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ABSTRACT

The purpose of this study was to determine analytically the

effects of water vapor on the ignition delay process in the

PP v g

burning of gaseous hydrogen in a supersonic flowing vitiated-

b M

Sy

airstrean, low temperature (950°K ~ 1000°K) regime was used

80 the reaction rates would be dominate over the diffusion rates,
In this study two chemical kinetic computer programs were used to
analytically predict the ignition delay times using the inputs

from seven vitiated-air heater experimental investigative con~

s 2o Hade A 1 E Dourtd WP s A wd st At

ditions., The analytically calculated ignition delay times, for .
: the seven vitiated-air and seven comparitive clean-air cases, were
then compared to the experimental results to determine the effects
of vater vapor on the ignitien delay process,
It was found that the water vapor shortened the ignition delay

tive in the ter-esrature regime of thnis investigation,
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A STUDY OF NONEQUILIBRIUM EFFECTS
ON IGNITION DELAY IN A SUPERSONIC
AIRSTREAM

I, INTRODUCTION

Supersonic ramjet engines (SCRAMIETS) require largs mass
flow rates of air to produce desirable thrust, Ground test facil-
ities which could provide air mass flow rates at temperatures,
pressures, and velocities recessary for meaningful enginc develop-
ment are virtually non-existent,

Due to floatation and ereosion problems associated with high
mass flow rates in clean air heaters, vitiated air heaters may be
the ¢nly solution to achieving high energy fluids necessary for
the grown¢ development of SCRAMJET engines,

Combustion type vitiated air heaters are gas generator and
nozzle combinations that produce large mass flow rates with inherent
high temperatures and pressures as a result of the combustion of
propeilants, Careful design of these apparatuses cran duplicate
flight conditions necessary for hypersonic operation of a SCRAMJET
engine in a ground test facility, The working fluid generated

which is called vitiated air, has the sare molecular weight and

oxygen content as clean air, Additional species such as water

AN hir Ak
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vapor and carbon dioxide may be presen? due to by=products of the

Q

combustion process and are considered contaminants when compared

with real air composition. If the effects of thesec contaminates

on the ignition process between fuel and vitiated air could be

determined, then the vitiated air heater could be economicaily

vsed for meaningful engine combustor developrent in ground test

facilitiés.

The purpose of the study is to determine analytically the

IR

effacts of water vapor contamination on the ignition process of

2

heated gaseous hydrogen fuel in a Mach 3 vitiated airstreanm,

AT SO IR 0 7 A ST M S, (AR S e < PRI pE A Lot i
o poares

Tttt R B AT WAt NeaN KA a2 e Bt Bk k3 M0, A3 DT 0K 43 o Y 6

o BRI FIAD,
HH A

Scope of Present Investigation

AR
v

o

This study is an extension of the work performed by Major
Renalde M, Jensen at Purdue University as partial fulfillment of
the requirements for the Doctor of rhilosophy Degree (Ref.6 ).

Jensen's experimental results on the ignition delay phenomenon are

P Sy o it
sk ek 4 B AR it SRl 3l Bt ottt Hurhokiz

e v o P e o, VIR M SN W

included in this thesis as a compariscn for the analytical results

I GOIANRANSIE y RYTS BB T IIAELN

determined 3in this study,

oK U 2 b Lot ]

The SilL (Simplified Ignition Lag) (Ref.6 ) computer program

that Jensen used to analitically predict the ignition delay lengths

04 S0 oot bRttt o

in his axperimental cases did not allow for a temperature increase

during the ignition delay peried.

o bbb wThe ol b

i It was felt that some validity in the comparison of his ana~

lytical and exparimental ¢ ta was impaired by neglecting this tem~

perature rise. However, in this study the ignition delay lengths

of Jensen's experimental cases will be recalculated allowing for
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GAM/ME/72-1

the temperature increase during the ignition delay period to de-
tevxine whether the allowance of this temperature ificrease im-
proves his correlation betwﬁen the experimental and analytical
results, Additimallignition delay lengths will be computed
using clean air rather than vitizted air for the same cxperimental

conditions, to detarmine the effects of the water vapor on the ig-

nition d.elay process,

Review 9_{ Pertinent Literature

Jensen (Ref.6 ). Jensen designed and built a vitiated air

keater (Fig. 1, Pg. 4 ) that reacted a nitrogen (No) diluent, nitro-

. gen tetroxide (Nj04), and hydrazine (NoH,) to generate the vitiated
nir. The use of nitrogen (Né) increased the niolecular weight to
that cf real air. The water vapor inherently produced as a combus-
tion product in the gas generation process (19 percent by weight)
replaced an equal amount of nitrogen in the vitiated air,

This system was designed to duplicate the temperature {1000°K),
pressure (14,7 PSIx), and velocity conditions (M = 2,9) of air
entering the combustor of a SCRAMJET engine operating at a flight

mach nunber of 6 at an altituds of 80,000 teet, This simulation of

2 SCRAMJET combustion chamber entrance was further enhanced by using
an annular injector ai the exit of the gas generator nozzle for the
introduction of the heated hydrozen gaseous fuel (530° to 750°K)
intn the vitiated air stream. Injecticn was parallel to the flow
in order to minimize the recirculation cffects between the concen-

tric streams of the free jet, (Fig. 2, Pg.6 ). Once ignition

e
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occurred in tuis unconfined flow it was possible to physicaliy

measure the ignition delay phenomencn captured by a high speed

motion picture (Fastex) camera (550 frames a min.,)., See Fig 3,

Pz.? and Pig. “’ Pgoe .
The SIL computer program supplied by NASA Lewis, was used to
analytically predict the ignition delay lengths for his experi-

mental cases, It was found that the ignition delay length de-

creased with increasing hycrogen inlet temperature and that the

fgnition delay lengths were comparatively independer: of the equi

valence ratio (Figs. S and 6, Pg,9 ). 1he results also showed

that the presence of water vapor chortened the ignition delay

length (Fig. 7, Pg.11).
Snyder, Robevrtson, Zanders, and Skinner (Ref.g ),

In this study the effects of water vapor, nitric oxide, ni-

trogen dioxide and ammonia on ignition delay were studied using

shock tube techniques, The ranges considered were, equivalence

ratio .5 to 1.0, temperature from B800°K to 1100°K, and the pres-
sure range from 1,5 PSIA to 130 PSIA,

Their results showed that for an equivalence ratio of 1,
pressure of 30 PSIA, and water vapor content of 20 percent, that
the water vapor present would shorten the ignition delay if the
temperature is higher than 970°K, and would lengthen the ignition

delay if the tongerature is lower than 970°K (Fig. 8, Pg.13).

Their results also showed that nitric oxide (Fig, 8) and nitrogen

dioxide had an accelerating effect on the ignition delay, They

also indicated that ammonla had very little effect on the ipgnition

delay in this low temperature range,
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Edelman and Spadaccini (Ref.y ). This study was accom-

plished using preheated air, The air was preheated by burning

oil and hydrogen gas, By adding make-up oxygen to a combustion

" heated true air, (revitalized airj, it was possible to cbtain
vitiated air with the correct proportion of atmospheric oxygen.
They concluded from their experimental and analytical results that
water vaﬁor and carbon dioxide could either increase or decrease

the ignition delay time depending on the initial temperature, pres-

sure, and concentration lesvel,

Angpoach

The ODFRC (One Dimensional Finite Rate Chemistry) computer
program will be used to analytically determine the ignition delay
lengths for the seven vitiated air experimental cases, (Ref,3 £ 7).
This program was developed oy GASL and provided for this research

program by NASA Lewis Research Center, It differs from the SIL

Computer program used by Jenser in that it takes into account the
temperature increase during the induction period,

The GCK (General Chemical Kinetics) cemputer program will alse
be used to determine the ignition delay lengths for the seven clean
and vitiated air cases, This program was developzd by NASA Lewis
Research Center (Ref, 2 )., The GCK prograr. is similar but slightlv
mere sophisticated than the ODFRC corputer program in that it has

the added ability to allow for up to thirty reactions. Also unlike
the other computer programs written for cerbustion studies; this

progran internally calculates the step size required for the iate-
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gration of the rate equations, which help eliminate the time probe
lem that exists with other integration schemes., Also this program
allows for no reactions which are felt to be iwpo cant in ignition -
delay calculations,

To determine the nonequilibrium combustor inlet clean and viti-
ated air species concentration used as the data input to the ODFRC
and GCK ﬁrograms the FRRG (Finite Rate Reacting Gas) computer pro-

gram will be used. This computer program was developu:d by TRW Sys-

tems for NASA (MSC) under coutract NAS-£358 (Ref, 5). It was alsc

used by Jensen to calculate the inlet species concentrations for

use in the SIL computer program,

v

The results of the clean and vitiated air case will be compared

to the experimental results to determine the effects of the water

SLAI A )
A e 5 I i 1% AT
i . Lol

vapor on the ignition delay lengths,

sihidi Lt
O

Assumptions

W e ol WOt K

P

W PP R PR ' WY R W]
-

In the s/ .3n experimental cases, the clean and vitiated air

BT A o i

entering the corbustor are assumed to be in chemical non.quilibrium,

m— ———p—

It is also assumed that the airstream entering the combustor is a

e clodidudiision

homogenecus mixture since the computer programs are not designed to

handle mixing phenomena.

The assumptions made for the FR2G, CDFRC and SCK computer
programns are as follows:
- 1. The flow i{s adiabatic.

. 2. The species behave as ideal gases,

(:) 3, Viscous effe=ts are neglected,

1u
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II., ANALYTICAL PROGRAM

gk w"«;rgtwl)wug'ﬁ TR IR -
e
&

g

L e e A T g

The author used the FRRG program to analytically determine

the nonequilibrium composition, tewperature, pressure, and

T ———
oy * harartrrerarioee e

velocity characteristics of the working fluid expanding in the

gas generator, The computed outputs were then used as the input

ig -data to the ODFRC and GCK programs to analytically predict the

R —

POty

ignition delays in the free jet which simulates the ignition pro-

cess in a SCRAMIET combustor.,

Description of Computer Programs

The computer programs indicated in the above section are

i}

:i discussed in the following paragraphs under their individual
ig headings, Included in these discussions are:

ik 1. Program description

2, Input requirements
3, Output
4, Limitations
Finite Rate Reacting Gas (FRRG) Program. The FRRG program
was developed sy TRW Systems for NASA (MSC) under contract YAS-4358,

This program solves the egquations for Invicid one diuwensional flow

of a reacting gas mixture (Ref.5). To minimize computer time during

the integrations of the chemical relaxation equations, the program

16
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uses an implicit integration scheme for near equilibrium flow,
and explicit integration scheme for near equilibrium flow, and
explicit integration for flow distant from equilibrium,

Required data inputs are the nozzle geometry, propellant
datu, and reaction rate information. The reaction rate expres-
sions and rate constants used in this program are listed in Table
1, pg.18 . Only the forward rates are required input since the
reverse reaction rates are intarnally calculated from the forward

reaction rate and the equilibrium constant by the following ex-

pression:
k(33 = ke(3)/K (3)

Also when the reaction equations used were the same as in
the FRRG, ODFRC, and GCK programs, identical input reaction rate
data was used to maintain continuity in the results,

This program has the option of perSorming either equilibrium
or finite rate calculations. Output from this program are tem-~
perature, pressure, mach number, velocity, density, enthalpy, gas
molecular weight, heat capacity, ratio of specific heats, and
species concentrations, The firite rate calculation was employed
since this option more closely duplicated the experimental con-
ditions.

Output spacies concentrations are printed in mole fractions
and mass fractions, Mass fraction units were chosen since the
ODFRC program reguires that the species concentrations be input

in terms of mass fractions.,

Ona Dimensional Finite Rate Chemistry (CDFRC) Prcpram.

The ODFRC program, supplies by HASA Lewis Research Center, solves
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for the rate of growth of the free radicals as a function of time
by using a standard matrix technique, These rates are then inte-
grated to give the species concentrations at that instant of time,
Unlike the SIL program used by Jensen (Ref. &), this program al-
lows for the temperature increase during the ignition delay period
caused by certain reactions being slightly more exothermic than
the other reactions are endothermic.

Puring the development of the ODFRC program, modifications
Were made by NASA Lewis Research Center to the original program
to allow the computation 1o run though the steep temperature rise
fbllowiﬂé ignition,

The program has the option of using pressure vs, distance,
area vs, distance, or radius vs, distance for combustor geometry
conditions, The pressure vs. distance option was chosen to dupli-
cate the constant pressure axperimental conditions of a free jet
durning in the atmosphere, Other.inputs include initial temper-
ature, pressure, velocity, area, distance, time, species concen-
trations, and reaction rate constants. Reactions, rates, and
constants used are listed in table 2, page2l ., Species considered
vere H, 0, Hy0, Hy, Oy, OH, Np, HOy, and Hy0,.

Output from this program includes time, temperature, density,
pressure, enthalpy, velocity, area, distance, and species concen-
trations for the nine species listed above, The author modified
the program to include a calcomp plotting subroutine to plot O H
concentration vs, time, H concentratiun vs, time, and tcmperature

vs, time, The plots which are used to determine the ignition de-

lay, will be discussed in a later scction,
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Ceneral Chemiczl Kinetics (GCK) Program, The GCK computer

program was supplied by NASA Lewis Research Center for this study,
Unlike the ODFRC Program, the GCK program allows for reactions

involving NO which possibly could have an accelerating effect on

ths ignition delay.

The proéram solves the reaction equations by :ans of an im-
plicit iétegration technique, This implicit solution scheme was
cembined with a new step-size cptimization methods This new inte-

gration technique which is efficient for both vevwy siow and very

fast (near-equilibrium) chemical reactions (Ref.2 ), Step-size

control decreases the computation time required.
Input conditions for this program allow for 30 reactions,

The reactions and reaction rate constants used in this program

are listed in table 3, pg.23 . Reverse reaction rates are calcu~

lated intermally from the relation:
K, (J) = ke(J) /K (I)

In addition to the chemical species which are required by the
given reactions, the user can include one or more inart species,
but the tocal number of species considered cannot exceed 25 (Ref,.2).

For each disscciation-recombination reaction, the user can specify

& set of third-body efficiencies (Ref.2 ). To maintain continuity

between the computer programs, the same efficiencies were used in

the GCK program as in the ODFRC program where possible, If the

third-body efficiencies are not specified they are assumed to have

a value of one,
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Initial conditions required are:
1, Time and axial position,
2, Velocity (or mach number),
3, Density (or pressure),
4, Temperature.
. 5. Species ¢ mcentrations
Also pressure or area profile must be input if the.problem under

consideration is a flow problem, (Ref.2)

Outputs from this program are temperature, time pressure,

velocity, mach number and species concentrations. The output can

bs in CGS, TPS, or SI units, The CGS option was chosen to maintain

continuity with the results of the other programs,

Analytical Determination of the Ignition Delay Time,

The FRRG program was used to calculate the species concen-

trations, velocity, temperature and pressure conditions at the

exit of the vitiated air heater, The exit of the vitiated air

heater is considered the inlet of the combustor in this study,

Tha species mass fractions were recalculated allowing for the H,

gas that is supplied at the combustor inlet., These species mass

fracticns, mixing cup temperature, and velocity conditions are
used as the input to the ODFRC and GCK programs, The COFRC and
GCK calculate the temperature, velocity, and species concentra-

tion as a function of time. See Fig. 9, pg. 24,

The end of the ignition delay period is charactexized b§ a

rapid increase in termperature (Fig. 10, Pg.,26). During the
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TABLE 3

REACTION RATES FOR GCK PROGRAM

A (J) B(J} _
J REACTION (gm.cm) (kcal/mole) N(J)
1 |H+o, =0OH=0 1.25 X 101% 16.3 ———-
2 {0+Hy =0H¢H 1,7 X 1013 9,45 R
3 | Hyt OH = 0+ H 2.19 X 1013 5415 ———
4 | 0+H,0=08+0H 5,75 X 1013 18,0 ——
5 | Hyt HO, = H,0.¢ K 9,6 X 1012 24,0 ———
6 | H,+0,=0H+oH 1.0 X 1013 43.0 S
7 | #+HO, = O+ On 7.0 x 1013 S ———
8 |20, = Ho + o 1.8 x 10%2 — —
9 | H +H,0,= H)O + OH 3.1 X 103% 9.0 -
10 | OH + H,0, = H,0 + HO, 1.0 X 1013 1.8 ———-
11| MeH+O0H=E0¢+H 7.5 % 101 R— -2.6
12| M+E+0,=HO, +M 1.59 x 1015 -1.0 ——
B M+H+H =H, ¢+ ¥ 1.0 X 1018 — -1,0
WlKEvO0, +0=0+N 2.75 X 1019 118,7 -1.0
15 | M + Hy0, = OH + OH 117 X 1017 15,5 ——
/[ HeN+N =N, + ¥ 2.8 X 1017 ——— -5
17| HeN+0 =NO+ Y S.4 X 1016 R -5
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ignition delay region the net results of the reactions are slight-
ly exothermic, This accounts for the slight temperature increase
during the ignition delay period., At the point where the temper-
ature increases rapidly, the recombination reactions are the con-
trolligg reactions. Since the recombination reactions are exother-
mic, the temperature increases rapidly (Fig, 10, 26 ).
Thé.following criteria were used to determine the time at
which the ignition delay period ended.
1. Intersection of the linear slope temperature line
in the ignition delay zone, with the linear slope tem-
perature line of the reactfion zone, (Fig. 11, Pg. 27)
2. Deviation from the linear portion of the OH vs,
time curve (Fig. 12, Pg. 28)
3. Deviation from the linear portion »f the H vs,
) time curve (Fig, 13, Pg. 29)
4, One half of the initial H, concentration,
All four methods yield essentially identical delay times so all

methods appear applicable,
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IXI. DATA REDUCTION

Ana}ytical results were obtained by using the OH concen-
tration, H concentration, H, concentration, and the terperature
slope criteria as discussed in section IX, Due to the data simi-
larity, only the OH concentration criterion results will be dis-
cussed at length, OGraphical data based on the remaining criteria
are given in the appendix., Discussion of OH data results is con-
sidered under the following hzadings:

l. ODFRC program results

2. GCK program results

ODFR? Program Results

The OLFRC results obtuoined by holding the equivalence ratio
constant (17 and varying the inlet hydrogen gas temperature are
shown in Fig., 14, Pg. 31. The results obtained by holding the
inlet hydrogen tenperature ccnstant (710°K) and varying the equi-~
valence ratio are shown in Fig. 15, Pg. 32. Note that the data
points for the analytically calculated clean and vitiated-air
cases ave from 50% to 100% lower than the experimental values,
hesults for the seven cases were analytically recalculated using
a lover temperature to see if the jignition delay times could be
inereased. All the analytical data failed to indicate ignition

at tkese lc 2t temperatures,
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. Results from the ODFRC program, wien comparing clean and

<:> vitiated-air results, show that the presence of water vapor short-

ened tae ignition delay time (Figs., 1% and 15). However, due to
the deviation betweeﬁ'ihe analytical and éxperimental data points ' %
a3d the added scphistication, the GCX computer program was used
in an attempr to amalytically predict a mon: favorable comparison
between ;he anaiytically calculated vitiated-air and the seven

experimental cases,

GCK Propgram Results

Fig. 16, Pg, 35 and Fig. 17, Pg, 36 show the computed results
obtained from the GCK program, These values compare favorably
with the resultz of the ODFRC program, but were still much lower
than the experimental points. The mixing cup termperature, which

simulates the rate of diffusica of the I into the working fluid,

was decreased to the value that would compare with the 40% mixing
conditions assumed by Jensen (Ref.6 ). The results obtained (Fig.
18 and 19) were closer to the experimental resuits than the values
obtained from the ODFRC program, but the slcpe of the vitiated-air

A% ignition delay curve was much less than the slope of the experi-

5 mental curve, A possible explanation is that diffusion rates are
much slower at low temperatures than at high temperatures (Ref. 1).
Decreasing the diffusion rate at the lower temperatures would in-
crease the slope of the vitiated~air ignition delay values on the
constant equivalence ratio curve {Fig, 18) and increase the ignition

(:) delay values for the vitiated=-air cases on the constant temperature

. - —— ——

I
.
h’u‘v SRl R D ARG L T E N 3 G SIAP T UMY LSS €Lt 8 8PS W B0 B 1 MRS 6T KR ARk P T it dR 0 B N MR S0 1wt 0 o 3 W AT B S it S AR08 s 0 5 0108110 0 % e D A "ot b o O L 0 0 e LY O £ WY it ST Bt b L T 20"

S A TR S N SO L PO T T R W




it

e e+ e i S —— e e e e e

i

GAM/ME/72-1

curve (Fig. 18). The vitiated-air values would then be closer to

These results are essentially the same

L R T O ST SAE AT

the exparimental values.

as the analytic results Jensen (Ref. 6) obtained using the SIL

computer program with the 0% mixing assumption. o
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IV. CONCLUSIONS

N L P R T ]

Analytical calculaticns were made for seven vitiated an.
ciean-aiz; investigative cases, These results were compared tn
the seven low temperature supersonic experimental data points
obtained by Jensen, Based on the results in section III, the
following conclusion was made:

Ignition delay time is decreased if water vapor

is present at the inlet to the combustor., Water vapor

acts as & third body which promotes recombination of the

free radical species causing the exothermic termination

Leba e | ) P
sl ’.k“umm-u..».m.»m« el bl O (G LA AN s 7 bt Ll o e

reactions to become dominent,
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O
V. RECOMMENDATIONS
; : As a result of this study, the following recommendations ;;
“’ i are offered: :4
J 1, Obtain experimental inputs and results from vitiated- S
: air heater ignition delay studies for a wider temperature x
* range and analytically predict the ignition delay times, ) ;
Results of this study would determine the temperature ?
? : vegime in which the water vapor short~=~ * aition delay ‘
‘; . tines, ;
) 2, Determine the rate at which the -~ into the
; “ @ working fluid for different temperature .sSe Results
? from this study could be used to more accurately predict
: § ignition delay times,
f{ 3. Develop a kinetic scheme which would allow for more
i j accurate avaluations of the effects of nitric oxide (N0),
= |
O
0
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1,
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3.
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6.

7.
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Donald Monroe Teasdale was born on 27 December 1943 in
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, Meadville Pennsylvania, He graduated from Cochranton High School

in June 1961 and entered the USAF, During his assignment at

sl o Bl B i b B

Vandenbepg AFB California he attended Allen Hancock Jr. College

= : in Santa Maria California, In January 1968 he entered New Mexico

State University at ias Cruces New Mexico under the Airman Edu-

: cation and Commissioning Program, The degree of Bachelor of Science

in Mechanical Engineering was awarded to him in January 1970,
After his c~mmissioning from Officer Training School in May 1970
he attended the Air Force Institute of Technolozy to pursue a

Master of Science degree in Aerospace~Mechanical Engineering.
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