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improve their combustion characteristics. Results of an initial step in the experimental 
verification of the concept are presented, where the basic benefits of Hz enrichment are 
shown to provide extended lean-combustion limits and permit simultaneous achievement of 
u1tralow levels of NOx. CO, and HC emissions. The H, required to obtain these results is 
within the range available from a partial oxidation precombustion stage. Operation of a 
catalytic partial oxidation reactor using a conventional aviation turbine fuel (JP5) and an 
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near-theore}ical equilibrium H, content. However. a number of design considerations 
indicate that the precombustion stage should be incorporated as a thermal reaction. 
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A Partial Oxidation Staging Concept for 

Gas Turbines Using Broadened 

Specification Fuels 

R. M. CLAYTON 

A C')ncept �S described for usinp: a very ;:"ue-1-rJ ci 
f)G.rtial oxidation process as the first st",age ft 
two-stage combusticn system for onboa.rd processing Qf 
broadened specification fc;els to improve their combus
tion characteristics. Results of an initial step in 
the experimental ·rerifieation 01' the concept are pre
sented, where the basic benefits of H2 enrichment are 
shown to provide extended lean-combustion limits and 
permit simultaneous achievement of ultralow levels of 
'iO::, C:O and HC emissions. The H2 required to obtair, 
•;hese results is within the range •lvailable from a 
purtial cxidatiGn precombustion stage. Operati<m of 
a catalytic partinl oxidation reactor using a conven
tional aviation turbine fuel (JP5) and an unconven
tional L.iel (blend of ,p5/xylc:ne) is shown to prod'.l' .. �e 
'l. "fuel c;as" :•.trenm with near-theoretical equilibrium 

- ·�0ntent. 'lowever, a nu.'1\ber of •ie:iicn consiJ.erati.:ms 
ir..·iic1-tte that the pr�c(;r::i.bu:::tion st.'l,:�e sh0u.lJ. be 
�:leorporated ·1s u. -the:n::ai r•eaction. 

Ef:cent 1�irt·:e ·�ric.:: lncre:lHe�; !":;r ;J.irc:ra:ft turbine 
r:1nf.;ine fuels and possio ·.e f\.;.t11re !'1;.<::!l �>h• .. H'ta.1-;�s L:J.ve 
!..r:�.J. to incre.i1scd int"�t'�o� in ·.-rid.0nin1� the ::;pectrtUn of 
:�·�el3 {inc lading those fr,-:7:: G(J:1l :.i.n.l :.Ji l ::-h:ile �::;yn
C!."'�.4d�3) ·:.cceptab1c f,Jr .c,,.v�·-1ti,:.:r .. !-.�trlitne �;;nr;:;ine ,·Jrer·1-

i1::n. It i::; exr:t�<;tt>i t�;at ti. br«:;n.rier :i,,_�c;,,:.pt-
:_ ... :_��';_..; ·11\.':�!l·i ::n i its:.,�1nt:� 

��,i·,-i.L(�.::> i.a the t�';t::.:.1L �ir"e ·.!Y1�',_,., c·-���t.� /' -·p��t"J .. t 
l""'.u,-�i.n�::s. '.!uwev�r, .it !.::; ·d 

1::·:JC1;.3ti.nn beh11:ri.J!' ·,f t'.:ese 1°'.i�:-1�1, 
':1�·,,;:-,_i:.:1�:: pc,j.�.;;.tct.nt ,.�liii:::siul�[3, -,;i,_; _:_ 

L.C' �:.'1ti1!S � )rito:;nt ·..;L?._.,__ Le ;'.::_'t=:'.1ter"� 

2 

·:.."'xpect·::d tb·1.t t.hc 
f'':'.rti.c·.ll:.cdy 
b1� r:-·�1 . .;l'f-.:!r l:r_-:-..:_:-5 �,�t� 

:-·-�t� L-b(f1frJ ?�:-, .. ·.1 

w'i.rranted if low emissiun levels arc to be retained 
wi.th the relatively poorer fuels. 

A potential means accomplishing thi3 il: thr:h·•h 
onboard fuel processine which, in principle, has the 
effect of decoupling the properties of the r'l.v turbit;e 
fuel from the mair:. corr,bmition processes of' the t:n;'.i.'""· 
'l'he process of present interest is partial o:ddatL,:" 
where a large porti<m of the :'uel (not nece;;sari Ly 
of the fuel) to the engine would be reacted with 
:;mall p:Jrtion of the ·'lir to the engine in 'l ['.L'eCoc.b'Li
tion stae;e of an uvcra.Ll two-st:ige combt ... stion ;]ystem. 
Such a processing ::1t�·_:-·-�c: -. ..;r)\1:1 1�•!:t(-:::'i11�e r ... -'Ji'-:ar i r1�_; 
t::a.:��Ol�G pro-iucts wht):Je compo::.i tio1;. is 1lcpendent oti the 
fuel richness or t!-11'! reacti•m and on th<o hy·:lru1;en 
content o !' the fuel. 

The rit)t-ton of sta.p;ed CD1;1bustion "'or t:_,irb:i.�·:e t.:r:.-�in(;:J 
is not nr:::w (1), b:,lt an <Jb,;ect�ve c-�"' :tn.:-:i.:;:iziH:_-� ii,� :�ene1�-

emission contru.l ici believe<l tu -.listl::,-:1;.i.:Jh t:1is D 
from others. Reference ( 2) .::-ep,,rtJ si.n:.l:Ltr ::;c1':t.:::i:e 
·1pplied to a:i atmosph-:::r pr1;:;33u.re lYJrn��r. 

,,.;1th fuels having£ hy,l�.:je._;en-tu-carbcn r:.i.tic1:> ,_. f' 
'tpproxin:ate:ly 1. 9, 'lir-to-fuel �'l.ti•;s L:-. the �,·,·w:·e 
5-6 then.retic.'i11y prcdi.1ce a cas str:.:nt:! :::; >ns-:.:;;t:.in."; vf 
,·�vcr by ·Jolurr.e f both II:�\ :1nJ �C·, :·c1i.:l.i1.:ier ,1:' 
t, lie p!�(;1L.;.ct;-; 2>-Jns i ::;t i:-11"� ·.'.ainly ,") t"' -�·;2. }'. u :·:,e .. , "l.�� n ,·, f 
��"hi:; itii:n uxhibit:1 (;i;r�b,__\s�i'•n \�:E-u:'·Lctr-:r."'i:::,t�li.: 
.-�··�pericr to thi")�·H:: df th� i::d.ti:1 · :�,_::,�,..· {·1:;.i::�,.fcarbon t'\:f·�_l 

Ly \rirt•ic (}i.) it�_; \..!'.iflt(:nt�, -:.-.rhi....:i·1 ,tTU'/i t":�:; :t 
�·(:.Luc�-:<i �-eu.n :1··:.r;.!":tatil ty ii::dt, ·cH':)'l'h�:.:._lfli,; -:..tH.! 

·�er:t:ra.te1.i �Ir:x "tn;1 � hn. ': o:� :;--ri<.ilnt"-: ·1'.ieT .. :�:..!�t� 
:�t«·:.i:Ji.J . . :.t.1; -u�d ( U) l:r .._-.:1�1c: /:..;.:J .:. 
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"['(;1/ ;·t(·l :ii ,'1 r:·.l��·'"t�'.-,t l.!'�I_' }ktt::1ti.�l' -:�· ;.;�·,, J P'"'-"-
n.:zc .. , 1.'e:·y fur:-1-ri�L reac:tio�1s (J\IF < '( ) for 
:�-:.ipr?·e� ::;:;in/ tht) f()r;rt:i"S io: .. �,f inter1::edit:.te ni tro,�'cr1 
cor.1r,- 1.1nd�; (ECN, ::Ej, etc.) which are iri_vulved in the 
:�nrr:1:�tioL -y_!:' NU :_f'ror.1 fut·_i-bc):in.J n2• Th:.i.::, pr,_;ce:..:.siri;� 
a sub�t:1r:tiu1 pc,:rtirJ:::� of fuel (contn.:!.:liru_" f'uel-liu'-l!·d 

�:,_.) thr.::iuf"'"h a prt:�2orr:liust. :i.:)n ztar:e m:�y t1.J�-;c,1 ir,hi 1;i t 
the prr�d.4ct ion of fJ.1�] -r:enerated l��)x durin;:- the fina t 
cur'..Lustior� sta,:e. 

It is t.:nvisionE:·d that ultim3..tely thi:..; prccessin< 

star.:c could be physically inter,rate:l with the eor:,l:·u,;
tor. The partial-oxidation p:roduct�1 would ther. be 
dire r�te :l int;i tbc c;)mbustor where they would be rrJxc: . .:. 

with additional air, and a:-i�r ren1aininr:; fu0l, ar�'i 

b�rncd in the combuotor. 
This pe.pc:r SUJnrr.urizc<'3 the mof,t currcrit res ._1 -1 l:., 

t'l'C·!"' faL ont;oi1.1.g experinent.s.� pro1·_�ra.'""'.'": t,1 estn.bJ i�)�-� tl'it· 
rrBctical fea.si bili t�-' o{'' the coucep".... Ultra� c_YV-' lev(-;J:· 
·cf' e:1issions have been ·'"!opted as ta;· gets. 'These 
tarc.;ets are, in termr.:, of emis3ion index ( g 1.ioJl utant 
species/kg total fuel), 1.0 for NOx and CO, and O.) 
fur HC. The experiments are conducted using cornbustor 
inlet air state conditions typical of hir:,h-performancc 

turbofan aviation enc;ines. 
'.I'he work has nroceeded frorr: using neat rh (bnttled 

:;nurre) I JI"' admixtures to establish the
· 

basic brone
fit::; of H2 enrichment, to the use of a simulated, 
partial-oxiciation product gas mixture ( aJ so fron; LJ. 

bottled source) substituted for the neat H2. Thifc; 
step is incomplete but is being undertaken as ar' 

expedient means of achieving a timely verificatioH 
that the benefits of neat tt2 will be retained. It is 
necessary because � very fuel-rich precombustion 
reactor suitable for operation under gas turbine inlet 
air conditions is not yet available. In this regard, 
exploratory work has been done with a catalytic 
reactor. Demonstration of an integrated two-stage 
combustion system is a future goal of the work. 

A description of the concept and progress toward 
its experimental verification is present<'d. 

THEORETICAL CONSIDERATIO!ll' 

Partial Oxidation Product '; 
Although the partiaJ-oxidation process can bt' 

carried out either therm'1Jly or catalytically, the 
thec,retical, adiabatic, equilibriwn composition of the 
product gases are identical for the same initial reae
tion conditions. Details of the paths of the combus
tion chemistry for either reaction s�heme are complex 
and not fully understood and their dil;cussion is beyond 
the scope of this paper. Suffice to say that the 
overall process occurs with an excess of fuel and th;c,;';; 
the conswnption of the available oxygen by a portior. 
of the fuel provides heat, C02, and H20 that react 
with the remainder of the fuel to prod11ce a final 
product gas whose composition is a function of tbe 
particular fuel stock and the reaction mixture ratic. 

Figure l shows the results of er1e-dimensiom"�·, 

equilibrium-thermochemical calculations r:::ivinc product 
composition (molar basis) and temperatures for a 
typical conventional turbine fuel with a hydrogen-to
carbon ratio of 1. 92, over a range of fuel-rir:h air-to

fuel ratios and at an operating con<li tion in the rarwe 

of interest to the present work (nltroRen concentra
tions are not shown). The calculations were made 
usinr, the computer program described in (3). 

Note that solid carbon (C�) is predicted with A/F' 
ratios less than about 5.2 and

�
that the product gas 

temperature increase�. rapidly at A/F ratios greater 
than 5.2. Carbon monoxide, one of the two majo:· 
combustibles in the product gas, reaches a peak at 

t� :..:<�L t.hi�; I./F r;..tt...iu, where0.::.-i the: c.it.!1t:r :;.r-:.jor cJTiilJ\J.::.-.'.
t ,. ic, H2, show;: an iucreasinf; volumetri.c conccntra-
t u11 ir1 1..ht.'· i./} re{�j_u!l 1..Jf Cs frJrrr.at.ion. However, ir: 
ten�:' of· the ma'''·' t>f li2 produceci per unit m'.lsc; of 
hy:Jr·ucarbcn fut:J, i. t, CU.!l 1Je ShOWll thal.. H..-, TIHiSfi prOQUC
t i�,�i t2i' u�· the fuel :....l.su pe:.J.ki..:; at about thi:o: f.../F r�t.tiu 
�f 5.2, as i�lustratel in Fi�. 2. 
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Fig. l Theoretical equilibrium composition and tem1·
erature of fuel-rich products for inlet air 
at 778 K (940°F) and 25.3 x 105 N/m2 (2) atm); 
fuel H/C = 1.92 
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Fig, 2 Theoretical hydrogen-to-fuel mass ratio for 

various inlet air conditions typical for gas 
turbines: (TO) 778 K (940°F), 25.3 x 105 N/m2 
(25 atm); (CR) 717 K (830°F), 8.1 x 105 N/m2 
(8 atm); (ID) 422 K (300°F), 3.0 x 105 N/rn2 

(3 atm); fuel H/C = 1.92 
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Thus, from a theoretical standpoint, the optimal 
A/F ratio for sootless H2 production is about 5.2, 
where the H2 content of the product gas is about 6% of 
the mass of the combustibles in the gas. The lean 
flammability limit of the total product gas when mixed 
with additional air is estimated to occur at an overall 
A/F ratio of about 57 based on the procedure for fuel 
gas mixtures (at ambient temperature) outlinel'. in (4), 
taking the H2, CO, and CH4 as combustibles and the 
H20, C02, and N2 as inerts. The substantially reduced 
A/F lean limit of 57 for the product �as compared to 
about 24 for turbine fuels is of course the central 
argument for the subject concept, 

Integrated Combustion System 

4.0 

3,0 

Ji!' •E 
' 2.0 ..ii •E 

0,1 

CONST. 111 STAGE A/f 5.2. l 0,20 

I 0,0421 0,25 

I , •E<!;! 

]"''" 
! 

'·' 
•• • 

-�--�--__] J 1,0 
0,2 0,3 0,4 0,5 0,6 

OVERALL SYSTEM EQUIVALENCE RATIO 

,022 

::l ,.., !!! :;:; ::;; ., :::!: 
8 
� ... 0 ... 
� "' :I: 

,036 6 
6 
� .... "' 

.063 � 
Assuming that the technology for providing an 

optimized partial-oxidation reactor existed, inte
grating it into a two-stage combustion system has a 
substantial impact on present combustor design prac

tices. However, a rudimentary conceptual design anal
ysis serves to outline projected operational require
ments and identifies potential design options that 
could accommodate the broad combustion range needed 
for aviation gas turbine engines. 

Fig. 4 Conceptual operating map for two-stage 
combustion system 

A two-stage combustion system is depicted sche
matically in Fig. 3, where the various fuel and air 
flows are also identified. It is assumed that the 
precombustion stage is to be operated at its optimal 
A/F ratio of 5.2. The basic operational and control 
consideration is how the total system flows should be 
�plit between the two stages. For pres�nt �urposes, 
the fuel and air splits are defined as mfglmft and 
m"g/mat, respectively. From these defini t,ions and the 
constant mixture ratio constraint for the first stage, 
�t can be shown that the required fuel split to the 
first stage is related to the overall system A/F 

If all the system fuel is directed through the 
first stage, then cperation of the combustion system 
lies along the abscissa and the air split no longer can 
remain constant. The required air split for all fuel 
through the first stage is shown as a fllllction of 
system equivalence ratio in Fig. 5. 

"!qui valence ratio (based on mft/ffiat) as shown by the 
straight lines and the right-hand ordinate in Fig. 4. 
Each line represents an arbitrarily selected cunstant 
value of air split to the first stage. For a parti
cular total air flow to the combustion system (i.e., 

0 ·E '-.. "' 
•E 0 

0,3 

0,2 

'J 
0, 1 

CONST, 11t STAGE A/F = 5.2 

ESTIMATED 
LEAN LIMIT (mod= 0) 

I I I I 
0,2 0,3 0,4 o.s 0.6 

OVERALL SYSTEM EOUfVALENCE RATIO 

a particular engine power level), each of these lines 
also represents a constant total throughput for the 
precombustion stage. 

Fig, 5 Variation of air split for all fuel 
throush the first stage 

COMP -mot 

4 

�
INTEGRATED COMBUSTION SYSTEM 

'\\ I COOLING/DILUTION AIR 

�
\, _1:-...,. 

H 
mac mod 

111 STAGE 2nd STAGE 

mryqi ( P�E ) I ( FINAL ) .____ TURB 
COM�USTION COMBUSTION 

!-�-------'--�------< I 

.I . rnrg mrc I I � _ - _j--.._ FUEL NOT PROCESSED 
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.:n:--: �. -;}t,[L �(:'" 
pr:.Hiuct f!h�:. strf;ar': a�: t-� :''.le.:. fJ.l.S rr,ixturo b:!v1.r1:� t� 
��G!:.r,:_ :.:,:iti,Jn arli..l li.::'.:..t: lin�_it spe.:;ifie,� frc:=r: ttit t!:l�';1·c-

f'; .. h_:l. i0 rroeessc-.i. 
;-·1;::, rd xtu:re is the 

s"t.ti;�e, t..Li� fu.1::j 
11 bur1.:ed in t-hP f;c:c:c:,n.l 

stu..'.�e::; there:t\;r<.:, t!-ie systeJ:i lea.!i flru:u11.nbi l.i ty li:�ti-i� 
c.·:, it:� minimu:n vall.f�. �·Tr.en lesser a:;;t_-:,·u.rrLt"'; uf n.1't,: 

f'uJ:,;J �i.re pr·::>cesct:.L�-i ( fuel split ratio�> < J.. a), the 

::.yster:� l ea1t l irr;i t i n� rease �:; by vi::t uc the incre�i,.::c:-J 
1 irnj t of the raw fucJ. that bypasse1; the· fj_ t·;�t 
a.n._1 ente!.�i> the co�:but:-;tior� proce�i,s in the secr)nJ ��t��-'�c 
i,.:it..ftj\,.t- priut procc::::�-s!.r>-v. 

The 1-::�:1..n l ir.it '-j �i(' !'(·'}':,t-·�:,'nt� n 
t, hn'. L -,-+_. r., :_,.it :·" 

l-.·�··W•>"�t aJ f1arn,_, �:taLllizr1t-.inn tt>�·h�:iq'.�(' 

rea:::.·�,ant prem:Lxedne;�;�'., Nev(�rthcle;.;:;1, � ; -thee (":".>;t:-
l1ust.or f::-·'.t f:i XE·d, "f:�J� � s or- :t'uf? 2. mi:xe:_� wi tb sut,;-'.t.Bo-
tict'dy lower f:Cammat·i1ity 1 imits C"an be expecte·J 
substantially leaner blowout ircti 

If the final combctstion is to be carrie d out 
to1,alJ y premixed with all tht' air to the seconi( st ace 
(rr1,v1 0), then only the system eq u i valen ce ratiu 
re,'.ion to the right of the li,oit line, shown in Fii.;. li, 
is theoretically vi atle fol' completing th<' combustio:i 
reaction started in the precombustion st.8.['.''. If 8 
norticm the total air flow ir, to be used for fiJm-

inr; and diluticm ( ;lad > 0), 8.[' 1muJ.d be required 
for an engine combustor, the final cornb>.1stion reacti.cn1 

would necessarily be richer and the overall equivalence 
ratio could lie to the left of the liml t line so lone 
as the final reaction equivalen.2e ratio was to the 
f'ir;ht of the limit line. In that case, the finaJ. 
reaction equivalence n.:.tiu depends on '�he tracti vii 
',he total system air usc<l for coolir.g and diluti0n 
a;::d on the overall equivalence ratio required. fo1· a 
particular enr;ine operating condition. An evaluation 
of this relationship is shown in Fig. 6 for overall 
equivalence ratios of 0.3CJ, 0.25, ar.Cl 0.15, which are 
typical for maxir.,um, cruise, and idle power, respec
tively . For all fuel through the first stae;e, air 
"ractions of o.45 or ,:::reater wou:'.d keep the f'inal 

reactjon equivalence rati.0 above thP Jean limit for 
al] power conditions. 

1.0 I 

Q 
3 o.e �-
u 
z c 

� 0.6 ·-
5 
"' 
z 
9 
v •{ 
.,. 
� 0.2 '-'-_____ _ _ 

LEAN LIMIT 

,;.r/,;.it 1,0 

o. 0,3 0,4 

FRACTION OF TOTAL AIR USED FOR COOLING/DILUTION 

Fig. 6 Variation of final reaction equivalence ratio 
with air used for <!Ooling an.d dilution 

From the discussion and a further 
inspection of Fig. , four distinct schemes for system 

operation can be defined and are shoc·'n in 'l'able .1. 

:;re,�i ;'icht:ic.r1 � 
dc;:1e111.liU(' u;: h1)\..' 
C-l ..•. ..v <i p::1rti'.>:. 

be ;_:i 

t!,�-· f·._,;.:� 1 i :� 
i-: ... \./·.::)::.::. J i_i(· �i.:lt:.-
5 :n-� �, 1.:r-;c� n t ld.-: ::! n ;_� :·: i 

vr1"r:inl·1c -:"'u•:] ��p1:t. '-·011t.::·(_)_;_ is prohLl,1d_;f ea�;ier 
V:J.ri r:i.DlJ�: ai �· ::1, i} t C<)!il-rol, a.1LhC)''1gh comprt:.��;0::' D_t 
I:li ;�ht ai.r.:c.1 ncc<tcd CT.t low p0v.·i:�r to throt 'Gl s.:,,-.. :-t,c:" 
.---, 1 -.-· fl n-.� i. -i (' n;·:;,:i !rL:_t in i_ ri.-." C>'.:;r.,bu � 'GiOll '.i hi i '..;.', 

esttc\Jliflh the• l>u;;lc 
ben.F ,. ) L> of E? t.'rd·.:ehr::e:1t <;.<...: the first ste1, in thF, 
uvert;.J J prr;cc. .. ·;::;· vcrifyinr t.t:c : ... rL.i.. ... . i 

The ratlon8..:..E' 
fc.ir expec.:tint� :·>iP:!d.:f'ir..:ant cor:ibu3ticn enhance::1t::r:t. w:Lt.t, 
ad.mi:::L UTes CJ r f.:.!1d jet 1'ue:1. i.c: dcr:cri bed ir. ( 5) ar1-.l 
(6) Li.lone. with experimer1ta1 res ult s , rrhest.:: 
result::-: showed that the targeted ul tralow emicsic.1r 

levels could be achi.eved simultaneously, but thut thf' 
proportion of H�: required (10-.L? masc; % in the to0£" 

f1J.el) wu:; greater thu11 the rnaximw�: theoretically avai:i 
ab.le n pao·tia1. oxidation precombuction st,ar'.(� 
( 'v 6:;;. It WliS £�oncJ.ucled fror� those results thu·: 

:i!r,pt"Ovt::u pre1:�iz.:Lr.1i,. ( B:.2, jct. fue l, and air ) wut> ueces
r;ary to decrease the !!;2 requirement. 

S·ctbsequcnt moriification:o� to the f·ctel in.ieci:,or arL, 
fla:r.1eL('>i.d.:;1" .f.'o:· the tJFL MOlt 2 burner resul. tell in_ th•:: 
version shown schematically in Fig. 7, Pertinent 

deGit_i;n parameters are SLL'TIInarized in Table 2. Al thou11�b 
the burner was not intended to be a scale version c,f 
the G,E, CF6-50 combust or, analoe;ous design paramet er;o 
for a prodw::tion version are shown for reference. '.'.'he 
experimentul burner has about 4% of' the mass throughJ.'Jt 
ami. about 40% of the combustion space rat<: of the 
engine combustor . 

For testing, the bu.rner is housed within a heavy
walled pressure vessel which also serves as a p.lenun: 
chamber for a preheat0d inlet-air supply. (Sec ( G l 
for 5L description of the test facili ty . ) T'he burner 

is designed to utilize 100% of the air flow in the 

cumb•1stion process; thus air filrn coolinp; and 1.1i1· 
dilution, which are normal.Ly used in an engine con�
t·ctstor, are omitted. �n this way, corr,bustion effectc: 
from air injectior: are uvoiderl for the concept evalua
tion. '.!'he cylind1'ical combustion chamber is water
cooled, as are the inlet/fJ.amehCJJ.der assembly, so:li:.: 
exhaust fl()Zzle, anrJ ga�-; sample probe. 

'l'he burner il' intended to operate with a neP.1'
bomof�ene::;-..::..�·; fut:�! /a . . � mixtJree� '1:1i".d is accor:.;:·lishPd l:·· 
the mixing duct, whe-.r-0 gaseous H2, finely atomized ,jc'.
fuel , and the air a�'e com bineLl.. The interfacial co:n
r.onent betwecr, the con.bust.ion and premixinf zones L' ar; 
axisyrr.-netric, combir:a0ion step/bluff-body flamehcJ.der. 
A torch ip:niter pro·�·iues ignition bJ.t is inactive once 
steady burnin(.'. is obtained. 

'
·Hyclrogen enriclunent o:'.' jet fueJ. can be corn:idered to 

be a combusti on enhancement scheme distinct fro�: the 

two-sta,;;e ocorr,bustion concept ·; f the fi2 is a·>'u.i:atle 
as a second fuel. 

was expected that a s imil ar H2 proport ion of the 

tct al combustibles w:mld be required to achieve simi
lar suppression of flammability limits regardless of 
the proportion of CO and jet fuel, since CO and jet 
fuel have similar f lammability lh1its on an 
equivalence rutic basis. 
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6 

Table l, Comparison of two-stage operational schemes 

Operationa::l. sche101e 

1. All fuel through 

first stage 

2. Constant air split 

to first stage 

3. Parallel the lean 

lfriit line 

:+. Constant !'uel split 

to first stage (<100%) 

Air split 

Variable 

C.;;nstant 

h.riable 

Variable 

------� · �----��--··· ·---·---·-· ·- -----------

MIXING DUCT 5,3 (2.1) DIAM I 

TORCH IGNITOR / 

DIMENSIONS IN CENTIMETERS (INCHES) 

Fuel split 

Constant •� 100;� 

Variable 

Varil.l.ble 

r::;ta:-rt 

WATER-COOLED 
COMBUSTION 

Advantage 

Greatest t-o:,efi t 

for alternate fuels 

t>impler control 

None 

CHAMBER 15.2 (6,0) Dl>M 

WAT ER-COOLED 
INLET AND FLAME HOLDER 
NITH ACOUSTIC CAVITIES 
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!-: 

S1Jeci fieat 

Air total pressure 

Air totfi}. ten::rieraturP 

Air flow rate 

Chan,bcr reference 
velocity 

Chamber dwe:Ll time (nc 
recirculation) 

4.6 

En;:ine Lurnerl-

( 30 atrn) 

8:'1 r: (Jl;'f7 F:) 

103.i+ kc/s (22£l lbrnh�) 

( 6u r1 / 

.b m:..:: 

Chamber �,/D ( shar•e) 1.7 (cylindrical) :�.O (annular) 

Combustion lene;th 30.� c� (12.U in.) 34.8 en, (13.·; . \ ir •• ; 

Combustion space rate'; 0.88 x l.06 J/hr-m3-N/n? 
(2.4 x 106 Btu/hr-:·t3-atm) 

2.2 x io6 .J/hr-m3-N/rr,;' 
5.9 x 106 btu/hr-ft.3-utr.,,i 

Combustion equivalence 
ratio 

Overall equivalence 
ratio 

Air split for cooling 

Air split for dilution 

LBO < ER < l. 

LBU < EI' < .O 

N.A. 

N .A. 

> l.O 

0.34 

Premix reference 
velocity 157.8 m/s (5ltl f't/s) N .f, 

?remix Mach munber 

Premix dwell time 

O.?EI N • A ( 0. 2"{ at 
compressor discharge') 

N.J: .... 

Prerr.ix lenf(th 22.3 cm (8.8 in.) 

8.(}.E. CF6-50. Data fron. (8): 
brakeof:f conditions. 
CAt overall equivalence ratio 0.3�. 

Fuel lnjection/Premix Section, As is seen from 
Fig. 7, premixinr; is carried out via a coaxial flow 
scheme where the fuels are injected at the bell-mouthed 
entry to a 5.22-cm (2.07-in.) diameter straight 
cylindrical duct, 10,16 cm (4.0 in.) The flow 
area provides a space velocity of about m/s (460 
ft/s) for the cruise power condition. This results in 
a residence time in the premixing section of about 
1,6 ms, 

The fuel injector is a iPL-fabricated device 
designed to inject liquid jet fuel and gaseous H2 into 
the air stream from 15 pairs of coaxial tubes arranged 
to provide a near-uniform initial distribution of flow 
over the cross section of the mixing duct. The exit 
end of each pair of injector tubes is located approxi
mately at the throat station of the bell-mouthed 
entry, This positioning of the injection tube ends, 

combined with an appropriate location of the conicu} 
aurrace of the injector body, provides an arrangemen-:; 
where the fuels are injected into a region of near
axial air flow. 'I'urbulence and recirculatint; flows are 
thu� deliberately avoided in the mixing duct in order 
to reduce flame holding tendencies under the high 
tenperature and pressure of the inlet air. 

Atomization of the liquid fuel streams is accomp
lished by reversinr, the usual scheme for pressure 
uto::iizers where high-velocity fuel is injected into 
low-velocity air. In the present scheme, advantage is 
taken of the high-velocity air which is required for 
short premix residence times, and thP fuel is injected 
at low velocities: of the order of 3 m/s (10 ft/s). 
Thus a large velocity gradient is available for fuel 
atc,mization. The coa::ial arrangement of the injecte:i 
flows also assures that the initial fuel distribution 
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will be insensitive to variaticns in Fl.11 flow rates 
as operating <:onditions are varied, 

Combustion Chamber Inlet/Fla.11eholder Assembly, 
The design criteria adopted for the combination step/ 
bluff-body flameholder were to keep the mixture 
·,re loci ty through the annular flow area i1round the 7. 6-
,�m ( 3, 0-in,) diameter, semi-ellipsoidal center body 
equal to the approach velocity from the mixing duct, 
and to direct the mixture flow so as to establish 
roughly equivalent flameholding recirculation zones 
behind the annular step and the centerbody, Thus the 
premixed reactants are introduced to the combustion 

directed annular jet with velocities 
m/s {460 ft/s), which provides 

::i.dequate resistance to flashback yet imposes no more 
them a reasonable (for concept evaluation) 7-B:i total 
oressure loss, Communication between the inner rind 
�·1ter flameholding zones is provided in the wake region 
behind four 1.27-cm (0. 5-in,) wide struts that support 
t;he c-::nterbody, 

-:he eenterbody and stru'::s a.re -,1.-1t-,f";r-cnoled over 
tne last 1.27-cm {0.5-in.) of lenf\th '1.t r.i:�' :�bamb•'r 
'end. The cavity in the c:enterbody serves to reduce 
heat transfer rates to the uncooled porr;ion. The 
downstream face of the step portion of the inlet 
assembly is also water-cooled. 

Acoustic cavities of quarter-wave slot configura
tion are positioned around the periphery of the inlet 
section, ad,jacent to the chamber Wllll. ltalf llf 

are sized for the fir.:it tang0mtial a.:oustic 
mode r'requency of the ch!illlber FLnd the '1ther half 
':·.ir:ed fer the seconcl tangential mode. '::'hi:; cavity 
c:esign was found to be ri.dequate to control high
:·2·eq,uency ( 3-5 KHz) combustion resonance, 

Results. Salient emission results for this 
biirner are shown for a typical cruise-power operating 
condition in Figs, 8-10 where it can be seen that: 

z 
0 

V'l 
V'l 

:E: 
� 

>< 
0 
z 

10.0 

0. 10 

0,01 
0.35 

LBO 
, !JP5l 

0,50 

(:) The 'J.ltralow cmissior! goals are sirnultan
er;ij_sly <-ichieved or C�ttererl ._:ver ::i.n equi 'rt:�
l,':nce ratio (bci,sed m H2 + ,jet fuel) range 
of 0,45 to 0,52 using 4,7-5,7 mass% 
Uh in total fuel.) 

(2) 'J:h� lean blowout lirnit (LBO) is reduced fro;r. 
an equivalence rtttio of o.44 for jet-fuel
only to 0,39 with 5.5% H2. 

These ,la.ta also show that the target emissions 
are simultaneu;rnly achiev«'l.ble with JP5 !J.lone in the 
0,48 to 0,55 equivalence r:i.tio range.''1ith the ,�ood 
premixing obtained with the current injection/mixing 
·�rmfiguration, tl,e hi,:;h level of lllixeclncss 
produces a high � o.44), and the HC ana 
·�eve ls i.1re very to equi 'lalence ratio a3 L.20 
is approached. f\(idition of the relatively sma.a 
<:mounts of lL:i u.-ied here broFJ,dens the margin between 
acceptable blowout stability and acceptable emission 
levels. This broadened margin would be bi1;,hly f:lignif
icant in a full-scale premixed combustor where gross 
f<1el and air maldistributions exist. 

The ;._·(-';!.'(% used to c.ibtain these results 
represents better a reduction in require<:t 
H2 from previou5 results 5), nnd is within the range 
theoretically available .t'rom a very fuel-rich precom
bustion stage. 

Gener�ting the fi2. 
A catalyti c, partial-oxidation reactor, designated 

H2 generator L, has been used to explore c;he potential 
utility of this s<.!heme as a design concept for a pre
combustion stage ( 7). The generator was operated cJVer 
the pressure !'.'ange of 3.45 to 4.66 x 105 N/m2 (3,4 to 
l�.6 atm) and with inlet air temperatures of' approxi
mately 422 K (300°F). Total mass flow through the 
generator ranged from 15 to 26 x lo-3 kg/s (0.034 to 
0.058 lbm/s). A'liation turbine fuel JP5 was usecl for 
the bulk cf the experiments, but a blend of JP5 and 
xylene (CFJH10) was also used to provide a fuel with a 

o JPS ONLY 

i':. 4.7<H2N1ASSll><5.7 

0. 55 0.60 0. 65 0.70 0.75 

OVERALL EQUIVALENCE RATIO 
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(ii 10.0 :::J 
-

;; 
13 
cn 
a 

co u 
en 1.0 

x· TARGET 
LIJ 
0 
a:; 
z 0 JP5 ONLY 
0 
Vl 0.10 D, 4. 7< H2 MASS�< S. 7 
Vl 
� LIJ 
0 
u LBO 

0.01 
UP5l 

0.35 0,40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 

OVERALL EQUIVALENCE RATIO 

Fig. 9 CO emissions with and without hydrogen. 
12.2 x 105 N/m2 (12 atm) 

Cruise power inlet air conditions; 728 K (8;;o0r), 

g 
z 

z 

1.0 

0.5 

0.10 

0 0.01 
Vl 
Vl 

� 
u 
:x: 

HG 

TARGET 
o JP5 ONLY 
l:::i. 4.7< H2MASS%<5.7 

OVERALL EQU !VALENCE RATIO 

Fig, 10, HC emissions with and without hydrogen. 
12.2 x 105 N/m2 (12 atm) 

significantly increased aromatics content {�35%). In 
all experiments, the product gas was analyzed for its 
H2, CO, co2, and CH4 content. 

Generator Description. Generator L is shown 
schematically in Fig. 11. Inlet air enters the ports 
(one or both, as controlled by external valves), is 
directed around the bed liner through the helical air 
passage and exits from the single port opposite the 
inlet ports. The purpose of the two inlet ports is 
to permit a variable a.mount of additional air preheat 
as the air absorbs the heat rejected by the bed, This 
preheat is greatest when all of the air enters the 
uppermost port, and least when all of the air enters 
the lower inlet port, In practice, the air is directed 
through the upper port for startup, and is changed to 
the lower port as the reaction stabilizes at a steady-

Cruise power inlet air conditions; 728 K {850°F), 

state condition. Further modulation of the air split 
was not used in these experiments. 

After leaving the preheating passages, the air ic 
mixed with fuel vapor (from an external vaporizer) in 
the induction passage and the fuel/air mixture is ducted 
to the generator inlet, where the mixture is diffused 
into the bed through an array of 18 holes in the wall 
of the induction tube. The fuel vapor is introduced 
into the air through an array of nine holes near the end 
of the fuel injection tube, Final mixture temperatures 
were generally in the range of 561-589 K (550-6oo°F). 

The premixed fuel and air enter the bed at the 
conical transition section, which is filled with cata
lyst pellets, as is the cylindrical part of the genera
tor, Reaction occurs throughout the bed and the result
ing gaseous products are discharged through the duct at 
the top of the bed. 
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INLET AIR 
FROM 
EXTERNAL 
CONTROL 
VALVES 

SCAlE1 1/3 

Fig, 11 

-GENERATOR 
PRODUCTS 

HELICAL 
AIR 
PASSAGE 

BELLOWS 

FUEL 
F�OM 

I EXTER�<AL 
f VAPORIZER 

n 
I 

PiEMIXEO 
REACTANTS 

Schematic of generator L 

The catalyst used in all of the experiments is a 
pellet type, with pellets 6,4-mm (0.25-in,) diameten 
'md 6,4-mm (0,25-in,) long. All catalyst material is 
manufactured by Girdler Division of Chemtron Corpora
tion of Louisville, Kentucky, The bulk of the work 
was conducted using a catalyst loading consisting of 
a less reactive material in the conical section than 
for the cylindrical section of the generator. For 
this loading, approximately 1,18 kg (2,6 lbm) of G90B 
pellets were used in the conical section a.nd 4,4 kg 
(9.7 lbm) of G90C pellets were loaded in the cylindri
·�al section, These catalysts have 11 and 15% nickel 
cy mass, respectively, a.nd use an alumina substrate, 

For startup, a portion of the catalyst bed is 
�lectrically preheated with a heating element composed 
•)f four coils of Inconel-shea.thed, Nichrome wires as 
indicated in Fig, 11, The coils are supplied with a 
total of 1350 to 1600 kW of de electrical power. 
This power range is adequate to heat the bed locally 
t·J 811 K ( 1000°1") in about 10 minutes, 

::lesults. The concentrations of the four measured 
:pecies in the product gas i�s a function of metered 
,;enerator A/F ratio is shown for four levels of 
'.;hroughput and two t'uels in Fig. 12. C'.mcentrations 
·;.re based on dry, soot-free volumetric concentrations 
-,r;in;i; metered air flow rates and st'1.nciarrl species 
taJ a.nee procedures for estimation of water content. 
The e;Jtimated water c;oneentrations are also shown in 
Hg. 1.2. 'l'he JP5/air theoretical equilibriwn compo
sition curves for 3. O x 105 N/m2 ( 3 atm), 422 K 
(300°F) air are shown for reference. Theoretical 
calculations for the blended fuel were not made. 

Considerable data scatter is apparent, but taken 
:ls whole, the ,fa ta for JP5 follow the trends for rl? 
yield expected from theoretical considerations, with 
the yield ,;enerally ·,.,ithin 90% of theoretical, ::Jome 
reduction in H2 yield is apparent :>s the t.hrou,-shput 
:113.s increased to the hii;hest •rnlue tested. ::ut 
·,,nether this was the result of a true be'l c::qiaclty 
limitation rJr the effects of soot depositicn is uncer
tain, The highest throughput levels not on.:.y ga·;e 
tndication of hip;h r;cJot p.r:cduction, but also oCC',,lr"rf-:d 
: :1.te ln the runs when acc1.unul�1.ted rlepo.si t!3 were 
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Fig, 12 Product compmiition f'or generator L 

'i.'he data for the run with the f:wl blend show 
somewhat less H2 yield than for the JP5 fuel, but this 
is expected since the hy<irogen content of the blend is 
'tpproximately L'. 0;� by mass cumpared to t,he nominal. 
13,8% for .IF), 

The trend Cor CO yie.ld was n . .Lso ccnsL.;te!nt with 
Lhe theoretical trend an•l was isenera.lly within 90% 
uf theoretical equilibrium. 

The concentrations of co,, and unconverted hydr0-
carcons (as CH4) in the product gas stream were always 
scmewhat greater than expected from theoretical con
dderati<mG, 'i]1is re f'lects the nonequilibriUl!l perfor
nance of the r;enerator that are apparent in -che i.:ss 
t1rn.n theoretical y i eld of E2 and CO previously 
mentioned. 

i.lince the ll;? ,;ontent o:' the i;r·)d·uct ,;as i..; ccn
:;i:lered. to be :.he ·1ost infl11efitial fa.ctor in the 
�ancept of improvin1.', the ccn:bustion prn_E:ert ies of �he 
l'aw fuel by <:nbc:lr•i fuel process in(';, the qu::mti ty ,if 

pr,;luc,,d p<er u;;it lUantity of .:'uel (H/F) •md the: 
f t[.!.l:tL)n G f i� the t-J)t:::t.l t.::(;mbust i blec are i::iport�."lnt 
i.n.1i.·.�r:_;f; t' ,�,.;�·lt:;C'L�>J1' ;:.��rfr)t:r:lal1:�e. :f:3.Xlr:1i�,irL� -t!"h::::-;e 
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}::-:l!"" t i w.l 1__,x >1a_ t.n t he t, \,,- :J-:1:.t�' c· ,;.::L·crt 
·oroa.det.i!lC aceer,taLJ. e  f'.�t.:J._ ;_;pe-:� i_ f'i ca� i(;!l�3 . 1l1h�.; h/l  

rut i(;:� a:1 :i E - .  :·_;:�uction }.n_ t.L.c c0r::·t_.�_.t:·,� i L J  e � :  
i:::1b::.�e:r"1e�i i n  tht:<.::t- - 't e ; ; t s  art: :1h1)Vt!;. i n  Fi fr . j _  � ,  �hc' t·c 
thc1J' af:�iH eurq::.U't: favul'atly \.:Jtt. tbL'�11· c t i :...: �iJ . t-: qu.: -
i_ i t r i �� vu J.ue ;-; . --1:! 1 the,_ v�,J;jj:iet ric E -, yieJ..j,, t l n--· 
�:/F rat5.os f:.H· ,JF:,i £'uE::.i f�E::ne1�a.i fal.J wl tLi.n 
thr- the0rc-t .i c i:tl values , v.�ith E01;;>:· :re-1�_:. -�t :L'_:r� iLd ic at..�'.;;-,t 
!'o ... tht.: r.igher t ! �r:Y�t�hr:--ut lF:ve :J . � . The fuf::: 1 blen:l , 
course , ex hi bit s a reducctl rnasz pro1..i 1.�c t i on d:lr,: t -� 
i t s  srr.aller initial hydrGf�en c onten t. .  
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5 . 5  

Fi;J; . i3 Hydror;e!'l y i e l d  indi c e :;  for generator L 

5 . o  

I n  s ummary , t he f11el gi:..s st ream produced by the 
c atulyzed part ial oxidation proc e s c ,  and i n  part icul ar 
by the generator t e st e d , using a c on\'enti"onc..l and an 
unconventional turbine fue l , appears t o  be near t he 
theoretical gas eous compo s it ion attainable . The 
utility of t h i s  fuel gas str e am in appl i c at i o;:: tc a 
s econd star:e of combustion in a continuous-fl ow , 
t ur-ui ne- encine- l i k e  b-J.rner :::ysten. renf,_ j_ r::·� 
tc be demonstrat e d .  

CONCLUDING RE!l.ARKl3 

A part i al oxidation staging c oncept for gas 
turbine combust ors using broadened spe c i fication 
fue l s has been described and elements of i t s  expe ri
mental ver i fi c at i on have been present ed. ':'he c on c ept 
i s  propo s e d  as a means of c ontrollin1� gaseous pcllu
t s,nt emi ss ions to ul t r alow l eve ls while maintnininc 
acc eptable l e an blowout l imit s , 

While the pract i c al feasibil ity of the conc ept 
is as yet incompletely demonstrated de.le to t h e  lack 
o f  a sat i s factory part ial oxidat i on reactor , the 
follo1"ing conclus ion s can be stated from results tc 
d at e .  

( 1 )  Admixtures o f  H2 and conventional JP5 j et 
fuel u s ed in an experimental premix 

\les i ,_�r£ p.::·�v ieif:: b, s igni f i c ent extcrJ.J:�ion u:' 
tbt'.: lcu.:1 Ll0w<xJ.:. lirr:lt . 

i t 1 c �' :!'�:: :rai .rcd ... _ 1�' :.:,cl : i e vr� ;.:J.t rt,__:_(�w lt"l.-'f _ :: c. .. r 
er:d s t: ion;� s in�ultaneousl:i"" witL the extentled 
lct:.n l ir:.:i t s  i;� within the theoret i c�]_ capu
u i l i t ie:; o f  a ve ry fue l-rich partial uxi
dat irjn proccs z:. .  
le c at. alyt i c pro c e s r; c a n  produce near theo
rco i c :;d equilibrhun products under very 
fut· J.- ricii  operatinft, c onditions , but cons id
c: ra-L i<_,;HS of simpler startup , creater dur-
t;.L: _ :Lty , lack o f  ab r as ive: par t i cu.lates , awJ 
crt�·uter tGlerance to soot protlllCt i on muke 
tberl:•a.L ]J!'Oc esses potent ially mvre: attract ive . 
Soot prod·�ct i on is l i kely to be a pe rsi st erit 
problem wit h very fuel-r i c h  precombus t ion , 
e spec i ally with fuels 1.'ith h i gh aromatict; 
content . However , unreported JPL re sult s 
with r i c h  thermal reactors indicate t hat 
sootinp; tendenc i e s  can b e  minimi z e d  by 
thorou1eh premixing and h i gh preheat , 
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