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I. SUMMARY

The purpose of this thesis was to construect and operate
a combustion chamber compatable in design with Jet combustion
chambers built into the periphery of a proposed Nernst-type
react;on gas turbine. This type of turbine could be used com-
mercially where a compact, cheap, high-speed power plant is
desirable. The proposed turbine would consist of a six inch
diameter metalliec disc with two or more Jets built at the
periphery (see Figure 7).

It was found that although this power plant could operate
at higher temperatures than ordinary gas turbines, this ther-
modynamic advantage was offset by the maximum peripheral speed
allowable in known metallic alloys such as RC-130-B before
failure occurs.

Other disadvantages are the low efficiencies resulting
from this type of power plant. In the Nernst-type chamber,
compression, combustion, and expansion must be conducted in
one stage and in a small volume. In the regular gas turbines
these steps are carried out in separate stages enabling the
careful control of each step to assure the attainment of the
optimum thermodynamic conditions.

Investigations were carried out by using a static test
chamber of dimensions similar to those that would be used in

the actual turbine (see Figures 5 and 7). Several operations



were carried out at various chamber pressures. The operating

conditions of the best of these runs are listed below:

Pressure at chamber inlet 60 psig.

Internal efficiency 8.7 per cent

Internal power 5.7 HP./Jet

Tdeal cycle efficiency 37.1 per cent

Combustion rate 28.8 million H_EE%E_
° ro- -3

Oxygen

'P__E—'ropane ratio, (weight basis) 1.76

Secondary air flow at 1 atm. 9.35 ft.3/min.

Primary air flow at 1 atm. 1.0 £t.%/min.

Optimum operating conditions were not achieved due to
limitations in the volumetric capacities of the air streams.
Higher power output and efficiencies may be obtained if the
maximum capacities of the primary and secondary air streams
are increased. Higher chamber pressures will also result in
better efficiencies and higher power output.

It is recommended that further investigations be made to
determine the optimum operating conditions at one chamber
pressure in the neighborhood of 60 psig. before design and

construction of the actual turbine be attempted.



IT. TINTRODUCTION

The purpose of this thesis was to build and operate
a jet combustion chamber compatable in design with Jet
combustion chambers to be used in a proposed Nernst-type
reaction gas turbine. This type of turbine would fit
applications where a compact, high-speed power plant is
desirable.

At the time of previous investigations (1949), metal-
Jurgical difficulties restricted the operating speed of
the proposed turbine to 48,900 (with no safety factor).

In thls range the efficiencles and power output of the
turbine were found to be quite low (an efficiency of

3.8 o/0 and a power output of 0.32 HP/jet were the maxi-
mum found) (6).

However, with the rapid progress of the development
of titanium alloys, the operating range of the turbine
speed may be greatly increased. For this reason this
thesis was undertaken to study the power output and effic-
iency of the proposed chamber in the higher pressure range
afforded by the higher velocities. The pressure range in
these studies was above that necessary to induce sonic
velocities in the exhaust gases. Therefore, it was neces-
sary that the test chamber be equipped with a converging-

diverging nozzle to minimize shock waves.



The proposed turbline would consist of two or more
combustion chambers rotating about a common axis. These
chambers behave essentially as ram Jjets, receiving fuel
through the shaft about which they rotate. The air for
combustion could be iﬁtroduced either through the shaft
or as ram air at the periphery of the turbine. 1In eilther
case, by virtue of a high peripheral speed, the gases will
enter the chamber at a reasonably high pressure. The zair
would mix with and oxidize the fuel, and expand through a
converging-diverging nozzle finally leaving the turbine at
super-sonic speeds (relative to the nozzle) (&).

The exhaust gases, rejJected at a substantlal absolute
veloecity, woﬁld flow away from the turbine, creating a
surge which would cause fresh air to replace it and provide
for continuous combustion. The surge of air past the tur-
bine walls would tend to cool the walls of the Jjets simul-
taneously preheating the air and hence permit a high nozzle
inlet temperature (the temperature reached after combustion
and 1mmed1ate1y‘prior to expansion through the nozzle). A
high nozzle inlet temperature permits a high average tem-
perature of heat receptlion and therefore a high Carnot
efficiency.

The need for a compressor would be eliminated in this
power plant. The ram or the centrifugal forces would sup-

ply the necessary compression for the air and fuel. A



consequence of this would probably be a saving in power
losses and a further increase of efficiency over that
obtainable with current gas turbines.

A solid cylindrical disc, tapering toward the rim
(Figure 1) is known to allow greater peripheral speeds
before failure than an untapered one. This can be ex-

pressed quantitatively by the equation (6):

—g = w2x2 {7\
7

2g 1n(h,/h)

where h, is the thickness at radius x (inches); hy, is

the thickness at the axis (inches); @, is the maximum
allowable angular velocity (radians per second); g{, the
density of the metal (pounds per cubic inch); ¢, the max-
imum allowable stress (psi.). From this it can be seen
that an increase in the maximum allowable angular velocity
is favored by a metal of high tensile strength and low
density, and by an increase in the ratio h /h.

A survey of existing materials showed that metals of
low density usually have a low melting point and are there-
fore not suitable for turbine construction (4). A notable
exception is titanium. At the suggestion of Professor
H. C. Weber, the possibility of constructing the turbine
of a suitable titanium alloy was investigated. It was

found that a titanium-base alloy, RC-130-B, 1s now availlable
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which has the following properties (5):

_TABLE T
Temperature, °F 68 200 400 600 700 800
Tensile Yield
Strength x 10%, psi. 130 122 107 92 86 76
Composition 47 Aluminum, 47 Magnesium, 927 Titanium

Density, 1bs./1n3 0.165

These properties compare favorably with heavier metal alloys
such as the Chromium-Nickel-Cobalt alloy, K-42-B (4). K-42-B
has a high tensile strength (91,200 psi.) which is relatively
independent of temperatures below 1200°F: it has a density
of 0.33 pounds/inch3,

An increase of the ratio of ho/h wlill also result in
a larger allowable angular velocity. However, Table IT
indicates that for ratios of ho/h greater than three, the
relatively small increases in the natural log of ho/h prob-
ably do not Justify the added material expense of construc=-
ting a wheel with a width ratio greater than three or pos-

sibly four.

TABLE ITI

=2
o

=

=

2 3 I 5 6 T

ln(ho/h) 0 0.69 1.0 1.39 1.61 1.80 1.95



Thus, for example, a wheel constructed of RC=130-B
at TOO°F with x equal to three inches, ho/h equal to three
and a factor of safety equal to 1.2; a maximum rim speed
of 1610 ft./sec. is obtained. If one now uses a ho/h
equal to four the new maximum rim speed becomes 1810 ft./sec.
(see Appendix A).

For an 1ideal gas turbine (ideal compressor, combustion
chamber, and nozzle) using air as a working fluid, the

thermodynamic efficiency 1s given by the relation:

k-1

g = AR (2)
(see Appendix B) where’]T is the 1ideal efficiency for the
non-regenerative cycle;_E; the ratio of the pressure inside
the combustion chamber to the exhaust pressure; and k the
ratio of the specific heat, Cp/Cv. Equation (2) is inde-
pendent of temperature. This does not contradict the fact
that the higher the temperature of heat reception, average
sink temperature (rejection temperature) remaining constant,
the higher the Carnot efficiency; for a consideration of
the derivation of equation (2) will show that an increase in
the ratio of the chamber temperature to the sink temperature
increases the pressure ratio, r. Thus, equation (2) is con-

sistent with the temperature trends of Carnot efficiencies.



Since the thermodynamic efficiency of the turbine
depends solely on the pressure ratio, r, it 1s necessary
to find the maximum r obtainable for a wheel that is rota-
ting at its maximum peripheral speed. Consider then, the

turbine rotating at v , and a unit mass of exhaust gas

max
leaving the turbine at negligible absolute velocity. Then

an energy balance gives:

Teg = MTg + m (3)

If one then defines the mach number, M, as the velocity
of the turbine gas divided by the acoustic velocity of the
gas ([0).

M= M (4)

vJ kg RT4

Substitution of equation (4) into equation (3) and rearrange-

ment gives (see Appendix C):

It is obvious that a high propulsion power as well as
a high thermodynamic efficiency is desirable. The propulsion
power can be considered as the energy supplied by the turbine
which 1s availlable as absolute kinetic energy of the gases

and the torque power (3):



10

G

P = = (C - v)2+ (Fg + F)v (6)
P o= g5 (6% -v%) = Zvi (- 1) (7)

where P is the propulsion power; G, the weight rate of
flow of the exhaust gases; and C, the veloclty of the
exhaust gases relative to the turbine nozzle (see Appendix Bl
Equation (7) shows that P can be increased by increasing
G or C, or by decreasing v. G is limited by the size and
design of the combustion chamber; a decrease in v results
in a lower pressure ratio, r, and therefore a lower thermo-
dynamic efficlency. C can be increased by ralsing the

nozzle inlet temperature. This can be accomplished by pre-

heating the fuel and secondary-air ducts. (see Appendix E).

_ {Eg k RT3\ 8
: fm(k-l) i

An increase in C does not effect the ideal thermodynamic
efficiency. However, i1t must be remembered that the ideal
thermodynamic efficiency can only be approached when the
absolute velocity of the exhaust gases is negligible; that
is, when C = v. For this condition, the propulsion power,

P, equals zero as can be seen by substituting C = v into

equation (7). An increase in C also has the further draw-

back of decreasing the propulsion efficiency, (fraction of



propulsion power avallable as torque power) .

11 _ (Fd + n)v A 2v/C i 2e
. -

R Ry AR T

(see Appendix F)

Further, the torque power,

Pa4yn = Fa4+n? = Pwlp
= g?g' v (-3—-5 - 1) -I——TEG
- g v (==2) (10)
prels o Pg + n N (11)
36 ge®

which is always negative. Since © equals v/C, and increase

in C will always result in an increase in P . Therefore,

d+n
an increase in the inlet nozzle temperature results in an
increase of C, P, and Pd+n' but does so at the expense of
propulsion efficiency.

+It can be shown that, if an ideal gas flows through a
hundred percent converging nozzle under steady-state con-

ditions with no heat added or mechanical work removed (see

Figure 2), the exit velocity, C4, is (10):

(9)



- \

k-1

8a = /;gk_lfr RTs [1 —(lg—;)"ﬁ"] + By (12)

The weight rate of flow 1is:

G = Cg A4ﬂl

Cs Asps (13)

where

2

Il

2
vz (AN . 1l T (ps
(fa)” = (Vi) vz (p3) k (1%)
for adiabatic expansion. Substitution of equations (13)
and (14) into equation (12) and making the assumption that

Cs 18 negligible gives:

L ]

= A,.ﬁgk B [( )T] (15)

A consideration of equation (13) will show that there
are two conditions for which the weight rate of flow, G, 1is
zer©®, One corresponds to zero pressure drop (Ce = zero,
and pa = ps); the other occurs when the gas is expanded into
a vacuum (p4 = zero, and ps = zero). Thus it follows (see
Figure 3) that between these two 1limits of the expansion
ratio at least one maximum value of G must exist. Previous
investigators have shown that only one such maximum exists.
This can be obtained by differentiating equation (15) (with

respect to (%) and setting the result equal to zero):
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2 k+1
4 [(g.;) k- (52) —'E-—_] =0 (16)
d (ps/p3)

The result of the differentiation gives the critical

pressure ratio corresponding to the maximum G:

k
[BE.. = = & (g )=t (17)

cr.

Substitution of equation (17) into equation (12) and again
neglecting the chamber gas veloecity, Ca, gives the critical
exhaust speed corresponding to Gmax:
1
Ce = (gkRT4) 2 (18)
which is identical with the local acoustic veloeity. Further,

substitution of equation (17) into (15) gives:

G - 3.89-84DPs ponp -1y (19)

e VR Ta (air)

If one now uses k equal to 1.4 in equation (17) the
eritical pressure ratio for air becomes ps/ps = 1.89. Thus
when the pressure ratio, r, (r = ps/ps) is 1.89, the exhaust
gases leave the nozzle at the acoustic velocity. Previous
investigations have shown that, 1f r is increased above this
critical value, the additional available energy 1s not trans-
formed into kinetic energy, but is used up in frictional heat

and noise after the gas Jet emerges from the converging nozzle.
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De Lavel showed that a correctly designed converging-
diverging nozzle will convert all of the expansion energy
into kinetic energy for pressure ratios larger than 1.89.
Such a nozzle requires that the critical pressure ratio
exists at the throat, and that the area ratio of the

diverging section be such that:

A4V4 = A 4 ppe (20)
where
- \ 1
k
¢L - V/E-I V/Iiz (r) &
z = (r) 5E-1
Ao W - Vmax .at w rcritical
This results in the following nozzle-design equation:
-
i 2 k+1
n (7 *-T () - (%) .

(see Figure 4). Appendix H gives a more detalled develop-

ment of the equations 1n the above section on nozzles.



TABLE III

h h G P

o 0 C 8 n+ d
h 1ng= Vmax M max .%T at 2000°R 6 'Wp QYT'Yb 1bs./sec. (HP)
3 1.3 1610 1.44 3.35 .292 2380 667 .808 .236 .00216 1.94
i 1.39 1810 1.62 4.39 345 2480 .730 .850 .293 .00318 2.64
5 1.61 1950 1.745 5.28 .378 2595 .T52 .888 .324 .00382 3.50

Table 3 shows the relation between the decisive design characteristics and theoretical

net efficiency (»(T x)zp), theoretical power output, and weight rate of flow.

91



ITI. PROCEDURE

The usual technique used to study the performance of
rockets and ram jets is that of the static test. The scope
of this thesis is limited to the construction of a combustion
chamber compatable with a turbine design proposed by G. A.
Sofer, and the study of the net efficiency and power output

of the turbine indirectly by means of a static test (6).

Experimental ObJectives

The objectives of the experimental work were:

(a) A study of the combustion of propane in a chamber
of such size and shape as to approximate the combustion
chamber of a Nernst-type turbine, with the aim of operating
at the highest possible velocity before "blow out” (i.e.,
the flame leaves the chamber).

(b) The determination of net, or overall, efficiency
and power output at various chamber pressures.

(¢) An estimation of the deviation of the actual

internal efficiency with the 1deal cycle efficiency.

Agparatus

The combustion chamber (hereafter referred to as "the

unit") used in the static tests is deseribed in Figure 5
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under the title, "Static Test Combustion Chamber.'" Cold
rolled mild steel was used for the construction of the
unit; all pieces were cut out on a Do-All. Copper tubing
was used to conduct gases 1into the unlt. The copper tubing
used for the pre-heat was lagged with asbestos. The central
half-inch pleces were dowelled to the bottom cover plate.
An asbestos cloth gasket was secured between the central
section and the bottom cover plate to insure that the unit
was air tight. The top cover plate was secured to the rest
of the unit by seven bolts, 1/8" DX 1 1/2". Here also, an
asbestos cloth gasket was placed between central section
and top cover plate.

Propane and air were metered separately into a premixer
from which they flowed as a stolchiometriec mixture into the
inlet of the test unit. Secondary air was métered directly
into the unit's secondary air inlet from the Institute's
high pressure line. Three orifice meters were used to measure
the rate of flow of the gases. The manometers were made of
tygon tubing to eliminate the hazard of glass breakage at
high pressures. The manometer fluid was water. The down-
stream pressure for the line carrying the stolchimetric mix-
ture of propane and air was measured with a gauge located
on the premix tank. The downstream pressure of the secondary
air line was measured by a gauge located next to the sec-

ondary air orifice meter.



All lines were constructed of 1/4" copper tubing
except where flexibility was necessary. In those sections
1/4" tygon tubing was used. Figurels)is a schematic dia-
gram of the testing system used. |

The premixer was a high pressure steel vessel (to give
protection in case of explosion) and was fitted with a 150-
mesh screen on the outlet to prevent a flashback of the
explosive propane-air mixture.

A model airplane spark plug was installed in the top
cover plate to initiate combustion in the chamber. A Tesla
coll which generates high frequency current was used to fire
the spark plug. The Tesla coil has.the property of devel-
oping a spark when the wire extending from the head of the
coll is brought near a metallic surface. It is not necessary
that the metallic surface be grounded. The spark is of the
same nature as that which takes place upon transfer of high
voltage static charge from one conductor to another. The
larger the capacity of the conductor, the longer and brighter
the spark. By touching the metallic head of the spark plug
with the Tesla coil wire, the central electrode is made part
of the coill and a spark develops between this and the outer
electrode.

A Meeker grid was installed in the upstream section of

the combustion chamber to ald flame propagation.
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The unit was hung in a horizontal position by attaching
steel wire leads from an overhead horizontal bar to two eye
screws welded-onto the top of the central section of the
unit. A thin steel pointer was brazed to the cover plate
in a vertical position. A meter stick was fastened in a
horizontal position directly below the suspended test unit.
The gases burning in the test unit expanded the secondary
air and the resulting thrust was indicated by the deflection
of the unit from its natural suspended position. Since the
deflections in the test runs were small, the thrust was
directly proportional to the measured deflection of the
pointer on the meter stick; i.e., thrust was directly
proportional to net deflection (defleection during "hot" part
of the run (fuel burning) minus deflection during "ecold"

part of the run (fuel not ignited) ).

Experimental Methods

The callibration of the orifice meters at various line
pressures was accomplished by using a standard dry-test gas
meter and stopwatch.

Power output was determined by the statiec test method.
As mentioned previously the unit was suspended on two wires.
The thrust of the exhaust gases was determined from the
deflection of the wire from the vertical. Two runs were

made at each desired pressure; one was a "hot run;" the



o |

other a "ecold run." This enabled the computation of the
energy output due to the combustion alone. Methods of
caleculation are outlined in Appendix "I" under the heading,

"caleulations."

Experiments

1, Testing System for Leaks

The entire system of gas l1lines and flow

meters was tested for leaks in the following manner:

(a) Serew clamps were used to close off the tygon
tubing near the test unit 1lnlets.

(b) Air from the Institute's high pressure line was
bled into the system and the valve was adjusted so that a
constant pressure was maintained.

(e) All joints were bathed in a soap and water solution
which disclosed leaks by the formation of soap bubbles.

Leaks were eliminated by further tightening of fittings

in some cases and the use of red glyptal binder in others.

2. Calibration of Orifice Meters

Air from the Institute's high pressure line was
passed through each orifice meter and then through a dry
test meter. The downstream pressure and the manometer read-
ing was recorded. The dry-test meter measured the volumetric

through-put (at atmospheric conditions) over a given period



0
of time. The perlod elapsed for each run was recorded by
a stopwateh. This enabled one to determine the gas rate
of flow under atmospheric conditions. By assuming that the
ideal gas laws were valld In the temperature and pressure
ranges being studied, simple calculations enabled one to
convert the flow rate data at atmospherie conditions to the
relevant flow rates at line conditions. Appendix "I" gives
such a sample calculation.

The flow rates and pressures could be adjusted by man-
ipulating respectively a screwizlamp on the downstream line
and a valve on the upstream line. In this way a good range
of rates were obtained for each meter at various pressures.
The temperature and barometric pressure were recorded for

each run.

3. Measuring Dimensions of the Unit

4. Experiment A

This consisted of a trial operation to gain famil-
larity in controlling the gas rates of flow. The primary air
was allowed to flow into the chamber and the spark from the
Tesla coil turned on. The propane was then turned on and the
flow increased until the flame became stable. Different mix-
tures of propane and primary air were tried and notice was
taken of the manometer readings at which the flame burned
with the most stabllity. These readings were used success-

fully in later starting attempts.
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5. Experiment B.

The purpose of this experiment was to obtain
data from which the power output and efficiency of the
unit could be calculated. Flow rates and deflections were
measured at different chamber pressures and with varying
ratios of (a) propane-to-primary air and (b) secondary air-
to=fuel mixture.

The propane-primary air mixture was first allowed to
stabilize as described in Experiment B. The chamber was
allowed to warm up before an attempt was made to use the
secondary air.

Flow rates, pressures and deflections were recorded
for use in calculations (see Results).

Each combination was termed a "run" and for each run
the propane was turned off and the "cold" gases were left
running. The deflection from the cold part of the run was
recorded as was the approximate exit gas temperature. The
flow rate of the propane was about three hundreth of the
total gas flow, so that the difference in deflection for
the hot and cold parts of the run was essentlally entirely

due to combustion. Five such runs were made.



IV. RESULTS

Important experimental results are tabulated in the
same order as the experiments were discussed in the preceding

section.

1. Calibration of Orifice Meters

Three sets of calibration curves constructed from the
calibration data are found in Appendix "J". Experimental
points are not plotted. No way was found to determine the
accuracy of the dry-test meter itself. The accuracy of read-
ing the dry-test meter decreased as volumetric flow rate
inereased. It is estimated that the greatest errors (at high
flow rates) would approximate two per eent. This estimate is
based on the maximum percentage error in rate figures corres-

ponding to a time reading error of one second.

2. Dimensions of the Unit

Width of chamber at grid . . . . . . . 12/16 inch
Pepth of ehamber . . 4 Jli ¢ 5 « & « & « 1/2 inch

Area of nozzle at the throat, A, . . 0.000208 4
Area of nozzle at the outlet, Ag . . 0.000230 f£t.2

Weight of unit ineluding copper
tubing and lagging . . . . . . . . 6.25 1lbs.

Chamber volume . ¢ « « « « s « » » = 0.000503 £t.°
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3. Miscellaneous Preliminary Measurements

(a) Maximum pressure developed by the Nash Hytor
compressor (primary air pump) was 26 psig.

(b) Maximum pressure developed in the Institute
high pressure air line was 60 psig.

(¢) Maximum capacity of air lines:
Secondary air stream . . . . . . . 7.90
Primary air stream . . . . . . . . 1.65

(d) Maximum flow available in air lines during
runs:

Secondary air stream . . . . . . . 9.35

Primary air stream . . . . . . . . 1.65

L, Experiment B

Table IV summarlzes the results obtained in this section.
These results are discussed in the next section. A sample cal-

culation is given in Appendix "I".



TABLE IV

Summary of Experiments

exhaust

Fuel, Primary Air Secondary Air velocity

Volumetric Volumetric Volumetrice relative

Chamber Rate Rate Rate to nozzle

Pressure ft.2/min. £t.3/min. £t.2/min. 0z/propane Cn

Runs psig. at 1 atm. at 1 atm. at 1 atm. Wt. basis* ft./sec.
1 9 T 1.47 2.0 4,95 K07
2 14 +0h 1.42 2.9 6.68 yr2
3 34 .06 125 5.5 4,90 695
h 50 0.14 1.65 8.1 2.T7T 703
5 60 0.19 1.40 9.35 1.76 810

* Stoichiometric ratio is 3.64 (assuming complete combustion to COz).
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TABLE IV (Cont'd)

Summary of Experiments

Combustion
theoretical
nozzle Rate
veloecity overall Net Power x 10™°
v 1o " g\ Bae? D output BTU
Runs ft./seec. per eent per cent per cent per cent HP, ) r.-
1 956 81 0.6 12.7 0:5 0.14 L 3
2 1150 TE:2 4.8 18.2 3.8 0.83 4.2
3 1597 78 20.3 29.4 17.4 4,61 23.4
L 1813 TT<3 7.0 34,4 5.4 3.26 16.5
5 1920 TT.0 8.7 37.1 6.8 BT 28.8

0¢
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V. DISCUSSION OF RESULTS

Orifice Meter Calibrations

It was pointed out in the RESULTS secticn that there
was no estimate made regarding the error intrinsic to the
dry-test meter itself. The largest estimated error incurred
in reading the dry-test meter would be approximately two per
cent. In addition, errors were probably incurred in drawing
the best curves through the plotted experimental points.
Most of these points lay on the curves drawn, but some were
absurdly off and hence were disregarded. It is estimated
that when one adds to the errors mentioned above the additional
errors incurred in interpolating between given constant pressure
curves, the total error should lie between ten and fifteen per

cent.

Chamber Dimensions

Errors incurred in measuring the chamber dimensions were
probably less than one per cent. The unit weight was deter-
mined with an accuracy of approximately 1.6 per cent.

Originally, the area ratio, At/A4, was designed for a
converging-diverging nozzle appropriate for a chamber pressure
of 25 psig. (see equation 21). However, due to difficulties
in dowelling the central pieces to the bottom cover plate, the

desired area ratio was not obtained. Substitution of the
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actual values of At and A4 into equaticn 21 showed that the
actual nozzle would work best with a chamber pressure of
approximately 15 psig.

The use of the phrase ''chamber pressure' should be
clarified. As used in this thesis, chamber pressure actually
refers to the highest line pressure. The actual chamber pres-
sure 1s less than the highest line pressure since there will
be a pressure drop across the Meeker grid. This pressure drop
may be as high as three psig. (6). Thus, a nozzle design for
a chamber pressure of 15 psig. 1s actually a nozzle design
for a maximum line pressure of between 15 and 18 psig.

In any case, since none of the runs were made at the
nozzle design pressure, it 1s to be expected that some energy

was lost in the form of shock waves.

Experiments A and B

The main objectives of this thesis were to determine the
unit's maximum power output at higher pressures and the
efficiency of the unit as a power plant.

Five runs were made with chamber pressures ranging from
9 to 60 psig. It is estimated that the accuracy of the measure-
ments were only ten to twenty per cent. This estimate includes
intrinsic errors such as those incurred by ignoring the pressure
drop across the Meeker grid, reading errors and calculation

errors. With such a large estimated percentage error, more
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emphasis should be placed on the trends indicated by the
different runs than the absolute figures calculated.
The important trends noted were as follows:
(a) The internal efficiency increases with an increase
in chamber pressure (as predicted by equation 2).
(b) Power output increased with increased chamber
pressure.
(e¢) The maximum entrance velocity increases with

increased chamber pressure.

Due to lack of time, no data was taken to evaluate the com-
pleteness of combustion at the various run conditions. How-
ever, it was noted that the internal efficiency does not
increase at a rate proportional to the increase in the theoret-
ical ideal cycle efficiency with increased chamber pressure.
That is, the ratio of internal efficiency to ideal cycle
efficiency decreases with an inecrease in chamber pressure (and
consequently higher amount of secondary air). One possible
explanation of this trend is that the secondary air tends to
quench the burning gases before combustion is complete. That
the length of the flame was shortened perceptably as the sec-
ondary alr flow was increased during a run, seems to substan;
tiate this postulation. However, no emphasis should be laid
on this postulation until it 1s verified or disproved by

experimental tests on the completeness of combustion.



The overall efficiencles in these experiments, as 1n
previous work (6), were found to be low. This is not sur-
prising when compared with current efficiencles associlated
with existing Jjet power plants.

A great deal of confusion may arise in regard to the
term efficiency. In this work there are four efficiencies
of importance:

(1) The ideal-cycle efficiency as defined by equation 2.

(2) The internal or actual cycle efficiency which is

equivalent to the work output, energy input ratio.

(3) The propulsion efficiency which indicates the

amount of energy lost due to the faect that the
exhaust gases are not leaving the nozzle at zero
relative velocity.

(4) The overall efficilency which is defined as the

produet of (2) and (3).

The low internal efficlencies are primarily responsible
for the low overall efficiencies. 'Possible explanations for
this will be discussed in a later section.

The maximum power output of the unit was not obtained
due to the limitations in volumetric capacities and maximum
attainable pressures of the two air streams. Both air lines
were used to capacity in run number five. The maximum pressure
and volumetrie flow capacity of the propane source was not

approached. It 1s believed that higher power outputs and better



efficiencies could be obtained if better air stream sources
were made available.

The combustion rate, while lower than those previously
found by Mr. Sofer (6), is still considerably higher than
those found in most gas turbine power plants.

Attempts to duplicate the data obtained in the first
five runs falled because the meeker grid burned out. Lack
of time made it impossible to take further data after a new

grid had been installed.

Factors Probably Responsible for Low Internal Efficiencies

(a) Ideal cycle efficiency was computed from the approx-
imation of the chamber pressure as measured on the secondary
air line stream. Since there probably was a considerable
pressure drop across the Meeker grid, the actual chamber
pressure was lower than that recorded. Therefore the actual
ideal cycle efficiency for each run was smaller than indica-
ted, and consequently the ratio of internal efficliency to 1deal
cycle efficiency was actually greater than indicated. Although
this has no effect on the absolute value of the internal
efficlency, it does decrease the difference between the max-
imum possible thermodynamic efficiency and the actual internal
efficliency. A pressure drop across the grid of three psi.
will lower the ideal cycle efficiency in the higher pressure
range from 27 per cent to 25 per cent and in the lower pres-

sure range from 9 per cent to 5 per cent at those pressures.



(b) Turbulence losses due to chamber design and to
the mixing of the colder secondary air with the hot fuel
gases., Careful chamber design may reduce these losses.

(e¢) Radiation losses from the unit. These may be
responsible for a consliderable lowering of the internal
efficiency. In the actual turbine refractory casing would
probably reduce these losses.

(d) Extension of the blue flame combustion cone beyond
the nozzle,  indicated that all of the combustion energy was
not liberated inside the chamber, and hence not utilized.
Operation in the higher pressure ranges shortened this cone
until it was finally retained entirely within the chamber.

(e) As stated before, quenching of the flame by the
secondary air results in inefficient combustion. This may
be remedied by increasing the operating temperature of the
chamber. However, it must be kept in mind that an increase
in temperature will result 1in greater rejection velocities
of the gases and thereby reduce the propulsion efficiency.
Therefore both factors must be taken into account simultan-
eously and a proper balance reached.

(f) Improper nozzle design. This has been discussed

in a previous section.



VI. CONCLUSIONS

It 1s difficult to generalize the results obtained in
this thesis since a very limited amount of data was taken
and optimum operating conditions were probably not reached.
In addition, since efficiency and power output are affected
by various factors, only conditions similar to those under
which the best operating results were obtained will be dis-
cussed.

For a 6 inch diameter turbine of design similar to that
in Figure 7, constructed of the titanium-base alloy, RC-130-B,
with ho/h equal to 4 and under the following conditions per
chamber:

(a) Og/propane weight basis . . . . . . . 1.76

(b) secondary air volumetric rate . . . . 9.35 cu.ft./min.

(¢) primary air volumetric rate . . . . . 1.40 cu.ft./min.
(d) chamber pressure . . . . . . . . . . 60 psig.
(e) maximum wall temperature . . . . . . TOO°F.

An internal efficiency of 8.7 per cent can be obtained, if the

turbine is allowed to rotate at a peripheral velocity of 1920

Moverall =
6.8 per cent; and internal power output = 5.7 HP per chamber.

ft./sec. For these conditions Vp = 77.6 per cent;

Under these conditions no auxiliary compressor would be nec-

essary except to initiate rotation.



=

It is apparent that the above turbine 1s neither very
efficient nor produces a high power output. However, a tur- "’
bine such as the above, modified so that there are six com-
bustion chambers, three side by side along each peripheral
position, would probably yield an overall efficiency of
6.8 per cent and a net pewer output of 34 HP.

It is apparent that the efficiencles of the Nernst type
turbine will not be able to compete with those attained in
ordinary gas turbines, even though higher operating tempera-
tures are possible in the Nernst turbine. This advantage
(higher operating temperatures) is partially offset by the
limitations on allowable peripheral velocities. Further, in
the ordinary gas turbine, compression, combustion, and expan-
sion are carried out in three separate stages, enabling a
careful control of each step to assure the optimum thermo-
dynamic conditions. In the Nernst turbine, these three steps
are carried out in the same stage and in a very small opera-
ting volume. Thus, it is necessary to compromise with the
best overall operating conditions.

It is possible that the future will see the development
of better heat resistant and stronger metallic alloys. How-
ever, at present, the Nernst type turbine can only compete
with the gas turbine where simplicity, low costs, and small

volume are important factors, but not efficiency.
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VII. RECOMMENDATIONS

It is recommended that before construection of a turbine
wheel is initiated, further investigations be made to deter-
mine the optimum operating conditions of a statie test cham-
ber operating at one pressure, preferably between 60 or 70
psig. These chamber pressures are compatable with the maxi-
mum allowable peripheral velocitlies of known heat resistant
strong metallic alloys such as RC=130-B.

High pressure alr compressors would be required with
volumetric capacities larger than those available from the
Institute high pressure line and the Nash-Hytor pump used in
these investigations. The same test chamber used in these
investigations could be utilized, provided that the nozzle
is rebuilt to conform exactly to the chamber pressure util-
ized.

It is further suggested that the final design of the
turbine be carefully studied in order to assure that an

effective centrifugal compressor is obtained.
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APPENDIX A

Equation (1) on page 1is equivalent to:

h
X4 ='v= V2g%ln(§)

where v 1s the peripheral speed at radius x. At TOO°F
Table I gives the maximum allowable stress, @, as 86,000

psi. Using a safety factor of 1.2:

- §§‘.’ng9“ - 71,600 psi.
g = 388 inches/second?
% = 0.165 pounds/inch?3
r = 3 inches

Therefore, v = 19,330 inches/sec. or 1610 feet/sec.

APPENDIX B

Figure A

ety |

Ta: P'i

Gg:11>f91
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Figure A 1s a schematic diagram of the compression,
and exhaustion cycle of the turbine under construction.
Atmospheric air enters the compressor, C, and flows to
the combustion chamber, B, where a stoichlometric mixture
of fuel and air is injected and burned to raise the temper-
ature of the gases. The heated gases are then exhausted
through the nozzle, N, and thus expanded back to atmospheric
pressure.

Thus the net available work is that excess work
developed above that required to operate the compressor.

Thus: et = Ynozzle - wcompr-essor

if Ga>ii>GS, as is the case here, G = Ga + GS also is nearly
equal to Ga'

For a differential isentropic flow process:
do = Tas = a - YR - 0

h N dp _  k
JdH-Vdp-RT-ﬁg- =T RdT

and
dp _ k aT
p kI T
integration between T = Ta and T = Tb; and p = Py and

p = pb gives:



The heat supplied by combustion is c_(Ts - Tz)

W, o= Jcp(Tg-T4)

p

and W, = Jcp(Ta—Tl)

Therefore the thermodynamic efficiency is:

'Y‘ _ W ' ( Ta=-T4-To+T, )
2 Jep(Ta - T2) Ts = Ta
VzT iy 18 = _Ta-Ty
sl e

Since both compression and expansion are isentropiec:

k=1 k-1

Te = Ta (%ﬁ) =) 5 Ty = T2 (gé) T

and p,

also pz =

p4+ = atmospheric pressure

ps Since combustion is at constant pressure.

k-1 k=1

T =Ts (BS) F oo omg (B2) K

Then -TT

YIT =

o =1
<5 W )= A e
= 1 = Té:T]_ =, 1 = T3(E,2_l - T Ea)
3 2 Ta = TE
i ) k-1
ksl
- B 1 - () Kk
1 (pa) kK- =1 - (5)
where r

i
el
il

5



APPENDIX C

From elementary physics, the acoustic velocity for a
fluid is the square root of the ratio of its bulk modulus

K to its density. Thus, letting a denote the acoustic

For an ideal gas expanding under adliabatic conditions,

velocity,

K = kp

& /-;-,p- = Jgka': v gk RT
If one then defines the Mach number, M, as

v

fgk RY

substitution into equation (3) gives:

M =

2 2
T3=T4+-§§v—c—?= T4+—2g—Mc—j—xkgRT4

P P

2
= To (1 + —mz—)

k-1
= Ts (1 + Eéi M2)

k

e mld = REL k-1 yoy k=1
N P P1 b + =p= M%)



APPENDIX D

If the turbine wheel is taken as a basis and 1its
peripheral speed is v, then the kinetic energy assoclated

with the exit gases 1s,

KE. = JGa + Gg)c® o @Go*
o 2g 2g

The energy consumed in bringing the air and fuel
entering the turbine at zero velocity to the peripheral

speed 1s,
GvZ

2g

Thus the propulsion power is,

This power is equal to the sum of the drag and fric-
tional power, and the kinetiec energy due to the absolute

velocity of the exit gases,

P = (Fq+ F v + %E (c - v)?



APPENDIX E

Assuming that the nozzle is one hundred percent
efficlent, that expansion is isentropic, and the gases
have a negligible velocity in the combustion chamber,

then:

foil
Te = Ts (%)
k-1
. oe Kk £
gt =28 M imt h oy F |
/ Pek !
g = g RT g
m(k-1) N
APPENDIX F

Derivation of propulsion efficlency equation:

_ v(Fda + n)
e
G 2
A V(Fd + A o gg-(c - V)
From Appendix D
G G
g (C3-vZ) = v Fa il n 3 (C2=2vC + v?)



- 1§ (¢~
sz = l%_(c v) v 174 g : o
|z (c-v)vl+g,g_(c-v)2 V4 -
v
7 - 'z _ 20
p
1 4 % 1+ 0
APPENDIX H
Derivation of equation (12):
For an isentropie process,
Ah = c¢_ (Tas - Ta)
P
For perfect gases, however,
o Rk
Cp Sl (E;JfJ
k R
Al = k—__-I-J(Ta"T‘i)
k 1
Ah = =1 (Pa-¥3 - pavi) 3

Also, since dS = O

k k
PaVv3 = pPaVi

1
so that Vi = V3 (%%) k



1
k p "k
e = un o @) (2)
J(k-1) < i
RTs = Dp3Vs
N m(C4>-C3%)
2g
Csa =
k-1 :
26 K -(R2) =
APPENDIX I

Sample Calculations

(A1l calculations are for Run 1)

Data taken:

Manometer reading (secondary air) = 4.7 cm.
Downstream pressure (secondary air) = 9 psig.
Deflection on hot part of run = 1.0 em.

Referring to the graphs in Appendix J, V. . = 2.0 cu.ft./min.

0z 22X It X IAb X 800 | 0.1490 1bs. of sees alr/min.
1546 x 530

_ b, iz 1b.

Similarly: G, ..o ane = 0.0069 1b./min., and G, .4, = 0.1095 oo
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0.21 x 32 x 4.7 x 144 x 1.47
02/CsHg (wt.) = 1546 2 530 =
0.05 x 44 x 14.7 x 144 x 0.07

1546 x 530

D1 x 32 x 147
05 X ¥t % 0,07

= 4.95

The total mass flow was found to be:

for the hot run = 0.2654 1bs./min.
for the cold run = 0.2585 1bs./min.

whence, Gh/Gc = 1,03

hence the thrust = 6.25 x %ﬁgﬂ = 0.0840 1bs. = Fy

(where 6.25 1bs. 1s the weight of the unit and
T4 .4 em. 1s the height to the pivot).

F, = 0.0336 1bs., and corrected to hot run flow rates,

Fc' = 0,0336 x 1.03 = 0,0346 1bs,.

c. - ¢ - _(0.0840 - 0.0346) x 60
h Al
32.2 x 0.2654

= 359,5 ft./sec.

3.47 x 570 x 1.03

Ca = = 147 ft./see. (3.47 cu.ft.
60 x 530 x 0.000434 i1s the total vc)
Ch, = 359.5+ 147 = 507 ft./sec.
_K.E. _ (3592 - 1472) x 0.2654
power output = = = 1,75 HP

2 X 32.2 X 550



(1472) x 0.2654
2 x 32.2 x 550

Compression power required = = 1.61 HP

hence the net available power = 1.75 - 1.61 = 0.14 HP

0.65 x U4 x 14.7 x 144 x 0.07 x 19,929 _
1546 x 530 x 60

Chemical energy input

17.1 BTU/sec.

or AT-1XT78 _ oy 1 pp

550
Internal efficiency = 0.14 x 100 = 0.6 o/o
24 .0
Combustion rate = 0.1% x 550 x 3600 _ i P e 106 BTU/hr.-ft.2
778 x 0.000503
147 0.2855
Theoretical cycle efficiency = 100 1 - (23;7) = 12.7 o/o
0.2855
M = (23.7/1%4.7) = T 0.855 from equation (5)

0.2

v = 1118 x 0.855 = 956 ft./sec. (acoustic velocity =
1118 ft./sec.)

Np = (.507 = 956)(956) x 100 = 81 o/6
(507 - 956)(956) + 0.5(507 - 956)2

Overall efficiency = .81 x 0.006 x 100 = 0.5 o/o0
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APPENDIX K

Data

The original data is transcribed below.

Pressure Manometer Readings Deflection Reading*
Run . Mixer Chamber Primary Secondary Fuel Hot Cold
1 8 9 3.9 T 1.6 3.2 3.8
2 15 14 39 10.1 Lo 2.8 3.4
3 9 34 2.8 20.1 1.2 %6 2.9
e en 50 3.3 33.0 2.8 -0.3 0:5
B % 29 60 2.0 34,4 3.8 -1.3 ek
= 18 59 9.4 38.2 0.0 -—- 0.0

* The deflection is found by subtracting the deflection reading from d (the reading
at rest position). d, = 4.2,

¥* Runs 3 and 5 were the only ones for which the hot and cold run values were sub-
stantially changed. Failure to account for this change may be the reason for
the disproportionate figures associated with Run 3 in Table IV.



APPENDIX L

Nomenclature
a : sonie veloecity, ft./sec.
A : Area, ft.2
cp : Specific heat at constant pressure, Btu./1b.-°R.
C : Velocity of jet relative to nozzle, ft./sec.
Fd ¢ Thrust at rim due to drag plus friction, lbs.
g Gravitational ccnstant, 32.2 ft./sec.?
h ¢ Thickness of disc at radius x, ft.
h! : Specific enthalpy, Btu./1lb.

Thickness of the dise at the axis, ft.
3 Enthalpy, Btu.
: Mechanical equivalent of heat, 778 ft.-1bs./Btu.

cp/cv, specific heat ratio, for air k = 1.4.
Bulk modulus, 1b./ft.?
: Mass, slugs.

Mach number = velocity of gas / YkeRT, dimensionless.

#ESNNQIOD‘

Molecular weight, 1lbs./mole.
: Pressure, lbs./ft.?

Propulsion power, ft.-1bs./sec.

‘g o O

n+a ¢ Net plus drag power, ft.-1lbs./sec.

e |

Ratio of pressure in combustion chamber to that at
exhaust.

=

Gas constant, ft.-1bs./°R.-1b. = 1544 /mm
R' : Gas constant = 1544 ft.-1bs./°R.-mole.
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Entropy/1b.

Temperature, degrees rankine.

Volumetric flow rate, cu.ft./min.

Velocity at the rim of the turbine, ft./sec.
Specifie volume, ft.3/1b.

Mass rate of flow at exhaust, 1lb./sec.

Mass rate of flow of fuel mixture, 1bs./sec.
Work, ft.-1bs.

Distance from axis of disec, ft.

Density of metal, 1bs./ft.3

Density of gas, 1lbs./ft.2

Angular velocity, radians/sec.

v/C, dimensionless.

Angle of deflection of test chamber support wire,
degrees.

Efficiency (internal), dimensionless.
Ideal-cycle efficiency, dimensionless.
Propulsion efficiency.

rl“k/k - 1, dimensionless.

Yk/k=1» z/1 + z (r)l/k, dimensionless.
Stress, 1b./in.2




Subseripts:

(]

At turbine inlet.

At combustion chamber inlet.
At nozzle inlet.

At nozzle outlet.

Cold run data (no combustion).
Hot run data (gases burning).
air.

stoichiometric mixture.

P
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