NACA - Lewis

Cleveland, Ohio.
September 19, 1949.

MEMORANDUM For Group Leeders

Subject: Suggesfed Introductions for Speakers - 1949 Inspection

1.

N

.

8- x 6-ft. SWI: Supersonic Propulsion

Here, in the Control and Observation Rooms of the newly completed
8= x 6-ft. Supersonic Wind Tunnel, Mr. Wyatt will lead the discussion
on the general problems of propulsion for sustained supersonic flight.
Mr. Wyatt.

Alt. Wind Tunnel Shop: Turbojet Altitude Qpérational Problems

We are now in the Altitude Wind Tunnel building where turbine pro=-
peller engines and jet engines of all types are operated under high
speed high altitude flight conditions in the 20-foot diameter test
section high above us. Here Mr. Fleming will lead the discussion of
certain problems encountered in the operation of turbojet engines at
high altitude. Mr. Fleming.

Rocket Laboratory: Rocket Research

You are now in the new Component and Accessory Test Building in
in the heart of the Rocket Laboratory. Here Mr. Sloop will begin the
presentation of the Committec's study of liquid-fuel rocket engines,
Mr. Sloop.

W-6 C&T Wing: Compressor & Turbine Aerodynamics

The rapid progress made by turbojets in becoming dependable and
efficient propulsion engines depends to a large extent on the intensive
study of compressors and turbines, the various aspects of which will
be described here in this large compressor laboratory by Mr. English
and other speakers. Mr, English

W-2 C&T Wing: Turbine Cooling

The significance of turbine cooling has already been mentioned by
Mr. Tnelish in the preceding discussion. Here Mr. Arne will demonstrate
turbine cooling and begin the discussion of our research. Mr. Arne.

CW-5 ERB: Heat Transfer and Turbojet Fuels

The economical design and development of jet engines and their ex-
tensive use in an emergency rcquires exact knowledge of the fuel that
will be availeble to run them and the nature of the heat transfer in-
volved in cooling the engine. Here in one of the combustion labora-
tories we have brought these two problems together for you.

Mr. Lowdermilk will first describe an importent phase of our heat
transfer research. Mr. Lowdermilk.


http:transf.er

Memo for Group Leaders -2 = September 19, 1949

7« CE-6 FRB: Materials, Stress and Vibrations

The materials and the stress and vibration to which they are
subjected in an aircraft power plant have much to do in limiting
the maximum output and the safe life of the engine. Here Mr. Deutsch
will start the discussion of recent research by the Commlttee 1n the
field of high-temperature mater1a£§4\ Mr. Deutsch.

Lt £ . aﬁu,fs

Edward R. Sharp,,
Director.
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NACA - Lewis

MEMORANDUM For Those Concerned

Cleveland, Ohio.
September 19, -1949.

Subject: Speakers for Inspection, September 20-22, 1949

l. The following men are speakers and alternate speakers at the
locations indicated and are listed in the order of their presentations at

each location:

Location

v 8- x 6-ft. SWT

Speakers

V%yatt*
Cortright
vCarlton
vGodmean

v 8- x 6-ft SWT Drive

Bldg. v Hausmannx*

v’ 8- x 6-ft SWT Test

v W-6 C&T Wing

v/ W-2 C&T Wing
V' CW-5
CE-€

AT Shop

Rocket Lab

Chamber VSlomskix*

v English*
vCostello
vHauser

v llontgomery
vFinger

ossbach

v’ Lowdermilk*
V' Barnett

¥" Deutschx
v" Manson

V’Fleming*
¥ Childs
" Koenig
' Tilsted

V' Sloop*
v/ Ordin

Alternates

V?inkel*
vPerchonok
vIuidens
vSchueller

Hausmannx
Slomskix*

Grahamx*
Cummings
Plohr
Medeiros
Lieblein

Jacksonx*
Hubbartt

v Grelex
vJonash

Y Ault*
v Brown

» Dr. Gibbons*
“Beitwieser
»Gold

v Vincent

v Kinney*
v Morrell

2. The lead-off speakers, indicated by asterisks, are to be intro-

duced by the group leaders.

Group leaders should check which lead-off

spegker will make presentation before he starts his introduction.
e e 4
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Edward R. Sharp,
Director.
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Proposed Talk for 2p4 hn;;“hopunu. FPRL, September

INTRODUCTION

It 19 intended here %o tell you the scope and nature of the combue-
tion ressarch at NACA and to indicate the status of results in this fleld,

The major problem of combustion in all jJet and gas turbine engines
is to relesse efficiently tremendous quantities of heat energy
fuel in & emall volume and in 2 shord space of time., Just fo
present-day gas turbine combustors such se these (point to dlsplay), re-
lease about twice the amount of heat that a large stean locomotive does,
There are, of courss, important attendsat prodlems, such ss a low loss
of engine cycle pressure in the combustion system; light weight and dur-
able combustion equipment; flexidility of operation, especially at "off-
design" pointe; and, vhen a turbine is employed, proper distridution of
t ture across the combustor cutlet area to aveld subjecting the
tu blading %o harnful hot sones. As v %0 frequently the case in
enginesring, compromises are required in the satisfactory solution of all
of these problems, some of which are conflicting. Ve shall discuse some

of these problems %o {llustrate the sort of work that we are doing curremtly,
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RAM JRT COMBUSTION

Conaider firet, for examplo, combustion in o ram-jet ongine. As you
know, the ram-jet is that celebrated “flying stovepipe”. (Fig. 1), The
forvard motion of the ram=jet is used to gather aiy and this air is com-
pressed by being sloved down from supersonic through the speed of sound
%o subsonie velocity in a diffuser, & section of duet that is iret com-
tracting and thenm expanding. Tuel lurned in this comprecsed air imparts
high velocity, and the resulting momentum of the exheust Jet drives the
engine forward., %impls. Yo moving parts, '

Fasl mast be burned efficlently in an air stream flowing at as mmeh
as 300 feek per second, or more, and in mixtures near stoichiometric where
the highest poseibdle temperature is obtained. Because it has no mechanieal
corpreccion, but depends only on ram, the ram-jet cannot tolerate much loss
of 1%a hard-wvon eyole pressure in the combustion process,

Bat you must do more than spray fuel into an alr stream and light

it to bave a ran-jJet comdustor, Jiere is an air-duct vith & vindow, a fuel
spray, and a spark-gap for ignition. Yote how emeily the flame i¢ blown
out of the duet and at low air weloeities. (Demonstrate by increasing
veloeity to blow-out). Introduetion of » flame holder, such as this one
(show), by ecreating turbulence snd stagnant regions permits flsme to be
- held to much higher alr velocities, The gasees are hot enough to melt this

metal rod, (Demonstrate). MNow-out is poseidle, but at high air veloeity,
(Demcuetrate by increasing veloelty to tln-nt.s Tor any given inlet
conditions, a limited range of fuel-alr rmatios where opemation is possible
exinte, (imututo by deersmsing fuel-sir ratio %o bloweout),

Right here 18 the prodlem: To maintain efficient combustion at
velocities of as much as several hunired feet per second, principally se
that high thrust can De obiained and over & vangs of fusl-air ratios se
that operation over a range of thrusts and speeds is possible. Thie chart
for » typleal ram-jet conbustor amplifies the situation (Pig. 2). Here
is plotted, for a simlated flight Mach No. of 1, the veloecity of the air
at the conbustor imlet a% which cosbustion can be maintained for Aifferent
fusl-air ratios, This curve is at sea level. In this area, conbustion
ean be maintained, in this area, dlow-out sccurs. This ourve represents
the same phenomenon, dut at 10, feel, instend of sen level, Note
how uuch narrowver the reglon is at altitude, 3By utilising vari-
able pressure and Able temperature air supplies and low pressure ex-

‘ as axist here at Clevelnnd reme ot combustion cen be
. entire speed-altitude of interest. The prodlem
is to widen the operational limits for mmn-Jot conbustor, and es-
peeially to keep them from shrinking at altitude, by discovering and them
applying sppropriate design rules,

High conbustion efficiency is also desired so that range will not
be shortensd by wasted fuel, This chart shows conbustion efficiemcy
plotted against fuel-air ratio at sen level and at 10,000 feet. Con-
bustion efficiency decreases as altitnde increases and as the air for
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combustion gets thimner and colder. Agein the problem is that of learning
desipn eriterions for flame holders snd fuel injfectors that will result
in high combustion efficiency, Here are some examples of the types of
?:mh;' that have dean {nvestigmted., There are not necessarily the dest,

One further ram-jet prodlem is cremted by the fact that enormous
quantitien of air are required for research and development of full seale
combmstors, Although this laboratory heas sfficlent sir-handling eapeeity
now %0 do research on full-senle romejete, induetry doces not have such
facilities, Comsequently, 1% is important to know yhether design prinei-
ples that work in small unite will be applicable im largs uaits. Seale
-u:.:hutmbmmtmu in &4, B, 12, and 20.1nch dlameter
con rs,

GAS.TURBINR OOMNBUATION

Consider next combustion in 2 gas turbdine « 2 turbojet, or & Surdo-
;::. The problems encountered are not all the sane ns for the ram-jet,

one must burn fuel efficiently in a fast-flowing alr stream with lovw
presmure lose, Bat in addition to this, combustor sutlet temperntures in
the Surbine engine must not exeesd walue harmful %o the turbdine bdlades.
This i achieved Wy rapidly mixing dilution air with the combustion gases.
The combustor must be shorter than for the ram-jet to permit use of a short
shaft to avoild torsionmal vibration. Fortunately, becsuse compression is
performed mechanically, more presmure loss is acceptable in a turdine en-
gine combustor than in a rem-jJet comdustor. This pressure drop can be

flame, hm.mmugh.mm-m\ouhmwb
eiple. (Illustrate with Fig. %),
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root to tip of this sort {Illustrate with figure 5(a), A temperature

stridbution of this sort frequeéntly leads %o dlade failure, (Pigure

®). This incorrect distritution of temperature is sasily encountered.
¥ith incorreet Alstridution of temperature inte the turbine, ofther the
1ife of the engine is shortemed, or 1te thrust will be lowvered and its
fuel consusption ineressed as a result of the engine belng operated at
lover temperatures %o avoid Surbine failure. Ourrently, effort is going
Soward finding design criterions $hat when applied «ill help to produce
this correct distridution of temperature. This rescarch comprises
finding waye and mesne of adaitting air shrough the wall of the fleme
tube or liner so that the alr will mix well and produce the desired
temperature pattern,

Alse active at present is an investigation of fuel sprays and the
role of fuel atomisation in %urbojet comdustor performance., This chard
illustrates and points up one of the prodlems, (Fig, 6). The chart 1s ,
for a turdojet combustor operating at high altitudes, a severs condition
for good comtmetion as 1s noted by the generally lov values of combustion
efficiency shown, Combustion efficiency is plotted againet temperature
rise through the combustor, High temperature rise is required for high
rotor speeds., It is seon that a Aifferent fusl noszle 1s required at
each tempernture rise if maximun efficiency 1s to be achieved, FNote that
a2t lov temperature rise, highest afficiency is obtained with a small
nozszle, vhereae high temperatuare rise cannot even be obtained unless a
larger fuel noszsle is used. This is only one of several significant
. ﬂ:hp to come from this study so far, dut 1% is {llustmative of the
w0

PAIL.FIPR BURNING

Although we have discussed the primary combustion processes for rem-
Jets and for furdine engines, suxiliary combustion is of interest for
special applications., Tor example, by burning fusl aft of the turbine
of a conventional turbojet engine 1%t 1# possible %o obtain higher gas
temperatures in the exhaust jet them can be withstood by the turbine,
This incrsases the momemtum of the exhaust jet and the thrust of the
engine, Thrust sugnentation by tail-pipe buming, ae it is ealled, is
useful for take-off, emergency tursts of power, and supersonic flight.

pe is

The combustion prodlem in tail-pi
the ram-jet - retention of flame in a high velocity gae stream. The
mummnnfuwunutmsmm, in
en air ctream that 1s hot, about r, in

conditione without tatlepipe durning.

Operational characteristics and design factors of tail-pipe combustion
systems are being studied in full uugnchuonnm in the altitude
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Propellant injection is, ns you might suspect, 2 big fastor in com-



and in the length of engine required for good combustion efficiemey.
tpeed photographs of the roeket combustion progess taken through thie
rent-vnlled engine (show) are revealing eonsiderable information

¢t the overall sombustinsn process in the rocket.

s :

PUNDANTNTALS

The eolution of practical problems cnecuntered in the aprlieation of
the comburtion procers $o sircraft engines requires the results asd con- -
elusione from basic and fundementz] studlee. In design conslderatione for
combustion chewbders, for example, 1% is of great value to know the effecs
of such faotors ae turdulenge, m , inlet-air conditions, fuel atemisme
tion, ete,, on combtuetiom charseterietice emoh 2¢ combuntion etability, com-
buetion off{ciency, =nd flame speed, Vhile research in actual combdustion
chambers mich o¢ Juet dererided to you w111 ansver maay of these questions,
other studies, fremuently confucted in apraratus not even closcly resemdling
contustion chanbers ave reguirsd tsy consribute to en unlerstending of the
entire mechanier of comtmation,

The 1aboratory 19 sondueting resosarch on the chemistry of sombustion
in an effort to learn the rete controlling fagtors, The dymanics of fuel
droplet ewavoration 19 wmder tntensive investigation, Becsuse rescarch has
shown thot the fael sypray i¢ 2 significnt factor in eombustion ghandber per-
formange, Ad21%1ona)l resesreh 1a almed At lenralng how factors,
such as turbulence and gas strean =irxing iafluence flame

A synthesis of fundamental kmowledge and the results of systematie
enririenl research should provide the information necded %o employ the com-
ustion procens most effectively for flight propalelon,
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From Lewis

To NACA Headquarters Attention: Mr. E. B. Miller. ABG?QS
|l

Subject: 1949 Inspection. e

1. There are transmitted herewith revised copies of the talks
to be presented by the speakers of the Compressor and Turbine Research
Division at the 1949 Inspection. The talks have been revised in
acoordance with the comments of the NACA and of NACA Lewis personnel,
and differ from the initial drafts in three main respects:

a. The results achieved since last year are brought out
more .1“1'1"-

be The blade cocling demonstration has been shifted to the
experimental turbine cooling talk. It is felt that
it logically belongs in the experimental rather than
in the theoretical discussion.

ce A more detailed summary of all the material presented
has been added at the conclusion of the turbine cooling
talke.

2. The accompanying charts are illustrative of the material to
be presented, although they are not revised to conform to Inspection
illustration standards. The final charts are in preparation.

Edwerd R. Sharp,

Director.
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From Lewis «;.M" : 700 L4
To NACA Headquarters = Atteation: E. . Miller AUG 251945

Subjeet: 1949 Inspection, LFPL

,)j"‘{_q
1. ZEnclosed are copies .rr«uumnamu-w’v“ﬂ_ V['n'r
and Automatic Centrols which supersede the versions submitted te you on
August 23, We would appreciate having your comments on these as soon a8
possible,

l.nwynrqun-f umnmuhwnme»
essence of Mr, Kemper's talk Mormmmnuuw
in

sented ia the auditorium part of the programs Mr. Kemper's talk is

outline form with the lead sentences of eamch parsgraph indicated., The
talk will be amplified based on these sentences as soon as Mr. Kemper
learns that the outline and subject matter are acceptable.

8. Hovisions are actively in progress on the fuels, highi temperature
heat transfer, and supersomic propulsion talks and it is expected that
revised coples of these talks will be forwarded to you early next week,

4. Ve want teo know in advance that all of the material submitted
will have suitabls =eeu=ity clearance and will expect you to advice us
in this matter as soon as posaible.

Edward B. Shash

Z‘r'-""" Gdward H. sharp,
\)‘“L Director,

A W min .fe\—'\zwﬁ‘m |
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September 27, 1949,

8

Mr. Karl J. Fairbanks,

Hotel Leamington,

3rd Ave., 10th and lith Streets,
Minneapolis 2, Minnesota,

Dear Karl:

Thanks for your note of the 26th. I am
sending Ralph a copy of our brochure as you
suggested. It was nice to have been able to see
you if only for a minute when you iwvere here at
the time of our Inspection. Those days are
busy ones for me and I'm sorry I couldn't
spend more time with you.

Kind regards,

Sincerely yours,
Wz g,

3%

Edward R. Sharp,
Director.
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Eastern 1949 INSPECTION

Daylight LEWIS FLIGHT PROPULSION LABORATORY
Saving NACA CLEVELAND
Time September 20, 21, 22, 1949
9:00 am Busses lsave Cleveland Hotel for Latoratory
9:40 Registration in lobby of Administretioa Building; b .ge checked in Room 111.
1000 Opening Session Tor 1849 Inspection - Auditorium, Administration Buildiag
10:3 Inspection of Laboratory in 8 groups designated by colo
RED WHITE BLUE GREEN GOLD BROWN BUFF GRAY
Compressor & Turbine Aerodymamics
I-8. W=1 : . - ¥10.40 %10 e
W-&, W-10 Enga Rese Bldb. 10:40 *10:4 11:50 11:50 **2:25 £%9 .08 T35 2 .35
Turbine Cooling
W-2 Eng. Res. Bldg. 1125 11225 2:35 12:35 3:10 5:10 4:20 4:20
S—————— e kK x KK

Heat Transfer; Turbojet Fuels

CW-5 Eng. Res. Bldg. 11:50 12:25 10:40 i B &:38 4i10 2225 3:00
s e K
Rocket Research
Rocket Component Test Laboratory 12:28  11:50 11:15 *10:40 4:10 3:35 3200 **Z:25
: e

Supersonic Propulsion Systens

8- x 6-ft. Supersonic Wind Tunnel **p 485 3135 B:58 The.2b Mondd 11:50 11:50 *10:40
Inspection & Demonstration of 8- x 6-ft, SWT
8- x 6=ft. SWT 3:12 4:22 L:22 Sel2 11:27 18:37 12337 1 Med
S kK K kK
Turbojet Operation Froblems
Altitude Wind Tunnel Shop Breh  ¥EP.25 Z:00 4:10 11:50 *10:40 118 12:25
Ak ok 2
Materials, Stresses, and Vibraticns
CE-6 Erg. Res. Bldg. %i%o 3:00 *%9.25 3:38 12:28 11:15 *10:40 11:50
4 *Start first demonstration **Resume demonstretions after luncheon
——— Luncheon in Auditorium begins at 1:00 ***Busses go to picnic sarea end leave for downtcwn starting 5:00pm EDT
: - »)
r T ~ - A 5 r B & 1 ( x ’ » T
Y .‘f ~\ {‘ L -r‘ l;‘ - x‘A A“' e 5‘ ) A_‘ r ’.. ~ 4 ko3 ~“ a =2 ] s ) 9 vl 1 ,.x ‘ ! 3 '\ . X ‘0



NACA - Lewis

MEMORANDUM For Those Concerned

Subject:

1.

2.

duced by the group leaders.

Cleveland, Ohio.
September 19, 1949.

Speakers for Inspection, September 20-22, 1949

The following men are speakers and alternate speakers at the
locations indicated and are listed in the order of their presentations at
each location:

Location

8- x 6-ft. SWT

8- x 6-ft SWT Drive

Bldg.
8- x 6-ft SWT Test
Chamber
W-6 C&T Wing
W-2 C&T Wing
CW=5
CE-€
ANT Shop

Rocket Lab

The lead-off speakers,

Speakers

Wyatt*
Cortright
Carlton
Godman

Hausmann*
Slomski*

English*
Costello
Hauser
Montgomery
Finger

Arnex*
Rossbach

Lowdermilkx*
Barnett

Deutsch*
Manson

Fleming*
Childs
Koenig
Wilsted

Sloop*
Ordin

Alternates

Pinkelx*

Perchonok

Luidens

Schueller

Hausmann*

Slomski

Grahamx

*

Cummings

Plohr

Medeiros
Lieblein

Jacksonx*
Hubbartt

Grelex
Jonas

Ault*
Brown

- Drie

Gibbons*

Beitwieser

Gold
Vincent

Kinneyx*
Morrell

indicated by asterisks, are to be intro-

Group leaders should check which lead-off

speaker will meke presentation before he starts his introduction.
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Edward R. Sharp,
Director.
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NACA - Lewis

Cleveland, Chio.
September 19, 1949.

MEMORANDUM For Group Leaders

Subject: Suggested Introductions for Speakers - 1949 Inspection

1. 8- x 6-ft. SWI: Supersonic Propulsion

Here, in the Control and Observation Rcoms of the newly completed
8-'x 6-ft, Supersonic Wind Tunnel, Mr. Wyatt will lead the discussion
on the general problems of propulsion for sustained supersonic flight.
Mr. Wyatt. o

2. Alt. Wind Tunnel Shop: Turbojet Altitude Operational Problems

We are now in the Altitude Wind Tunnel building where turbine pro-
peller engines and jet engines of all types are operated under high
speed high altitude flight conditions in the 20-foot diameter test
section high above us. Here Mr. Fleming will lead the discussion of
certain problems encountered in the operation of turbojet engines at
high altitude., Mr. Fleming.

b« Rocket Laboratory: Rocket Research

You are now in the new Component and Accessory Test Building in
in the heart of the Rocket Labeoratory. Here Mr. Sloop will begin the
presentation of the Committeec's study of liquid-fuel rocket engines.
Mr. Sloop.

4. W-8 C&T Wing: Compressor & Turbine Aecrodynamics

The rapid progress made by turbojets in becoming dependable and
efficient propulsion engines depends to a large extent on the intensive
study of compressors and turbines, the various aspects of which will
be described here in this large compressor laboratory by Mr. English
and other speakers. Mr. English

5. W-2 C&T Wing: Turbine Cooling

The significance of turbine cooling has already been mentioned by
Mr. Snglish in the preceding discussion. Here lir. Arne will demonstrate
turbine cooling and begin the discussion of our research. Mr. Arne.

6. CW-5 ERB: Heat Transfer and Turbojet Fuels

The economical design and development of jet engines and their ex-
tensive use in an emergency requires exact knowledge of the fuel that
will be available to run them end the nature of the heat transfer in-
volved in cooling the engine. Here in one of the combustion labora-
tories we have brought these two problems together for you.

Mr. Lowdermilk will first describe an important phase of our heat
transfer research., Mr, Lowdermilk.


http:demonstra.te

Memo for Group Leaders -2 - September 19, 1949

7« CE-6 ERB: Materials, Stress and Vibrations

The materials and the stress and vibration to which they are
subjected in an aircraft power plant have much to do in limiting
the maximum output and the safe life of the engine« Here Mr. Deutsch
will start the discussion of recent research by the Committee in the

ficld of high-temperature materlalzﬁ.N Mres Deutsch. A 7K)
L Ay . ¢ /zg

Edward Re Sharp,
Director.
h
WHH :m1lm

ra



P

. 2.

tes
PRO

Auditorium
Welcome and Introduction
Compressor Laboratory, Compressor and Turbine Research Wing
Campressor research
Centrifugal
Subsonic axial flow
Supersonic axial flow
Turbine Laboratory, Compressor and Turbine research Wing

Turbine research

Cooling
Aerodynamics

Jdet Propulsion Static Laboratory
Materials and stresses research

High-temperature materials
Turbine disks

Combustion Laboratory, Engine Research Bullding
Cambustion research

Fuels and Lubricants Building
Fuels research

Engine Propeller Research Building
Engine control research

Altitude Wind Tunnel
Altitude operational problems
TurboJjet icing-research
Thrust-augmentation research
Altitude Wind Tunnel

Eight-by-Six-Foot Supersonic Wind Tunnel
Supersonic ram Jets

Supersonic boundary-layer study
Eight-by-Six-Foot Supersonic Wind Tunnel




1. - INTRODUCTION

The National Advisory Committee for Aeronautics, at its three principal
laboratories, is engaged in the fundamental study of the problems of flight.
It is the function of the Lewis Flight Propulsion Laboratory to carry out one
important phase of this over-all research program, that of solving the prob-
lems associated with the propulsion of airc?aft. All phases of propulsion
are included in this research program.

Because current aviation problems are primarily concerned with high-
speed alrcraft, the emphasis in propulsion research is on systems that are
capable of producing high power in a compact, light-weight package, such as
the ram-jet, turbojet, turbine-propeiler, and rocket engines. In the devel-
opment of these powerful propulsion units, which are cﬁntinually required
to operate at higher temperatures and faster speeds, the problems are many
and vﬁﬁed..

For example, the nucleus of the gas-turbine engine is formed by the com-
pressor, the turblne, and the combustor; the success of the over-all power
plant 1s dependent on the proper operation of each of these components. The
aerodynamics of flow through compressors and turbines is particularly being
investigated. Inasmuch as turbines are subJjected to intense heat and high
rotating stresses, methods of developing tuz_'bines and turbine materials that
can withstand high temperatures are also under investigation.

The generation of hot gases is the primary functlion of gas-turbine and
rocket engines; therefore problems of combustion require careful study. An
associlated problem is that of obtaining fuels and propellants that burn

efficiently and deliver maximum heat energy.

™
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The use of these various types of engine necessitates the solution of
a variety of control and operatiomnal problems. Because supersonic flight
gives rise to additional problems unigue to this speed regime, the super-
sonic operatlon of propulsion systems is also under investigation.

The propulsion-system research being conducted at the- Lewis laboratory
is closely coordinated with the aerodynamic research being conducted at the
Langley and Ames laboratories, to form the integrated NACA program of flight
research, This booklet briefly relates the research trends that are being

presented at this 1948 Inspection of the Lewis Flight Propulsion Laboratory.

(w



2. - COMPRESSOR RESEARCH

Analysis of gas-turbine power plants has shown thaﬁ the com-
pressor must take in large quantities of alr and efficiently com-
p?ees it to the required demsity in order to produce high engine
powers. The compressor must also be reliable, compact, and easily
manufactured. From the consideration of high speed aircraft, these
characteristibs must be obtained in a unit having a minimum frontal
area.

The two cocmpressor types in general use today are the centrif-
ugal compressor and the axlal-flow compressor. The centrifugal
type of compressor, in which the air i1s compressed by centrifugal
action, has the advantages of simplicity, reliability, ease of
manufacture, and high pressure ratlo per stage, and the axial-flow
compressor has the advantages of high flow capacity and efficiency.

The development of the centrifugal compressor has been scmewhat
handicapped by a lack of mathematical theory and fundamental data on
the nature of flow through the complex passages ¢f the impeller.

The NACA is currently attempting to supply this information by
actually making measurements of flow within the rotating passages

of a 48-1inch diameter centrifugal impeller. In conjunction with
thie investigation, a mathematical method of theoretically
determining the flow characteristics in the impeller passages has
been developed. The correlation of these two studies 1s expected to
point out the source of losses and indicate the desigh modifications
required to improve both the efficiency and flow capacity of this

type of compressor,
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The axial-flow compressor is essentially a series of rotating
airfoils. When high over-all preasure ratios are desired, a large
number of stages are required. ' Research on this type of compressor
1s therefore directed at increasing the pressure ratio per stage and
thus obtaining a more compact and less expensive compressor of high
air flow capacity and high efficiency. Theoretical studies of
airfoil blade sections capable of producing high pressure ratios
are being made. Experimental studies have indicated that a pres-
sure rise per stage of the crder of two to three times that of
conventional designs can be obtained.

Further gains in pressure ratio per stage are offered, however,
by the supersonic type axlal-flow compressor. This type of compressor
utilizes the sams shock waves to compress the air that have proved
a limitation to the speed of aircraft. Supersonic velocities exist
relative to the rotating blades, with a confined shock wave occurring
within the blades. Because the velocity of scund does not provide
a limitation, extremely high pressure ratios may be realized.

The successful development of efficient high pressure ratioc stages
will mean that current multistage axial-flow compressors, which are
large and costly to manufacture, can be replaced by compact and

relatively inexpensive compressors.

JLLUSTRATIONS
1. Pictorial sketch of 48-inch centrifugal compressor instal-

lation. Legend - "The 48-inch centrifugal compressor provides a

(}\
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means of obtaining detalled measurements of flow characteristics in
the rotating 1mpellef."

2. Pictorial sketch of supersonic ccmpressor with schematic
diagram of flow through the blading. Legend - "The supersonic type
of axial-flow compressor utilizes the shock phenomenon to cbtain

compression of the air.”



3. - TURBINE RESEARCH

In current gas turbine engines, the temperature limitations imposed by tur-
blades and turbine parts permits only one-third of the air that passes through
the engine to be burned, the remainder being used to dilute and moderate the hot
mixture. Analysis of the effects of various parameters on the power output of
the turbinse-propeller-type engine has shown that very large gains can be obtained
by increasing the turbine inlet temperature, particularly if the pressure ratic
of the unit is also increased. Because the temperature attainable in gas tur-
bines using currently aveilable fuels is of the order of 3500° F, methods of
building turbines that can withstand these temperatures are at present an urgent
objective of NACA study. Considerable effort, therefors, has been expended to
develop methods of turbine cooling. Much valuable information has been obtained
from an analytical study of wvarious methods of air or liquid cooling. Results
obtained on liquid-cooled aluminum research turbines, which have been success~
fully operated at gas temperatures over 2000° F, indicate that this cooliné of
turbines not only offers considerable promise for attaining high-temperature
operation but also offers promise for using nonstrategic materials for turbines.

In applying turbine cooling to blades, it may be necessary to use shapes
quite different than those now in use, so that cooling passages can be accommo-
dated. In order to utilize high gas temperatures efficiently, it will also be
nscessary to increase the pressure ratio per stage. These modifications mst
be realized, however, without lmpairing the efficiency and flow capacity of
turbines. The NACA is conducting extensive research on the nature of flow in
turbine blades. One of the research methods in use utilizes cold-air turbines
for the investigation of various turbine design paramoiors. A tvo-dimensional
cascade tunnel provides a further facllity for obtaining fundeamental data on

the flow around turbine blades.
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The realization of the objectives of this research will enable turbines
of high power to be mamfactured from readily available and easily machined

materials.

Illustrations
1. Bar graph showing increase in power obtainable with increased gas
temperatures. Pressure ratios and specific‘fuel consumptions are given.
Legend - "Power output of the turbine-propellsr engine can be substantially
improved by increasing turbine inlet temperatures.”
2. Plctorial view of two-dimensional cascade tumnel. Legend - "Two-

dimensional cascade tumnel used to investigete the flow around turbine blades.”
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4. - HIGH-TEMPERATURE MATERIALS

Substantial increases in operating temperatures, which are
required for improving the power output and decreasing the specific
weight of gas turbines, can be achieved by obtaining materials for
turbine blades that can operate successfully at these high tempera-
tures. One phase of the research effort to improve the high-
temperature characteristics of turbine-blade materials has included
a thorough study of materials of very high melting points, including
refractory metals, ceramics, and ceramic-metal mixtures (ceramals).
Of these, ceramals seem to offer the most promise for future use.

The major load on & turbine blade rotating at high speed is the
centrifugal force. Because the ability to withstand these extreme
rotative stresses depends on both the strength amd the density of
the material, turbine materials are therefore evaluated by the
strength-to-weight ratio. A promising ceramal investigated at this
laboratory showed a strength-to-weight ratio at 1800° F that was
1.5 times as high as that of a high-temperature alloy of metal in
wide current use. The ceramal blade has the additional advantage
that the raw materials are domestically available and low in cost,
in contrast to the strategically critical, high-cost metal alloys.

As the starting motor revolves the engine, the turbine blades
move in a stream of cool air. When the fuel is injected and ignited,
the blades are suddenly bathed in a gas stream several hundred
degrees hotter than the normal operating temperatul;o. The outer
surface heats rapidly, expanding with respect to the still cool

interior, momentarily creating severe stresses. This condition
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has been defined as thermal shock. A good ceramic, at 1800° F, has
a strength-to-weight ratio twice that of a representative high-
temperature alloy, but has a low resistance to thermal shock, such
as to be of little immediate value for turbine blades. Addition
of metal to the ceramic, producing a ceramal, greatly increased the
thermal shock resistance.

The high-temperature parts of a gas-turbine engine are always
surrounded by gas contalning a great deal of oxygen. The combina-
tion of this oxygen with turbine-blade material may produce changes
in shape or result in a new material of inferior properties. The
solution to this oxidation problem therefore requires the choice
of materials that either resist oxidation or that protect them-
selves by confining the oxidation to the surface. Ceramal composi-
tions have been investigated that have excellent oxidation resistance
up to 2400° F. The problem remains, however, of finding suitable
ceramal compositions that combine good oxidation resistance with

high stremngth-to-weight ratio and good thermal shock resistance.

I1lustrations
l. Figure showing variation in stremgth-to-weight ratio and
thermal shock resistance with percentage of metal in the ceramal.
Legend - "The resistance to thermal shock and the strength-to-
weight ratio of ceramals, which are major factors in turbine opera-

tion, are dependent upon the amount of metal present in the ceramal."”
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4. - TURBINE DISKS

At ite rated take-off speed, the wheel of a typical turbine has
more energy than the average automobile contains at a forward speed
of 100 miles per hour. Fragments of such a wheel burst in a spin
pit at about ﬁice rated speed have been known to penetrate more
than 8 inches of steel. Because of the cbvious danger to pilot and
aircraft, insurance against failure of the wheel in flight is one
of the prime objectives in turbine design.

Whereas design analysis of rotating wheels is an integral part
of present engineering work, the disk of the gas turbine presents
new problems. The tendency of expamnsion of the hot rim relative to
the cooler central region introduces thermal stresses that combine
with the centrifugal stresses of rotation, producing thereby a com-
plex total stress system. Uncertaintie! as to the magnitude of the
thermal stresses and their importance relative to the cemtrifugal
stresses have led, in many cases, to overdesign, making the disk an
umnecessarily heavy component. Before optimm design cen be achieved,
a nmumber of basic questions must be answered.

First, the relative :I.-por‘banée of the various mechanical proper-
ties of the disk material must be evaluated. For example, ductility
can usually be achieved only at a sacrifice of temsile strength.

The insistence on an unnecessarily high ductility may therefore
result in a weaker disk than if the significance of ductility and
tensile stremgth were properly balanced. The relative importance

of other high-temperature properties must also be determined.
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Second, the thermal stresses must be better understood. These
stresses, which are part of an internally balanced system, may dif-
fer in their effect from the centrifugal stresses, which are devel-
cped to resist an effectively external ft;rce. The theory of thermal
stresses In rotating disks must be enlarged to include effects of
plastic flow, and experiments must be conducted to determine the
effects of these stresses on the rupture strength of disks. Special
attention must be directed to the rim, which operates at high tem-
peratures and stresses.

Considerable experimentation has already been conducted to
evaluate ductility and temnsile strength. For the thermal-stress
problem, a large spin pit has been built. Disks can be rotated at
any desired speed while heated to any desired temperature gradient.
In this manner, the centrifugal and thermal stresses can independently
be adjusted to arbitrary values and their relative importance in

causing bursting can be determined.

I1lustrations
1. Chart showing stress system in turbine disks. Legend -
"Turbine disks are subjected to centrifugal stresses of rotatiomn
and to thermal stresses resulting from temperature gradients,
resulting in a complex total stress system.”
2. Photograph of burst turbine disk. Legend - "Results of

bursting a turbine disk in the spin pit.”



5. -~ COMBUSTION RESEARCH

The ma jor problem of engine combustion is to release efficlently
hoa.t energy from the fuel in a small volume and in a short period of
time. Important attendant pm?;lems are a low pressure loss, light
welight and durable combustion equipment; flexibility of operation
(especially at "off-design" points), and, when a turbine is employed,
propexr distribution of temperature across the combustor-outlet area
to Va.void sub jecting the turbine blading to harmful hot zones.

Research on the ram jet at conditions simulating different
flight speeds and altitudes has shown that the ram-jet combustor
has a limited range of operation. In order to widen the operable
region of ram-jet combustors, current research is aimed at learning
basic design principles for flame holders and fuel injectors.

The combustion problem for the gas turbine engine differs from

that for the ram jet in that not only must fuel be burned efficlendly

in a fast flowing air stream and with low pressure loss, but combustor-

outlet temperatures in the turbine engine must not exceed values
harmful to the turbine.

Early investligations by the NACA on the operating character-
istice of a number of turbojet combustors disclosed that combustion
efficiency decreased with altitude, and that turbojets had a
combustion-imposed altitude operational limit. Research revealed
the causes of these phenomena and further systematic research
effected satisfactory solutions. But raising the ceiling imposed
by combustlon aggravated another problem, that of combustor-outlet

temperature distribution. It is essential to the life of the turbine
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blading that hot spots on the blading not be caused by faulty
distribution of temperature from the combustor.. Currently, research
is being directed at ways and means of achieving preferred temper-
ature profiles from gas-turbine combustors.

The rocket engine operates on fuel and oxidant that are carried
in tanks and thue requires no outside alr. The fuel and oxidant
react so vigorously upon mixing in the combustion space that no
flame-retalning devices are required. The major problems for the
rocket engine are to select fuel-and-oxidant combinations that give
large thrust per unit weight flow and volume flow and still have
properties that permit'their handling and use, to prevent fallure
of the engine from the thousands of degrees of temperature attained
by the reaction products, and to achieve efficient combustion in the
smallest possible unit.

The solution of practical problems encountered in the application
of the combustion process to aircraft engines requires the results and
conclusions from basic and fuﬁdmntal studies. The NACA is conducting
research on the chemistry of combustion in an effort to evaluate the
factors that control the combuetior; rate. The dynamics of fuel-droplet
evaporation is under intensive investigation, because research has
siwwn that the fuel spray is a significant factor in combustion-chamber
performance. Additional research is aimed at learning how aerodynamic

factors, such as turbulence and gas-stream mixing, influence flame

propagation.
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Illustrations

1. Curve showing operable range of ram-jet combustors as a
function of inlet-alr velocity and fuel-alr ratio. Legend —

"In the ram-jet combustor, a range of fuel-air ratios and inlet-
air velocities exists where the combustor will operate; outside
of this range, no operation is possible."

2. Photographs of combustion in three rocket combustors.
Legend — "High-speed photographs of the rocket-combustion
process, taken through a transparent-walled engine, are revealing
consliderable information about the combustion process in the

rocket."”
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6. - FUELS RESEARCH

The first turbojet engines developed in this country were designed
to operate on high-octane aviation gasoline or on a speclal kerosene-
type fuel that can be produced only in limited gquantity.

The projected use of turbojet, turbine-propeller and ram-jet aircraft
in large nmumbers for both military a.nd- commercial applicatione has indi-
cated the need for a Jet fuel that will be available in large quanti-
ties. Representatives of the petroleum industry have indicated the types
of fuel that can be made available in the meximm quantity.

The Air Force, the Buereau of Aeronautice, Department of the HNavy, and
the NACA have undertaken the task of ewvaluating the performence of such fuels
in Jet engines. The NACA is evaluating the fuels on the basis of alti-
tude operational limits, carbon deposite, combustion efficlency at alti-
tude, starting at both sea level and altitude, and other operating character-
istics. On the basis of these evaluations, it will be possible to esteblish
what types of fusl can be used in current englnes and to estimate what
quantities of fuel will be available for current engines. It will also
be possible to detornin-e what changes have to be made in current engines
so that fuels a.vaiiablo in the greatest quantity can be used.

A second aspect of the problem 1s to determine which components of
hydrocarbon fuels give the best performence in Jet engines. It is a well-
known fact that fuels derived from petroleum contain hu:ﬁ.reds of indi-
vidual hydrocarbons. It is important to know the performance of the
individual components in jJet engines. In reciprocating engines, the
individual hydrocarbons vary in their knock-limited performance from

below zero to above 350 and research to date indicabes that merked
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differences also exist in their performance in jet engines.

A third problem that is receiving continmed research emphasis at
the NACA is the matter of fuels to extend the flight range of Jet air-
craft. Such airplanes are streamlined for high-speed operation and the
gpace for fuel storage is very limited. It is therefore, important to
use fuels that will deliver the maximm heat energy per unit wvolume.
The NACA is investigating hydrocarbon fuels that will deliver 30 per-
cent more energy per unit volume than aviation gasoline. Investigations
are 8lso underway to utilize solid metals as aircraft fuels. If aluminum
metal could be utilized es an aircraft fuel, it would deliver over 2.5 times
saeeamiéh heat energy per unit volume as aviation gasoline and other metals
could deliver almost 4 times as much gesoline.

Nlustrations

1. Bar graph showing amount of fuel available from a barrel of
crude o1l, for present and proposed fuel. Iegend - "Only a very small
quantity of current turbojet fuel is awvellable from a berrel of crude
oil; wvhereas almost half of a barrel of crude oil could: be used as a Jot
fuel under the proposed fuel specification.”

2+ Bar graph showing comperative thrust for gasoline, alumimm, and
beryllium. Iegend - "The use of solid metals for alrcraft fuels will result
in an appreciable increase in thrust per unit cross-sectionel cambustor

area over thet available from aviation gasoline."
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7. - ENGINE CONTROLS RESEARCH

The successful operation of gas-turbine engines, even with the
attaimment of desired component performance, is dependent on the
engine-control system. In gemeral, it 1s the function of an engine-
control system to obtain optimum engine performance and to maintain
engine operation within safe and stable operating limits. This gen-
eral control criterion is difficult to achieve for controls systems
applied to gas-turbine engines. Complete exploitation of the engine
potentialities may be attained only through accurate adherence to
finite limits of both emgine speed and temperature, and response of
the control system must be consistent and reliable for all the vary-
ing conditions of operation.

Successful application of controls to the gas-turbine engine
requires a thorough knowledge of engine and control-system transient
characteristics to enable the designer to match the response of both
cngiie Bl cuntrel syethmn. Meteliay of ths TeupEee of Shgiue st
control system is essential, as it may determime such important per-
formance characteristics as acceleration amd docelera:tion rates.
Maximum stresses in the reduction gearing of turbine-propeller
engines, which may ultimately dictate the size and welght of this
important component, will result from improper matching of engine
end control-system response characteristics. Large torque fluctua-
tions and dangerous overtpeoding of the co-prel'sor and turbine com-
ponents may be expected under certain conditions of operation when

engine and control system are improperly matched.
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Analytical and experimental control studies are being conducted
at the NACA to determine the control system and necessary response
characteristics required n:Jr each gas-turbine-engine type. Various
stability and response criteria are being studied to emable control
designers to match and evaluate response characteristics of any com-
bination of engine and control system. In order to supplement bench
end full-scale-engine test facilities, an electronic engine and
control-system simulator will be used to study response character-

istics of any combination of emgine and control system.

Illustrations

1. Curve showing engine speed variation as a run;tion of time,
with proper and improper response curves. Legend - "Improper match-
ing of the response of engine and control systems results in undesir-
able oscillations and instability of engine speed.”

2. Schematic diagram showing analogy betweén operation of an
engine and a spring-and-weight system. Legend - "The response of a
controlled gas-turbine engine can be interpreted from the amalogous

response of a damped spring-and-weight system.

1



8. - GAS-TURBINE OPERATIONAL PROBLEMS

The use of gas-turbine engines for ailrcraft propulsitn has created
a new set of engine operational problems, most of which have been
investigated in the altitude wind tunnel. For example, in high altitude
flight, the danger of combustion blow-out has been found to fix the
minimum rotational speed at which turbojet engines yill operate and the
allowable turbine temperature has been found to iimit the maximum rota-
tional speed. Another problem results from the fact that the inertia
of large turbojet engines is so great that the engine can not respond
quickly to throttle changes, particularly at high altitude. Because
the ability to accelérate rapidly is essential for military applications,
variable-area oxhaust‘nozzles have been developed to provide a means of
quickly increasing the engine thrust.

It has been found that multiengine Jet airplamnes will cruise at
best economy if a few of the engines are operated near maximum thrust
and the remainder are shut off. Under these conditions, it is important
to prevent air from flowing through these idle engines because wind-
milling of the engine causes an increase in drag. Windmilling is
required to start the engines again, however, and this gives rilse to
an additional problem. At high altitudes, the engine cannot be started
again unless the airplane 1s flying at a very high speed.

The vulnerability of the turbojet engine to icing conditions is

" apparent from the rapid increase in tail-pipe temperature, the increase

in specific fuel consumption, and the decrease in thrust that occurs

when icing is encountered. Laboratory and flight studles of the icing
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problems have resulted in three methods of providing the ice protection
that is essential to the safe operation of this type of engine.

The first method provides for surface heating of all inlet compo-
nents exposed to icing either by electric heaters or by hot gas. The
second method involves the bleeding of hot gas from the rear of the
engine into the inlet, and it 1is now possible to design a system with
good anti-icing characteristics using a minimum of bleedback. The
third method removes water droplets from the inlet alr by inertia
separation; experimental Investigations have provided sufficient data
for officient design. The most economical ice protection system for
a specific aircraft installation may well incorporate combinations of
these methods.

Another significant gas-turbine operational problem is that of
increasing engine thrust for take-off and for short bursts of power at
altitude. The inJjection and burning of additional fuel in the tail
pipe of a turbojet engine is one attractive means of obtaining this
added thrust. In this process, which is variously called afterburning,
tail-pipe burning, or exhaust reheat, the exhaust gases 1ssue from the
jet nozzle at higher velocities and higher temperatures than can be
tolerated in turbine-limited operation of the conventional engine.
Afterburning can increase the engine thrust by as much as 35 percent
for take-off and 60 percent at flight speeds of 500 miles per hour.
This increased thrust, however, entails a loss in fuel economy. Research
is in progress at the NACA to solve the problems of fuel control to
maintain safe temperatures and good economy, the determination of opti-
mum tail-pipe size, and the reduction of the losses in power due to the

afterburner when it is not.in operation.
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Illustrations

1. Chart showing the speeds required for a windmilling start at
various altitudes. Legend - "A turbojet engine using an axial-flow
compressor requires very high flight speeds for a windmilling start
at high altitudes.”

2. Chart showing Increase In thrust and decrease in take-off
length resulting from the use of tail-pipe burning. Legend - "The use.
of tail-pipe burning improves the thrust and take-off characteristics

of turbojet-powered aircraft."”




9. - SUPERSONIC RAM JETS AND FLIGHT PROBLEMS

The ram Jet possesses operating characteristics that make it
ideal for flight at supersonic speeds. Compression of the air is
accomplished in the ram jet without any moving parts by simply
scooping in the air and utilizing the emergy of flight to compress
the air. TFuel is then injected and burned, and the resulting hot
gases are expelled rearward to provide forward thrust.

Shock waves that occur ahead of the inlet of the ram jet cause
serious mglonmandrodmodﬁginepm. In an attempt to
reduce these losses, various improved inlet designs have beemn studied
by the NACA. It has been shown that this emergy loss may be mini-
mized by appropriate design and that pressure recoveries within a
few percent of the theoretical maximm are possible.

More recent investigations of complete ram jets operating in
wind tunnels at supersonic speeds gave performance considerably below
theoretical 1limits. Sensitive pressure pick-ups and high-speed
photographs of the inlet disclosed a fluctuating pressure and a
shock wave that oscillated at extremely high frequency between its
design position and a position ahsad of the inlet, thus accounting
for the performance losses. The instebility of combustion with
ordinary fuels and ecoustical rescmance or "organ-pipe” fregquency
were found to be factors causing this shock oscillation. The NACA
is continuing the study of the effect of these related problems of

acoustics end combustion stability on the flow into the ram-Jjet

inlets of varying geometric proportions.
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Much larger ‘ran Jets have been studied at supersonic speeds
with a ducted inlet in the altitude wind tunnel and in free flight
with a series of ram jets launched from an airplane at high altitude.
Results have shown the effect of ram-jet geometry on net thrust as
speed is increased in the falling trajectory. This research on ram

Jets will be continued, with much of the work to be performed in the

new eight-by-six-foot supersonic wind tummel soon to be placed in

operation. This new tunnel was built with the assistance of the
Department of the Navy and marks a major addition to the supersonic
research facilities of this country.

The viscosity or friction of air results in the build-up of a
thin layer of stagnant air called boundary layer on air flow sur-
faces, a factor that complicates the solution of the aerodymamics
of supersonic flight. Viscosity affects the aep'aration of air flow
from surfaces, the transition from smooth flow to turbulent flow in
the boundary layer, the heat transfer at the surface, and the inter-
action of shock with the boundary layer. The growth of boundary
layer on both the wind-tumnel walls and model surfaces complicates
the interpretation of experimental datea obtained from supersonic
investigations. Special research techniques are being employed by
the NACA in new facilities designed for the study of boundary-layer
and heat-transfer problems as they relate to supersonic-wind-tummnel

and propulsion-system design.

>
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Tllustrations

l. Pictorial sketch showing installation of a ram jet in the
supersonic tunnel. Legemd - "The installation of rem jets in specially
equipped supersomnic tumnnels permits detailod)shm of operation.”

2. Curve showing the falling off of ram-Jjet recovery when fuel is
burned. Sketches showing the shock picture with and without burning
mtuporinpo-od. Legend - "The burning of ordinary fuels in the super-
sonic ram jet causes the shock wave to pulsate betwsen its design posi-
tion and a position ahead of the inlet, resulting serious losses in
pressure recovery.”

3. The eight-by-six-foot supersonic wind tummel.
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