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SUMMARY

The purpose of this thesis was to construct and operate

2 combustion chamber compatable in design with jet combustion

chambers built into the periphery of a proposed Nernst-type

reaction 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 metallic disc with two or more Jets bullt 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 thermodvnamic 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
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vere carried out at various chamber pressures. The operating

ronditions of the best of these runs are listed below:

Pressure at chamber inlet

Internal efficlency

Internal power

Ideal cycle efficiency

Combustion rate

Oxygen
Propane ratio, (weight basis)

Secondary air flow at 1 atm.

Primary air flow at 1 atm.

60 psig.

8.7 per cent

5.7 HP./Jet

37.1 per cent

28.8 million pip

1.76

9.7% ft.3/min.

1.40 ££.3/min.

Dptimum operating conditions were not achieved due to

limitations in the volumetric capacities of the air streams.

Higher power output and efficlencies may be obtained if the

maximum capacities of the primary and secondary air streams

sre increased. Higher chamber pressures will also result in

petter efficiencies and higher power output.

[t is recommended that further investigations be made toc

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.



4

(I. INTRODUCTION

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 turblne. This type of turbine would fit

applications where a compact, high-speed power plant is

jesirable.

At the time of previous investigations (1949), metal-

lurgical difficulties restricted the operating speed of

the proposed turbine to 48,900 (with no safety factor).

In this range the efficiencles and power output of the

turbine were found to be quite low (an efficiency of

3.8 0/0 and a power output of 0.32 HP/jet were the maxi-

num found) (6).

However, with the rapid progress of the development

of titanium alloys, the operating range of the turbine

speed may be greatly lncreased. For this reason this

thesis was undertaken to study the power output and effic-

lency of the proposed chamber in the higher pressure range

afforded by the higher velocities. The pressure range in

these studless was above that necessary to induce sonie

velocities in the exhaust gases. Therefore. it was neces-

sary that the test chamber be eauipped with a converging-

diverging nozzle to minimize shock waves.



The proposed turbine would consist of two or more

combustion chambers rotating about a common axis. These

chambers behave essentially as ram Jets, receiving fuel

through the shaft about which they rotate. The air for

combustion could be introduced either through the shaft

or as ram alr at the veriphery of the turblne. In either

case, by virtue cf ¢ high peripheral speed, the gases will

enter the chamber at a reasonably high pressure. The air

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) (6).

The exhaust gases, rejected at a substantial absolute

velocity, would 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 jets simul-

taneously preheating the alr and hence permit a high nozzle

inlet temperature (the temperature reached after combustion

and immediately prior to expansion through the nozzle). A

high nozzle inlet temperature permits a high average tem-

perature of heat reception and therefore a high Carnot

afficiency. |

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
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consequence of this would probably be a saving in power

losses and a further increase of efficlency over that

sbtainable 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-

oressed quantitatively by the equation (6):

a _wxE
J 2g 1n(h,/h)

vhere h, is the thickness at radius x (inches); hg, is

the thickness at the axis (inches); ®, 1s the maximum

allowable angular velocity (radians per second); &amp;, the

jensity of the metal (pounds per cubic inch); &amp;, the max-

imum allowable stress (psi.). From this it can be seen

that an increase in the maximum allowable angular velocity

ls favored by a metal of high tensile strength and low

jensity, 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

axception is titanium. At the suggestion of Professor

H., C. Weber, the possibility of constructing the turbine

of a suitable titanium alloy was investigated. Tt was

found that a titanium-base alloy, RC-130-B, is now available





which has the following properties (5):

TABLE I

Temperature, °F 68 200 400 600 700 800
Tensile Yield
Strength x 103, psi. 130 122 107 92 86

Composition 47 Aluminum, %7 Magnesium, 92 7 Titanium

Density, 1bs./1nS3 0.165

TE

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

&gt;f 0.33 pounds/inch3,

An increase of the ratio of h, /h will also result in

a larger allowable angular velocity. However, Table II

indicates that for ratios of h_/h greater than three, the

relatively small increases in the natural log of h_/h prob-

ably do not justify the added material expense of construc-

ting a wheel with a width ratio greater than three or pos-

siblvy four.

TABLE II

h,/h a 3 4 5 6 _1

In(h_/h) 0 0.69 1.10 1.39 1.61 1.80 1.95
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Thus, for example, a wheel constructed of RC-130-B

at TOO°F with x equal to three inches, h_/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 h_ /h

2qual to four the new maximum rim speed becomes 1810 ft./sec

(see Appendix A).

For an ideal gas turbine (ideal compressor, combustion

chamber, and nozzle) using air as a working fluid, the

thermodynamic efficiency is given by the relation:

Ne = Lod) TF (2)

(see Appendix B) where No is the ideal e:.'iciency for the

non-regenerative cycle; r, the ratio of the pressure inside

the combustion chamber to the exhaust pressure; and k the

ratio of the specific heat, C /C. 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,

che higher the Carnot efficiency; for a consideration of

the derivation of equation (2) will show that an increase in

“he 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.
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Since the thermodynamic efficiency of the turbine

Jepends 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

“urbine rotating at LA and a unit mass of exhaust gas

leaving the turbine at negligible absolute velocity. Then

an energy balance gives:

I 5
- Tas + v2

22C_Jjo]

If one then defines the mach number, M, as the velocity

of the turbine gas divided by the acoustic velocity of the

sas (10) .

|

xe RTa

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

ment gives (see Appendix C):

k
Ps _ _ k-1Po _ Bz _ (1401we)ET(5)

It 1s obvious that a high propulsion power as well as

a high thermodynamic efficiency 1s desirable. The propulsion

power can be considered as the energy supplied by the turbine

fvhich 1s available as absolute kinetic energy of the gases

and the torque power (3):
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— pa (C = v1? (Fy + Fv

&lt; 5 (C2 - v3) = 5s VE (25 - 1)

(6)

\

where P 1s the propulsion power; G, the welght rate of

flow of the exhaust gases; and C, the velocity of the

&gt;xhaust gases relative to the turbine nozzle (see Appendix D)

Equation (7) shows that P can be increased by increasing

G or C. or by decreasing v. G 1s 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 efficiency. C can be increased by raising the

nozzle inlet temperature. This can be accomplished by pre-

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

' TT TT

IE: k RTa lp
m(k - 1)

4

An increase in C does not effect the ideal thermodynamic

efficiency. However, it 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

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

pack of decreasing the propulsion efficiency, (fraction of
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propulsion power available as torque power)

lo
G

(Fg + n)V + 55

RF \(Fg, nv
(C-vo)

2v/C _ __ 76 (9
1 + v/C 1+ 8

(see Appendix F)

further, the torque

2

"A 3

power

= P+ nv (=

G 2 11gv (A - 1 20g 02 ) T55

and,

G l - 6
z V2 (—=)

Sfa+mn
A8

Gv
eQ2

(10)

(11)

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

in C will always result in an increase in Paine Therefore,

an increase in the inlet nozzle temperature results in an

increase of C, P, and Pa+n? but does so at the expense of

propulsion efficiency.

It can be shown that, if an ideal gas flows throurh 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):
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~N
ow’ ’g Xr RT, 2 (82) = + Ca (12)

The welght rate of flow 1s:

~
$1 Oa Av 4 ws Ca Az fa (13)

vhere

2 2 2

0° = (&amp;®) = ®§ Br aw

for adiabatic expansion. Substitution of equations (13)

and (14) into equation (12) and making the assumption that

Ca is negligible gives:

7 2 fot K+1

 RE Bt (Be)R-(82) (15,

A consideration of equation (13) will show that there

are two conditions for which the weight rate of flow, G, is

zer®, One corresponds to zero pressure drop (C4 = zero,

and ps = ps); the other occurs when the gas is expanded into

a vacuum (f+ = zero, and ps = zero). Thus it follows (see

Figure 3) that between these two limits 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 differentiatine equation (15) (with

respect to (2) and setting the result equal to zero):
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a
max

 eannot
exist

‘physically

{1/r)

Figure 3

[ f PJ

~ Pe/Ps

Region of subsonic velocities

‘Sonic velocity in throat
Region of supersonic velocities

Figure 4
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 JA
1

2Day 2 k+1

[B2) ke E) = (16)

d (p. Da}

The result of the differentiation gives the critical

pressure ratio corresponding to the maximum G:

(52) 1Paler. Top. (er) = (17)

Substitution of equation (17) into equation (12) and again

neglecting the chamber gas velocity, Ca, gives the critical

exhaust speed corresponding to Goo

1
—~ (ckRT4) 22

which 1s identical with the local acoustic velocity.

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

3.80 _RA4Ps por i 1.4max &lt;3 VR Ta (air

(18)

Further

(19)

[f one now uses k equal to 1.4 in equation (17) the

critical pressure ratio for air becomes ps/pse = 1.89. Thus

when the pressure ratio, r, (r = pa/ps) 1s 1.89, the exhaust

zases 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

2xists at the throat, and that the area ratio of the

diverging section be such that:

Y. = A, Y (20)

Nhere

FF -Ves J 0 x

(ry 52&gt; -

and WV = v at T=" litical

his results in the following nozzle-design equation:

he en BT STB
 sy eed em fen

ha

(see Figure 4). Appendix H zives a more de+ailed develop-

ment of the equations in the above section on nozzles.



TABLE ITI

h h
OQ 0

Cm rm
= P

- 8 n+ d

Vmax M Pmax 7 at 2000°R oe Mbp Nr To 1bs./sec. (HP)

16.0 1.44 3.35 L292 2380 EST L808 236

Me 1.62 4.39 .345 2480 70 L850 .293

1.61 1950 1.745 5.28 .378 2595 752 .858 .324

.00216 1.94

.00318 2.64

.00382 3.50

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

net efficiency (Vm xN.), theoretical power output, and weight rate of flow.

mit
Loa,



[TI. 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.

Soffer, and the study of the net efficiency and power output

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

cxperimental 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 ideal cycle efficiency.

Apparatus

The combustion chamber (hereafter referred to as "the

anit") used in the static tests is deseribed in Figure
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under the title, "Static Test Combustion Chamber." Cold

rolled mild steel was used for the construction of the

unit; all pleces were cut out on a Do-All. Copper tubing

nas used to conduct gases into the unit. The copper tubing

used for the pre-heat was lagged with asbestos. The central

half-inch pieces 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 too 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 stolchiometric mixture 1nto the

inlet of the test unit. Secondary air was metered 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 stoichimetric 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.
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All lines were constructed of 1/4" copper tubing

except where flexibility was necessary. In those sections

1/4" tygon tubing was used. Figure (6) is a schematic dia-

cram 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 alrplane 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 nas the property of devel-

oping a spark when the wire extending from the head of the

coll 1s 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

Nith the Tesla coll wire, the central electrode is made part

of the coll and a spark develops between this and the outer

electrode.

A Meeker grid was installed in the upstream section of

Che combustion chamber to aid flame propagation.
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The unlit was hung 1n 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

alr and the resulting thrust was indicated by the deflection

of the unit from its natural suspended position. Since the

deflections 1n the test runs were small, the thrust was

directly proportional to the measured deflection of the

pointer on the meter stick; 1.e., thrust was directly

proportional to net deflection (deflection during "hot" part

of the run (fuel burning) minus deflection during "cold"

part of the run (fuel not ignited) ).

Zxperimental Methods

The calibration of the orifice meters at various line

pressures was accomplished by using a standard dry-test cas

meter and stopwatch.

Power output was determined by the static 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



other a "cold run.” This enabled the computation of the

energy output due to the combustion alone. Methods of

calculation are outlined in Appendix "I" under the heading,

"Calculations."

rxperiments

Testing System for Leaks

The entire system of gas lines and flow

meters was tested for leaks in the following manner:

Screw clamps were used to close off the

ubing near the test unit inlets.

Cyeon

(b) Air from the Institute's high pressure line was

bled into the system and the valve was adjusted so that a

sonstant pressure was maintained.

(¢) All joints were bathed in a soap and water solution

vhich disclosed leaks by the formation of soap bubbles.

Leaks were eliminated by further tichtening of fittings

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

D Calibration rn ' O~ifice Meters

Air from the Tnstitute'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 drv-test meter measured the volumetric

through-put (at atmospheric conditions) over a given period
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of time. The perlod elapsed for each run was recorded by

a stopwatch. This enabled one to determine the gas rate

of flow under atmospheric conditions. By assuming that the

ideal gas laws were valid in the temperature and pressure

ranges being studied, simple calculations enabled one to

convert the flow rate data at atmospheric 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-
»

lpulating respectively a screw clamp 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

cach run.

3 Measuring Dimensions of the Unit

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 stability. These readings were used success-

fully in later starting attempts.



3 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

3llowed 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).

Fach 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 essentially entirely

Jue to combustion. Five such runs were made.



A 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

increased. It is estimated that the greatest errors (at high

Flow rates) would approximate two per cent. This estimate is

hased on the maximum percentage error in rate figures corres-

oonding to a time reading error of one second.

&gt; Dimensions of the Unit

Width of chamber at grid

Depth of chamber .

Area of nozzle at the throat

Area of nozzle at the outlet. As

delight of unit including copper
tubing and lagging .

Chamber volume

12/16 inch

1/2 inch

0.000208 ft.2

. 0.000230 ft.2

5.25 1bs.

0.000503 ft.2



Miscellaneous Preliminary Measurements

(a) Maximum pressure developed by the Nash Hytor
sompressor (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

Primary air stream .

w) Maximum flow avallable in
runs:

2.

Secondary air stream

Primary air stream

ines during

| 90

| 65

3.35

LL.65

Experiment B

Table IV summarizes the results obtained in thls section.

These results are discussed in the next section. A sample cal-

rulation is given in Appendix "I"



TABLE IV

Summary of Exveriments

Runs

Fuel, Primary Air Secondary Air
Volumetric Volumetric Volumetric

Chamber Rate Rate Rate
Pressure ft.3/min. ft.3/min. ft.3/min.

psig. at 1 atm. _atl atm. at 1 atm.

LL 47 &gt;.C

t. 5 1.42 2.9

34

50

06 1.25 5.5

8.10.14

3.19

1.65

| 40 J.35

Oz/propane
Wt. bagis*

1,05

6.68

L.o0

2.77

1.76

exhaust
velocity
relative

to nozzle
Cn

ft./sec.

507

Lo

695

703

210

Stoichiometric ratio is 3.64 (assuming complete combustion to COz,

A
» um
drat



TABLE IV (Cont'd)

Summary of Experiments

theoretical
nozzle

velocity
Vv

Runs ft./sec.

56

L150

1597

1813

1920

Tp Rr nT
per cent ver cent per cent

31

77." J

78 nC

T7.3

77.6

34.4

37.1
-

I~
pr 7

overall
«7p
per cent

£3

Combustion
Rate

Net Power x 107¢

Output BTU
HP. hr Tt.°

a——

0.71

C -=a  hb 2

4.61 23.4

16.53.26

5.70 28.8

- &amp;

nd
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DISCUSSION OF RESULTS

Orifice Meter Calibrations

[t was pointed out in the RESULTS section that there

vas no estimate made regarding the error intrinsic to the

jry-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 1s 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

ant

chamber Dimensions

Errors incurred in measuring the chamber dimensions were

probably less than one per cent. The unit weight was deter-

nined with an accuracy of approximately 1.6 per cent.

Originally, the area ratio, A,/A4, was designed for a

zonverging-diverging nozzle appropriate for a chamber pressure

&gt;f 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 Ay and A4 into equation 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. is 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

Nas lost in the form of shock waves.

cxperiments A and B

The main objectives of this thesis were to determine the

unit's maximum power output at higher pressures and the

2officiency of the unit as a power plant.

Five runs were made with chamber pressures ranging from

J 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 bv ignoring the ovressure

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

jifferent 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.

c) The maximum entrance velocity inereases with

increased chamber pressure.

Due to lack of time, no data was taken to evaluate the com-

oleteness 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

afficiency decreases with an increase 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 air flow was increased during a run, seems to substan-~

tiate this postulation. However, no emphasis should be laid

on this postulation until it is verified or disproved by

experimental tests on the completeness of combustion.



The overall efficiencles in these experiments, as in

previous work (6), were found to be low. This 1s not sur-

prising when compared wlth current efficiencies associated

vith existing jet power plants.

A great deal of confusion may arise in regard to the

term efficiency. In this work there are four efficiencies

&gt;f importance:

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

(2) The internal or actual cycle efficiency which is

2quivalent to the work output, energy input ratio.

(3) The propulsion efficiency which indicates the

amount of energy lost due to the fact that the

axhaust gases are not leaving the nozzle at zero

relative velocity.

(4) The overall efficlency which is defined as the

product of (2) and (3).

The low internal efficiencies 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

vere used to capacity in run number five. The maximum pressure

and volumetric flow capacity of the propane source was not

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



officiencies could be obtained if better air stream sources

vere 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

&gt;f time made it impossible to take further data after a new

rid 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 efficiency to ideal

cycle efficiency was actually greater than indicated. Although

this has no effect on the absolute value of the internal

efficiency, it does decrease the difference between the max-

imum possible thermodynamic efficiency and the actual internal

efficiency. A pressure drop across the grid of three psi.

Will lower the ideal cvele efficiency in the higher pressure

range from 27 per cent to 25 per cent and in the lower pres-

sure rance from 9 ner cent to 5 per cent at those pressures.
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(b) Turbulence losses due to chamber design and to

the mixing of the colder secondary air wlth the hot fuel

gases, Careful chamber design may reduce these losses.

(c) Radiation losses from the unit. These may be

responsible for a considerable lowering of the internal

efficiency. In the actual turbine refractory casing would

probably reduce these losses.

(a) 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 alr 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 in greater rejection velocities

of the gases and thereby reduce the propulsion efficiency.

Therefore both factors must be taken into account simultan-

2ously and a proper balance reached.

(f) TImprover nozzle design. This has been discussed

in a previous section.
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VI. CONCLUSIONS

It is 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 h_/h equal to 4 and under the following conditions per

~hamber:

(a) O~/propane weight basis

(b) secondary air volumetric rate

(¢) primary air volumetric rate

'd) chamber pressure

(le) maximum wall temperature

76

9.35 cu.ft./min.

4o cu.ft./min.

50 psig.

700°R.

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

turbine is allowed to rotate at a peripheral velocity of 1920

ft./seec. For these conditions Yo = 77.6 per cent; overall

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

Under these conditions no auxiliarv compressor would be nec-

agsary except to initiate rotation.
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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

5.8 per cent and a net pewer output of 34 HP.

't 1s apparent that the efficiencies of the Nernst type

turbine will not be able to compete with those attalned 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 velccitlies. 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-

dvnamic 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 1s necessary to compromise with the

best overall operating conditions.

[t 1s possible that the future will see the development

of better heat resistant and stronger metallic alloys. How-

sver, at present, the Nernst type turbine can only compete

xith the gas turbine where simplicity, low costs, and small

volume are important factors, but not efficiency.



VII. RECOMMENDATIONS

It is recommended that before construction of a turbine

vheel is initiated, further investigations be made to defter-

mine the optimum operating conditions of a static test cham

ber operating at one pressure, preferably between 60 or 70

psig. These chamber pressures are compatable with the maxi-

num allowable peripheral velocities of known heat resistant

strong metallic alloys such as RC=-130-B.

High pressure air compressors would be required with

volumetric capacities larger than those avallable 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-

{vad

[t is further suggested that the final design of the

-urbine be carefully studied in order to assure that an

sf fective centrifugal compressor is obtained.
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/2II. APPENDIX



APPENDIX A

Equation (1) on page is equivalent to:

- Vv = Vas Z 1n(22)

where v is the peripheral speed at radius x. At T00°F

Table I gives the maximum allowable stress,@~,as 86,000

osi. Using a safety factor of 1.2:

86,0003 - —os = 71,600 psi.

388 inches/second?®

X

hy
 = =

0.165 pounds/inch3

" 3 inches

Therefore, v = 19 , -30 inches/sec. or 1610 feet /sec.

APPENDIX B

Figure A

G: Ta, Pu

Nit N

Ta, bP, LB

“iT, Ps

C
revenue£4

~ Ta. Pa

G.: Ta, pa
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Figure A 1s a schematic diagram of the compression,

and exhaustion cycle of the turbine under construction.

Atmospheric alr 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 1s that excess work

developed above that required to operate the compressor.

Thus: Vyoot * Yooruie ~ ‘compressor

If G,D&gt;)G,, as is the case here. G = G,

equal to G,.

=
¥

&gt;
2 also is nearly

for a dilferential isentropic flow process:

30 = Tas = aH - XR = ¢

suH - dp_ _k

ind
ip _  k dT
= = 1 7

integration between T = T_ and T = Tn. and Db = Dp, and

 5 Pb. glves:

Pp x Tp
In (5) = %=1 ln Si

Pg k-1



io)

The heat supplied by combustion is c (Ts - To)

0, = Je (Ta-Tas) and W_ = Je (Ta-T1)

Therefore the thermodynamic efficiency is:

ln=

(m

Jep(Ts - To

nT,
Ta-Ts

( T3-T4-T2+T-
Tag = To&gt;

Since both compression and expansion are 1l1sentropic:

K=1
 Kk

I'g = Ta (£2)

Kei

TT, To (Bx) }
Do

and p: = Dg = atmospheric pressure

2180 P22 = Pa Since combustion is at constant pressure.

k-1 k-1

- 1, (R4) Fo op, (B21)FO

Ta-Ty —-Then Mm = 1 - op

Pi 1
1-=1- (51) Tk = 1

Dy k-1 D1 k=1
Ta(p2 ) Kp ist) ka

Ta - Ts

k-1

(1) k

shere r = 22 - Pa
Px Pa



APPENDIX C

From elementary physics, the acoustic velocity for a

fluid is the square root of the ratio of its bulk modulus

K to 1ts density. Thus, letting a denote the acoustic

velocity,

/5
Yor an ideal gas expanding

LL wD

under adiabatic conditions,

: / 0 = yzkoV = Jgk RT

[f one then defines the Mach

1
Yok RT

numben I as

substitution into equation (3) gives:

Tr.
2

\ a

= T Tmo = T

(1 + M2KR—m—)
Ye]

T

+4 IN?

-1 2+ X-1 nz){

k

D3 = D2 = + k-1 M2) =Da Pa (1 o
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APPENDIX D

[f the turbine wheel is taken as a basis and its

peripheral speed is v, then the kinetic energy assoclated

with the exlt gases is,

(Ga + Gs)c2 . gC?
CE. = 2p 2g

The energy consumed in bringing the air and fuel

entering the turbine at zero velocity to the peripheral

speed is.
Maya
uV
So

Thus the propulsion power is,

GC? gv2
5 PZ

5 (C2 - v- \

This power 1s equal to the sum of the drag and fric-

tional power, and the kinetic energy due to the absolute

velocity of the exit gases @

(Fg + Flv + 5 (c = v)Z
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APPENDIX EL

Assuming that the nozzle is one hundred percent

efficient, that expansion is isentropic, and the gases

have a negligible velocity in the combustion chamber,

hen:

2

Te = Je (Ts = Ta)

k=1

Ts (3) KF

kd,2 k 1i =r RTs h - (2)

EE_ RTa Wg
n{k=1)

APPENDIX F

Derivation of propulsion efficiency equation:

(Fa +n)
v(Fy , 4) + A (c - v)2

from Appendix

5 (C2-v2)

D

G 2 2
= VE + ont pz (CEZ=2vC + v7)

 +r n=
G
2 (2ve - 2v?®) - 2 (C=v)v



To - |gev — ov
15 (C-v)v|+ Be (C-v)2 Vv + x - 3 v+e

No =
2 Vv~

\-
-
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APPENDIX H

Derivation of equation (12)

For an isentropic process,

\h = c (Ta - Ta)

or perfect gases, however,

\ _R k
 = 3 (=r)

sh o= pr R (Ts=Ta)

Ah =

Also, since dS - O)

KoT (Pa-v3 - Davi) 1

k A

DaV3 = D4gVa

so that
p 1

via=v3 (32) Ek



Pu

AH = TR) Davy h -(82) (2) Nl

IT ~

\ 4

——. DaVAa

m(Ca®-C3%)
Vy

wp2g K« Dey =Je T=T RT3 1 (52) kK + Ca (12)

APPENDIX IT

Sample Calculations

(All calculations are for Run 1)

pata taken:

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

Referring to the grapvhs in Appendix J, Veeo = 2.0

3 "0x 1.7 x AREx2051490 1bs. of
1546 x 520

cu.ft./min.

see. air/min.

. i _ _ _ 1b.

Similarly: GC ropane = 0.0069 1b./min., and Copim.= 0.1095 —3==



iy

02/CsHg (wt.) =

0.21 x 32 x 14.7 x 144 x 1.47

1546 x 530

0.05 x 44 x 14.7 x 144 x 0.07

1546 x 530

.21 x 32x1.47
B65 x 44 x 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, G,,/G, = 1.03

ence the thrust = 6.25 x Sede = 0.0840 1bs. = F,

(where 6.25 1bs. 1s the weight of the unit and
74.4 em. 1s the heircht to the pivot).

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

J 1
Ht

n
= 0.0336 x 1.0% = 0.0346 1bs

5, = CL = _(0.0840 ~ 0.0346) x60 = 359.5 ft./sec.
32.2 x 0.2654

1
2

:
1

= 387x570x1.03 _qu7pt./sec. (3.47 cu.ft.
60 x 530 x 0.00043 1s the total V_)

al
 J Lal RG.5 + 147 —- BOT ft. /seec

2 2

rower output = LE _ (359%-147%)x0.2654_1.75HP
: 2 x 2.2 x BRO



SU

2
Jompression power required = 1472) x 0.265% _ 1.61 HF

2 x 32.2 x 550

nence the net available power = 1.75 .» 1.61 = 0.14 HP

“hemical energy input nem
——

0 65 x U4 x 14.7 © 144x0.07 x 19.929
1546 x 530 x 60

17.1 BTU/sec.

17.1 x 778

 TTT,
= 24,1 HP

'nternal - 0-1% x 100 = 0.6 0/0

sombustion rate = —2: Mh &gt; 550x3600=0.71x10°BTU/hr.-ft.c
778 x 0.000503

Theoretical cycle efficiency = 100 1 =- (577) —
a 12.7

0.2855
(23.7/14.7%

0.2

- = 0.855 from equation (5)

NC

1.18 x 0.855 = 956 ft./sec. (acoustic velocity =

1118 rt. /sec.)

Np = .507 = 956) (956)
(507 - 956)(956) + 0.5(507 — O56)2 x 100 = 81

0/0

Overall efficiency = .81 x 0.006 x 100 = 0.5 o/0







APPENDIX K

Data

The original data is transcribed below.

Run
Pressure

Mixer Chamber_

3

- fn 0)

Cg
"

af 1

{  J 5 4

Manometer Readings
Primary Secondary = Fuel

2 4

3.9

» 8 2(

3.3 2° ’
rr :

2 0 3

J) Py 33 3 Lo LO J

Deflection Reading¥*
Hot Cold.

- .8

Ch

J

=
,

As LU

The deflection 1s found by subtracting the deflection reading from dg (the reading
at rest position). a. = h,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
che disproportionate figures associated with Run 3 in Table IV.

-
po
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APPENDIX L

Nomenclature

sonic velocity, ft./sec.

Area, ft.2

Specific heat at constant pressure, Btu./1b.-°R.

Velocity of jet relative to nozzle, ft./sec.

- Thrust at rim due to drag plus friction, 1bs.

gravitational constant, 32.2 ft./sec.Z

Thickness of disc at radius x, ft.

Specific enthalpy, Btu./1b.

Thickness of the disc at the

Enthalpy, Btu.
Mechanical equivalent of heat, 778 ft.-1bs./Btu.

e/Cys specific heat ratio, for air k = 1.4.

Bulk modulus, 1b./ft.2

Mass, slugs.

n

 ™m

D :
n+4

Mach number = velocity of gas / YkgRT, dimensionless.

Molecular weight, 1bs./mole.

Pressure, lbs./ft.2

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

Net plus drag power, ft.-1bs./sec.

Ratio of pressure in combustion chamber to that at
exhaust.

)
a Gas constant, ft.-1lbs./°R.-1b. = 1544,mm

 Gas constant = 1544 ft.-1bs./°R.=mole.
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Entropy/1b.

Temperature, degrees rankine.

7 Volumetric flow rate, cu.ft./min.

Velocity at the rim of the turbine, ft./sec

Specific volume, f£t.3/1b.

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

Mass rate of flow of fuel mixture, lbs./sec

Work, ft.-1bs.

Distance from axis of disc, ft

Density of metal, 1lbs./ft.2

Density of gas, lbs./ft.S3

Angular velocity, radians/sec.

v/C, dimensionless.

Angle of deflection of test chamber support wire,
degrees.

Efficiency (internal), dimensionless.

Tdeal-cycle efficiency, dimensionless.

Propulsion efficiency.

J1-k/k 1. dimensionless.

KR=1 * —.
— «. Tw——

re (r)1/k dimensionless.

Stress, 1b./iu.°
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Subscripts:

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



»
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