent boundary layer
but not in the laminar layer. The recent work of Giedt (Ref. 29) in-
dicates that the level of turbulence in the gas stream flowing normal to
the axis of a solid circular cylinder increased the local heat transfer
coefficients between ten and'twenty percent over low turbulence level
values for the otherwise laminar boundary layer over the entire reach of
the laminar boundary layer. In as much as a high turbulence level is to
be anticipated in the main stream gases flowing past gas turbine blades,
the coolant requirements can be expected to be greater than thosc cal-
culated for the laminar regions on the basis of a purely laminar bound-

ary layer.
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The purpose of this section is to determine conservative
estimates of the coolant requirements for both transpiration and film
cooling of gas turbines operating with combustion temperatures near
2500°K. Consequently, the boundary layer around the entire length of
thie blades is assumed to be turbulent. This assumption not only leads
to conservative estimates of coolant requirements, but also leads to
simplications in the calculations. Next, the thickness of the laminar
sublayer of the turbulent boundary layer is assumed to be very much
smaller than the radius of curvature of the turbine blades so that the
blades may be treated as flat plates. Under these two assumptions
the problem reduces to Rannie's approximate theory of porous wall
cooling {Ref. 21) for the case of gaseous transpiration cooling or to an
extention of Rannie's theory along the lines taken by Crocco (Ref. 23)

for the cases of liquid transpiration cooling and of film cooling.

2. Transpiration Cooling with a Gas

The coolant requirements for transpiration-cooled turbine blades
are determined by using Rannie's approximate theory of porous wall
cooling in which the coolant gases are chemically inert with respect to
the main stream gases. An outline of the assumptions involved in
the theory is given in Appendix VI, where an approximate expression,
which is valid for small coolant flow rates, is derived. The derivation

leads to the simple equation

N oz | S Cem(Ts = TW) (Sf_ , 20
Wy G 2 CPW(TW _ T;) 2) ( )
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where W is the coolant mass flow rate per unit area of porous wall;

Wg is the main stream flow rate per unit area; Tg’ TW, and Tr are

the total temperatures of the main stream, at the wall surface, and of

the coolant in the reservoir on the inside of the turbine blades, respect-

ively; Cp is an average value of specific heat at constant pressure

m

between T and T ; c_ is the average value of ¢_ between T_ and
w g P p r

T _; c,. is the skin friction coefficient ( = T_/Lpu 2). A comparison

w’ f w' 2" g
of Fq. (20) with Eq. (19) of (Ref. 21) is shown in (Fig. 4). The
variation of L, for c¢__ /c = 1 over a number of temperature-com-
G pm’ pw

binations is shown in Table VIII. In general, L _. is less than 3.0 for

G
most temperature combinations, and therefore the approximate
expression for Wc/wg given by Eq. (20) represents a good approximation
to Rannie's more complicated equation in the range ot practical interest
in turbine applications. Furthermore, the approximate expression

gives conservative values of the coolant requirements. In addition,

Eq. (20) clearly shows the effects of the important parameters involved.
The parameter, which is at the disposal of the designer, is the tempera-
ture ratio (Tg-Tw)/(TW-Tr). The coolant requirements decrease with
increasing allowable turbine-blade wall temperatures. The tempera-
ture difference Tw'Tr in the denominator is an important factor and
clearly indicates the advantages of reducing the temperature of the inlet
coolant air. If the coolant air is bled from the high pressure end of

the compressor, the use of an aftercooler in the coolant line between the

compressor and the turbine would be clearly beneficial in reducing the
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TABLE VIII

Variation of the Parameter L, = ¢_ (T _ - T_)/c_ (T. - T.)
G Pm & W' Pw W r

For a Number of Temperature Combinations

(cpm/cPW = 1)
Wall Temperature Tw’ °k
Tg Tr
op oy 1150 1075 900
1400 300 0.294 0.517 0.834
" 600 0. 455 0.882 1. 66
1600 300 0.530 0.794 1.17
" 600 0.818 1.35 2,33
1800 300 0.765 1. 07 1.50
" 600 1.18 1.82 3.00
2000 300 1. 00 1.34 1.83
" 600 1.54 2.29 3.67
2200 300 1. 24 1.62 2.17
" 600 1.91 2.76 4.33
2400 300 1. 47 1.90 2.50
" 600 2.27 3.23 5.00
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coolant consumption.

An upper limit for wc/wg may be obtained by employing the
values of Cg for a flat plate in turbulent flow. {That Ce for a flat plate
does provide an upper limit can be seen from the discussion given by
Goldstein (Ref. 30, p. 406)]. For the Reynolds number (ReC = ugc/Og)

range from 105 to 109, Prandtl found that the formula

-2.53
c, = o0.455(leg, Re) (21)

gives satisfactory values for c.. [Cf. Goldstein Ref. 30, p. 365 and
Fig. 110)}, The values of c; for the above formula have been computed
and tabulated by H. Schlichting (Ref. 31, p. 104). The ratio of the

mass flow rates of the coolant and main stream (WC/W =P VCAs/p u A

g g 8

is more useful than the ratio of the mass flow rates per unit area
(WC/Wg = pcvc/pgug). WC/Wg is obtained from w_ /Wg by multiplying
by the surface area of the turbine blades A_ through which the cooling
fluid is injected and dividing by the passage area between the blades

AP through which the main stream gases flow; that is,
W= w A /Ap : (22)

The surface area of the turbine blades A  may be expressed approx-

imately as

where x = —‘%,_—(x1 + XZ)’ % is length of one curved surface of blade
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measured parallel to the flow, x, is length of the other side of blade,

2
and s is the span of blade. The passage area Ap may be expressed as

AP = Sd )

where d is the average width of passage between adjacent blades measured

normal to the flow., Therefore,
A /A, = 20, /c)e/d) (23)

where c is the chord length of blade. Vincent (Ref. 32, p. 500) gives
the range of the solidity ratio c/d as 1.37 -~ 1.70 for turbine applica~-
tions. A consideration of impulse blade shapes leads to the conclusion
that xm/c will lie between 1.0 and 1.5, Consequently, the practical
limits for AS/Ap are 3.0 and 5.0. These two figures have been used
as limiting values.

The mass~flow-rate ratio Wc/Wg is tabulated as a function of
the main-stream gas temperature Tg in Tables IX, X and XI  for

6 and 107,

Reynolds numbers based on the blade chord of 105, 10
respectively. The wall temperature Tw’ the reservoir temperature Tr
and the area ratio As/Ap are employed as parameters in each of the
tables.

From these tables the dependence of the coolant requirements
upon the different temperatures is clearly illustrated. Referring to
Table X for Re_ = 106, it can be seen that (1) in order to reduce the

wall temperature Tw by 250°K from 1150°K to 900°K, the coolant

flow must be doubled (other variables held constant); (2) in order to
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maintain the wall temperatures constant when the coolant inlet tempera-
ture Tr is increased from 300°K to 600°K requires that the coolant
flow rate must be increased by about 150 percent; (3) in order to main-
tain the wall temperature constant when the main stream gas tempera-
ture Tg is increased by 400°K demands that the coolant flow rate be

increased by about 150 percent.

3. Transpiration Cooling with a Liquid

An approximate expression for the coolant evaporation rate for
liquid transpiration cooling in turbulent flow is derived in Appendix VII
by an extension of Rannie's approximate theory of porous wall cooling
in a manner similiar to that employed by Crocco.* Only the case in
which the coolant is chemically inert with respect to the main stream
gases is considered. The assumptions involved in the theory may be
found in the first part of Appendix V1I. The essential difference between
gaseous and liquid transpiration cooling lies in the fact that in the case
of gaseous transpiration cooling the heat transfer to the porous wall is
governed by the coolant flow rate, whereas in the case of liquid trans-
piration cooling the rate of heat transfer determines the evaporation
rate. While the coolant flow rate in gaseous transpiration cooling may
be selected arbitrarily over a wide range, the evaporation rate and
hence the minimum coolant-injection rate is determined by the flow con-
ditions of the main stream. Under the assumption that the evaporation

rates are small, which is true for conditions of practical interest in gas

* The analysis presented in Appendix VII was made prior to the publi-
cation of Crocco's admirable paper,
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TABLE IX

The Effect of Important Parameters Upon Coolant Requirements

in Gaseous Transpiration Cooling of Turbine Blades

5
o/ Spw = I; Re -ﬁgugc,///xg = 10
Coolant Flow Rate WC/Wg in Percent
AS/A = 3.00 AS/A 5.00
T T P P
w g
O Ox Reservoir Temperature Tr’ °K
300 600 300 600
1150 1400 0.31 0.48 0.52 0.81
n 1600 0.56 0,87 0.94 1.4
" 1800 0.81 1.2 1.3 2.1
n 2000 1.1 1.6 1.7 2.7
" 2200 1. 2.0 2,2 3.4
H 2400 1. 2.4 2.6 4.0
1025 1400 0.55 0.94 0.92 1.6
" 1600 0.85 1.4 1.4 2.4
" 1800 1.1 1.9 1.9 3.2
1 2000 1.4 2.4 2.4 4,1
" 2200 1.7 2.9 3.0 4.9
t 2400 2.0 3.4 3.4 5.7
900 1400 0.89 L. . 3.0
" 1600 1.2
n 1800 1.6
3 2000 1.9 9
" 2200 2.3 .6
3 2400 2.6 .3 .
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TABLE X

The Effect of Important Parameters Upon Coolant Requirements

in Gaseous Transpiration Cooling of Turbine Blades

1. 3 - 10f
CPm/LPW = 1; Rec —./qugc//f-tg = 10

Coolant Flow Rate WC/Wg in Percent

AS/Ap = 3.00 As/Ap 5.00

Ty Tg -

° o Reservoir Temperature T , 'K

K K

300 600 300 600

1150 1400 0.20 0.30 0.33 0.51
r 1600 N.35 0. 56 0.59 0.91
" 1800 0.51 0.79 0.85 1.3
" 2000 0.67 1.0 1.1 1.7
" 2200 0.82 1.3 1.4 2.1
" 2400 0.98 1.5 1.6 2,5
1025 1400 0.34 0.59 0.58 0.98
i 1600 0.53 0.90 0.88 1.5
" 1800 0.72 1.2 1.2 2.0
" 2000 0.90 1.5 1.5 2.5
" 2200 1.1 1.8 1.8 3.1
" 2400 1.3 2.1 2.1 3.6
900 1400 0.56 1.1 0.93 1.8
" 1600 0.78 . 1.3 2.6
" 1800 1.0 2. 1.6 3.3
" 2000 1.2 2.0 4,1
u 2200 1.4 2. 2.4 4.8
1 2400 1.7 2.8 5.6
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TABLE XI

The Effect of Important Parameters Upon Coolant Requirements

in Gaseous Transpiration Cooling of Turbine Blades

. _ _ 7
CPm/CPW = 1; Rec "/ogugc//ag = 10

Coolant Flow Rate Wc/wg in Percent
AS/AP = 3,00 AS/ALp = 5,00
T T
w g o
o o Resgservoir Temperature Tr’ K
K K
300 600 300 600
1150 1400 0.13 0.20 0.22 0.34
i 1600 0.23 0.37 0.40 0.61
" 1800 0.34 0.53 0.57 0.88
t 2000 0.45 0.69 0.75 1.1
" 2200 0.55 0. 86 0.93 1,4
" 2400 0.66 1.0 1.1 1.7
1025 1400 0.23 0.39 0.39 0.66
m 1600 0.36 0.61 0.59 1.0
1 1800 0.48 0.82 0.80 1.3
b 2000 0,60 1,0 1.0 1.7
" 2200 0.73 1,2 1.2 2.0
" 2400 0.85 1.4 1.4 2.4
900 1400 0.37 0.75 0.62 1.2
* 1600 0.52 1.0 0. 84
" 1800 0.67 1.3 1.1 2.
Ll 2000 0.82 1.6 1.3
" 2200 0.97 1.9 1.6
" 2400 1.1 2,2 1.9 .7
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turbine applications, the derivation leads to the simple equation

C c m(T - T)
R - S pn ~ 9 £ G%) ; (24}
9 2 AH, + ¢ (T - T)

where Cpm and Cpl are the average values of the specific heat at
constant pressure between T, and Tg and between Tr and T,
respectively; Tg’ Tf and 'I‘r are the total temperatures of the main
stream gases, of the liquid-gas interface, and of the liquid coolant in
the reservoir, respectively; and AHV is the latent heat of vaporization
of the coolant under the prevailing pressure. The temperature of the
liquid-gas interface for very large main stream gas temperatures is
approximately equal to the boiling temperature of the coolant. Since
very large working-fluid temperatures are of the principle concern of
this section, the approximation is made that Tf is taken equal to the
boiling temperature of the coolant under the prevailing pressure. This
approximation becomes progressively poorer as the main stream
temperature is reduced. For conditions under which the above approx-
imation is not justified, the liquid-gas interface temperature may be
calculated by a method outlined by Knuth (Ref. 24).

A comparison of Eq. (24) with Eq. (15) of (Ref. 23) is shown in
(Fig. 5). Water is the logical coolant for stationary gas turbines, while
some fuel such as gasoline or kerosene is more appropriate for air-
craft gas turbines. The variation of L for water under a number

L

of conditions is shown in Table XII, where the temperature of the liquid-
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gas interface 'I‘f is taken as the boiling temperature.

TABLE XII

Variation of the Parameter LL for Reservoir Temperature ‘l'r = 3OUOK

and for Tf Taken Equal to the Boiling Temperature of the Coolant.

Pressure Tg Tf AHv
Coolant atm. °r °k Btu/lb L.
Water 1 1500 373 970 0.902
" 1 2000 373 970 1.43
" 1 2500 373 970 1.99
" 20.4 1500 487 809 0.825
" 20.4 2000 487 809 1.31
H 20.4 2500 487 809 1.82

Since the average value of the Prandtl number of water vapor for the
conditions under consideration is close to 0.70, and since LL for water
is less than 2. 00, the approximate expression for the coolant evapor-
ation rate Wc/wg given by Eq. (24) represents a good approximation to

Crocco's more complicated equation in the range of L. of practical

L
interest in stationary gas turbine applications.

From an inspection of Eq. (24) it is apparent that the coolant

should have (1) a large latent heat of vaporization and (2) a high boiling
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point. Increasing T, has the double advantage of decreasing the
numerator of Eq. (24) and of increasing the denominator, both of which
tend to reduce the evaporation rate. Water, of course, is undoubtedly
the most suitable fluid to employ.

As in the case of gaseous transpiration cooling, the area ratio
AS/Ap may be introduced. Then the coolant evaporation may be ex-

pressed as

W L s S i
Wy LA, 2 (25)

]

Coolant evaporation rates as computed from Eq. (25) are presented in
Table XIII for the same Reynolds numbers, main stream gas tempera-
tures, and area rations As/Ap as were used in the case of gaseous
transpiration cooling. Table XIII is arranged to facilitate comparision
with Tables IX, X and XI. Referring to Tables X and XIII it is seen
that:

1. if the allowable surface temperature T is 11500K(16100F),
gaseous transpiration cooling is superior to liquid trans-
piration cooling, and the superiority of gaseous cooling
decreases with increasing main stream gas temperature;

2. if the allowable surface temperature Tw is 1025°K (13850F),
gaseous transpiration cooling is slightly superior to liquid
transpiration cooling for 'I'g less than 1800°K if the
reservoir temperature is 3OOOK, and inferior if the reser-

vior temperature is 600°K;
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TABLE XII

Evaporation Rate for Water as Coolant in Liquid Transpiration

Cooling as a Function of the Important Parameters

Re Evaporation Rate W /W in Percent
C T c g
::/%ugc g
- °K A /A = 3.00 A /A = 5.00
s P s P
1400 0.78 1.3
1600 1.0
5 1800 1,2 .
10
2000 1.4
2200 1.6 .
2400 1.8 .
1400 0.50 0.81
1600 0.61 1.0
106 1800 0,74 1.2
2000 0.84 1.4
2200 1.0 1.7
2400 1.1 1.9
1400 0.33 0.55
1600 0.41 0.68
7 1800 0.50 0,83
10
2000 0.58 0.97
2200 0.67 1.1
2400 0.77 1.3
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3. if the allowable surface temperature T, is 900°K (1160°F),
(which is the case of practical interest when the service life
of the turbine blades must be long), gaseous transpiration
cooling is inferior to liquid transpiration cooling for both res-

ervoir temperatures of the gaseous coolant.

The life of the turbine blades is likely to be an important con-
sideration in a gas turbine cycle employed to manufacture nitric oxide.
Furthermore, the amount of strategic metals, such as cobalt, nickel
and chromium, which are required for turb@nes operating at high
temperatures, should be kept at a minimum. For these two reasons the
use of lower wall temperatures is definitely indicated. Therefore, on
the basis of coolant requirements alone, the use of liquid, as opposed
to gaseous transpiration cooling, is in order. Moreover, the wall
surface temperatures for liquid transpiration cooling are approximately
equal to the boiling temperature of the coolant. This fact is another
point in favor of porous wall cooling. However, it should be noted that
the figures for liquid transpiration cooling are evaporation rates, and
consequently these figures represent minimum coolant requirements.

A slight amount of extra coolant should be employed as a pre-cautionary
measure. However, any coolant introduced in excess of the evaporation
rate can not evaporate and will be carried away by the main stream.

The injection of excess coolant does not directly increase the protection
afforded the turbine blades, and consequently, the extra coolant injected

should be kept at a minimum consistent with safety. A discussion of the
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behavior of the liquid-gas interface as the coolant injection rate is
increased is presented by Kinney and Abramson (Ref. 33). As the
coolant flow rate is increased the liquid-gas interface becomes pro-
gressively less stable. At the higher flow rates a wave-like structure
appears on the liquid surface and appreciable amounts of coolant are
carried-off in the form of droplets by the main stream. Such high
coolant injection rates are to be avoided, since any coolant removed
by the main stream in this fashion is wasted.

So far in the discussion no mention has been made of a serious
disadvantage associated with liquid transpiration cooling. The evapor-
ation of the liquid film on the porous walls exposed to the hot gases is
inherently unstable, If the coolant flow should be interrupted only
momentarily, the liquid will flash back through the porous wall and
begin to boil on the interior of the turbine blades. Although some pro-
tection is afforded the blades by the vapor passing through the porous
walls, it is unfortunately true that porous walls which are suitable for
liquid transpiration cooling are not appropriate for gaseous trans-
piration. As will be shown in the next paragraph, the mass flow rate
of the vapor through the porous wall when the liquid is boiling on the
interior surface must be approximately equal to the previous mass flow
rate of the liquid in order to prevent the destruction of the walls by the
hot gases. Therefore, since the effective flow-area through the porous
walls hasn't changed, the product (pv) must be the same {as can be seen

from the continuity equation) whether the liquid or its vapor is passing
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through the walls. At a pressure of twenty atmospheres the density of
water is eight order of magnitudes greater than its vapor, which means
that the velocity of the vapor must become eighty times greater than that
for the liquid. Since the pressure differential across the walls has
remained constant, there is no way of obtaining the required vapor
velocities.

For calculation of the required pressure drop across the porous

wall in order to produce the prescribed coolant flow rate, the work of
Green (Ref. 34) and Ellerbrock (Ref. 35) should be consulted. Green
expressed the difference of the squares of the pressures acting on both
surfaces of a porous wall in terms of (1) the coolant mass flow rate,
(2) the blade thickness, (3) the dynamic viscosity of the coolant at the
wall, and (4) the outer wall temperature. Ellerbrock (Ref. 25) showed
that the experimental data of the NACA could be correlated by plotting
(prz - pgz)/(ﬂzc,w/wTw) against (pcvc%,w)’ where /Zw is the

wall thickness.,

4. Transpiration Cooling with Internal Liquid Vaporization

In order to overcome the vapor-lock phenomena associated
with liquid transpiration cooling, the porosity of the walls could be in-
creased to a value which would permit the passage of the mass flow
corresponding to the evaporation rate of the liquid under the prescribed
main stream flow conditions.

This manner of transpiration cooling is fundamentally identical

to liquid transpiration cooling. In both cases the evaporation rate is
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determined by the exterior heat transfer from the main stream gases.
In both cases the latent heat of vaporization is an important factor. An
approximate expression for the coolant evaporation rate, correspond-
ing to Eq. (24) may be obtained directly from the relations derived for
liquid transpiration cooling. Only the boundary conditions need be
changed. The slight modifications which are necessary are explained
in Section 2, Appendix VII and lead to the following approximate

equation for the coolant evaporation rate:

—vv_-= = v £ 2'6
s Yoa AHy + Cpplm - ) + G (T - T, 2) (20)

We L C{- Cpm (T'J - TW ) (C{-
%)

where pr is the heat capacity at constant pressure of the vapor between
Tf and Tw’ and TW is the temperature of the wall surface exposed to
the hot gases. As was previously explained, T, will be approximately
equal to the boiling point of the liquid under the given pressure. The
temperature of the wall surface TW will be only slightly greater than

T The temperature difference (T - T,) would be roughly between

£
50 and 100°K for most cases of interest. Consequently, in comparing

Eqgs. (24) and (£b), it 1s clear that L is slightly less than L. due to

LV L

the presence of the term pr(Tw - Tf) in the denominator of Eq. (26),
which is not present in Eq. (24), and due to the fact that Tw is slightly
greater than Tf' Therefore, the evaporation rate for the present case

of transpiration cooling is only slightly more effective than ""pure"

liquid transpiration cooling. Consequently, designing the porous walls
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to permit stable internal evaporation of the coolant not only overcomes
the vapor-lock problem, but also leads to an actual reduction in the
coolant evaporation rate. Therefore, recalling that liquid trans-
piration cooling was superior to gaseous transpiration cooling when
the service-life of the turbinec blades, ctc., are important consider-
ations, it may be concluded that transpiration cooling with internal
liquid vaporization is the most promising of the turbine blade cooling

methods considered so far.

5. Film Cooling

Again, as in the case just discussed, film cooling is funda-
mentally identical to liquid transpiration cooling. In both methods the
coolant requirements are determined by the evaporation rate, which
in turn is controlled by the main stream flow conditions. As in the
previous case, only the boundary conditions need be changed in order
to obtain the expression for the coolant requirements. In order to be
consistent with the assumption used in the derivation that derivatives
in direction parallel to the wall are negligible in comparision with
derivatives in the normal direction, the coolant is assumed to be in-
jected at the temperature Tf’ which is near the boiling point of the
coolant. The heating of the coolant from the reservoir temperature Tr
to Tf is neglected thereby. With these assumptions the expression for

the coolant evaporation rate becomes

We Ce Com (Tg = T¢) ' C{:) .
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Comparing Eqgs. (24) and (27), it may be seen that LF is greater than
LL due to the presence of the term CPJZ (Tf- Tr) in the denominator of
Eq. (24), which is not present in Eq. (27). Consequently, the evapor-
ation rate for film cooling will be somewhat greater than for liquid
transpiration cooling. Actually, film cooling is a little more effect-
ive than would be indicated by Eq. (27), because the evaporation rates
in the vicinity of the point of injection will be lower than the formula
indicated due to the neglection of the term °bg (Tg- T,). Nevertheless,
over most of the reach of the liquid film Eq. (27) adequately represents
the coolant requirements for low evaporation rates.

In recapituation, the relative merits of cooling by gaseous
transpiration, by liquid transpiration, by transpiration with internal
liquid vaporization and by liquid films may be obtained through com-

L

paring the factors Lo, L and L,.. When service conditions

L’ 7LV

dictate the use of allowable wall temperatures of 9000K (11600F) or less,
LL and LLV are the smallest of the four factors. Because of the
vapor-lock phenomena associated with liquid transpiration cooling, the

design of porous walls to permit transpiration cooling with internal

liquid vaporization is the most promising of the four cooling methods

considered.

6. Miscellaneous Consideration Regarding Turbine Blade Cooling

(a) Effective Gas Temperature and Mach Number Relative to the
Blades

The temperature Tg employed in connection with transpiration
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and film cooling was the total temperature of the main stream. The
corresponding temperature in turbine applications of these cooling
methods is the total temperature of the main stream relative to the
turbine blades. This relative total temperature will be denoted by the
symbol Tor' It should be noted that this total temperature varies
over the blade span.

In Part A of this thesis the desirability of expanding the gases
to low static temperatures in order to ""ireeze" the nitric oxide de-
composition reaction was explained. In Section III-D it was shown that
the decomposition reaction during flow may be conservatively con-
sidered to have ceased when the total temperature has been reduced to
1500°K. In order to secure a static temperature of 1500°K from a
combustion-chamber temperature of ZSOOOK, an expansion to a Mach
number of 1.82 for ¥ = 1.4 0or of 2.10 for ¥ = 1.3 is required. The
corresponding Mach numbers relative to the blades will be somewhat
less. However, due to limitations on turbine wheel speeds, the Mach
number relative to the blades M will be greater than unity for the
above conditions. Unfortunately, this circumstance would cause the
formation of a shock wave across the blade rows and would lead to
some loss in turbine efficiency. Furthermore, the flow accelerates
over a portion of the suction side of the blade. This means that the
Mach number relative to the blades at the entrance to the blade row must
be less than one to avoid the formation of shock waves. Under these

conditions the avoidance of shock waves is impractical in the application
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of gas turbine cycle to the manufacture of nitric oxide. Moreover,
shock waves do not have the drastic effect upon performance in turbines
that they do with wings on aircraft. Under these circumstances it is
better to expand to relatively high Mach numbers in order to reduce

the total temperature relative to the turbine blades even though Lhis
means an increase in the static temperature of the gases due to the
shock waves.

In Appendix VIII an expression for Mr at the entrance to the
blade row is derived (Cf. Eq. A VIII-2). Having determined M_, the
ratio of the total temperature relative to the blades to the total
temperature (i.e., Tor/To) may be computed. The results of calcu-
lations for the range of turbine parameters likely to be encountered in
practice are shown in (Fig. 6). The total temperature ratio Tor/To
is plotted for isentropic expansion { ¥ = 1.30) against the ratio of the
static temperature to the total temperature T/To. The (absolute) Mach
number relative to a fixed coordinate system M and the ratio of the
total pressure to the static pressure pO/p, corresponding to T/TO, are
indicated also along the abscissa. The ratio of the turbine wheel speed

to the velocity of sound in the combustion chamber U /ao and the blade

W
entrance angle & are used as parameters. The range of practical
interest for Uw/a0 and « are 0.30 - 0.50 and 14° - 24°, respectively.
These values are used to indicate the limits of variation of Tor/To.

The dash-dot line indicates a relative Mach number M_ equal to one,.

To the left of this line the relative Mach number is less than one and to
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the right, greater than one. In general, for M, less than one, Tor/To
is greater than 0.88, and T/TO is greater than 0.75. For To equal

to 25000K, the total temperature relative to the blades T for

UW/a.O = 0.5 and X = 14° is 2200°K. On the other hand, expansion to

M = 2.5 reduces the total temperature relative to the blades to about
1950°K under the same conditions. Although a total temperature relative
to the blades of 1500°K cannot be obtained, the extraction of energy by
the turbine will quickly reduce Tor to ISOOOK. Lower values of Nir
and Tor/To may be attained by mounting the turbine nozzles upon a
nozzle ring which may be rotated in the direction opposite to the rotation
of the turbine wheel. Actually, this nozzle ring would resemble another
turbine wheel in appearance. Although such a wheel adds energy to the
main stream gases, the counter-rotation arrangement actually leads to
somewhat lower Mach numbers and total temperatures relative to the
turbine blades.

(b) Pressure Distribution Around Blades

The pressure distribution over the blades is not uniform and this
fact has a significance for transpiration cooling. It means that the
pressure differential driving the coolant through the porous wall varies
over the blade surface. Consequently, unless the blade thickness and/or
porosity are modified to obtain uniform flow, the coolant mass flow rate
per unit area will not be uniform as assumed. Over most of the blade
the porosity and the thickness may conceivably be varied to obtain the

desired local flow rates. However, the leading and trailing edges of
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impulse blades are particularly difficult to cool directly because of the
thick walls in these regions. Nevertheless, since the effect of trans-
piration cooling is likely to persist downstream from the last points of
injection and since the turbine is continuously reducing the total tem-
perature of the gases by extracting energy, the trailing edge is not as
critical as would appear at first glance. On the other hand, the leading
edge is subjected to the full total temperature of the gases relative to
the blades as well as to the full total pressure relative to the blades.
Therefore, at the leading edge not only are the cooling requirements
most severe, but also the means of meeting these requirements are
hindered by the relatively smaller pressure differential acting over a
relatively thicker section of the blade.

The purpose of this thesis is not to determine the local cooling
requirements, but to obtain over-all requirements and to compare the
various methods of turbine blade cooling. The methods of determining
coolant requirements previously presented should give conservative
estimates for total coolant requirements.

(c) Total Gas Turbine Cooling Requirements

Under the high temperatures necessary in the manufacture of
nitric oxide, other parts of the gas turbine in addition to the turbine
blades will require cooling. No one single method of cooling will be
most appropriate for all parts. Calculation of total coolant require-
ments must be related necessarily to specific designs. Consequently,
no attempt has been made to compute the total coolant requirements

for the entire gas turbine.
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(d) Radial Motion of the Boundary Layer

The boundary layer is given a radial component of motion due to
the action of centrifugal forces. The radial pressure gradient which
exists in the main stream is appreciably smaller than the radial
pressure gradient which tends to exist in the boundary layer. This
situation is due to the difference in peripheral velocity between the main
stream and the boundary layer. However, the pressure gradient is con-
trolled by the flow outside the boundary layer. Consequently, since the
actual pressure gradient in the boundary layer is smaller than would
otherwise exist, the centrifugal forces act to impart a radial motion to
the boundary layer. This radial motion has a significance in trans-
piration and film cooling. The radial motion is likely to be especially
pronounced in liquid transpiration cool and in film cooling. This
phenomenon would be benefical in cooling the blade tips. A more com-
plete discussion of the radial motion of the boundary layer is given by
Wislicenus (Ref. 36, pp. 351-354), who based his remarks on the work

of Weske (Ref. 37).
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C. Effect of Transpiration and Film Cooling Upon Cycle Performance

By way of emphasis let it first be clearly understood that the
thermodynamical performance of the cycle is not necessarily governing.
The primary function of the gas turbine here is not to generate useful
output-power in the most efficient manner but to provide a means for
producing commerically desirable chemicals in the most economical
fashion.

In the application of the gas turbine cyclc to the production of
nitric oxide the recovery cost of this compound from the other products
will likely account for the major portion of the production cost. Gilbert
and Daniels (Ref. 2) estimate that this cost-factor is responsible for
roughly seventy percent of the total manufacturing cost of the nitric
oxide as produced by the Wisconsin pebble-bed process. The recovery
cost in the gas turbine cycle will likely bear roughly the same ratio to
the total cost as it does in the Wisconsin process. In as much as the
recovery cost is very much dependent upon the percentage yield of nitric
oxide, it would be advisable generally to sacrifice a little in the way of
performance—if necessary—in order to gain significant increases in
the yield of nitric oxide. Significant increases in yield can be obtained
by increasing the combustion-chamber temperature. Higher combus-
tion-chamber temperatures mean, however, that higher coolant flow
rates for turbine cooling are required, and these higher flow rates in
turn tend to reduce the available output-power from the gas turbine. At

the same time, however, the reduction in the output-power due to the
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necessity of the increased cooling requirements will be more than off-
set by the power increase made available by virtue of the higher com-
bustion~-chamber temperature without adversely affecting specific fuel
consumption. Consequently, the fortunate circumstance arises that
turbine cooling not only leads to increases in the yield of nitric oxide
but also results in higher power-output at higher thermodynamic
efficiencies. At some point this process of increasing coolant flow
rates in order to secure net increases in power-output and in nitric oxide
yield comes to an end as in the law of diminishing returns. Although
many factors are involved, one can say with some confidence that the
point of diminishing returns in power-output will not occur for com-
bustion~-chamber temperatures less than 3000°K. On the other hand, it
was shown in Section III that the De Laval nozzle is only moderately
effective in freezing the decomposition reaction for combustion tempera-
tures in the neighborhood of 3000°K. In addition, the development
effort required to obtain combustion temperatures of 3000°K is likely to
be considerable. Consequently, for these reasons somewhat lower
combustion temperatures will be target in the initial development pro-
gram. A combustion-chamber temperature of 2500°K, which would
produce a yield of nitric oxide of approximately one percent without
resorting to oxygen-enrichment, might prove to be a suitable develop-
ment target in the initial effort. Successful operation of the gas turbine
at some such intermediate temperature will demonstrate both the

practicability of the cooling method and the feasibility of the process for
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the production of nitric oxide and will at the same time furnish the
necessary data and experience which will be required for the assault
upon the problems of even higher combustion temperatures. Con-
sequently, it is for these practical reasons that the following analysis
will be restricted arbitrarily to gas turbines with chamber temperature
near 2500°K.

The foregoing discussion was undertaken in order to show in a
qualitative way the relationship between the principal factors involved.
In addition, these general remarks have indicated a manner in which
the analysis of the effect of transpiration and film cooling upon cycle
performance may be simplified. It it can be shown that with the chamber
temperature held constant coolant injection has only a small effect upon
cycle performance independent of the level of the chamber temperature,
then the cycle analysis may be uncoupled into two parts, which may
then be treated separately without introducing an appreciable error. The
first part would be the study of the effect of coolant injection upon cycle
performance when the chamber temperature has been held constant. The
second part would be the analysis of the effect of the variation of the
chamber temperature upon cycle performance when turbine-cooling has
not been used. The combined effect may then be obtained by simply
adding the results of these two separate investigations. Since the second
study has been thoroughly analyzed by a number of investigators, the task
of the cycle analysis has been considerably reduced. Consequently, in

order to complete the analysis only the first part need be actually per-
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formed since the results for the second part may be obtained from the
literature.

A few qualitative arguments will now be advanced to show for
constant combustion-chamber temperature that increases in the coolant
flow-rate reduces the power-output only by small amaunts. Following
these qualitative arguments a simple one-dimensional study will be
given to lend a little more substance to the analysis.

The reason why the effect of coolant injection for transpiration
and film cooling upon cycle performance with the chamber temperature
held constant is so small is due principally to the small rates of coolant
flow required. As was shown in Section VI-B, a coolant mass-flow-rate
of only a few percent of the working gas rate is necessary even for
chamber temperatures approaching 3000°K. Moreover, certain com-
pensating effects occur with transpiration and film cooling. Although
an entropy increase occurs when the cooling and working gases mix,
the mass of the gas passing through the remaining portions of the turbine
downstream of the zone of coolant injection has been thereby increased,
which tends to increase the available power-output. In addition, the
energy loss of the main stream to the coolant fluid is not entirely lost
to the gas turbine as some of this energy is recovered in the following
portions of the cycle. Although there is a net reduction in the total or
stagnation pressure due to the coolant injection, the stagnation-pressure
loss resulting from the momentum transfer between the working and

cooling gases is compensated in part by the stagnation-pressure rise
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which arises from the stagnation-temperature decrease. This decrease
in stagnation temperature is caused by the enthalpy change undergone
by the cooling fluid. (For film cooling with water the reduction in the
stagnation pressure across a blade row is less than approximately one

percent).

Simplified Analysis of the Effect of Coolant Injection Upon Cycle Per-

formance When the Chamber Temperature is Held Constant.

For the case where Lhe chamber temperature is kept constant the
effect upon the gas turbine cycle of the injection of a coolant either
through porous turbine blades as in transpiration cooling or through
slits near the leading edge of the hollow blades as in film cooling may be
analyzed in two parts. First, there is the effect of the coolant injection
upon that portion of the cycle in which the fluid injection itself takes
place. This portion of the cycle embraces only the first few impulse
stages which demand protection against the hot gases. Second, there is
the effect of the fluid injection upon the remaining portions of the cycle.
These portions consist of the remaining turbine stages, the regenerator
and most likely a separate low pressure turbine-generator set.

In both portions of the cycle the fact that the required rate of
coolant flow is so low—of the order of a few percent of the main-stream
flow— allows approximations, which simplify the analysis considerably.
For this reason and for some of the other reasons previously discussed
a one-dimensional analysis should be sufficient to indicate the significant

factors involved and give a qualitative idea ofthe effect of coolant
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injection. Accordingly, the very useful work of Shapiro and Hawthorne
(Ref. 35) will be employed, since their generalized treatment of

steady one-dimensional gas flow is presented in a form very convenient
for the subsequent analysis. The essentials of their work for the
purposes at hand may be collected in the three following equations, which
are obtained from their table of influence coefficients for constant

specific heat and molecular weight:

) el B Y
Voo A, VR TeMgT wMT gqde M dW
v - MZA - M* T 20 b, T oM (29)
s £ A ¥—1 ya Juopen ! Y- ; LN E
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The notation of Shapiro and Hawthorne has been employed except for a
few minor changes in order to be consistent with the notation used

elsewhere in this thesis. The notation is as follows:

A = cross-sectional area
C =  coefficient of friction of duct ( T’W/-z'—pVZ)
Dy, = hydraulic diameter

M = Mach number

p = static pressure
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= absolute temperature

= stream velocity

= mass rate of flow of stream
distance along duct

= ratio of specific heats (CP/CV)
= mass density of stream

= shearing stress on walls of duct

A{i\o"‘\\ég<“‘

y

refers to conditions relative to observer moving
with gas.

Other notation will be explained as it is introduced.

Effect of Coolant Injection Upon the Impulse Turbine Stages in which

Coolant Injection Takes Place

For an ideal impulse-turbine bucket the inlet pressurc, rclative
velocity, density and flow area are equal to the corresponding quantities
at the exit of the bucket. In any real machine, however, friction will
be present. Since the pure impulse turbine is designed so that no
pressure change occurs across the stage, the presence of friction
results in the retardation of the relative velocity. In practice this
situation is expressed by equating

ait = KV ,
where k is called a blade-velocity coefficient and varies from 0. 80 to
0.90. Since the blade entrance and exit angles are approximately equal,
the decrease in relative velocity means a corresponding decrease in

the axial velocity. This change in kinetic energy is converted into a



-88-

increase in internal energy and is reflected by an increase in tempera-
ture and consequently by a decrease in density. Since continuity must
be satisfied, the combined effect of decreases in the axial velocity
component and in density means that the passage area must diverge.

If the hub diameter of the turbine is maintained constant, it follows that
the blade height must be increased in order to secure the proper area
and consequently that the stress situation is adversely affected. This
difficulty can be overcome by allowing a slight pressure drop across
the turbine buckets thereby securing an acceleration in the flow which
in turn permits a decrease in blade height. Off-setting this advantage,
of course, is the increased leakage loss in the clearance space due to
the unbalance in pressure. The same conditions leading to the desir-
ability of designing a slight amount of reaction into impulse stages when
no attempt at cooling is made are also present when cooling by fluid
injection is employed.

In order to simplify the presentation of the analysis a supposition
will be made which will then be verified. The supposition is that the
product of relative velocity and density at a given cross-section is
constant from one cross-section to another; that is, V'p = constant or

dv’ d

< + = = (.

Under this supposition the continuity equation, which may be

written in the form

AP/OVI :W ’ (32')
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or alternatively,

Ap + o + & = -—w—— (33)
reduces to
d__/.\_a = _C/__\A._]:
Ap A%\ (34)

where Ap refers to the cross-section flow area of the main stream.
Eq. (34) may be integrated between the entrance to the impulse blade

and the exit to yield the relation

(Ap)e:t - + \f\fc
(AP)in M

‘ (35)

where the subscript g refers to the main stream at the entrance to the

turbine and subscript ¢ refers to the injected coolant. Since Wc/wg

is of the order of a few percent, the required area increase is very

small under the supposition made above. (Note that this supposition
dAp dW
Ap W

could just as well begin with the result of Eq. (34) that

EA-
-'v—,"‘{" Ve =0 ).

The energy equation may be written relative to the turbine wheel

which would then lead to the conclusion that

in the form

2 _ ‘
~(hg + L7 —h) f‘V‘g =5 4T (36)

where h_ and hc are the enthalpies of the main stream gas and coolant,
o
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respectively; _c; is the appropriate mean value of the specific heat at
constant pressure of the main stream; T; is the total temperature of
the main stream relative to blades; the injection velocity of the coolant
has been ignored. Eq. (36) may be rewritten in the form

.2

v

gt (hg + 55— —h) 4w (37)
s & T W
By way of economy in notation write
Ah=hy + T2 (38)
so that Eq. (37) may be shortened to
%}—r— = - g‘.} L - (39)

The factor 4cf _%Z‘,_, which appears in Eqgs. (29) - (31), may be re-
h
written in a more convenient form. The amount of cooling fluid injected

in a length dx along the turbine blade may be expressed as

C/wﬂ = W, (2.5 Cl/)f—) > (4:0)

where W is the coolant mass flow rate per unit area and s (span) is
the cooled length of the blade. The hydraulic diameter D, may be ex-

pressed approximately as

o = 4A» ,
h 2501 T 4/3) (41)
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where d is average width of passage between adjacent blades. Since

the main stream flow rate per unit area Wg is given by

wo =Wy /Ap o (42)
dx . .
the factor 4cf §- may be rewritten by employing Eqs. (40) and (41) as
h ,
dr d wg  dWy | .
4 Ce _—Dh = C4( I+ S e (43)

If the expressions derived in Eqs. (34), (39) and (43) are used

1
to replace da s —(-l—?r— , and 4c dx of Eqgqs. (29) - (31), then the follow-
A T f Dy

ing differential equations may be written down

oy dV (1 +-2)2e])dVe
M) =- (0 + “'M){ ".w—»ma[“"‘z(' S)W?w‘; (44)
. ) _d_y_@_}i'__‘“fg
(l—M)‘d%)/_o— = ('+ al M){CT’~|+YlM7~[ +—§('+5)W¢]V\Za (45)
dp ym® (_4h S +d) e }——-—-‘J‘% :
RIS S S -{ (R |

Note that Eqs. (44) and (45) are consistant with the supposition made

earlier that dV'/V' + dp/p =

Relative Velocity Change

Interest focuses upon the effect of coolant injection upon the
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change in relative velocities across the blade row, because the power
available from the turbine is related to this velocity change. The power-
output from the turbine is equal to the power-input to the turbine by the
main stream gases less the power required to pump the cooling fluid,
to overcome friction and so forth. The work done on the turbine wheel
can be expressed in terms of the turbine wheel speed Uw.’ inlet and
exit relative velocities of the blades and the blade angles. Since the
turbine speed, inlet relative velocity and blade angles need not be
different in the cooled and uncooled turbines, enquiry is made as to
whether the change in relative velocity across the blade row in the cooled
turbine differs from that in the uncooled.

If Eq. (44) is divided through by (1 - MZ) and is then integrated
from the entrance to the bucket to the exit, the change in velocity

across the blade is given by

Ves D Wy
~+ ’ 47
v ( wg) (47)
or since WC/W is small,
Ver = + W,
- = 1+ ¢ = >
Vin Wg (48)
Y=l g2
[+ M) (Al m* c d\W
where ¢ = — ( |_2'M2_ {_(_:_T, - l-jV-‘ M;_l'"*’f(‘*?\)i] (49)
(3 =z
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and where the bar over the quantity indicates that the appropriate
average value is to be taken. The argument against pulling the co-
efficient of de/Wg through the integral sign thereby treating this co-
efficient as a constant is that this operation merely side-tracks the in-
tegration task only to introduce the problem of the determining the
"appropriate average value''. The actual determination of ¢ is not
necessary, however, for the purpose of this study, and furthermore it
would be necessary first to have prescribed the variation of Mach number
through the turbine blade before E could be determined. For the pur-
poses of this investigation it suffices to say that ¢ varies only
slightly through the blades for the mass flow rates associated with using
either air or water as coolants in turbine blade cooling. The values of
and V'ex/V'in as function Mach number have been computed for certain
typical values of the parameters entering Eq. (49) using the maximum
ratio of W /Wg for both air and water injection. In general, it can be
said that the relative velocity across the turbine blade decreases by less
than ten percent both for water injection and for air injection, This
decrease in relative velocity is slightly less than that which occurs

across uncooled impulse turbine blades. Therefore, as far as the rel-

ative velocity change across the buckets is concerned, the transpiration-

or film-cooled impulse turbine is not significantly different from the

same uncooled impulse turbine for the same combustion chamber tempera-

ture.

As indicated previously, the work done on the turbine wheel can
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be expressed in terms of the turbine wheel speed U, inlet and exit
relative velocities, and the blade angles. Therefore, since the turbine
speed, inlet relative velocity, and the blade angles need not be different
and since the relative velocity change across the blade row is approx-

imately the same in the cooled and uncooled turbine, it follows that the

work done on the turbine in those blade rows in which coolant injection

takes place is practically unaffected by transpiration or film cooling —

as far as this simple one-dimensional analysis discloses. Thc work-
output from these same turbine wheels will, of course, be reduced
somewhat by the amount of pumping work required to inject the coolant
into the main gas stream. The magnitude of this pumping work is
small.

Effect of Coolant Injection upon the Portions of the Cycle Downstream

of the Zone Directly Cooled

The remaining portion:é. of the cycle can be affected principally by

reductions in the stagnation pressure and the stagnation temperature

and by increases in the mass flow due to the coolant injection. The
decrease in the stagnation pressure means that less energy can be ab-
stracted by the remaining work-absorbing agents in the cycle. The
reduction in the stagnation temperature means that less energy may be
transferred in the heat exchanger. The increase in the mass flow, on
the other hand, tends to counterbalance the other two effects. The re-
duction in the stagnation temperature has only a secondary effect upon

the rate of heat transfer in the regenerator, and for this reason the
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effect of the decrease in stagnation temperature upon the cycle per-
formance is of negligible importance and will be ignored. The effects
of the reduction of the stagnation pressure and the increase in the mass
flow upon the power-output can be treated as a combined effect. The
decrease in the stagnation pressure across the coolant injection zone

needs first to be investigated, however,

Stagnation Pressure Change

If Eq. (46) is integrated from the entrance to the exit of the blade

being cooled, the change in the stagnation pressure is given by

(Pé)e‘x ~ T _\/\L_
—2=2 = ) + —_— s 50
(pé)in \V \'\fg ( )
_ YM [ _ah C d Eﬁ_}
where Vv = 5 ( E;__‘_o, — 2[! +—§(| + _S—) v (51)

and where the bar over the quantity Y indicates that the appropriate
average value is to be taken. The variation of  with Mach number
is small for air and water injection and for both high and low coolant

flow rates. The values of ¥ and (p'))

1 .
o ex/(p o)in as a function of Mach

number have been computed using the same values of the parameters as
employed in the case of the relative velocity change. In general, it can
be said that stagnation pressure across the turbine blade (1) decreases
by less than one percent for water injection throughout the wide range
of coolant flow rates investigated and (2) decreases for air injection by

less than three percent. Consequently, since the reduction in the stag-
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nation pressure across the coolant injection zone is so small for both

air and water injection, the effect of the reduction of total pressure

upon the portions of the cycle downstream of the injection zone is small.
On the other hand, the increase in mass flow rate due to coolant injection
tends to counterbalance the small reductions in total temperature and in

total pressure. Therefore, it follows that the effect of coolant injection

upon the portions of the cycle downstream of the zone directly cooled is

negligibly small —again, as far as this simple one-dimensional analysis

discloses.

In recapitulation, the coolant injection, used in transpiration

cooling or in film cooling, has a negligible effect both upon those blade

rows which are directly cooled and upon that portion of the cycle down-

stream of the coolant-injection zone.
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-VII. :CONCLUSIONS FOR PART B -- ENGINE CYCLE
CONSIDERATIONS

The following conclusions evolve from the discussion concerning

engine cycle consideration given in Section VI

1. No turbine-blade cooling method other than transpiration
and film cooling appears to be adequate for combustion-
chamber temperatures at 2500°K and above.

2. Gaseous transpiration cooling, liquid transpiration cool-
ing, transpiration cooling with internal liquid vaporization,
and film coeling are all comparable to one another in
terms of coolant requirements, and all will provide the
necessary turbine-blade protection for combustion-
chamber temperature of 2500°K with coolant requirements
amounting to only a few percent of the working-gas flow rate.

3. When turbine-blade temperatures near 1150°K (161 OOF)
are permissible, gaseous transpiration is somewhat
superior to the otherthree cooling methods.

4, When turbine-blade temperatures of 900°K (1160°F) and
lower are desired, then gaseous transpiration cooling
appears to be inferior to the other three cooling methods
in terms of coolant requirements; transpiration cooling
with internal liquid vaporization is the most promising of

them all.
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The vapor-lock phenomena associated with liquid trans-
piration cooling can be surmounted with transpiration
cooling with internal liquid vaporization.

The coolant requirements for transpiration cooling with
internal liquid vaporization amount to only approximately
one percent of the main stream mass flow for each
cooled-turbine-blade stage.

The ratio of the total temperature of the working gases
relative to the blades to the total temperature (i.e.,
Tor/To) can be reduced to values approaching 0.80 with
the use of high turbine wheel speeds, which are made
possible by turbine blade cooling.

Coolant injection in transpiration and film cooling has a

negligible effect upon cycle performance.
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VIII. SUMMARY CONCLUSION

Although all the problems associated with the application of a
gas turbine cycle to the manufacture of nitric oxide appear to be sur-
mountable, no attempt has been made in this study, however, to
ascertain the economical feasibility of the process. The answer to
this question involves factors which are not purely technical and thus
lies outside the scope of the thesis. The advantages of transpiration
and film cooling in turbine-blade cooling are clearly evident. Trans-
piration cooling with internal liquid vaporization is the most promising

of the cooling methods.
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APPENDIX 1

a. Latin Letter Symbols

Quantity

Area

Constant in Eq. (A IV-3)
Cross-sectional area at nozzle throat

Equilibrium concentration of nitric oxide (=x

o
NoO/
Speed of sound

Constant in Eq. (A IV-3)

Equilibrium concentration of nitrogen (:xON )
2

Constant in Eq. (A III-7) = (A/A%) - 1
Constant in Eq. (A IV-3)

Equilibrium concentration of oxygen (:xDO )
2

Blade chord

Skin friction coefficient (= T’W/Ja. p u 2

gg)

Concentration of species k

Coefficient of specific heat at constant pressure
Coefficient of specific heat at constant volume
Constant in Eq. (A IV-3)

Hydraulic diameter

Average width of flow passage (Cf. Eq. (23))

Base of the natural system of logarithms
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Symbol Quantity
G Constant in Eq. (A IV-4)
H Enthalpy
h Enthalpy
KC Equilibrium constanl based vn cuoncentrations
Kp Equilibrium constant based on partial pressures
Kp 2 Equilibrium constant = (pNO)Z/(pNZ)(pOZ)
KPOZ Equilibrium constant = a/bc
k Rate constant
k Coefficient of thermal conductivity of vapor (Cf. A VII-5)
L Quantity = °p_ (Tg-Tf)/AIIV (C£. Eq. (27))
LG Quantity = ¢ ('I‘g-Tw)/c:p (TW—Tr) (Cf. Eq. (20))
m w
L. Quantity = c, (T _-Tg)/ [aH, + <, (T,-T )]
m L
(Cf. Eq. (24))
Ly Quantity = cpm(Tg-TW)/ lon, + ch(Tf-Tr) + cpw(Tw—T6)]
(Cf. Eq. (26))
L, Quantity defined below Eq. (A VII-6)
ﬂ‘ Length of converging portion of De Liaval nozzle
EW Thickness of porous wall
M Mach number
M, Molecular weight of species k
M* Quantity = M(TF- -}'—- Y2 (Cf. Bq. A II-5)
n Exponent in Eq. (15)

P Pressure; partial pressure
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Quantity
Heat transfer per unit area per unit time

Universal gas constant = 1.987 cal/g—molc(oK)

Universal gas constant = 82. 06x10”> liter-atm/g-mole(°K)

Modified gas constant = 3. 08x10° ftz/sec z(OK)

Blade span

Absolute static temperature

Absolute total temperature

Composition temperature corresponding to the actual
gas composition existing at the static temperature

(Used in Part A of thesis)

Absolute temperature relative to observer moving with
the gas stream (Used in Part B of thesis)

Time

Peripherial speed of turbine wheel
Velocity

Velocity

Vector velocity

Mass flow rate

Mass flow rate per unit area

Mole fraction; concentration of NZ and O2

formed during decomposition of nitric oxide
Rectangular Cartesian coordinate

Distance along duct

See definition below Eq. (20)

Rectangular Cartesian coordinate
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Quantity

Rectangular Cartesian coordinate

b. Greek Letter Symbols

Blade entrance angle

Quantity

pch//u
Pr B

I

Quantity

Ratio of specific heat at constant pressure to the
specific heat at constant volume (=cp/cv)

Net rate of production of species k

Laminar sublayer thickness

Quantity in Eq. (A IV<4)

Quantity defined below kq. (A VII-10)

Dynamic viscosity

Kinematic viscosity (= 4/p)

Coefficients which multiply the chemical symbol G in
the relation representing the stoichiometry of the
reaction given by Eq. (6) or by Eq. (A II-16)

Fractional part of initial nitric oxide which has
decomposed (=2x/a)

Density

Time period (Cf. remarks following Eq. (14))

Shearing stress

Quantity defined by Eq. (49)

Quantity = £n (L+£)/(1 -¢) - 2& (Cf.Eq. (A IV-4))

Quantity defined by Eq. (51)
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¢. Latin Letter Subscripts

Symbol Quantity

b Backward or reverse

c Coolant

f Forward

f "film'" or liquid-gas interface

g Main stream

J Component j

k Component k

£ Liquid

m Mean value

o Total or stagnation

P Constant pressure

P Passage (in connection with flow area)
r Reservoir

r Relative

] Surface (in connection with area)
v Vapor

w Wall

W Turbine wheel

d. Greek Letter Subscripts

) Laminar sublayer thickness

(—— g-g) Rate of decrease of static temperature with time
following the fluid
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Quantity

Heat of reaction or the heat absorbed at constant
pressure for chemical reactions

Latent heat of vaporization

Heat of reaction at constant volume

Reaction rate constants defined by Eqs. (10) and (12),

respectively

Functional relation defined by Eq. (A III-11)

f. Superscripts and Special Signs

Meaning
Addition operation

Change in a quantity

Mean value

Equilibrium value

Product operation

"335" +v.V , the Euler total

time derivative following the

fluid
Vector quantity

Reynolds number (:ugc/gg)

Prandtl number

Example of Application

2
?xj =x, + X,

A% = final minus initial value
of

k, = average value of k, over

the range of the independent
variable considered

o) 1T
X = equilibrium mole
2 fraction of N,

2
le. =X, X
| j i 2

St

= vector velocity

Constant defined by Eq. (A VI-11)

Quantity defined by Eq. (38)
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APPENDIX II

Derivation of the Near~Frozen Flow Criterion

With a few minor changes and extensions, this derivation is merely
a more detailed presentation of Penner's abbreviated treatment in the
original publication (Ref. 1), Consider the one-dimensional isentropic
expansion of a mixture of perfect gases through a De Laval nozzle. Let
the subscript "o'' represent the stagnation conditions at the nozzle en-
trance section.

For compressible fluids the equation of continuity is

) . FY =
L4 V() °,

which may also be written

"
@)

_D_/ﬁ + V' ; .
Dt ~ (2)

For a mixture of compressible fluids a smiliar equation is valid for each
constitutent, except that a term accounting for the production of chemical

species must be added to the right-hand side of the equation; viz. ,
Do — (3)
K v-ea: = [T M »
. K k
A

where the product T;Mk represents the net rate of production by chemical
reaction of species k in units of mass per unit volume per unit time.
The density of a component is related to its concentration through

the relation
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o= Mg, : (4)
Since M. is a constant for each componen!l independent of timme and
k P P

position, the substitution of Eq. (4) into Eq. (3) yields the relation

Do 4 Vg =T (5)
Dt

If it is assumed that each constitutent of the fluid moves with
approximately the mean mass-weighted velocity of the gas stream

(i. e., if the diffusion velocity of each component is small in comparison
with the mean mass-weighted velocity of the gas stream), then Eq. (5)
takes the form

D V-
+ C o = I ’ 6
Dt K (6)

which may also be written

ol~a)  gx - K. (7)
Dt Sy
But from Eq. (2)
= D(£0)
Ve = Dt ! (2)

hence, Eq. (7) may be written

D) Do) 7 (8)
Dt Dt c,
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Introducing the isentropic relation between the density and temperature;

viz.,
/) = Cons‘tant x T‘/(b/v')
in the form
D(Une) _ I D(T)
Dt 7t YT ™ (9)
into Eq. (8), yields the continuity equation
D (fwe) _ Tk L 1 DT | (10)
Dt CK y-1 Dt

sented by the relationship
/ " R
TAG = LG )

From the principle of mass action the net rate of production of species

k in moles per unit volume per unit time may be written
3 3
_ ” / Y J
ro= O -3k T kg Te¥ ] (12)

which may also be written
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where
S o S
KC(T) = kb/K; =WCJ< /ﬂ_CJ ) (14)
and
Y Vj
K (t) = T/ Te™ : (15)

The last expression is to be considered as a defining equation for the
so=-called ""composition temperature'" T!, which corresponds to the
temperature at which the actual combination of concentrations on the
right-hand side of the equation would exist at equilibrium. On the other
hand, KC(T) is the usual equilibrium constant based upon equilibrium
concentrations existing at the temperature T.

The concept of 'near-frozen flow'" is now introduced in order to
simplify Eq. (13). If the rate of cooling is sufficiently rapid to '"freeze"
the chemical reaction in the sense discussed in the Introduction, then the
"composition temperature' T' will be approximately equal lto the stag-
nation or total temperature ‘I‘O at the entrance section of the nozzle. Con-
sequently, a Taylor expansion of the equilibrium constant KC(T') about
KC(TO) can be made, retaining only the first few terms as an approximation;

viz.,

4 KC. -T' ch - N
KC(T ) = KC(T,) - (‘%:’-: (T T)“‘!i(%:;:z)_:t )+ ey (16)

0

which may also be written

KeCT)  _ ___(dﬁw*‘c) ('r;~")-(£_"_sz>%<%%a+...,
KCCT;) C{T T; T T c™ ‘o (17)
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The equilibrium constant KC is related to the heat of reaction at constant
volume AU for the chemical reaction by the relation due to van't Hoff

(Ref. 39, p. 265)

d Lar K, _ AT . (18)
v  FT

Therefore, Eq. (17) may be rewritten after some algebraic manipulation

as

KC(T/) - - AU (7;~T’)gl — | AU:. ___‘__:l(—;;,‘r'%... . (19)
Ke () RT.* =TT

If the values, AU = 50,000 cal/mole, T_ = 2500°K, and (T_ -~ T*) = 25°K,
may be taken as representative, then AU(TO - T')/RTO2 is of the order

of 0.1, and{[{s_’ é-téz - -—%ﬁ— ] x (T0 - '1"%15 of the order of 0.05. For all
[+

practical purposes the third term of Eq. (19) may be neglected, and for
some purposes even the second term of Eq. (19) could be dropped. For
the sake of generality the second term will be retained. The approximation

for the reciprocal of Eq. (19); viz.,

T, y
Kc ( o) = + AU (—T; -T ) (ZO)
K () RT.*

#

is justified,
By taking the Eulerian logarithmic derivative of Eq. (15), the

relation

%_{uzw K (T < -Z{@k"—m%} (21)
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is obtained. Substituting Eq. (20) into Eq. (13) and then subsituting the

resulting expression for r‘k into Eq. (10), and finally introducing the

subsequent expression for I_I;__éhl Ck) into Eq. (21), leads to the result

U " 1 \2
D,&MD?(T') - kT -5 %%?_(T,-T')]}Z‘[(Qgcju)}

(22)

D%T " /
— =57 3)
y-1 Dt . g

The expression on the left~-hand side of Eq. (22) may be rewritten using

Eq. (18) as

D L K (T7) AU (’E >2 4T 0T

Dt T RTEUT/ 4T Dt

But (To - T')/To is of the order of 25/2500 or 0.0l; hence,

DAvK(T) . au dT° DT (23)
Dt RT,> 4T Dt
A good approximation to dT'/dT is given by
dT =z T - T ) (24)

4T T -T

Substituting this expression into Eq. (23) and introducing the resulting

expression into Eq. (22), leads to the result

T Rl

, _ 9l_ _ ’ u_ !\
T - T ) ﬂii__. {' _ K (T) [‘ N AU To-T (To‘T)]}Z(Qk Dk)/ck
ot

K(T)L  RTL* T -
(25)

+ Z(§K”~°K,) >

AV (xy-0T
RT*

o
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from which the expression for (To - T‘)/(T0 ~ T) is obtained; viz.,

&ch K. (T) ]Z[( AR OB

- -7 _ DT/Dt) Kc::m Cy a-0T . (26)
T -T AU (), kT Ke(M (. - T) Z{U —on)‘]
RT? (-oT/Dt) KT

Each factor, aside from DT/Dt, in the expression on the right of this
last equation is either a constant or a known function of the temperature.
The rate constant ~k_f is to be evaluated at the average static temperature
T. The concentrations should be taken at the ""composition temperature'
T!'. However, the error introduced in taking the concentrations at the
total temperatufe To at the entrance section of the nozzle instead of at T!
is small and leads to conservative estimates of (To - 'I’)/(To - T). More-
over, neglecting the second term in the braces in the denominator further
increases the conservativeness of the determination of (TO - T’)/(TO - T).
A discussion of the calculation of (-DT/Dt) is given in Appendix III.

For chemical reactions in which the number of moles of reactants
is equal to the number of moles of products 2(3‘;’*\)}) = Z)?:- - = 3;:

Consequently, for this case Eq. (26) reduces to

o od——n[| _ KP(T)]ZP}’(—QL)ZI
T, - T’ _ k; ]T/PJ (RT'/O Kp(T) ¥x (27)
T, - T  AH [ DT ( )2 ¥ @) (0-T) w;’-ﬁ‘]
TZ ( >{‘ RT /aa [_;)L——
R Dt (—D‘T/Dt) Kp(T,) K

where use has been made of the fact that AH = AU, Kc = Kp and
= (p/RT)xk = (po/RTO)(‘p/po)xk for the reactions under consideration;

i.e., in which Z(9 - 3 ) = 0. (Ref. 39, p. 265).
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If the second term on the left of Eq. (19) had been neglected, the

second term in the braces in the denominator would not have appeared.

Therefore, under the approximation that AU(T | - T')/RTO2 20, the

expression for (T0 - T')/(TO - T) is

=31
T - T~ o ﬂ RT /") _ K (T) zmk A ] (28)
LR RNy L

l

for the case Z(le - QJI) = 0. The neglect of the second term in the braces
in the denominator of Eq. (27) leads to conservative estimates for
(T0 - ']Z")/(’I‘O - T), as does the evaluation of the concentrations at the
total temperature To'

Since Z( Qf - QJI) = 0 for the decomposition of nitric oxide (i.e.,

for the reaction 2NO I N, + O2 ), Egs. (27) and (28) are applicable.

2
Eq. (28) is used in preference to Eq. (27) in calculating the actual numeri-
cal values for the temperature ratio ('I‘0 - 'I")/(T0 - T) for sake of ease
in calculations. The error introduced by employing Eq. (28) instead of

Eq. (27) is small and leads to conservative values for the temperature

ratio (TO - T’)/(T0 -~ T).
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APPENDIX 111

Derivation of (-DT/Dt) as a Function of the Nozzlc Paramectcrs

Consider the one~-dimensional isentropic expansion of a perfect
gas through a De Laval nozzle with sonic velocity at the nozzle throat
section. Since the temperature field through the nozzle is a function of

the axial coordinate x alone and is not a function of time,

__D_-_T:) =-UdT - _MadT dA . (1)

Since a = NN¥RT , Eq. (1) may be rewritten for ¥ equal to a constant as

(_ DT) __ MJAR '1”"""(1-)"z der/m) dem)

Dt A \T./ d(A/A") dw/n)

where the superscript asterisk indicates the nozzle throat section and

where l is the length of the nozzle from the entrance section to the

throat,

The following relations hold for isentropic flow (Ref. 16, p. 209):

v - (o Agh ety )
@+ Y -1)
A/AT o (/MY (M/MT) (4)
V2.
M- M) )

An expression for d(T/TO)/d(A/A*) can be derived from Eqs. (3), (4) and
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(5) by performing the indicated differentiation and by simplifying the

resulting equation; viz.,

w2

d(T/T) 20-1) T/T, M
d(A/A) ¥ AIAYF = M

(6)

* #
The quantities A/A, T/To and M have been calculated and tabulated
as a function of Mach number for various values of ¥ by Keenan and
Kaye (Ref. 16, pp. 139-147).

*
The area ratio A/A° can be expressed as

AJA* - 1w b( =) (7)

%

where b is the area ratio A/A at the nozzle entrance section minus
. .

unity li.e., b = (A/A )0 - 1] , for De Laval nozzles whose cross-

sectional shape can be represented by a parabola. For such nozzles

dA/A") oo (AIA* - l)\/a ; (8)
d(#/L)

where the minus sign is taken for x/£ less than one and the plus sign

for x/{ greater than one.
Substituting the results of Eqs. (6) and (8) into Eq. (2) leads to the

equation

%, A 2 Fa x®
(..QI).__ 2B VR T | 2B (& - ) <T\ MM |

Dt )i X+ A/A* T/ 1 - M™%

or 3
(__@:__r) _ 25 VR, smY), (10)
Dt A
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where

2

A _ 2 e 2
FMY)= 2v7e-n (& 1) (T> (MM (11)

Y + 1 A/AR* T, - M
The function f(M, ¥) may be computed directly using the tabulated values
of Keenan and Kaye. The values of {(M, ¥) are given in Table AIII-1 for
R ES
¥ =1.3 and ¥ = 1.4. Since the dependence of A/A ", T/To and M

upon ¥ is small, a good approximation for interpolating to other values

of ¥ is given by the expression
'

£, Y) [ SO0 [ | gy

Y + 1 || Y o+

(12)

When the conditions at the nozzle entrance section and the
geometry of the nozzle are specified, the rate of temperature decrease
experienced by the gas (-DT/Dt) can be calculated from Eq (1) with
the aid of Table AIII-1 and Eq. (12).

For nozzles whose variation of cross-sectional area may be repre-

sented by an expression of the form

n
A/A% = 1+ b(1 — %/R) > (13)

the equation for (-DT/Dt) is

n-2
‘/n _—é—ﬂ_— 3/2
<_, DT)= n b (.%-‘) JRET, §my) . (14)
Dt L

For the case b = 1, which corresponds to an entrance Mach number of

0. 310, Eq. (14) reduces to
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TABLE AIII-1

§(M, Y ) x 10°
M

¥ =13 ¥=1.4
0.05 0. 0120 0. 0166
0.10 0.130 0.179
0.15 0.512 0.707
0.20 1.34 1.84
0.25 2.76 3.84
0.30 5. 00 6. 83
0. 35 8.15 11.1
0. 40 12.2 16.5
0.45 17.5 23.5
0.50 23.7 31.9
0.55 31.4 44.0
0.60 39. 4 52.8
0.65 48.5 64. 4
0.70 58. 8 77.4
0.75 69. 6 91.2
0.80 80.5 105.
0.85 93.3 120
0.90 106 135
0.95 119 150
1.00 132 163
1.10 154 191
1.20 175 215
1.30 193 235
1.40 208 249
1.50 218 261
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n -2

2n 3/2
<~_[>_T_> - - ) VR T ). (15)
Dt ya

In the limit as n becomes very large

(..u ._,_!'_(_A;_ _ ,>"2 VR TR (M) (16)
Dt X
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APPENDIX IV

Decomposition Time of Nitric Oxide

The decomposition of nitric oxide proceeds according to the

reaction

2NO === N, + O, - (1)

If the reformation of nitric oxide is considered, the rate expression may

be written

— -C—(—(E—E-“—‘-)-= K’((a-af)ﬁ)z*kb(b+/w)(c+4@) > (2)
where
Y = concentration of NZ and O2 formed during decomposition
a = initial concentration of NO
b =  initial concentration of N,
C = initial concentration of 02

Equation (2) may be integrated directly to yield the result

. 2 g, | Ak +B-DYB+D)

7(; D (Aaf + B+D)(B - D)
where
§ = 2ry/cc = the fraction of nitric oxide decomposed
.2
A - 4" - KP
,2
B=-[4a + (b+ c)Kp |
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1 2
= az ~ bc KP

12
p= Kp/ke

K{_ = average value of rate constant betweent = 0 andt =t

C
D - JB* - 4AC
K

The decomposition time t has been calculated by Penner (Ref. 40),
using Eq. (3), for a wide range of temperatures and for many different
combinations of the initial concentrations a, b, and c. The results of
these calculations have been conveniently presented in graphical form
so that the time for a given concentration of nitric oxide to decompose
to a given fraction of its initial value may be read directly.

It is possible, however, to simplify Eq. (3) considerably when
the decomposition time is desired only for small amounts of nitric oxide
decomposition. Under the approximation that Kp'z/4 may be neglected

in comparison with unity, Eq. (3) may be simplified to

sD +w(e]
a k {l = (ke /%) - +(b+c)K;,a/4a]§'}

provided that & is less than one, where

(4)

W)= Lo [+ 8)U-8Y] —2€

s D¥
4aft - (Kp/Kg ) =11+ (b+ g 2/ 4a]t}

1l

D= B*-4AC = 40?6k
G = {I + o+ 2_(b+c)/o.]KP:2‘/4.}‘/L
Klpz: (11/‘36

The variation of YE)with & is shown in Table AIV-1l. For most cases of

interest € is less than 0.3, which means that the omissionof Y&) in Eq. (4)
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TABLE AIV-1

& 0.1 0.2 0.3 0.4 0.5 0.6 0.7

W () 0.0005| 0. 0055 | 0.0195 | 0.0459 | 0.0986 |0.1863 |0.3352

leads to an error of less than two percent. Furthermore, except for
temperatures in the neighborhood of 3000°K the inequality [(b+ c)K,:;z/"'q ‘4']

holds; therefore, Eq. (4) simplifies to

£ = £

oK (- (/0T E )

. (>)
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APPENDIX V

Derivation of the Dependence of Nitric Oxide Decomposition upon the

Equilibrium Constant

From the principle of mass action and for the case that the number
of moles o

may be written, using the same nomenclature as was used in Appendix IV,

(as long as ideal mixtures obtain) as

Kéa =(a~a,>4)2/(b+4c)(c+/y,) , (1)
or
1 12 /
(4-Kp Yy -[Ha + (xR 1y +(x - bclp®)-0 (y)
But Kp‘z << 4; hence by neglecting KIZZ in comparison with 4, Eq. (2)

becomes to a good approximation

(.é_’&)z - a[: +_(_'?_4t_€:2v<,;a](3§‘_)+[; - .-é:—-)alzo (3)

a (=8

Letting § = 2x/a, which represents the fractional part of the nitric oxide

decomposed, it follows that

Ya

b+ e) 2y T, | (Ke/Ke) ]
g —:_[l * Ha KP ]{| 1‘ [l +(b+c)[r(p'a/4a] }’ (4)

where the minus sign is taken in front of the square root sign so that

§ = 0 when Kp‘2 = az/bc initially. For small changes in the equili-

brium constant due to small changes in temperature (KI;/KI; )2 =1
o
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hence,

i (KP//KPIO)Z
a[\ + (bx K/ 4a ]

(5)

The extent of the decomposition of nitric oxide for small changes in the
equilibrium constant resulting from small changes in temperature may

be calculated from Eq. (5).
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APPENDIX VI

Derivation of an Expression for the Coolant Flow Rate Required to

Maintain the Surface of Porous Walls Below a Specified Temperature

with Gaseous Transpiration Cooling

The discussion in Section VI-B indicated that one promising
method of turbine blade cooling is to employ hollow turbine blades which
have porous walls through which a coolant is forced. Rannie (Ref. 21),
using the data of Duwez and Wheeler {Ref. 4l), pointed out that the cool-
ing fluid, which is forced through the porous walls and into the boundary
layer, acts as a protective film shielding the surface of the porous walls
against the hot main stream gases. In keeping with the findings of Duwez
and Wheeler, it is assumed that the amount of cooling fluid required to
maintain the surface of the turbine blades below a specified temperature
will be small. The cooling fluid may be either a gas or a liquid. For the
sake of simplicity in the presentation of the analysis, the case of gaseous
transpiration cooling is first investigated, deferring the more complicated
study of liquid transpiration cooling until Appendix A VII.

If the coolant flow rate is very low, it is reasonable to agree with
Rannie's assumption that the injected gas has very little influence on the
heat convection and momentum transfer in the turbulent stream and that
its effects are largely confined to the laminar sublayer. If the laminar
sublayer thickness is very much smaller than the radius of curvature of

the turbine blades, it can be assumed that as far as the analysis of the
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laminar sublayer is concerned the turbine blade behaves as a flat plate.
Only the case in which the coolant gas is chemically inert with respect
to the combustion gases is considered. With these assumptions the
problem reduces to one investigated by Rannie (Ref. 21).

In the analysis of the laminar sublayer Rannie assumes steady
flow and that all derivatives with respect to the direction of flow are
negligible compared to derivatives with respect to the coordinate nor-
mal to the plate. The pores of the wall are assumed to be sulliciently
small and numerous that flow of the injected gas is uniform and con-
tinuous. Rannie further assumed that the coolant gas has the same
physical properties as the main stream gas and that the physical prop-
erties are constant through the laminar sublayer. This assumption is
not necessary provided that appropriate average values can be chosen
to represent the various properties in the different regions.

Consider the flow situation and the nomenclature shown in
(Fig. 7). 'I'he velocity parallel and normal to the wall are denoted by
u and v, respectively. Since steady state is assumed and since all
derivatives in the x-direction are neglected in comparison to those in

the y-direction, the continuity equation reduces to

)
et = o (1

therefore,

/)V -:/?Vc = cons'tanf . (Z)
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By equating the force in the x-direction to the rate of change of mo-
mentum in this direction, the velocity distribution through the sublayer

is obtained as

R,

where B = pCVC//}I,/Ti = appropriate average dynamic viscosity between

y = 0 and y =y, p = density, and where the subscripts refer to the
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various horizontal planes indicated in (Fig. 7). By considering an
energy balance in a element of space located in the laminar sublayer,

the temperature distribution is obtained as

T - Tw eﬂ' Y
T Ay ' (4)
§ — T e -\

where T = temperature, E = Evﬁ and E’; = appropriate average
Prandtl number between y = 0 and y = y.
The laminar and turbulent regions are joined by employing the

Reynolds  analogy in the form

ds _ g

=3 , 5
Cp(Tg = ) Ug ®)

s

where q is the heat transfer rate per unit area towards the wall, * is
the shearing stress, and CP& is the average specific heat at constant
pressure between Ty and Tg' By combining Eqs. (3) and (4) with
(5) and after some manipulation, an expression for the temperature of
the wall Tw as a function of the flow rate, the velocity distribution,

and thc sublayer thickness is found in the form

_3.8
Tw - Ty _ e : (6)
- B Cow (g By 73
Tg = '+Cp5(”6 "')("‘e )
where c is the average specific heat at constant pressure between

W
T_ and Tg .
T
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By supposing that B& and 516 are small, an approximate ex-
pression can be developed for the temperature ratio given by Eq. (6)
by expanding the exponential terms in power series. It turns out that
the resulting approximate expression reproduces Eq. (6) very closely
even for moderately large values of Eé. By making an assumption re-
garding the thickness of the laminar sublayer, the derived approximate
expression for Eq. (6) is then in a form such that the ratio of the cool-
ant flow rate per unit area w, =p Vv, to the main stream flow rate per
unit area Wy = pgug may be solved for in terms of the allowable
temperature difference across the porous wall and the local skin friction
coefficient Cpe Before this program is executed, however, expressions
for ug/u6 and B6 are required.

From Eq. (3) the velocity at the interface between the sublayer

and the turbulent zone is given by

L
u - ] /a'w du ) (e -—-I) . 7
s B (clg . (7)

Recalling that the local skin £rictiim coefficient s is defined as

o - T/EAY) o

and noting that

(9)
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the velocity at the interface ug may be rewritten by substituting these
expressions in Eq. (7); viz.,

UQ e We ) (10)

An expression for -66 is now derived. Under the assumption that
the laminar sublayer thickness is not changed because of fluid injection,
it is supposed that the sublayer thickness is given by the same type of

relation which has been found to hold for pipes; viz.,

e
§ £ (3"-) -5 (11)
AV

where 8% is a constant defined by Eq. (11). The value usually taken for
&% in isothermal, incompressible turbulent boundary layers is 5.6. The
dynamic viscosity A and density p are to be evaluated at points in the
laminar sublayer appropriate for the validity of Eq. (11). The subsequent
analysis will show that only approximate values of /A and p are required
when the coolant flow rates are small. Using Eqgs. (8) and (11), the sub-

layer thickness may be written as

- S (a)e)"

\2 ;
hence,
Yo o
-y A (AP e\ we §F -
Ao - g iafelts
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By substituting Eqs. (10) and (12) into Eq. (6), by expanding
the exponential terms of the resulting expression in a power series,
and by neglecting square and higher terms of BS, an expression for

WC/Wg may be obtained in the form

~ = 0P ()
where
CPm(T "'-T;V) hg b hw
YT () T heh (4

and ¢ is the average value of ¢_ between T and T andh , hy
P p w g g
and hr are the total enthalpies at stations g, w and r, respectively.
Assuming that p =p_and 4 = & in Eq. (13), and taking Pr = 0.7,
ming p pg M= q. (13), an ing
6% = 5.6 and cf/Z = 2.5 xlO_3 as representative of the parameters, then

the denominator of Eq. (13) is

I — (1 = ID';)S*(C;/?_‘) =1—0.084 =0.9/6

Consequently, since Eq. (13) is only an approximate expression, the
second term in the denominator of Eq. (13) is neglected in comparision
to unity. Under this approximation the expression for the coolant flow

rate simplifies to

We o L & C?.:f: .

Wy (15)

Coolant requirements calculated from Eq. (15) are conservative in
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comparison with values determined from the exact expression. (Cf. Fig. 4,
p. 56). This fact further justifies the approximation used in simpli-

fying Eq. (13) to Eq. (15).
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APPENDIX VII

Derivation of Expressions for Coolant Evaporation Rates for (1) Liquid

Transpiration Cooling, (2) Transpiration Cooling with Internal Liquid

Vaporization and (3) Film Cooling.

1. Liquid Transpiration Cooling

As in the case of gaseous transpiration cooling, the coolant flow
rate is assumed to be low enough so that the injected fluid has very
littie influence upon the turbulent stream and its effects are confined
largely to the laminar sublayer. Again, steady state is assumed, and
all derivatives with respect to the direction of flow are taken to be
negligible compared to derivatives with respect to the coordinate normal
to the porous walls. The coolant is assumed to be inert with respect
to the combustion gases. The coolant is assumed to be injected uniform-
ally and continuously over the surface. The resulting liquid film laver
is assumed to be stable.

Consider the flow situation and nomenclature shown in (Fig. 8).
Again, the velocity parallel and normal to the wall are denoted by u
and v, respectively.

Mass Balance Since steady state is assumed and since all derivatives

in the x-direction are neglected in comparison to those in the y-direction,
the continuity equation reduces to that given by Eq. (A VII-1), and hence
Eq. (A VII-2) applies in this case also.

Momentum Balance By equating the force in the x-direction to the
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rate of change of momentum in the same direction, the velocity distri-
bution through the sublayer may be obtained. The derivation begins by
writing

T - ’]‘_’F = /‘é"é(u - u{_) v’ (1)

where the subscripts refer to various horizontal planes indicated in
(Fig. 8). Using Newton's law of shearing stress that T = /“%% and

letting B = pcvc//“v’ Eq. (1) may be rewritten

dLL __/""{-(du) =ﬂv(u_u) .
dy o \dy, f (2)
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Equation (2) may be directly integrated between the limits y, and some

point y in the region @ to yield the relation

M (du) (ez’—v(‘i“!f)__ )5 (3)

+ ﬁv /.I" d‘:’{_

where ‘B—v is the appropriate average value of BV between vy = £ and

y =y. Letting u' =u - u, and y' =y - Ve Eq. (3) may be rewritten

6o e e (da) (A @
+

Energy Balance By considering an energy balance in an element of

space located in region @ in the laminar sublayer, the temperature
distribution may be obtained in a manner similiar to that used to obtain
the velocity distribution. Since all derivatives in the x-direction are
assumed to be negligible in comparison to derivatives in the y-direction
(which excludes, of course, transfer of heat and transfer of energy by
convection in the x-direction), all the energy which passes through the
laminar sublayer does so by the mechanism of heat conduction. This
energy is obsorbed in increasing the enthalpy of the cooling fluid which
is moving away from the porous wall in the y-direction. The enthalpy
increase of the cooling fluid consists of three parts: (1) that resulting
from the increase of the coolant temperature from the reservoir
temperature Tr to the temperature of the liquid-gas interface Tf, i.e.,

c (T

o £ Tr) (2) that due to the heat of vaporization AHV of the liquid,
R
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and {3) that resulting from the increase of the temperature of the vapor

from T, to T, i.e., c (T-T;). Therefore, using Fourier's law of
v
heat conduction, the energy balance leads to the relation

q =ﬁc"c[Cp/&(";*Ty) + AH, + cpv(-r-‘g)].—-kg—;;’ (5)

where q is the heat transfer rate per unit area towards the wall, CP
ya

is the average value of heat capacity at constant pressure of the liquid

between Tr and Tf, »cp is the average value of the heat capacity at
v

constant pressure of the vapor mixture between T, and T, and k is the

f
coefficient of thermal conductivity of the vapor at the temperature T.

In analogy to the derivation of the velocity distribution, Eq. (5) may be

integrated directly between the limits Ve and y to yield the equation

- A3y’
e TN CAL ) B (6)
T T
where
_ Cpy \ + AHV
L Cpv L Cro (T ‘Tr)]

pvv ﬁv = P"'v/?, Ve //“v

I
Z
i

PVY = Prandtl number of the vapor = cpv/uv/kv

and
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/3, = appropriate average value of 3, between
y=ygand y=y.

Coolant Evaporation Rate Again in analogy with the analysis of gaseous

transpiration cooling, the laminar and turbulent regions are joined by

employing Reynolds' analogy in the form given by Eq. (A VI-5); viz.,

q. _ ’i"é,
y T - ? (A VI-5)
CPS/(Té Té') ug - uS'
where ¢ is the average specific heat at constant pressure of the

/

8
vapor between T6/ and Tg’ From Eqs. (5) and (6) expressions for the

temperature and the heat transfer rate at the sublayer interface y = 6

may be written as

—— ’

B, b
T o= Tt (- TLE™T (™
and
3.8
d¢ = cp 2% (T - T)L, e . (8)

From Newton's law of shearing stress and Egs. (2) and (4) the shearing

stress at the laminar sublayer interface may be written

1 v eﬂvsl
T, = Us 2%

8 - ez"sl

(9)
-1

By combining Eqs. (7), (8) and (9) with Eq. (A VI-5) and after some

manipulation, an expression for temperature ratio (Tf-Tl_)/(Tg—Tr) is
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obtained; viz.,

T -T _ | (10)
Ty — B’ - e k
g~ Ty I+ LAe™ D+ = |
where

P 4

A (&__)(.is_ _ .)(. Y

Cpg / \ Ug

Equation (10) corresponds to Eq. (AV1-6), which was derived for gaseous
transpiration cooling. The temperature ratio (Tf-Tr)/(Tg—Tr), the

dimensionless enthalpy term Ll’ and the heat capacity ratio (va/cpﬁ
are presumed to be known. The velocity ratio ug/uf) is dctermined

)

from Eq. (4) by introducing the local skin friction coefficient c, just

as was done in the case of gaseous transpiration cooling. Consequently,
Eq. (10) determines implicitly the quantity f_ &' = B_ Pr &' when the
values of Tr’ ']I'f and Tg are given. Therefore, since the dimension~-

/p u_is re-

less coolant flow rate or evaporation rate w /w_=p Vv
c' g cclgg

lated to E’V& through an expression similiar to Eq. (AVI-13), the re-
quired coolant flow rate is essentially determined by Eq. (10). The
analysis now proceeds as in the case of gaseous transpiration cooling by
supposing that E—vé‘ and E:v &' are small and by expanding the exponen-
tial terms in series. The resulting expression may then be solved for
the coolant evaporation rate Wclwg' First, however, expressions for
ug/u’6 and EVG are derived. From Eqgs. (AVI-8) and from Eq. (4), it

may be shown that
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r

/7
Us _ S (eﬂv& — 1)

(11)

In 2 manner analogous to that for gaseous transpiration cooling, it may

be shown that

Y2 -2
- A /Og> C‘f' Wc.‘s* .
/j’vs‘/a'v (/o (a)wg (12)

By substituting Eqgs. (11) and (12) into Eq. (10), by expanding the ex-
ponential terms of the resulting expression in a power series, and by
neglecting square and higher terms of Ti'vfi', an expression for WC/W

may be obtained in the form

we o~ Ly (ce/2) (13)
wg R A
= (=PSRN
where
L, = Sem(Ta — T)  hg —he (14)
AH, + G (T -T) AR h b
and c is the mean value of ¢ between T.and T and h , h
m P f g gt

and hr are the total enthalpies at the stations g, f, and r, respectively.
Using the same approximation involved in simplifying Eq. (13) to Eq. (15)

in Appendix VI, the present Eq. (13) reduces to

We LL_(_:f... . (15)
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2. Transpiration Cooling with Internal Liquid Vaporization

The case is now considered where a liquid is evaporating on the
reservoir side of the porous wall and where the vapor passes through
the porous walls as in gaseous transpiration cooling. This case
closely resembles liquid transpiration cooling, and the approximate
expression for the coolant evaporation rate may be obtained directly
from that for liquid transpiration cooling previously derived. Only the
boundary conditions need be changed. The vertical coordinate is no
longer taken from the liquid surface but from the wall. This means

that Eq. (5) must be modified to
q =/2 Vc[CP,((T; - T) FAH oo (-T) + CPV(T-TW):K%, (16)

where ¢ is the average value of cph for the vapor hetween T, and
w

T ,and ¢ is the average value for c¢_ between T _ and T. This
w P, P W

change in the expression for g leads to a slight modification in the

equation for the coolant evaporation rate; viz.,

where

Cpm (TQ - Tw) .
AH, + Cp (T =T )+ ¢ (T,-T)

(18)
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3. Film Cooling

Again, film cooling closely resembles liquid transpiration cool-
ing, and the approximate expression for the coolant evaporation rate
may be obtained directly from that for liquid transpiration cooling. As
in the previous case only the boundary conditions need be changed.

Since derivatives in the x-direction are neglected, the entrance effect
of warming the liquid film from the entrance temperature to the final
temperature of the liquid-gas interface Tf is ignored. This assumption
amounts to assuming that the fluid enters at the film temperature T.,.
With these modifications the expression for the coolant evaporation

rate becomes

My SE (19)

where L = . (20)
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APPENDIX VIII

Calculation of Total Temperature of the Main Strecam Gascs at the

Entrance to the First Turbine Blade Row Based on the Velocity Relative

to the Blade,

Let

0-_’{

total temperature of the gases in the combustion
chamber,

-

static temperature of the gases at entrance to
blade row,

o._l
=
i

total temperature of the gases at entrance to
blade row relative to the turbineé blades,

X
i

Mach number at entrance to blade row relative
to fixed nozzle ring based on the static tempera-
ture T,

E=
i

Mach number at the entrance to blade row
relative to turbine blades based on static
temperature T,

a4 =  velocity of sound at the temperature T,

A, = velocity of sound at the temperature T _ in the
combustion chamber,

Uwz turbine wheel speed,

X = Dblade entrance angle.

The Mach number diagram for the conditions at the entrance to the first

blade row is shown in (Fig. 9). From (Fig. 9) it follows that

Mrz _ ME N (W;(_g% —~ZM<W)<%3-) cos & , (1)

L,
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M
My

Y
a

Fig. 9

or
. . uw N U\ (1 )
M, = M + ( = (—:r--> — 2M<a°>(_]g)cosq. (2)

The total temperatures and the static temperatures are related through

the equations

¥ <
T, = T(I + =M ) ’ (3)
and
Y- 1 2) :
T, = T (l + > M, (4)
When the quantities T/TO, Y, Uw/ao and X are specified, the

relative Mach number M_ may be computed from Eqgs. (2) and (3).
Having determined Mr’, the total temperature ratio Tor/To may be
calculated (rom Eq. (4). The range of practical interest for Uw/ao
and o are 0.30 - 0.50 and 14° - 24°, respectively. (Fig. 6) has been

computed according to this scheme for y = 1.30.



