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Measuring Methods Relating to Combustion Phenomena in Gas Turbine
By
Kiyoshi Neya

In this paper, the measuring methods of the characteristics of liquid fuel spray, gas flow in combustor
and combustor performance are described.

Spray characteristics such as droplet size and weight flow distribution has a significant effect on
combustor performance. Many interesting techniques have been developed for the measurement of droplet
size, and they may be grouped into two methods. The first is the sampling method, in which the droplet
size distribution is calculated from many spray samples by taking account of weight flow distribution, and
for spray sampling, immersion, impression, direct catching and direct photographying methods are commonly
used. The second is the one, in which the droplet size distribution is obtained directly either by counting
and sizing a representative sample of the whole spray or by classifying the whole spray by size with the
aid of sieves (applicable only for frozen droplets), cascade-impactor and so on.

Weight flow distribution can be measured with single collection probe for any configuration of spray,
but for measuring diametral and circumferential distributions in conical-shaped sprays, it is convenient to
use a collection rake and a sectored patternator, respectively.

Simultaneous measurement of both droplet size and weight flow distributions is mostly desired, and
the method developed by the author is such a technique. In this method, a set of samples are caught
on a long belt simultaneously, the exposure time of all samples to spray being held constant, and there-
fore, the information on weight flow distribution can be obtained by calculating the volume of droplets
appeared in unit area of each sample. Another feature of this method is its applicability under any
condition of ambient gas.

In most continuous combustion systems of practical use, the aerodynamic factors are important in
respect to flame stabilization, rapid mixture formation and so on. The study of gas flow under burning
condition will provide the most useful information, but usually is very expensive of time, money and
material, and furthermore, in such a test difficulties arise relating to the temperature measurement of
hot gases when the velocity distribution is to be measured. These defects led to the development of
isothermal modeling techniques, in which cold air or water is used as the fluid, and the gas flow is either
visualized with the aid of streamers and tracers or measured by various instruments. Isothermal model-
ing, in spite of lacking in simulating the density change due to combustion, serves as a useful tool for
satisfactory operation of combustor, and some examples are shown to illustrate the good qualitative corre-
lation between flow patterns at isothermal conditions and those obtained under burning conditions.

There are many requirements to be satisfied by the combustor, and the main items in respect of
measurements may be combustion efficiency, pressure loss, outlet gas temperature distribution and flame

tube temperature. The measuring methods of these items are described together with several applica-
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tions of gas analysis to the combustor development.

The examples of the latter are the measurement

of combustion efficiency, the calculation of temperature of very hot gases whose temperatures are so

high that the use of ordinary thermocouples is not adequate, and the prediction of outlet gas temperature

distribution from isothermal test.

The main part of this paper was originally presented by the author at the 210th Lecture Meeting of
JSM.E. (Measurement on Combustion) which was held on April 20 arnd 21, 1964.
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% 1 SETORBICOVTOMIKEAE (Winter) %

System to be Types of model Tracing technique, etc.,
studied Purpose which can be used recommended
2-d water model Surface tracers or polystyrene
Preliminary
study I 3-d water model, Polystyrene, dispersed ;
Gas turbine and i if flow is rotational flat-beam lighting
similar combustion Polystyrene, dispersed ;
systems-complete Advanced 3-d water model f]at-beam’lighting ’
study .
e Balsa, dispersed ;
3-d air model flat-beam lighting
Local tracers, polystyrene or
3-d water model air (as appropriate);
time-based lighting
Ditto-local details Ad‘éag"ed
study Boundary flow techniques;
3-d air model local balsa tracers and
general illumination
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0 BEEKRBEE D SRATARERET 2507,
Clarke 5401F, 7oV FRABLUyro v v 2MEEL
fo & EO—RBEIIRIC BT B IR A A%, CDF
BTRD I,

3:2-4 AHMHABRCEBZHOBEERTGOHE

Clarke 543, ST TO@EKE K UBEKGERIC X
D, MBSO ON ZBEMGENET 2 LE2RS
1o

C. 7D 1%,

004AL OIT 600~T00 2z 500~ 600 =3 400~500 [ )

B 36 HOEESTOLE (Clarke)t®

—PlAEHT D E, THEN2OMBERICGESRT L L
HITHRZERE60T T a vV FREZBH LT, Bk
g BRI DOATEARD, ENEFNORRERL TS
BT LT, N36a DEESTH B, Mb,
ci3, MEMLABIRHLFALL 60 &L, F—#bE
BTENFNT oY FRBIO oy vy EREEL
& EORARENTT, FREOBEKRZOMBHNa &
MDD ELEDTN S,

HMOBMBERT b OREO—FMSE L LNE, RiE
RIABEROBRRRICEATHH S0

+ &

AABMZES T, MESREEDL XU~ IR
ICIRE T 3ICIRE DIEREIELAT D C EBVLETH
5L, PHO0EEES (RO, mE39-4-20. 21)




2B Uice AT, EEBREELTERICOVNT
DRBIEHEDTEH U BEMIC—BHERE L dDTH
%o

HAE—EeVITEBT 5B 250 LoERLIF
BiZiZ, AXTONKLHDEIII, BEFTAORE,
FHADIES, KE, GLEOHER XUH XS EH
b 25h, {bAaki BT 2B NS D
HEEIC 20 TR, REE&TZhENENBlIko~
LNTVWEDT, AXTiR, EiIdicBEEL < #Hob

=, ZOWMEEEDT BICEED I,

AXFCOEIUABROEDTH LY, HRAL—E
v RBBER DI 0 B A 5 F DMDBREERE O EERIIHT
7, KO—BHRICREFEOL SICERL, 24
DBEBIRENEENTH S,

5%, BEMOEMICY DT, MEDIERIC R
VRS, MEAENNEERS XULHRBE BE BR
759V aTREE) OBEEbLLI, kil
THEAEARDT,

2 & X ®

1) MR, BAeEME CRIFLEnrds, 74—
BT (RBBERR6), (LiER, MA3LE, 41
H~142H,

2) MR, 27b4 5207/ 4, BRERE,
6645315 (MM384E), 542K ~548H,

3) MR, BMABBEROKREIOEDLL,AL (1
~5), BHMOWI%, 15X (PM384E) 45, 505
H~511E; F6%, 759 H~T764 5, F10%5,
12455 ~1250K ; E115, 1385H~1391F; [
124, 15158 ~1522H,

4) —fu, BEBREBONEE, BRESE 14
E# Y 2HM (MM364E 1 H), 135~26H,

5) Giffen, E. & Muraszew, A., The atomisation
of liguid fuels, Chapman & Hall Ltd., 1953,
pp. 203~234.

6) MR, BMUNBEEOKRE SOREICOWT, B
B IUES, 2%2%5@@MI2E), IBTH~344
Ho

7) Rupe, J.H., A technique for the investigation
of spray characteristics of constant flow nozzles,
3rd Symposium on Combustion, Williams &
Wilkins Co., 1949, pp. 680~694.

8) iRE, BEBHLORERE, REBKZTHRR,
FATI364E 6 Ao

9)

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

89

Tate, R. W., Immersion sampling of spray
droplets, J. amer. Inst. chem. Engr., Vol. 7,
No. 4, (1961), pp. 574~577.

Bk, BEEFLIC L 2REOHBAL (B2H),
B SmCE, 25%1605 (RFI344E), 1259
H~1265H,

RE, EEOEES ICKEOHHMIKKANTO
B FRE R T, BRESE 708 EEEaAR
H# (RFI384), 35H~38E,

May, K.R., The cascade impactor —— an
instrument for sampling coarse aerosols, J.
Sci. Instr., Vol. 22 (1945), pp. 187~195.
duill, ¥, B~ 32y v AR X 2B RO
Eik, [FRER, 324565 (WM294), 167
H~174H,

May, K.R., The measurement of airborne drop-
lets by the magnesium oxide method, J. Sei.
Instr., Vol. 27, No. 5 (1950), pp. 128~130.
Bitron, M.D., Atomization of liquids by super-
sonic air jets, IEC, Vol. 47, No. 1 (1955), pp.
23~28.

WE, B&, 2XTEHFOHRREGEIH), &
BT RS, 1048 5 (WM3dv4E), 1HE~9H,
Golovin, M.N. & Putnam, A.A., Inertial impac-
tion on single elements, IEC (fundamentals),
Vol. 1, No. 4 (1962), pp. 264~273.

York J.L. & Stubbs, H.E., Photographic analy-
sis of sprays, Trans. ASME, Vol. 74 (1952),
pp. 1157~1162.

De Corso, S.M., Effect of ambient and fuel
pressure on spray drop size, Trans. ASME,
Vol. 82, Series A, No. 1 (1960), pp. 10~18.
Kling, R., Mikrofotografische Untersuchungen
von Brennstoffnebeln in Brennkammern,
BWK, Bd. 10, Nr. 6 (1958), S. 257~S. 263.
Dell, H.A., Hobbs, D.S. & Richards, M.S., An
automatic particle counter and sizer, Philips
Tech. Rev., Vol. 21, No. 9 (1960), pp. 253~
267.

Joyce, J.R., The wax method of spray particle
size measurement, Shell Tech. Report, No.
ICT/7, 1946.

R, [R&, B [A25] X 3EBORE
SHREE, BRFRHRE, 2641625 (MM

(144)




90

24)

25)

26)

27)

28)

29)

30)

31)

32)

33)

34)

:35)

36)

354E), 224EH~232F,

i, WI [A5] k2B EONENE,
2 EMEEE, 235 (MA334E), BHE~3I9H,
AR, FEEE2, “HAEEBROBEEREDO—~
2%, BRFLEIIVRLSEHINBIE (HA
3742), 13E~16H,

K%, MR, BB L 2B EAEBORE S A
AEYE, BWMPELRIE, 29% 1985 (RA38
), 3TTH~385H,

Taylor, EH. & Harmon, D.B., Measuring drop
sizes in sprays, IEC, Vol. 46, No. 7 (1954),
pp. 1455~1457.

Eisenklam, P., Atomisation of liquid fuel for
combustion, J. Inst. Fuel, Vol. 34, No. 243
(1961), pp. 130~143.

Ranz, W.E. & Hofelt, C., Mist and dust collec-
tion equipment, Industrial Wastes, Sept.,
1959, pp. 146~151,

Michell, R.I. & Pilcher, J.M., Improved cascade
impactor for measuring aerosol particle sizes in
air pollutants, commercial aerosols and ciga-
rette smoke, IEC, Vol. 51, No. 9 (1959), pp.
1039~1042.

Binark, H. & Ranz, W.E., Quick method for
measuring drop size of hollow cone sprays,
IEC, Vol. 51, No. 5 (1959), pp. 701~702.
Poulston, B.V. & Winter, E.F., Techniques for
the study of air flow and fuel droplet distri-
bution in combustion systems, 6th Symposium
on Combustion, Reinhold Pub. Corp., 1957, pp.
833~842.

De Corso, S. M. & Kemeny, G.A., Effect of
ambient and fuel pressure on nozzle spray
angle, Trans. ASME, Vol. 79 (1957), pp. 607
~615.

BE, REREEREE U\H - RiEHE RR
WY F7 vy, SIEHE, B35 E, 773
H~T783H)

Tate, R.W., Spray patternation, IEC, Vol. 52,
No. 10 (1960), pp. 49A~53A ; i-bid., Vol. 53,
No. 4 (1961), pp. 65A & 66A.

BE, KE, %0, REEAFOBRBRECR
FTRBKEEAS JUBHENERETORE,
% 2 EfR R T JE 5 R BRI (BBIE),

(145)

37)

38)

39)

40)

41)

42)

43)

44)

45)

46)

47)

33, 34H,

B, MBEEN 7 Afih O RMEARE, BRE
258, 6545175 (MRM374E), 241FH~249H,
Winter, E. F., Flow visualization techniques
[(Ducarme, ]. et al., Progress in combustion
science and technology, Vol
Press, 1960, pp. 1~36.]

Way, S., Combustion in the turbojet engine,
AGARD Selected combustion problems (1),
Butterworths Sci. Pub., 1956, pp. 296~327.
Nicholson, HM. & Field, J.P., Some experi-

mental techniques for the investigation of the

1, Pergamon

mechanism of flame stabilization in the wakes
of bluff bodies, 3rd Symposium on Combus-
tion, Williams & Wilkins Co., 1949, pp. 44~
68.

Clarke, A.E., Gerrard, A.]. & Holliday, L.A,,
Some experiences in gas turbine combustion
chamber practice using water flow visualiza-
tion techniques, 9th Symposium on Combus-
tion, Academic Press, 1963, pp. 878~891.
Clarke, ].S., The relation of specific heat
release to pressure drop in aero-gas-turbine
combustion chambers, Proc. Joint conference
on combustion (IME & ASME), Inst. Mech.
Engrs., 1955, Section V (Gas turbine), pp. 24
~31.

Johnstone, R.E. & Thring, M.W., Pilot plants,
models, and scale-up methods in chem. engng.,
Mc Graw-Hill, 1957.

Spalding, D.B., The art of partial modeling,
9th Symposium on Combustion,
Press, 1963, pp. 833~843.
Winter, E. F. & Deterding, J.H., Apparatus and

techniques for the application of a water flow

Academic

system to the study of aerodynamic systems,
Brit. J. appl. Phys., Vol. 7 (1956), pp. 247~
260.

Morris, R.E. & Haythornthwaite, B., Water
flow analogues for gas dynamics, Engineering,
Vol. 190, No. 4922 (1960), pp. 261~263.
Thring, M.W., Discussion on “Putnam, A. A.
& Ungar, E.W., Basic principles of combustion-
model research, Trans. ASME, Vol. 81, Series




48)

49)

50)

51)

52)

53)

54)

55)

56)

57)

A, No. 4 (1959), pp. 383~388".

Watson, E. A., Fuel control and burning in
aero-gas-turbine engines, Chartered Mech.
Engr., Feb. 1956, pp. 91~127,

BR, BE, MNIFRy - yEABERTLE
RPALEBR O (E IR, F2 EMMETR
RFRLATRIE (B394E), 6H~3TH,

Olson, W.T., Childs, J. H. & Jonash, E.R., The
combustion efficiency problem of the turbojet
at high altitude, Trans. ASME, Vol. 77, No.
5 (1955), pp. 605~615.

Ramshorn, R., Sehr kleine Sonden fiir Stro-
mungs messungen, VDI, Bd. 101, Nr. 20 (19
59), S. 832~S. 834.

Bryer, D.W., Waishe, D.E. & Garner, H.C,,
Pressure probes selected for three-dimensional
flow measurement, ARC, R & M No. 3037,
1958.

Toone, B. & Arkless, F., The application of
gas analysis to combustion chamber develop-
ment, 7th Symposium on Combustion, Butter-
worths Sci. Pub., 1959, pp. 929~-937.
Patterson, R.C. & Abrahamsen, R.F., Flow
modeling of furnaces and ducts, ASME paper
No. 61—WA-45, 1961.

EE, FRAFRREZOHRE, BHOME,
13% 9% (mm364), 11795~1182K,
Clarke, J.S. & Jackson, S.R., General consi-
derations in the design of combustion chambers
for aircraft and industrial gas turbines, SAE
Autom. Engng. Congress (Jan. 1962), paper
No. 444A.

Stewart, P.]J., Combustion efficiency in gas
turbine engines, Platinum metals Rev., Vol

58)

59)

60)

61)

62)

63)

64)

65)

91

6, No. 4 (1962), pp. 126~129.

WR, BE, REROBEL TONESE, BHK
DE%E, 6%&1%5 (BM294), 93H~I8H,
Az, BE, K, F Ry - AEMREE
BOERMTIE, EWETRE, 1%9 105
(Rm264), 1H~8H,

Chiarito, P.T., Morgan, W.C. & Morse, C.R.,
Experimental determination of the temperature
and dynamic-strain environment of a tubular
combustor liner in a turbojet engine, NASA
TN D-204, 1960.

Clarke, ]J.S. & Lardge, H.E., The performance
and reliability of aero-gas-turbine combustion
chambers, Trans. ASME, Vol. 80, No. 8 (19
58), pp. 1741~1755,

Hibbard, R.R. & Evans, A., Application of gas
analysis to combustor research, NASA Memo
1-26-59E, 1959.

Holderness, F.H. & Macfarlane, ].J., The con-
tinuous flow instrumental analysis of flame
gases, 7th Symposium on Combustion, Butter-
worths Sci. Pub., 1959, pp. 923~928.

Hottel, H.C. & Williams, G.C., Experimental
techniques (Hawthorne, W.R. & Olson, W.T.,
Design and performance of gas turbine power
Dlants (High speed aerodynamics and jeot
propulsion, Vol. XI), Princeton Univ. Press,
1960, pp. 44~91).

Wykoff, W.R., Zelinski, W.H., Davis, S. M. &
Reid, W.T., The automatic sampling of gases
at high temperatures and pressures, 3rd Sym-
posium on Combustion, Williams & Wilkins
Co., 1949, pp. 674~679.

(146)




