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RESEARCH MEMORANDUM

TWO-SPOOL MATCHING PROCEDURES AND EQUILTBRIUM CHARACTERISTICS
OF A TWO-SPOOL TURBOJET ENGINE

By James ¥. Dugan, Jr.

SUMMARY

Two-spool matching procedures are presented which may be employed
to analyze turbojet, turboprop, and stationary power plants. The pro-
cedures were applied to analyticelly obbtain the sea-level static equi-
librium performance of a simple two-spool turbojet engine in which the
compressor and turbine performances were based on experimental results.

For fixed-exhaust-nozzle-area operstion of a two-gpool turbojet
engine, & wide range of thrust can be covered at nesr minimum specific
fuel consumption. At a fixed Inner-spool speed, closing the exhaust
nozzle moves the operating point toward inner-compressor surge and away
from outer-compressor surge; this results in a higher value of turbine-
inlet temperature and in lower values of welght flow, outer-spool speed,
and over-gll compressor pressure retlio. Closing the exhaust nozzle while
maintaining a fixed inner-gpool speed results in very little thrust change
near design speed, a thrust increase at lower gpeeds, and a slight thrust
decrease at higher speeds. The inner spool operates over a much smeller
range than the outer spool, suggesting that the inner turbine may be
critically designed whlle the outer turbine should be conservatively de-
signed. Bleeding alr from elther compressor discharge alleviates surge
difficulties In that compressor.

INTRCDUCTION

Aircraft engines capable of delivering high thrust and low speecific
fuel consumption at subsonic £light Mach numbers require high values of
compressor pressure ratio which may be attalned by using either one-
spool or two-spool engines. Several current engines which meet these
requlrements are of the two-spool varlety. Because of its off-design
operating characteristics, the two-spool aircreft engine is being con-
sidered for other applicatlons requiring good performance over a wide
range of engine operstion. Reference 1 presents performance calculations
for a two-spool turbojet engine of 12:1 design compressor pressure ratio
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wlth principal emphasis placed on the results of the analysis rather
than on the method of analysis.: By using simplified compressor and
turbine charscteristics, & conclusion was reached that for a 12:1
pressure-ratio engline the division of work likely to give the best
operation of the engine under eguilibrium conditions is approximstely
that which corresponds to ocuter-compressor and inner-compresscr pressure
ratios of 3:1 and 4:1, respectively. With the use of realistic compres-
goxr characteristics, the off-design operating characteristics of a two-
gpool turbojet engine are determined.
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In order to further evaluate the potential charscterisilcs of two-
spool englnes, en analytical study of two-spool aircraft engines is now
being conducted at the NACA Lewls laborstory. The over-asll cobjective of
this program is to investigate problems in the design and operation of
sircraft engines containlng two-spool compressor and turbine sets. A
method of matching the compressors and turbines of two-spool engines is
presented herein as the first phase of this analytical program. This
method of anelysls mey be spplied to obtain the equilibrium and tran-
gient performance of turbojet and turboprop engines in which various
amounts of gas end power are extracted from the engine components once
the operating characteristics of the engine components are known. The
matching process 1s employed to investligste for sea-level static condi-
tions the equillbrium operation of a simple two-spoocl turbojet engine in
which the compressor and turbine performences are based on experimental
results. The results of this analysis show the manner in which the .
characteristics of compressors and turbines may limit engine operation.

SYMBOLS
The following symbols are used in this report:
A exhaust-nozzle ares, percent design

b ratio of bleed air flow to compressor-lnlet alr flow

cp specific heat at constant pressure, Btu/(1b)(°R)

F thrust, 1b - : : - - -
hiy ratio of fuel flow to air flow at primary-burner inlet

B stagnation enthalpy, Btu/lb

N rotative speed, rps

P total pressure, 1b/sq ft
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power extracted for auxiliaries, propeller, or acceleration,

& Btu/sec
o static pressure, 1b/sq £t
sfc  specific fuel consumption, 1b fuel/(hr)(lb thrust)
T total temperature, °r
W weight flow, 1b/sec
| adiabatic efficiency, percent
e ratio of total temperature to NACA standerd sea-level temperature,
T/518.4
5 ratio of total pressure to NACA standard sea-level pressure,
- p/2116 '
Subscripts:
a design
i inner spool
o outer spool
0 ambient conditions
1 outer-compressor Inlet
2 outer-compressor exit, lnner-compressor inlet
3 inner-compressor exit, burner inlet
4 burner exit, inner-turbire inlet
5 inner-turbine exit, outer-turbine inlet
6 oubter-turbine exit, tall-pipe Inlet, afterburner inlet
7 tall-pipe exit, afterburner exit, exhaust-nozzle-inlet, free-wheeling

turbine inlet
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METHCD OF ANALYSIS
Basis for Analysis

A schematic diasgram of a two-spool gas generator is shown in fig-
ure 1. The oubter compressor and the outer turbine are mounted on a
common sheft. Hereafter, these components are called the outer spool.
The inner compressor and the lnner turbine are mounted on a second shaft
which 1s not coupled mechanically to the shaft of the outer spocl. Be-
tween thls compressor and this turbine 1s the primary burner. Taken
together, these components comprise the inner spool.

In matchlng compressor and turbine components, three relations are
avalleble: The weight flow into the compressor minus the bleed plus the
fuel added in the burner equal the weight flow into the turbine. The
power required by the compressor, the accessories, and the propeller
(in turboprop configurations with the propeller shaft geared to the
compressor and turbine shaft) equals the power output of the turbine.
The mechanical speeds of the compressor and 1lis driving turbline are the
seme. By using these three relations, the components of a two-spool ges
generstor may be mstched by first matching the components of the inner
spool end then matching the components of the outer spool.

Description of Method

Inner-spool metching. - The components of the inner spool may be
metched by a method such as that presented in reference 2. A similar
metching procedure is herein described. For simplicity, the three match-
ing relations are expressed in terms of equivalent performance parameters.
The continuity, power, and speed relations, respectively, may be expressed
as

(L + £}(1 -~ bs) W,R, W,N,

(B/B) (5,75 5, ~ 5, o
B - B - Pa B - H5
2 + 2 = 3 (2)
N;2(1 + £)(1 - bz)  WoN;2(1 + £) (1 - bg) Ny

T, [ Ns Ny \2
Ty =

WY N
Inner-spool metching is achieved by graphically satisfylng the pre-

ceding three equations in the following manner: The performance of the
inner compressor is plotted as (Hz - Hz)/Niz(l + £)(1 - bz) against the

(3)
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left side of equation (1) for constant values of N;/A/B; (fig. 2).

Inner-turbine performsnce is plotted as the right side of eguation (2
sgainst the right side of equation (1) for constent values of Ni/a/84

(fig. 3). Matching of the components is obtained by superposing fig-
ures 2 and 3 s0 as to satisfy equations (1) and (2); the ordinates of
figures 2 and 3 are offset by the value of the power-extracted term in
equation (2). Equation (3) ylelds turbine-inlet to compressor-inlet
temperature ratios T,/T, for all possible match points. Component
pressure and temperature ratlios may be obtalned from spproprilate com-
ponent performance maps. Inner-gpool performance may be presented as
curves of one varigble as a function of any other two independent var-
igbles. The selection of varisbles is determined by the method employed

to match the outer-spool components.

Quter-spool metching. - The two-spool matching problem becomes one
of matching the outer spool wilith the inner spool. Specifying two inde-~
pendent conditlions determines the operating points of 81l the components.
If an operating point is assigned to the lnmer spool, outer-spool match-
ing is achieved directly. For this approach, it is convenient to ex-
press the power and continuity relations, respectively, as

(x, - 2) . . r, Bg-xg

(4)

W, N (2./P,) WK
10 572 50
- log 5= = log ,(1 -bZT(l-b3)(l+f)l + 108 5= (5)

Outer-compressor performence is plotted as (Hy - Hy) /Noz(l-bz) (1-bz) (1+£)
sgeinst the left side of equation (5) for constant values of W,a/05/52
and Np/p/67 (fig. 4). The performance of the outer turbine is plotted
as (Hs - Hg) /1‘102 against log WgN,/85 for constant values of

WsA/65/65 end No/p/65 (fig. 5).

In order to mabtch the inner and outer spool, 1t is convenient to
plot inner-spool performance as Wan/B2/8, against Wga/85/8g for
congtant values of Ni//\/ 6> and P5/P2 (fig. 6). Inmer-spool operation

is, of course, limited by the equivalent flow that can be passed by the
outer turbine. For each assigned point of operation on figure 6, the

velue of 1lo P5/Pz is calculated, and the values
g (1 - 1) (1 - bg) (1 + £) ?
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of wzﬂ/ez/sz and WSA/Gs/Ss are noted. Figures 4 and 5 are super-

posed s0 as to satisfy equations (4) and (5); the ordinates of figures

4 and 5 are offset by the value of the extracted power term In eguation 4
and the sbscissas are offset by the value of the calculated P5/P term
in equation (5). The operating points of the outer compressor and the
outer turbine are fixed at the lntersection of the gppropriate lines of
constent WgA/82/52 end Ws5a/85/55. In using this procedure, it has
been found convenlent to assign several values of qu/ /55 for each
selected value of W24/62/82. Choosging palrs of values for Wzﬁ/GZ/SZ
and WS«/GS/SS in this way dictates the values to be used in plotting

lines of comstant Wpa/03/8; and Wsa/65/65 on figures 4 and 5.

An alternatdve procedure for matching the outer spool with the
inner spool may bhe employed if the outer-compressor operating point is
assigned rather than that of the imner spool. Equation (4) is employed
to express the power relation. Instead of the continuity relation, the
speed relation is employed. It is expressed as

2

Yo (Mo V[T (&)
T

lJel N s L
Outer-compressor performance is plotted &s (Hz - Hl)/NO2 agalnst
Won/O3/8p for constant values of No/p/61, as in figure 7(a).
Inner-spool performance is plotted as Wzn/ez/SZ against ws./es/ss
for constant values of Ni/ﬁ/ez end T5/T2, as in figure 7(b) The
performence of the outer turbine is plotted as (ES BG)/Nb against

W5A/05/65 for constant valuee of Ny/n/fs5 (fig. 7(c)). An operating

point is assigned on the outer-compressor map (fig. 7(a)). Values of
Wo 62 3o, NO7T/61, and (Hy - Hl)/NOZ are read. Values of

(Hg - Hg)/No@ and Tp/T; are celculated from equations (4) and (7),

respectively: _
- 2
S i ) : (7)

A value of Wgp/65/85 less or equal to the maximum value that can be

pasged by the outer turbine is assumed. Because assigning the outer-
compressor operating point determines the operating points of all the
other components, assuming a value of W5A/95/55 is en overspecification

and will lead to a contradiction if the wrong value ls assumed. For the
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assumed velue of Wsa/65/65 and the known values of Wap/65/85 eand

(Bs - Hg)/NoZ, velues of Tg/T, eand No/a/f5 sre read fram figures

7(b) and (c), respectively. By using this value of Nb/4/§g' and the
known velues of No/s/67 and Tp/T;, a value of Tg/T, is calculated
from equation (6). If this second value of T5/T2 does not equal the
initial velue of Tg/T, read from figure 7(b), a new value of Wgp/65/55
is assumed and the process repeated until the two values of T5/T2 agree.

In using this procedure for outer-spool matching, it hass been found con-
venient to assign ocuter-spoocl operating polnts along lines of constant
outer-spocl speed and to first calculate the match points for the higher
values of Wop/63/55. As lower values of Wpp/65/8, are selected,

higher values of Wga/05/85 will result until the choking velue is
reached. From this point on, 811 lower selected values of W24/62/82
will be accompanied by the choking value of Ws4/65/55-

Pumg}pg characteristics. - In order to obtaln engine performance for
various operating conditions, it is convenient to plot the two-spool gas-
generetor pumping characteristics as shown in figure 8. The matching
procedure discussed previously ylelds values of Nb/A/éi and Ni/hféi'
The remalining pumping characteristics are calculated from various com-
ponent parsmeters obtained from sppropriate component performsnce meps.

Matching gas genersgtor with other engine components. - Other englne
components are matched with the two-spool gas generator in the same man-
ner as with the one-spool gas genergtor. Specifylng a flight conditlon
yields values of Ty, 6y, and Po/po. The charscteristics of the inlet

give a value of Pl/PO' The performence of the gas generator is com-

pletely determined by specifylng two Independent engine parsmeters, such
as outer-spool mechanical speed Ny and inner-turbine-inlet tempersture
T4. The performance of the tail pipe or afterburner gives values of
T7/T6 and P7/P6. For engine confilgurations wlth an exhaust nozzle at
station 7, the exhaust-nozzle area is determined from the known values of
equivalent welght flow W74/97/87 end exhaust-nozzle pressure ratio

P7/bo. For turboprop configurastions with the propeller geared to a free-

wheeling turbine at station 7, operation of the free-wheeling turblne is
Fixed by the equivalent weight flow W74/67/57 and the free-wheeling

turbine power, which is determined by the specified flight condition, the
propeller shaft speed, and the propeller characteristics.

Applications for matching procedures. - The matching procedures dis-
cussed in the previous sections may be employed to obtain the equilibrium
engine performance of various two-spool configurations. The two-spool

<
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gas generator mey be preceded by an inlet and followed by an exhaust
nozzle to form a simple turbojet. A variation of this configuration is
achleved by having an afterburner bebtween the gas-~genersator dlscharge
and the exhaust nozzle. Turboprop engines in vhich the propeller is
geared to the outer-spool shaft or driven by a free-wheeling turbine may
alsc be analyzed. The two-spool matching procedures may, of course, be
spplied to statlonery power plants employlng a two-spool ges generstor.

The two-spool matching procedures may also be applied to study
acceleratlion problems. For equilibrium operation of e two-spool config-
uration, two independent quantities determine the operation of all the
two-spool components. For operatlon of a two-spool configuration during
acceleration, the power balance for each of the spools no longer holds,
80 theat four independent quantities determine the operation of all the
two-spool components. Two-spool matching durlng acceleration may be
achieved by specifying the excess power of each spocl and the operating
roint of one of the components such as the outer compressor. The opera-
tion of the other c¢components is obtalned by followlng the matching pro-
cedures previously discussed. In releting turbine and compressor power,
of course, the speclfied excess power for acceleratlion must be accounted

for.

Illustrative Example

The two-spool matching procedures were employed to analytically
obtaln the equllibrium performance of a simple two-spool turbojet engine.
The compressor end turbine component performance maps are presented in
figure 9 in terms of the conventioconal rating parasmeters; these maps are
based on compressor and turbine data determined experimentally at the
lewlis laboratory. The design-polnt conditions are as follows:

Over-all compressor pressure ratio . « «+ « « .« . « o . o 4 ees .o o 10.4
Outer-compressor equivalent welght flow, I1b/sec . . . . « « « « . A8
Quter-compressor presgure ratlo .« . . . « . ¢ S L 0 00 e 0. e, 2.6
Outer-compressor efficiency, percent . . « . - « ¢ « &« o o« s « & & 82
Inner-caompressor pressure ratio .+ . ¢ ¢« ¢ ¢ ¢ ¢ ¢ e 0 4 e 4 e e 4.0
Inner-compressor efficiency, percent . « « « ¢« ¢« ¢« « & « « « . o« . 83.7
Inner-turbine-inlet temperature, °R . . e e e e e e . . . 2074
Inner-turbine equivalent specific work, Btu/lb e e e e e e e . . 24.1
Inner-turbine efficiency, percent . .« « « ¢« ¢ o ¢ ¢ 4 o ¢ o o o 84
Outer-turbine equivalent specific work, Btu/lb . . . . . « . . . . 13.9
Outer-turbine efficiency, percent . . . . ¢« ¢« . + ¢ « « + « « « . 88.5

In matching the components, constant values of fuel-ailr rstio and
burner pressure ratio P4/P5 were used. Engine performance for statlc

sea-level conditions was calculated wlth the assumption of zero bhleed
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end isentropic flow in the inlet and downstream of the outer turbine
through a simple convergent nozzle. ILines of comstant outer-spool speed,
inner-spool speed, imnmer-turbine-inlet temperature, and exhaust-nozzle
ares were determined and plotted on the component and engine performance
maps. The line representing an exhaust-nozzle pressure ratio of 1,
hereinafter referred to as the zero thrust line, wapg determined and
plotted on both component and engine performance maps.

In order to determine the effect of compressor-discharge bleed,
calculations were made for two cases of bleed. For the first case, 10
prercent of the engine air flow was bled from the dlscharge of the outer
compressor; the design-exhaust-nozzle-ares equilibrium operating line
was determined so thaet it could be plotted on the compressor component
maps. Similer calculatlions were made for a second case in which 10 per-
cent of the engine alr flow was bled from the dlscharge of the inner

COMpressor.

RESULTS AND DISCUSSION

The results obtalined by applying the two-spool matching procedures
to a hypothetical two-spool turbojet engine without an afterburner are
presented in the engine and component performance plots of figures 10

to 17.

Engine performance at sea-level static conditions. - The sea-level
static equilibrium engine performance for Zero bleed is presented in
figure 10 as a plot of equivalent specific fuel consumption ageinst
equivalent thrust for lines of constant outer-spoocl speed, inner-spool
speed, turbine-inlet temperature, and exhaust-nozzle area. The compres-
sor surge lines 4o not seriously limit the engine performance; that is,

a wide range of thrust at low specific fuel comnsumption is obtalnable
without the englne being limited by surging of the imner or outer com-
pressor. Moreover, & wlde range of thrust at pear minimum specific fuel
consumption can be covered at consbtant-exhaust-nozzle-ares opersation.
When operating at design outer-spool speed, closing the exhaust nozzle
from 114 to 87 percent of the design value increases the thrust by 57
percent and the specific fuel consumpition by 33 percent. At fixed design
Inner-spoocl speed, however, closing the exhaust nozzle over the same
range results in practically no change in thrust and g 22-percent increase
in specific fuel consumption. Over most of the range shown in figure 10,
opening the exhaust nozgle above Its design value at & constant value of
outer-spool speed or at & comnstant value of inmer-spool speed gives lower
values of gpecific fuel consumptlion. For actual two-spool engines, spe-
cific fuel consumption might well increase as exhaust-nozzle aresa is
increased gbove 1ts design value because of component performance char-
acteristics and inlet and tail-pipe pressure lossesg dlifferent from those
for the illustrative example of this report.
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The sea-level static engine performance for constant-exhaust-nozzle-
area operation and zerc bleed is presented in figure 11. Thrust, weight
flow, outer-spool speed, specific fuel consumption, turbine-inlet tem-
perature, and over-all compressor pressure ratic are plotted ageinst
inner-spool speed for constant values of exhaust-nozzle area. All values
are plotted as percent design. For constant-exhaust-nozzle-area opera-
tlon, as inner-spool speed increases, thrust, weight flow, outer-spool
speed, turbine-inlet temperature, and over-all compressor pressure ratio
increase. §Specific fuel consumption decreases, reaches & minimum, end
then increases. At a fixed inner-spool speed, closing the exhaust nozzle
increases the turbine-inlet temperature and decreases the weight flow,
the outer-spool speed, and the aver-sll pressure ratio. As pointed out
previously, at deslign Inner-spool speed, closing the nozzle has very
little effect on engine thrust. At lower speeds, closing the exhaust
nozzle increases the thrust; while at inner-spool speeds higher than
design, closing the exhaust nozzle decreases the thrust slightly.

6l2¢

Component performence. ~ The component performance plots (figs. 12
to 15) are similar to those in figure 9. As a result of the mabtching
calculations for zero bleed, the lines of constant outer-spool speed,
lnner-spool speed, turbine-inlet tempersture, and exhaust-nozzle area
are shown on the performance msps of the outer compressor (fig. 12), the
inner compressor (fig. 13), the inner turbine (fig. 14), and the outer
turbine (fig. 15). Alsoc shown on each of the component performance msps
gre the minlmum and maximum outer-spool speed lines, 62 and 112 percent -
design, respectively, that were used in the example; the surge lines of
both compressors; a turbine-inlet temperature line of 2500° R; and the
zero thrust line. The zero-thrust line is, of course, an absclute -
limit in that it is assoclated with an infinite exhaust-nozzle area.
The surge lines determined from component testing may differ from those
obtained from two-spool englne operation. The surge lines used herein
correspond to those obtalned from component testing.

The outer-compressor performance plots in figure 12 show that closing
the exhaust nozzle moves the equilibrium operating line sway from outer-
compressor surge and to a region of higher turbine-inlet temperature.

For a one-spool englne, closing the exhaust nozzle moves the equilibrium
operating line in the direction of surge and higher turbine-inlet

temperatures.

The performance of the inner compressor as part of a hypothetical
two-spool englne 1s presented in figure 13. Whereas the outer-compressor
equlvalent speed NO/A/el varied from 62 to 112 percent design, the

corregponding inner-compressor eguivalent speed Ni/hfgg varied from

only 82 to 108 percent design. The portion of the inner-compressor map

that 1s covered by the selected exhaust-nozzle-area range of 87 to 114 *
percent design is smell. Closing the exhaust-nozzle area moves the

equilibrium operating line toward the inner-compressor surge line and, as .
noted previously in this section, to a region of higher turbine-inlet
temperstures. —-
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The inner-turbine map in figure 14 shows that, as part of a two-
spool engine, the inner turbine operstes over a very small range and
that design specific work is exceeded by only 3 percent. This means
that the inner turbine could be designed close to 1lts aerodynamic limits
without danger of limiting losding belng encountered during off-design
operstion.

In figure 15 it is shown that the outer turblne operates over
gbout the same equivalent speed range as the outer compressor and that,
during some off-deslgn operating conditions, design specific work is
exceeded by as much as 49 percent. Thls means that, when engine off-
design operation is planned with exhaust-nozzle areas above the design
value, the outer turbine should be congervatively designed in order to
avold limiting-blesde-~loading operation.

The over-all compressor performance map of the hypothetical two-
spool engine 1s presented in figure 16. Over-all compressor pressure
ratio is plotted agelnst inlet equivalent welght flow for lines of con-
stant outer-spool speed, inner-spool speed, turbine-inlet tempersture,
and exhsust-nozzle area. At & fixed oubter-spool speed, the turbine-inlet
tempersature may be Ilncreased until limiting turbine-inlet temperature,
inner-compressor surge, or minimum exhaust-nozzle ares is reached.
Turbine~inlet tempersture may be decreased until outer-compressor surge
or meximum exhaust-nozzle aresg 1is reached.

Effect of compressor-discharge bleed. - The displacement of the
design-exhaust-nozzle-ares equlilibrium opersting line on the compressor
component maps resulting from compressor-dlscharge bleed is shown in
figure 17. Design-exhaust-nozzle-area equilibrium operating lines for
no bleed, 10-percent bleed at the outer-compressor discharge, snd 10-
percent bleed at the inner-compressor discharge are shown on the outer-
compressor performance map in figure 17(a) and on the inner-compressor
performance map in figure 17(b). Bleeding from the outer-compressor
discharge shifted the operating line away from the outer-compressor surge
line (fig. 17(a)) and had no effect on the operating line of the inmer-
compressor map (fig. 17(b)). IFf enough air is bled from the outer-
compressor discharge, the operating line will shift toward the inner-
compressor surge line. Bleeding from the inner-compressor dlscharge
shifted the operating line away from both the outer-compressor surge
line (fig. 17(a)) and the inner-compressor surge line (fig. 17(d)).

CONCLUDING REMARKS

The two-spool matching procedures presented herein permit the cal-
culation of transient and equilibrium engine performance from component
data. Turbojet, turboprop, and staetionary power plants using a two-spool
gas generator mey be analyzed.

SR
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By employing the two-spool matching procedures to analytically
obtain the sea-level static equillibrium performance of a simple two-
spool turbojet engine, the followlng characteristics were noted: A wlde
range of thrust at low specific~fuelwconsumption values 1s obtalned
without the englne being limited by surging of eilther compressor. For
Tixed-exhaust-nozzle-area operation, a wlde range of thrust can be
covered at near minimum specific fuel consumption. For this type of
operstion, aeg lmner-spool speed increases, thrust, welght flow, outer-
spool speed, turbine-inlet temperature, and over-all compresgor pressure
ratio increase. At a fixed lmmer-spool speed, closing the exhaust noz-
zle moves the Operating polnt toward inner-compressor surge and awey
from outer-compressor surge; this results in a higher value of turbine-
inlet tempersture and in lower values of weight flow, outer-spool speed,
and over-all pressure ratlo. Closing the exhaust nozzle while maintain-
ing & fixed inmer-spool speed results in very little thrust change near
design speed, a thrust increase at lower speeds, and a slight thrust
decrease at higher speeds. The inner spool operates over a much smaller
range than the outer spool, suggesting that the inner turbine may be
designed close to its serodynamic limite while the outer turbine should
be conservatively designed. Bleeding alr from either compressor dis-
charge alleviates surge difficulties in that compressor.

Lewis Flight Propulsion Laborsatory
National Advigory Committee for Aeronautics
Cleveland, Ohio, April 16, 1954
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