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Effect of Compression Ratio on NOy
Production by Gas Turbines

J. L. Kerrebrock*
Massachusetts Institute of Technology,
Cambridge, Mass.

T is well established as a result of correlations by

Lipfert, ! supported by Bahr? and by Nelson, 3 that the mass
fraction of NO, in the exhaust gases of currently operational
aircraft gas turbines increases dramatically with compressor
outlet temperature, hence with compression ratio. Sawyer et
al.* and Ferri and Agnone’ prefer a correlation in terms of
maximum combustion temperature, but for the rather narrow
range of equivalence ratios in the primary zones of existing
combustors these correlations appear to be essentially
equivalent.

The purpose of this Note is to point out that these
correlations do not necessarily imply that a higher NO, frac-
tion in the exhaust must be accepted as a result of increased
compression ratio and turbine inlet temperature, even for
currently available burner technology.

As Lipfert! and Sawyer et al.* point out, the data
correlations imply near constancy of the residence times in the
primary zones of the burners for the engines correlated. The
dramatic rise in NO, with increasing compressor outlet tem-
perature then follows from an increase in the rate of NO, for-
mation roughly according to the relation

1125 —2400/ T
(NO x) < pPs3 e 3Tp

where p; and T; are compressor outlet pressure and tem-

perature and 7, is the residence time in the primary zone.
Note, however, that since the rates of the combustion reac-

tions also are increased as T'; and p; increase, it should be
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Fig.1 Comparison of the variations of NO, mass fraction with com-
pressor outlet temperature which should result for burners having
constant combustion efficiency, with that for burners having constant
primary zone residence time. ‘

possible to decrease 7, as T; and p; are increased. Indeed,
correlations of combustor efficiency, 5,, for fixed geometry
combustors have indicated a correlation of the form$

ny(ps!7eT3/0/m)

where m is mass flow through the burner, and b varies from
300 K for a fuel air ratio of 0.016 to 150K for 0.010. Taking
7,0cp;/m, i.e., neglecting small temperature changes in the
primary zone, and assuming p;«T; *~//7 we find that for-
constant combustion efficiency

(NOX) oce —[(2400/T3) + (T3/b)]/T3 0.25y/{(y=1) (77b = constant)

This result is plotted in Fig. 1, compared to the corresponding
result for 7, =constant. We see that the NO, mass fraction is
sensibly constant over the range of T'; from 600 to 900K, and
is even predicted to fall off at higher compressor outlet tem-
peratures. Hence the conclusion that for constant combustion
efficiency in a given combustor design, NOy is nearly in-
dependent of combustor inlet temperature.

The author is aware that the requirement for low CO and
hydrocarbon efflux at part throttle conditions dictates high
combustion efficiency at these conditions, and that com-
bustion efficiency tends to decrease with decreased throttle
setting for fixed geometry combustors. The part throttle
requirements can be and have been met with fixed geometry
combustors by choosing residence times longer than are
required for full power operation. This solution is attractive
in part because combustor length and volume are not as
critical in large high pressure ratio engines as they were in
early small turbojets.

It is suggested therefore, that NO, production in high-
pressure ratio engines can be reduced by designing for the
minimum primary zone residence time consistent with com-
bustion efficiency at full power, and then achieving satisfac-
tory part throttle combustion efficiency by some scheme such
as compressor outlet bleed or combustor bypass.
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Multiple Slot Skin Friction Reduction

F. G. Howard,* J. N. Hefner,t
and A. J. Srokowskii
NASA Langley Research Center, Hampton, Va.

Introduction

TTEMPTS by fluid dynamicists to minimize skin

friction drag on aerodynamic vehicles has received con-
siderable attention in the past. Various methods have been in-
vestigated, but associated and often frustrating penalties or
hardware problems have prevented the development of func-
tional and economical systems for full scale aircraft ap-
plication. In light of increased energy costs, there is a
resurgence of interest in viscous skin friction drag reduction
techniques.' In addition, techniques for reducing aircraft
form drag have increased the percentage of the total aircraft
drag attributable to viscous effects.

One possible technique for reducing skin friction drag is to
inject relatively low momentum air through discrete tangen-
tial slots on external surfaces of an airplane (i.e., slot in-
jection). Although numerical and experimental studies at high
speeds have shown the potential of slot injection as a skin fric-
tion reduction technique,?3 there is little experimental skin
friction data for discrete slot injection in subsonic flows. This
paucity of low-speed skin friction data with slot injection
prevents a realistic systems analysis of slot injection as a
-viable drag reduction technique. The purpose of the present
study was to investigate analytically the effect of slot injection
on skin friction for a representative fuselage shape (ogive-
cylinder body) and to indicate the potential of slot injection as
a drag reduction system in subsonic flow. The numerical
technique used® was selected because it predicted well the ex-
perimental slot injection skin friction data obtained at super-
sonic and hypersonic speeds.

Description of the Investigation

The study was conducted for typical CTOL cruise flight
conditions and a fuselage shape representative of current
long-haul subsonic transports. The Mach number and altitude
chosen were 0.82 and 11 km, respectively. The fuselage length
(L) was 67.06 m with a maximum diameter of 7.32 m. the
shape of the fuselage was defined by the following equations

_3 o, Hx=2
T 55 [1 (

15 2
2 ——
P ) jl for 0<x=< 77
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= for — =x=<I1.
r or 11 X 0

where r and x are the local body radius and axial distance nor-
malized by L. The surface pressure distribution up to the first
slot (x=0.09) was determined for the given body shape from
the method of Ref. 7; from the first slot to the end of the
fuselage the local pressure was assumed constant and equal to
the freestream static pressure. The numerical method of Ref.
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Fig. 1 Velocity development and skin friction behavior downstream
of a single slot.
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Fig. 2 Skin friction reduction with slot injection, §=7.46 cm
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Fig. 3 Skin friction reduction effectiveness as a function of number
of slots. ’



