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IGNITION, COMBUSTION, DETONATION, AND
QUENCHING OF REACTIVE MIXTURES

Viahhoib, Lotti L
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Three differz2nt areas of the research progran have been investigated
during this reporting period

wal ik, bl L4,

1 April 1978 through 31 March 1979
I. TRANSITION FROM DEFLAGRATION TO DETONATION

A, INTRODUCTION

A L 0 o il S £,

The distance which a deflagration wave, traversing a combustible gas
mixture in a closed vessel or an unconfined cloud, must travel before a
detonation wave is formed is of great practical importance, Although in
some cases detonative combustion is desirable (such as in fuel-air ex-
plosions, supersonic ramjets, and high-efficiency combustion chambers),
frequently it is not wanted as in accidental fires of fuel-air mixtures,
and in unsteady combustion causing large pressure fluctuation (combustion
instability) in the ccmbusiioa chembers of rocket engines, For the de-
sign of devices which involve supersonic combustion it is extremely im-
portant .o have criteria which can be used to predict the distance a
deflagration wave must travel to become a detonation wave, Although nu-
merous investigations have provided us with a fairly good picture of the
mechanism of transition, there are no expressions which permit us to pre-
dict the detonation induction distance of a combustible gas mixture, The
research and the experimental measurements described in the following
sections of this report are carried out to provide theoretical or empirical
expressions for predicting induction distances in fuel oxidizer mixtures,

TR T T TR TS T

™,

P PP e

B. DETONATION, INDUCTION DISTANCES OF HYDROGEN-OXYGEN-INERT GAS MIXTURES

; In previous experiments® with M.E.R. mixtures of hydrogen and oxygen
(Ha + & 02) and hydrogen + air we observed that the induction distances
of these mixtures are reduced drastically when the initial temperature of 3
the combustible ges mixture is of the order of 100 K (sce Table I), Con- E
sidering the fact that the normal burning speed of these mixtures decreases 4
with decreasing temperature it is difficult to give the exact reason for
this kind of a temperature effect on the induction distance, Examining
the various factors which might affect the induction distance, we note
that the density of the gas mixtures was inversely proportional to the
texperature in these experiments since a pressure of 1 atm was maintained
in all experiments, Thus the thermal energy released per unit volume of
the mixture in the low-temperature mixture is greater than in the mixture
at roon-temperature, Furthermore the higher density of the unburned gas
mixture offers a greater resistance to the expanding burned gas, Because

“ of this resistance the combustion occurs more nearly at consiant volume

than at constant pressure (no resistance) and consequently a rather marked

increase in pressure occurs right at the beginning of the combustion,

Such large and rapid pressure rises have indeed been observed at low
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Table I. Induction Distances in Hz + % Oz and
Ho + 4 Oz + 1.88 No Mixtures at 300

and 123 K
Inducticn Distances
Mixture
300 K 123 K
] Ho + 4 02 3 om 15 em
3
E Ho + % 02 +1.88 N2 >600 com 230 cm ,

3 initial temperatures, Although similar and even greater density changes
3 can be produced by raising the initial pressure at a fixed temperature,

2 the effect on the induction distance is not as drastic, The results ol
previous measurements® with hydrogen-oxygen-inert gas mixtures,

Hz + 4 O2 + X, where X = Nz, or He, or A, are shown in Table II. The ef-
fect of pressure on the Ho + 4 O2 + Nz mixture is shown in Table III.
According to these measurements the induction distances decrease only
moderately with increasing pressure,

T

From theoretical considerations it has been found that the inductioen
distance 1s a function of the normal flame speed of the combustible mix-
ture, the acceleration of the flame propagation, and the speed of sound
of the unburned gas, For a given fuel-oxidizer mixture the flame front
accelerates for three reascns; i.e., (1) the temperature of the unburned
gas is increased, (2) the motion of the gas mixture ahead of the flame
front becomes turbulent, and (3) the pressure of the unburned gas shead
of the flame is increased, Whereas the rate of flame propagation is al-
wavs increased with increasing tempersture and turbulence, an increase in
pressure produces an increase in flame speed only in fuel-oxygen mixtures,
The flame speeds of fuel-air mixtures either are practically independent
of pressure or decrease slightly at higher pressures., The role of tur-
bulence is most difficult to assess, The experiments with hydrogen-oxygen
mixtures at low temperatures, at which the flame speeds are small, seem
to indicate that the role of turbulence is secondary, At the short in-
duction distances not much turbulence may have been generated,

ool Lt L S B

Although f'ame acceleration appears to have a great effect on the
transition from deflagration to detonation, a more important aspect seems
to be the rate at which the pressure increases behind the flame front,
For instance, hydrogen-oxygen mixtures at room temperature have rather :
large induction distances, whereas acetylene-oxygen mixtures whose burning
velocities are practically the same have much shorter induction distances, ]
The major difference between the two mixtures is the density. .The density
of an M.E.R, acetylene-oxygen mixture is 2.5 times as great as that of an
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Table II. Induction Distances in Ha + * 02 + nX Mix-
tures at 1 and 5 atm Initial Pressure and
T, = 313..5 K (Length of Tube = 350 cm;

I.D,

=5 o

nX

~ Xing
(em)-

*
g'ﬁ’

R

1N

1A

§ cos

230
120

>350
250

180
70

2ko
110

180
45

240
115

2ko
115

Vi~ Wi W E i ke

Table IIT. Induction Distance as a Function of Pressure (T, = 300 K)

Xind

Pressure

Mixture

0.5 atm 1l atm

2 atm

Ho + % 02 + Ne

475 em 325 em 270 cm
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'~'A.'M‘.EA.R. hydrogen-oxygen mixture, Although the combustion enthalpy of a

unit volume of the acetylene-oxygen mixture is also much greater than
that of the hydrogen-oxygen mixture, the difference may not be significant

- since both mixtures have practically the same flame temperature so that

a constant voiume combustion produces very nearly the same pressure ratio

'.of ‘~10 when the initial gas temperature is 300 K, The formation o1 ‘dgher

pressures during the initiation of the detonstion wave results from an
energy transfer because work is done by the burnt gas on the gas behind
the shock wave preceding the flame. The role of density is also evident

. when we compare the induction distances of Hao + g- Oz + nA mixtures with

those of Hz + % Oz + nHe mixtures, as shown in Table II. The energy
density in all three mixtures is the same, The burning speeds of
Hz = 4 Oz + nHe are much greater than those in Hz + 4 Oz + nA mixtures,

_whereas those in the mixture containing nitrogen are slightly smaller
- (Fig. 1). ,

The induction distances with argon are much smaller than those in
the mixtures with nitrogen or helium, That the induction distance in
mixtures containing nitrogen is practically identical with that in the
mixture with helium can be explained on the basis of the lower adiabatic
combustion as well as detonation temperature of the mixture containing
nitrogen, The large induction distance of Hz + % Oz + CO2 mixtures in
spite of their high density mmst be attributed to the interaction between
COz2, Hz, and Ha0. For the same reason the flame speed and flame tempera~
ture of this mixture are also very low. Experiments with these mixtures
at low-temperature will be carried out in the near future.

C. FIAME SPEEDS OF HYDROGEN-OXYGEN-INERT GAS MIXTURES

To determine the qualitative and quantitative relationships between
the flame parameters and the induction distances of various combustitile
gas mixtures, flame speeds are being measured for several hydrogen->xygen-
inert gas mixtures with different amounts of additive gas and over s
wide a temperature range as possible (100 to LOO K provided condensttion
of the additive gas does not occur). A special nozzle burner wit.. a sine
curve contour is used for these measurements to obtain laminar flanes
with nearly straight flame cones even at Reynolds numbers up to 10,000,
The measurements are extremely reproducible. Results obtained so far are
shown in Fig, 1, It is interesting to note that Hz + % Oz + argon mix-
tures have practically the same flame speeds as Hz + % Oz + nitrogen mix-
tures in spite of the large physicel and chemical differences between
these two additives.

D, EFFECT OF INITIAL TEMPERATURE ON WAVE SPEED OF, AND FINAL PROPERTIES
BEHIND C.J. DETONATION WAVES IN THE M.E.R. MIXTURE OF HYDROGEN WITH
AIR

The wave speed, gas speed, pressure, temperature, and density were
calculated for the M.E.R. (g_xaximun energy releese; molar ratio of hydro-
gen to oxygen = 2:1) mixture of hydrogen and air at various initial
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A 'canpera.tures (T,_ = 100 to, l&73 K) and initia... pressures (p,_ =1 to 100
‘atm), - The results zce shown in Figs 2,.3, 4, 5, and 6. - According to*

these calculations the wave gpeed 4%.: inversei.,,r proportional 1o thke vem-

' peraturé of the unburned gas but proportional to its pressure (Fig, 2),..
whereas the gas speed increases very slightly with' increasing initial
temperature und pressure (Fig, 3), Although the %inal temperature in-

© creases with increasing initial temperature, the increase is much less

than that of the initial gas temperature, This oehavior is probably due

to the less efficicnt energy transfer from burnad gas to the gas behind
the wave which will be discussed in the next section. The increase in

Ts cauBed by an increcse in p,. is due to a reduction in dissociation of

* the combustion gas molecules (Fig., 4). Because of the importance of tur-

bulence on the rate of flame propagation the effect of pressure on the
speed of the detonated gas is showm in Fig, 5, which clearly reveals that
ug increases only very slightly with priessure although the induction dis~
tances of almost all combustible mixtures decrease rather markedly with
a rise in pressure of the initial gas. The most significant observaticn
is the large increase of the pressure of the detonated gas as the tem-
perature is lowered (Fig. 6). On the other hand, a change of the initial
pressure hardly affects the pressure ratio, As shown in the next section
the relative amount of energy transferred from the downstream burned gas
to the gas behind the normal shock wave preceding the combustion zone is
directly proportional tc the pressure ratio; e.g.,

where R; = -1%- .
1

Although it is tempting to relate the drastic reductions of the induction
distances at very low initial temperature of the unburned gas to the en-
ergy transfer, no definite statement can be made at this time because the
observed pressures of the detonated gas mixture at low initial tempera-
tures were found to be much lower than the calculated values, Therefore,
_more experiments with different combustible gas mixtures at low initial
temperatures are necessary to establish a quantitative relationship be-
tween nmixture properties and detonation induction distance.

II. INVESTIGATION OF THE MECHANISM OF FLAME QUENCHING

The following topics were investigated:

(1) The effect of salt coatings--thick coatings of salt were obtained by
painting solutions of potassium chloride, sodium bicarbonate, and
tribase potassium phosphate on both surfaces of the quenching plates,
Thick layers (about 0,16 cm) of the salts were used so that the
flame could react chemically with the salt during the prolonged con-
tact of the flame with the quenching plate surfaces, It was observed
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(3)

that salt coatings of potassium chloride and sodium bicarbonate
vanish rather rapidly when exposed to the flame, whereas the coating
of tribase potassium phosphate remains on the plate surface much
longer., It was found that the appearance of the flames of methane-
alr, methane-oxygen, acetylene-air, and hydrogen-air mixtur>s was .
affected by the three salts althougr the quenching distances were
hardly changecd., Therefore, it can be concluded that these salt
coatings do not promote the flame quenching process,

The effect of was speed on quenching distance~-further experiments
were performed by increasing the volume flow rate of the unburned
gas to 200 cc/s (twlce the volume flow rate used in previous experi-
ments), For the gas mixtures considered (i.e,, methane-air, methane-
oxygen, acetylene-air, and hydrogen-air), the quenching distances
remain unchanged, Consequently, it can be concluded that for laminar
flames the measured quenching distances are independent of the ini-
tial gas speed,

The mathematical expression developed for the flame guerching dis-
tance, dQ; i,e.,

. b + 2D xS Bb

Q cpbuFa

H

where

A = thermal conductivity” of the gas mixture at average flame
temperature,

h = height of the quenching plate,

D = dift .sion coefficient of the gas mixture at average flame
tempcrature,

2]
]

specific heat at constant pressure at ua average flame tem-
perature,

b = short side of the burne: port,

u.F = flame speed, and

Q

= geometrical factor of the order of unity,
sug.:sts that the quenching distance should be affected by
(a) the width b, of the burner port and

(b) the height of the quenching plate, h,
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In order to study the effect of the width of the burner opening,
experiments were performed with methane-air flames by using a new
burner whose width was two times that of the original burner; i.e.,
0.3% cm, ‘The measursments reveal that the quenching distance is
8lightly reduced (of the order of 10 percent) when b is increassd,

Then experiments were performed with the original burners after the
height of the quenching plates, h, was increased two times the orig-
inal height (from 2.5 to 5 cm). These results gshowed that for the
gas mixtures exemined, the quenching distances are independent of
the quenching plate height, h.

In order to determine the relationship between the guenching dis-
tance measured in our laboratory and those established by an entirely
difflerent technique by previous investigators, experiments were per-
formed to measure that distance between the quenching plates (once
the qusnching is established) where the flame burning on the top. of
these plates Just settles down suddenly; i.e,, flashes back. To
determine this point the quenching plates (made of copper) were moved
apart very slowly. Sudden flash-back, however, did not occur; the
flames entered gradually and slowly descended between the two plates.
Further studies are necessary, probably with temperature-controlled
plates, to explain this unexpected behavior,

Further experiments were performed by closing the side openings of
the copper plates. In this way a rectangular enclosure of the
quenching zone was formed. It was found that at a certain distance
between the plates the flames burning at the top of these plates
suddenly Jurped down to the burner tip when the plates were moved
apart slowly. When copper plates were used all around, it was not
possible to see where the flame was quenched and furthermore it was
not possible to see whether the quenching process was sudden., In
order to observe the flash-back point, glass plates were employed to
form the enclosure, It was found that the flame entered the burner
suddenly and when the plates were moved together, at a certain dis-
tance the flame jumped to the top of the plates, The distance be-
tween the plates at which the flame suddenly leaves the burner and
Jumps to the top of the plates was measured for methane-air flames,
The results are compared below,
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Quanching Distance k|

Quenching Distance with Glass Plate

% without Glass Plates Enclosure ;

Methane (zm) (zm)

7.0 2.43 3.68 3

8.0 2,22 3.28 :

9.5 2,10 3.16

n.0 2.25 3.72 ?

12,0 2.b1 5.30

g It must be concluded that the true quenching distance is given by ;
4 the values obtained witk the enclosure of the narrow side of the
: quenching space, ;
.. ]
= 3
* ITT, XNEW CALCULATION TECHNIQUES 1
‘ A, CALCULATION OF DETONATION PARAMETERS AND ENERGY TRANSFER ;'
ET ' For the present calculations we consider the mixtures %

Ha-i-i-Oa-i-va

where Y = argon, helium, nitrogen, or carbon-dioxide, For estimated val-
ues of T3 and p3 and specified values of Ty, p1, vy, and Y the Ni,3

(“HQO’ 02? Non? nHa’ Nos Ny nHe: Na2 T‘Na’ no? “COz’ and 'lco) “e cal- 1
culated according to the technique explained in Section III-B,

Since the adisabatic flame temperature at constant volume (T 0-0) is
the lowest temperature a supersonic combustion wave can attain, it is ad-
visable to calculate this temperature first, In this case we have
: Wy = Wa = o and usg = ¢, To find Ehe pressure, ps, which is compatible
' with the assumed temperature, Ta s we use the condition that

e b

it Sl Vsl

alc _ .Sﬁ,m ’ .v,
8 S vhen p2 = 1,

B A Kl L

where m$ = Z T]{,ami N
i

Since for a given T3 the molecular masglma increases as pa is increased
(less dissociation) and vice versa, Pg will be smaller than the correct

L




value when p$5% 1s lLarger than the correct value and vice versa. Hence :
8 subsequent estimate of ps is obtained from the interpolation formula 3

PR L (1. g) 8%t 4 pMe,

where 0 < § < 1 , usually 0.5,
The iterations are repeated until

cale(n) _ _est(n)
100 « |&2 gﬁc(ﬁ,? < &pa = 0.001% ,

b

1 ' After the correct value of pas has been calculated, the energy equation is é
- used to calculate the corract teamperature T,, For combustion at constant -
volume we have ‘

Ts - Tl ’i
er ef E

el SR R L

which can be written in terms of the reduced formation enthalpies as j
follows: first we write b

wE) -

‘solving' for Tas we obtain

| (ss)T‘
b mcale _ . m;  \RrP/
|| R S
)| )
i RT

o Y S

it e bt ey e eldll il

%‘ Since usually only formation enthalpies are tabulated we use the relation-
4 ships e = h - pv and E = H - RT (thermally perfect gas) and obtain

b\
— -1
Tg&l‘?,yl.!’hgﬂz__, 1
m1 tha ,
() -

T T
he (Hf)
where (ﬁ) = 2 i T .

g e - T
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and

(nf)'f (H-Eo\ AFo, 4
= +
&/, "\®@), TR

The &Eg,: ® Eo,: - 2 (i)Eo,el may be considered as the formation ener-

el calc
gies (or enthalpies) of the species i at T = OK. When T3

¢ 13°% the

" calculations are repeated with improved estimates according to the equa-

tion

Tgst;(n) - Tgst(n-l) A
vhere

est(n-l)
est(n-l) (h ) T, (hf>T1
A= —ms L\ et A g AV
est(n) calc(n)
until 100 . |¥2 est("ify < 0.001% .
T3

Now we can proceed to calculate detonative °°§B =8tion parameters,
For assumed values ot Ta(Ts > T8V*0) and pa(ps > ) first we must cal-
culate again the Niy3e To find the correct pressure for the assumed tem-
perature we 'solve’ for pa from the energy equation which yields

2510 - py [o . B Mo BT mRT 1.
l+ —; m- ﬁL
I. Pa a
cale est
If pa ,l P3s » the calculations are repeated with improved estimates,
t -
I)gst(n) - (1-1) pSt (n- 1), pcea.lc(n 1) ,
est(n) calc(n)
b3 - P3 -
until 100 . : OB < Ops = 0,0001% .

Any compatible pair of Ts; and ps values represents a solution of the
Hugoniot equation and thus a supersonic combustion wave, We have a weak
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detonation when the selected temperature, Tz, 1s greater than 1%”‘° but

smaller or Just equal to Tg g s the temperature of the so-called Chapman-

Jougnet detonation wave which is characterized by the condition wa = wg,a.

Weak detonation waves involve no shock transitions, When T3 > Tg'J' s WE
have a strong detonation wave ia which a subgonic combustion wave occurs
behind a normal shock wave which traverses the unburned gas mixture at
the speed w, For strong detonation waves we have wa < Wa,a.

To calculate the wave speed and the conditions behind the wave of a
Chapman-Jougnet detonation, which is the one which occurs as a traveling
wave, we meke use of the condition that at the tail of the wave the wave
speed, wa, is equal to the speed of sound in this gas, Wa, 3.

tion can be used to. develop the following equation for a ca.lculated value
of Ta:

This condi- -

e Bt el

e lazie

m 31_-) .

Tga.lc =T ﬁ RT , ' (l) f}i
he Tg“ 1 785t [/v,\2

(RT) - 5 Yedr [(5:) - 1]

where ‘
() { (:1)}

AH ~1{AH

s §' 15,5 (a) : )L Jf A e i . ;
e
Foos (°—) S l% -AV“’J[*»,.-} a0
I
Aﬁm J 2 @) )
1+ |5 . [a.z,._j] . {Av l
and where
o
RT 2; 2% (m) ’ .
PUCO 3 v$8) atd) o ¥ »§3) ;
: :

), ()

bzsﬂ = 21: : 711,.‘: » and |
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These parameters must be calculated “or the estimated tenperature, Tgst

When T‘;‘l" # TeSt the calculations are repeated with an improved estimate

which is obtained from the following expression:

Tgst’(n) - Tgst(n-l) -A

where
' est(n-1) .
N Tgst(n-l) he Ta ™ he T, i
= . —— - . ——— - .
s RT m,
The iterations are continued until
est(n) calc(n)
I < - Ia
100 Tgst@ < 9.001% .

After the correct temperature has been determined the speed of the deto-
nation wave is calculated by means of the following equation:

Bz 1 #

Cc.J. KT P ’
w1 = ﬁt . 1. L EJ.. % - .
3

T1

Although these calculations produce data which describe only the
steady-state motion of the wave ani, therefore, cannot be used directly
to calculate the induction distance, it appears that the pressure ratio,

%, and the energy transfer from the burned gas to the gas behind the wave

may be related to the magnitude of the induction distance as determined
in these calculations, The amount of energy transfer can be calculated
as follows: The stagnation enthalpy of the unburned gas relative to a

laboratory-fixed coordina.te system is th and that of the gas at the tall
of the wave is hT —252 Hence the amount of energy transferred is

2 2
Ahu:.hTs‘ng;_hT -nde .+ (B - wa)l 4L

Relative to the wave we have

Ts va T W
hy +§=hfl+-2l

and thus

ey
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, Subatitution leads to

p—— -
VoL

h%al - h;l = u

0=ﬁ;‘§+ﬁ;ﬁ'.wl_wa=f-ﬂiW3

or

23 _ 3
w1 1 .¥a\ Vi .
T
. 80 that :

Ah°=p_a_l
(J(WT}) b

N _ o 3 . o o
This expression shows that the relative energy transfer,

gh']! . ,.i‘-slil'.
tN

proportional to the pressure ratio, %ﬁ . The relationship between these

parameters and the rl.nduct:.on distance will be exam..ned in future experi-v
ments,

B, CALCULATION OF PERFORMANCE OF SUPERSONIC RAMJET ENGINE
The analysis includes the following processes and engine parameters:

1, Diffusion from the. Free-Stream Air Speed u., to a Specified Value,
Unps at the Diffuser Exit or the Combustion Chamber Inlet

(%,1 = Ypg)-

a, The diffuser is assumed to be isentropic,
1. The decelerated airflow is subsonic
2., The decelerated airflow is supersonic

b. A normal shock wave is formed at the inlet of the diffuser and
subsonic diffusion to uDE follows.

¢. The deceleration of the incoming airflow occurs first via an
oblique shock wave on a wedge, then via a normal shock wave which
is followed by & subsonic diffusion to Uyp-

19
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- Fuel is Added to the Air Stream Tangentially and Bumed in a Constant N

Ares Duct A ADE AFUEL

a. The a.irflow entering the combustion chamber is subsonic.

b. The airflow entering the combustiOn chamber is supersonic.

(1) Combustion oceurs without any shock waves (ste.tionaﬁy wea.k
detonation wave) ,

(2) Combustion is preceded by -a norma.l shock wave (stationa.ry
- strong d-tonation wave) — o

1

Expansion Through m:haust-._Nozzle' )

a, The expansion is isenﬁ'opic: ﬂdonvergént-dilyergerit nozzle with
pe = pa(Me > l) o : | ! ) .

b. The nozzle consists of a convergent section only',(M‘e"= 1) P, > Pye

Flow-through nozzle is assumed tc be iéentrppic but expansion
- from Pg to P, outside the r;oz‘zle is accompanied by a rather large

increase in entropy.

Calculeation of Impor‘ba.nt Cross-Sectional Areas $ Only Relative Values,

‘Referenced to the Inlet Avea A;, WiLll be Given,

a. A‘Dt = throat area of diffuser for the case of isentropic diffusion
to a subsonic speed e

b. A'DE = area of diffuser exit.
c. Ac = ADE + AIUEL = agrea of cambustion chamber,

da. AN £ = throat area of exhaust nozzle,

e, ANE = area of exit of convergent-divergent exhaust nozzle,

SPECIFICATIONS

FREE STREAM CONDITIONS = CONDITIONS OF AMBIENT AIR:

Ts P ¢, (or M)

'AIR' = 102 + 3.76 N
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m, - 28;85_297#79 kg/kmol

= (to 'be 's;‘seciﬁgd

FUEL: CH, R v
oy, lm

‘ m i ='(12.0'1 + v

FURL Vhe . ¢..016) ks/lcnol = mcu,‘,

-AtR MJJ{"URE cngv Y ”oa(°2 *. 3 76 Np.)

Mnmmm:o- f’“‘Fum/air“mCHmHJ*%" mm

Oa = t.o be specified

A1l underlined properties and Ay (or. m ) zust be spec_ifi”ed;

Furthermcre, the thermodynamic propert;es of the fuel the air

and a.ll combustion products must be availzble.

TL = in‘teger hundred nearest T but-TL < ‘-I’.

m, = (".L‘L - Tm)/lOO

cz = Entropy Coefficient of Species i at Temperature T,
b4

For air at Tm we have

T ' o) 1\ +100
T 1 ( 3 ' 2 .
i 0z 02
-T r/ no1\ L +100
Kfﬁ . _S_’i.i) .
R R
3.76 . - . (l - m ) + 3 m
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FORMATION ENTHALPY:
hey® ) Bz b H-Eg)
('R_T)%E_g g (—ﬁpﬂ-)o2 c(1-m) + (%)02 . m_+
T T.+100
3.76 - ((H—&TE-)N: c(L-m) + (ﬁ Nj . m“) .

: 1 1 .76
2 Nty ANy 0 = 578 {?ﬂ g * 3.76 o 135_75} = -0,5140679876
l.a. Isentropic Diffusion to "‘DE(MDE < l) .

Fran the energy equation we have

T 2 2
(hr) = 1Y% - U
8l o . Mg Wlatr 2 BRyypla 2)
DE = ﬁm Tes‘l; est ’
(hf) DE *PpE
RT/pg
where
est est est

(hf TDE *PDE Hf) DE
RT Z "4,DE .

From the entropy equa.t:.on we have

(mDE ) TDE
cale - ”Iair . TDE
PpE Py - T
« C o
Tﬁ bir syair
T
[ ]

Mg
('in_m)§_:"i,a“"“i,m'z"i,DEp”'"i,DE 5
s Iy

E
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where

T
gp=l DE
T Z R
DE-
s 1 ni,DE nT

The n N depend on T

i
DE and pDE'

tained from Eq. (2) and Eq. (3) with estimates of
(Be/RT)TRE,PDE and c3DE; approximstely he/RT ~ 7/7 - 1 end
c  ~ /7 - l) the n, pE &Fe calculated as follows:

'Y .

Test -

DE L
(1) ~ 100 - E ’

(2) [a(o)(TL)](l-mDE) . [;(o)(TL + 100) DE | ,j;géﬁ;.
29685

est -
T '
. DE est _ (0)
e . (pDE = K

[a(No)(TL)](l-mDE) . [a(No)(TL + loo) "DE .

- 10729

Test
DE (NO)
=K »

(3

N

and

(L

-

ﬁ) o
7]
o+
~~
(®)]
-

2
| B |
$
+
Pl
(v T
]
~~
(o]
~—
Ny
]
o[-
=~
~
O
S
| I—
O
=
\n
0]
“

(5) ng=
(6) ny, = (((K(NO))z . ﬂg:t . )J:;..,. 1- 0, - 7]esfs)"" - ¢(NO)

02
est 1\
noa * E) ]
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They must be calculated by an
iterative procedure, For estimeted values of TDE and PDE (ob-
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NO T
1) gy =& g+ BT

(8) ngaa.lc = (ﬂNa + % leo) + 3.76 - (no + nNO) + 2,

When qg:l° 4 ng:’“' repeat Steps (5) through (8) with
est(n) _, ,  calc(n-1) . . .est(n-1)
(9) 0g ¢ - g, + (L - &) 0n ’

where 0 < ¢ < 1 (usually & = 0.5 but in some cases ¢ < 0.1 to
obtain convergence), Repeat iteration until

cale(n) _ T‘est-.(n)
(10) 100 . |-22- cuc(ﬁ% < &ng, = 0.00001% .

Then calculate

(11) My = My« (g, * 15 * yg) + My * (2, * Myo)
@ T, ipi) T,+100

(12) cEDE = * I @,,ERT ]Oa (L - ®pg) * [:T ]02 :

- T
sP=L

G -1 . /ol T, +100
< g‘s«"‘) (T )
*e Wm T e, « (2 - mpp) ¢ Uty
AT . \aT 4100
[‘Sp=l L Sp—.l.) L
I\ R
[ ] 'Y l - -
*wo * Ut v ( mDE)+L&1T.NO
.

@3) zi:ni,DE . znni,DE._'nOa . &znoz+r]o . @nqo+qN2 .
Py * My ¢ Py
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and

TpE
W Cs
(1) pf,;lc p,(, ) "pE

Mg
elr

(%)';ni,w' ""‘1,»‘?‘1,1)3' onn; , pE

When pDE ale # pggt, repeat Steps (2) through (14) with

(15) post(msl) g . poale(m) o Ly . postin)
vhere & = 0,5, Contimue the iteration until
s - s
- (16) 100 . < Ap,. = 0,001% .
cale(n) DE
PoE
Then calculate
T T T +100
he\ DE HoEo) T HeEg\ T
i () g B - (5 )
Oz 02
T T +100
H-Eo\'L _ H~Eo\ 'L gﬁ5
1)0.(91'1‘) -mﬁE)+(9€E) * Mgt Teet
° ° ToE |
T T +100
H-Eo H-E
o (B () (BT L |-
T T +lOO
H-Eg _ -Eg 07
No {( RT )N (T - o)+ ( ) _3;21-.2}
DE
and
25
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et A 5+ =
i

()" oytim
(18) ngl"-mmD—E-T"- s :L‘i’“ .
R/

When T§;l° # T;;t, repeat steps (1) (see p. 23) through (18) with

(19) Tle);t(ml) o gT;;::Lc(n) s (1-t) T;;t(n) ,

vhere & = 0,5, Continue the iterations until

cale(n) _ Tesi;(n)

DE DE -
Tcalc(n) < ATDE 0.001% .

DE

T

(20) ‘1oo .

The basic configurations of the engine may be pictured as follows:

L T N—
t : - :
AFUEL E /'\
| :
Ai ADt ADE AC ANt AN.

For Subsonic Flow in Combustion Chamber (See Sections l.a.l and 2.e.),
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M, > | and supersonic combustion/

\

) = O
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Q

m

Weak Detonation (See Sections 1l.a.2 and 2.b.l)

or

Mye > STRONG DET with M <]

N—"

Nt Ane

Strong Detonation (Subsonic Combustion Behind N.S.)
with M, = 1 (C.J. Detonation) (See Sections l.,a.2 and 2.b.2)
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Normal Shock Wave at Inlet

Instead of Eqs, (2) and (3) (see p. 22) use now

(s 526 - )

2 ® (%)
e <
2
and let 7 ~ 1.3
for M ~ 10
2)€ - (- 1)
by =, « Lok (5)

for the estimates of temperature and pressure behind the normal
shock wave attached to the inlet, Then use steps (1) (see p. 23)

through (11) to calculate the 7;,2 (steps 1-11 are common to both
calculation procedures). Then calculate

(12¢) @T& = Tigp ((*%)TL- (1 - mg) + (%‘%)Tﬂmo : me) + me

02 02

no - ((H%-)TL ¢ (1 - m2) + (,H%Q)Tfloo . m2 + 326—82> +

0 0 oo
"y - ((%):L (1 - ma) +(%)f§1°° . ma) .

T.+100

NO NO EoT

vo * ((%)TL * (1 - m2) *(g'%ﬂ) v + me +M22>.
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This calculation of ;,fr is identical to that of step (17) of the
previous procedure with the exception that TDE has been replaced

by Ta. Then calculata
. T~2 . mur] ,
TQ

(13%) pg‘l" -p, [B N

wvhere
EST EST TEBT
stz Mo (:f)Ta _ (;%)T“ M
T, WO\RT, air ! Wa

When pcalc # p§St', repeat steps (1) through (11), (12#), and (13#)
with
(14+) est(n+l) _ ca.].e(n) + (1 - 1) pgst(n) ,
where § = 0.5, Continue the iteration until

cale(n) _ _est(n)
(15%) 100 - saloln < 4pz = 0.001% .

P2

Then calculate
(16+) TEC =1 .

- o

Te EST
(h ) + 0 ‘ZMZ - Sg—— . m&ir . -?:
RT/ 4 p T, = WMz " p2
T .

" G

A RT DA ]
when T5%1C 4 785% repeat steps (1) through (11) and (12%)

through (16+)
(1) 2est;(n-«-:l.) -t Tgaulc: s (1 -8) Tgst

where § is as before, Continue the iteration until

Ig;xlc(n) - Test(n)

(28+) 100 - calc(n

< &Tp = 0,001% .

T2
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One Oblique Shock Wave Followed by a Normal Shock Wave

Then calculate

i3

T, », M
: 2 o alr
\ 9*) “2 = u“ . T—- . p—2 L) ) —;,

If ug is larger than practical, =ubsonic diffusion from vz to Upp

is necessay, These calculations are identical with those given
in Section l,a, when the subscript « is replaced by the sub-
script 2, :

' .
o [ . .

G .
SR T TP N JA VR EUEDIIEY. 1" SN RV S Y

OBLIQUE SHOCK WAVE
/ NORMAL SHOCK WAVE
2"‘_3-_

) §

P
>
o
m
>
o
>
z
>
m

s o bt o M S

Use the equations of Section 1.b. but replace u_ by

Upn ™ Yy sin o, where o is the angle of the shock wave formed
?

by the wedge (see sketch above; ¢ is given!). Replace M by

Mw,n =M .« sing. With the values of ua’n(Mm’n), T,» 8nd p_ i

calculate the state of the air behind the oblique shock by the

procedure outlined in Section 1.b. These calculations lead to pa,
T2, and u The gas speed parallel to the wedge is

2,n*

u, = \/ug’n + (u_ .« cos 0)2 (M, > 1)
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and the half angle of the wedge is ’ o £
8 = ¢ - tan (—‘km_-)
u_ e+ cos g
Ther. calculate the conditions behind the normal shock wave which
are designated by the subscript 3, For the first estimate of Tz '
and ps use instead of Eqs. (4 and 5): i
(l+z_'l.§_ ) (ué_% '1)' ?‘
EST o 57 ma_ 2 (6) g
! 2 7RT2 : : 3
and use ;
ﬁ 7 = 1-3
EST 2 . w8 y -1
Ps =Pz ' |577 ° 71, m2'7+l]' (7) 3
Ir Uy > Upps it is necessary to employ subsonic diffusion from
ug to uj . by means of the calculations developed in Section
l.a. The subscript o is replaced by the subscript 3. In b
step (16*) the term 0,7M3 is replaced by BTs M. i
2. Calculation of State of Combustion Gas 4
From continuity and momentum equations 4
ue [ (M-C) | "4
_ Te = 73\ LVe,mex ~ uc] ) (8) :
L . o
=
S where ]
L s i ;:
P P AT :
- : FUEL DE :
] f.u [l + ————+u [l + ] i
L0 FUEL °FUEL“rm] DE | DEDE ,
i ,max l+¢f ‘ | &
i
o From the energy equation we obtain ' 5
SR ; P ;
P (:P) -2 ( i’) (9)
i TFI" RT/ i
: " 1 where '
IR 30 I
LE : i
kB
4 -
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2. 152, ,
E
' (E) )2 [ f%l. ' l" thE t 3

¢,max _ (1 + f) :
Substitution of Eq. (8) into Eq. (9) leads to
2
: (4-0) (E) - .
- Yo, max - :
Uy = o e 2: |l [1- u—(ﬁ_—ﬂ- ol (10)
. ¢,max »
vhere ) _ ) R
(@) -z (&) | il
~ T\RT/, 1, \&T/,
Since n, , depend on T and p,, the calculation of the state of the s
s ¢ : IO
combustion gas ‘(Tc, U, pc) consists of an iterative procedure comprising B
' three loops. The 1nner loop consists of the calculation of the 1, . ' P
ST sC j.
Use Toon ~ T + 1500 K and
EST _ . 4
P, T Ppgs .‘ j
ST
o - T e
160 e * 1
l-m ;A
(© _ [ (-2) 1.0 T T - 3
k> =o' (1) [y + 100) [ ,/Tf
’ P
\IPEST s

0 - [0 [0 ]

BST |
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() [mn)(T )](1 @) [(om(T +100)]

0 [ [

1

_._‘/;gs-m"

"A":‘A‘7V»'-K(c0a) [(002)0, ](1 "‘c) [(coa)(T ',, 1oo)]° 125 |

33598
TEST

e © . pEST,

- _;9122
£ . [a0) )]( ) [(NO)(T . mo)]"‘

Use r,gEST = 0,01; then calculate

n = K% . Vs -

C02 \/i.;+l

g
A=o"25<vi_Nﬁ+1+ : . 1 )(KOH-VE+KH)+KH
He

Vg + Vl%a Vg 1-~ H‘ao
B= —Oa—-———vg + 0,5 + g . KC02 1 (L . 1,1)02 + l) + 0,5 ,
He e Moz
AV 1-0° A
"ne'{\/(f * s'”‘*'ﬁ}’
_ «(H20) -~
nHao K lua ‘lHa ’
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1y
L
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i
B
1.
i

.8 i
o = L + O * “%; 3 (ou * ") .
Vﬁe 1L +K /. \/'ﬂoa : 1
k(00 L, i
ncoa K . ﬂco qoa 4 ' 3
1. . (NO) "1% | |
= - -2 | i
e [ X T‘Oa]z t e ,("Hao * * 3 (Yo * "H))
Ib 7 ‘\‘_
L (NO), o— i
0z ’ ;
(N0) | | i
'QNO =K . T‘N2 * 02 ’ and
1

1

g
cale _ '0g 1 1
o8 ("Hao *p t2mt 3 T‘H) " coe
Hz
-1
2

("co * "m0 * om * Mo * Mwo) -

- . - » ~ " .
o e, Lo i AP A o e 5 .1 UL o N bt - ol 220

when qg:lc # ng:t repeat calculations
with :
ng:‘l‘(ml) - g“?):lC(n) # (1 -8) Tlg:t(n)
until
Tlc:.a.lc:(n) . 1]'sst(n) ]
100 ale(n < g, = 0.00001% .
nOa'

In the second loop the p_ is calculated so that it is compatible with

the estimated temperature TES From the continuity equation and with the
condition that

3k




e R __ |

we obtain , . ‘

b by

cale ¢ ' 1+ £
etV r T
- ®Pruer’rusn  "DE DEPDE

When pcalc # peSt all pr‘eviwé caicu.]_.ations (q i c) are repested with
‘ ’

.p:st(n) - g ;"pcalc(n -1) R (1 152“('“"1) _.@_
pcalc(n) est(n) | ‘ | ! ' . | , 3;

100 =5 pca.lc(n) | < 4p,, = 0.,0001% . o 4]
C. . :

PR UL TR SRR )

~ Now we calculate the formation enthalpy of the cambustion gas;

(RT)~ = o, ((_Ep.) (1 Cay \_QE.Q)T L+100 mc)+
e (B2 @ - =)+ (BT - ).

R R

L ]
ot bt

(5 0 -0+ (B - o
;f o (5% 0 - =0+ ()™
’ o (S, € - 20+ (5
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At
| T T_+100 ¥
y H-l_ng) L (n-gg) L . L675 E
f T T.+100 5
n-g) L (H- L . g%garz
o ( &) (L - m)+ ?EE B * * ;;’%
¥ Y Y e 3

T T,+100
H-Eo )I- - (H_Eq- ) L . 25962 ;
: g ( o (l mc) + G| m, + <G )+
H H Tc 13
o ((B2)™ & - =) + (BR)F™ . o + 22),
NO \\ &T /o e NO ¢ i
and then u, according to Eq, (10) and T, according to Eq. (8). When 1
cale est E
T, # T, all iterations (n i,c and pc) have to be repeated with q
TEST(n) - gTza.‘Lc:(n-:l.) .- g)est.(n-l) ,
cale _ 1 _(M-C)
when u, < 54 ¢,max * :
3
and g
TEST(n) < (1 +8) TEST(n-l) - gr‘l:gza.l«':(n-l) , :
cale _ 1 _(M-C)
when u, >3 ¢ ;maxX :
: 3. Calculation of Exhaust Speed, Ug» Specific Thrust, and Thrust i
Specific Fuel Consumption ’
2, The Expansion is Assumed to be Isentropic and Complete So That ;
P = Py 1
P With an estimate of the temperatur. at the nozzle exit from the sim-
! plified entropy equation the n,  are calculated by the same scheme
3

as used for the 7 1.0 calculation. Then the nozzle exit temperature
H
is calculated from the entropy equation




;
i

L S ————— T S T

et 1 = = et 4 s R S TN WA

r——— ettt e

To
s . me
calc r."re ﬁ; Pe
T = T\'s
e ¢ ’
e
m,
P
where
[(spal) Te
Te R
€ = Z T'i.,e T 1 *

When T:a.lc # T:Bt, the calculations are repeated with new estimates of
T e obtained from the equation

est(n-1)

Tes*t'.(n) - gT:ta.lC(n--l) + (1 -8) T

e

Tca.lc(n) - Test(n)
until 100 . |-

e
calc(n)
e

< 0.001% .
T |

The speed of the exhaust jet is then

2 Te Te
\ﬁc + th,c ahf,e

) aT_ hf?c KT the
e uc+2 -m:(ﬁc - (ﬁ)e ..

The specific thrust is

u
e

or

=
(]
1]

e

Fs=(1+f) u, -
and the thrust specific fuel consumption is

2 e [ap].

F

sfe
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b, The Expansion is Incomplete (Convergent Nozzle with M o ™ 1)

For an estimated value of the exit temperature (T e ™ TEST = 0,87 Tc)

together with an estimate of the pressure at the nozzle exit,

5T @ 0.53 p,, the n, _ are calculsted first, Then the entropy
3

P, =P
e

equation is used to determine the pressure which is compatible with
the estimated temperature

m
e Te (]
cale T Tzs m, z T':I.,e:z'"'i.,c: -z 1‘:I.,e"""lzi.,e
! Pe *P. 7 . & . ;
;i A ( e) ° cmc . ,.?‘";
3 m; 8 3

Te

baa b aoe

When p:&lc # p:“ the iteration is continued with

wdbassitd ides

p:st‘.(n) - gp:a.lc(n-l) +(L-¢) p:st(n-l) ﬂ
I)&':a.].c::(n) _ pes.t(n)
e e i
100 | = —aem) | < e T 000N i
! pe }
. ]
8 e ,
3 (Note: for each new pZSt & new set of n, , must be ca.lculated.)
3 i
Now °.. 'h the energy equation
2 _ 8 Te Te
u, =u, + 2[hf,c - hf,e]
aT
. 2 _.2 _ Ig e
, and the condition that u, = wa.,e =7q -m; R

cal

a calculate? it temperature, T, is determined from the following

f..1 ol the <~ -gy equation:

! : T T
. L 2n o] e (f)T L Te(ty)
e o © ¢ RT Mm_\RT

‘ ; c c e e

which leads <

38
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T
RT_[h.\¢
2 cf{L
u_ o+ 2 (—)
: . Tca.lc - ¢ .m; RT (4 -~
- f e EST] ° 3
a |.r (hr)Te
7€ + 2 =
'ﬁ: e RT/,
when T°2¢ 4 7°%%. 211 three iterations D, and T_) are re-
o e ? ("1,e* Pe? e) :
X - peated with . .
Tesi:(n) - cha.'Lc(n-l) s (1-8) Tes‘!:(n 1) :
e e e
until :
Tcalc(n) - Teat:(n) ]
e e _
100 Tcalc(n) < ATe = 0.001% .
e
Then the exhaust speed is calculated %
T E
u =\/112+2[SEI.—¢(£1£)¢-me ’ 73
e e m, \RT/, 'We'
s F (l f) (l f) SRTe (.. P&\1 2
.- = + u - + + 1 |=———m L~ — , Or >
8 e uF e ""e‘f P e J
; . Fs=(l+1) ue’eﬁ.-u.F, ‘Ji
; A where ‘ i
KT P i
e a :
u =u_ |1 + - — ;
e,eff e 2 ( P )]
[ meue e
: and
‘ sfc F s N
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Ik, The Cross-Sectional Area, A,» at Station x Along the Remjet
Engine According to the Contimuity Equation Is

e [
| T 7. m

For operation at design conditions u, = u_, mi - 'mm, Py = Py
and T:I. = '.1‘”. For x = Dt (diffuser throat) the procedure described in the
previous section for the short nozzle must be used, For estimated values

. of TDb and th

uny,
R

and

o \7-t
' [} ﬁ
Ppy = Py T

the 7 1 of the dissociated air are calculated as given in the first section.
Then the pressure Ppt which is campatible with the estimated temperature
is obtained by iteration

m
Dt olDt o

cale M. e L Z“ia""‘m‘z“i,nte"“i,m
Py =P, . g - e
Dt Dt e cTQ
! T My s
‘[ -]
and
T
£oe e ()
cale _ _° air \B%/g4r
Dt Toe

)
3
i
1
i
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