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Engineering Design Models for Ramjet Efficiency
and Lean Blowoff

R. C. Prior,* D. K. Fowler,t and A. M. MellorJ
Vanderbilt University, Nashville, Tennessee 37235

Combustion efficiency and lean blowoff semiempirical preliminary design models, validated originally for
laboratory axisymmetric flameholders and conventional gas turbine combustors, are extended to dump com-
bustor ramjet geometries. The general efficiency model includes effects of fluid mechanics, spray evaporation,
and finite chemical kinetics, and its application to ramjets requires inclusion of choked flow due to the downstream
nozzle. For the work reported on here, test data employing liquid fuel injection far upstream of the flameholder
are utilized, so that the configuration is modeled as prevaporized and premixed. The model successfully correlates
these data, which include variations in combustor geometry, nozzle area ratio, and overall equivalence ratio.
The resulting correlation allows the prediction of combustion efficiency for the special case examined to date.
Work with the lean blowoff model is limited to comparison of the original model with results presented in the
literature.

Nomenclature
A = 7rp2AfD^/4maT*, with station subscript,

cross-sectional area, m2

A' = empirical constant
a = coefficient in 7^, usually 0.9
b = least-squares-fit y intercept
c — empirical constant
D, d = diameter, m
E = activation energy, cal/gmole
h = step height, m
k, k{ = empirical constants
L = characteristic length, m
Lc = combustor (excluding nozzle) length, m
Lf, = nozzle length, m
L, = reattachment length, m
/co = characteristic CO quench length, m
Quench = axial CO quench length, m
M = Mach number
ma = airflow rate, kg/s
R = gas constant, kcal/mole (or kg) K;

least-squares-fit correlation coefficient
sY\x = standard error of estimate
T = temperature, K
7, = aT2 + (1 - a)T4
V =' velocity, m/s
rjc = combustion efficiency
p = density, kg/m3

T = characteristic time, ms
TC = combustion time, ms
TCO = kinetic time for CO oxidation, ms
reb, TV = droplet evaporation time, ms
rib = (T4)=i/T2)reb
Tfi = time associated with fuel injection, ms
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Thc> Tid = ignition delay time, ms
The = (T^i/T2)Thc

rm = mixing time, ms
Tsi,co — shear layer quenching time for CO, ms
T^, T* = kinetic time for fuel and CO oxidation, ms
(f> = fuel-air equivalence ratio

Subscripts
c, comb = combustor
co = CO emissions
fi = fuel injection
opt = optimum
pz — primary zone
quench = reaction quenching
si = shear layer
17 = efficiency
2, 3, 4, 5 = station locations

Introduction

C URRENT designs for the ramjet combustor can suffer
from low combustion efficiencies, poor flame stabiliza-

tion limits, and combustion instability. In liquid-fueled sys-
tems, improving these aspects of performance is generally
accomplished by varying the number and location of fuel in-
jectors and flame stabilizers, or by adding a swirler in the air
inlet. Models of the combustion process, if available and ac-
curate, would reduce the time and cost of the development
process. However, finite difference techniques, using state-
of-the-art submodels for combustion chemistry, fuel evapo-
ration, and flow turbulence and their interactions, are not
presently capable of accurate performance predictions in these
complex recirculating flows.

Semiempirical models offer an alternative more useful in
the preliminary design and perhaps developmental phases;
these focus only on important regions of the combustor flow-
field and relate conditions there to inlet conditions and ge-
ometry. One such model is the characteristic time model, in
use in industry.1 An alternative but similar approach, devel-
oped first with laboratory flameholders and then extended to
both gas turbine efficiency and flame stabilization,2-3 will be
developed here for combustion efficiency and lean blowoff
limits for dump combustor ramjets.

Proposed Efficiency Model
An efficiency model developed for bluff-body flameholders

can be extended to ramjets. Tuttle et al.,4 using a disc-in-duct
117
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burner configuration with volatile fuel, treated the shear layer
surrounding the bluff-body recirculation zone as the relevant
reactor (instead of the entire combustor), and developed an
expression for CO emissions as follows:

Recirculation Zone

COEI = exp(-CTsl,co/<rco) (1)

where COEI is CO emissions index in grams of CO per kil-
ogram of fuel. The constant c allows Eq. (1) to be written as
an equality: Tuttle et al.4 found c = 9.45 based on a least-
squares-fit of their data.

For completeness, we modify the model to account for fuel
vaporization by adding an evaporative time reb as longer fuel
evaporation delays observed with jet fuel increased CO emis-
sions,4 so that

COEI - exp[-CTsl,co/(Tco + *Tcb)l (2)

where k is determined by fitting experimental data to Eq. (2)
and is necessary as characteristic times are order of magnitude
estimates of the actual times.4

Following Blazowski and Henderson,5 combustion ineffi-
ciency is taken as proportional to a weighted sum of CO and
HC emissions. Schmidt and Mellor6 found that CO and HC
quenched in essentially the same region of the disc-and-duct
combustor flowfield and were proportional to one another.
Thus, the following equation for efficiency is proposed:

^7c = kreb)] (3)

Here, r* is the characteristic time for the combination of CO
and HC oxidation in lean mixtures,2 and the value of A' is
also empirically derived. For ramjets, which generally exhibit
lower efficiencies than turbo jets, we retain the exponential
Eq. (3). Tuttle et al.,4 Schmidt and Mellor,6 and Leonard and
Mellor2 expanded the exponential in a power series in char-
acteristic time ratio, and showed that retaining only the linear
term was adequate for the disc-in-duct and for turbine en-
gines.

The postulated efficiency model will now be examined in
several stages, leading to an equation directly comparable to
that of Gallagher et al.,1 who also use characteristic times to
describe ramjet performance. First, step height or flame-
holder geometry effects will be considered. Then, the scale
in rs, co will be modified to account for finite combustor length.
Next, T* will be defined. Finally, the appropriate gas dy-
namics corresponding to the presence of a choked nozzle at
the exit of the combustor will be modeled, thus coupling both
r sKcoandr*.

Flameholder Geometry Effects
Let us examine how Eq. (3) includes combustor and ge-

ometry effects, first ignoring combustor length and exhaust
nozzle effects. The shear layer residence time, as defined by
Plee and Mellor's7 work with a tube-and-disc combustor, which
involved a sudden expansion at the end of a fuel preparation
tube, is

= (D3 - D2)/V2 - (D3 - (4)

for an axisymmetric tube-and-disc burner specialized here to
the dump burner geometry shown in Fig. 1. Further algebra
results in the following relationship:

Dl(2hlD3)(l - 2h/D3)2
(5)

where h is defined as (D3 — D2)/2. In this expression, as h
approaches the two limits of 0 and D3/2, rsl co and efficiency
approach the correct limit of zero. For the following analysis
fuel injection far upstream of the step is assumed, making
heterogeneous effects associated with fuel vaporization neg-

Cross Stream Fuel
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Reattachment Point
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Fig. 1 Liquid fuel ramjet schematic.

ligible. This restricts the results to a prevaporized premixed
ramjet (PPRJ).

Assuming negligible vaporization effects, the equation for
efficiency becomes

- exp[-A(2h/D3)(l ~ 2h/D3)2] (6)

where A is proportional to Dl and inlet air density, and
inversely proportional to mass flow rate and T*. Note that
taking the derivative of rs, co with respect to h in Eq. (5) and
solving for maximum efficiency results in hopt = D3/6. The
existence of an optimum step height has been observed, at
least for liquid-fueled systems.8

Combustor Length Effects
The previous model, developed for the tube-in-duct com-

bustor, does not explicitly account for combustor length ef-
fects. However, as Stull et al.8 experimentally determined and
as Gallagher et al.1 predict, for ramjets efficiency increases
with Lc. Mellor9 proposed the following definition of rsl co for
a gas turbine combustor:

= (i/dcomb + i//quench)-vv2 (7)

In gas turbine engines, /quench is defined by Mellor and Washam10

to be the downstream axial distance from the fuel injector tip
to where the station-average equivalence ratio falls below 0.2
due to air penetration jets. Thus, Eq. (3) can be written in
terms of this definition of rsl co as

kreb)] (8)

For ramjet combustors, with higher overall equivalence ra-
tios (and lower efficiencies), CO oxidation continues until the
products reach the nozzle, which may define quench length
equal to combustor length. Then /co is defined as

lco = (IID3 + l/Lc)-< (9)

or considering the sudden expansion (dump combustor) con-
figuration, where D3 — D2 is the radial characteristic length

^ = [l/(D3 - D2) + I/Lc]~l = (1/2/z + 1/L,)-1 (10)

Further algebra results in

rsuo oc Dl(2hlD3)(l - 2h/D3)2/[l + (2h/D3)(D3/Lc)} (11)

Note that the new term appearing in the denominator of Eq.
(11) suggests the optimal step height becomes a function of
LJD3. Assuming as before the prevaporized, premixed ramjet
(PPRJ), efficiency is a function of combustor geometry as
follows:

iyc = 1 - Qxp{-A(2h/D3)(l - 2h/D3)2

x [(LC/D3)/(LC/D3 + 2h/D3)]} (12)
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Fig. 2 Calculated combustor efficiency vs PPRJ combustor length to
diameter ratio (h = D3/6) using the gas turbine combustor definition
for shear layer residence time [Eq. (12)].

0.00

Fig. 3 Proposed relation between reattachment length and combustor
length [Eq. (13)], and average of Drewry's measurements.13

Figure 2 shows a graph of this expression for various values
of A and step height equal to D3/6.

An alternative approach to include combustor length effects
can be formulated as follows. In both the tube-in-disc and
disc-and-duct configurations, the flameholder dimension is
used as proportional to recirculation zone length.4J In the
sudden expansion flow of Fig. 1, Lr replaces recirculation zone
length.7 Thus, D3 - D2 (or 2k) is written in Eq. (4) as a
replacement for the (unknown) Lr. Yoon and Lilley11 found
that for nonswirling cold flow over a sudden expansion where
D3/D2 = 1.5 or 2, with no downstream blockage, Lr is equal
to about 8 step heights, with a Mach number of 0.045. Sim-
ilarly, So and Ahmed12 found Lrlh = 7.4 with a Mach number
of 0.03. Drewry,13 using his cold flow results for an axisym-
metric configuration (LC/D3 = 3.93, D2/D3 = 0.65, LJD3 =
0.39, where Ln is axial nozzle length, and D3 — 9.75 cm) with
a choked nozzle, and varying D* from 5.08 to 7.62 cm, found
values of Lr ranging from 7.5/z at an inlet Mach number M2
of 0.42 to 9.0/1 at M2 = 1.0. Combined with other results
found in the literature, he brackets the relationship between
reattachment length and step height by two linear equations,
L,. = 1.9h and Lr = 9.2/z, where the first equation is applicable
to lower inlet flow Mach numbers M2 ~ 0.5, and the second
to higher values M2 ~ 0.9.

With a downstream nozzle as in a short, compact ramjet,
L, is expected to become a function of Lc. Because no func-
tional relationship between Lr and Lc is available, the follow-
ing in the absence of a swirler is proposed, using the average
of Drewry's13 two equations (Lr = 8.55/z) at his LJD3 = 3.93
as a defining point (see Fig. 3):

Lr = 8.72/z[l - exp(-Lc/Z)3)] (13)

Equation (13), i.e., the specific value of 8.72, could be ad-
justed accordingly to reflect changes in Lr with reacting flow.

A = 5
A =10
A= 15
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A = 50

Fig. 4 Calculated combustor efficiency vs PPRJ combustor length to
diameter ratio (h = D3/6) using the reattachment length function [Eq.
(13)].

In either case, the exponential gives the correct qualitative
function for L, as a function of combustor length, and the
definition for rsUo becomes

rslxo - Lr/V2 = 8.72/z[l - exp(-Lc/Z)3)]/V2

rsl.co oc 4.36Z>?(2/z/D3)(l - 2h/D3)2

x [1- exp(7Lc/D3)] (14)

Again assuming negligible evaporation effects, Eq. (3) be-
comes

= 1 - exp{-4.36,4 (2/z/D3)(l - 2/z/D3)2

x [1 - exp(-Lc/D3)]} (15)

Figure 4 shows this efficiency equation for h = D3/6.
Although Eqs. (12) and (15) predict the same trends for

efficiency, a comparison of Figs. 2 and 4 for any value of A
at LC/D3 = 5 reveals a significant difference in predicted
efficiency. Following Tuttle et al.,4 who also studied toothed-
disc flameholders, and in these cases defined /co as the inverse
of the empirically weighted average of the reciprocals of the
two dissimilar characteristic lengths (tooth width and disc di-
ameter), we can use an empirical parameter k{ in Eq. (10) to
weight one of the also dissimilar PPRJ characteristic dimen-
sions (step height or combustor length) in /co:

/co = 1/LC) (16)

Given experimental data, k{ can be determined such that Eqs.
(12) and (15) yield comparable results for specific values of
A and LJD3.

The present efficiency model for ramjet combustors is given
by Eq. (8). For a PPRJ with reb - 0 by definition

(17)

Possible definitions of /co have been discussed above, leaving
the definition of r* to be addressed.

Effects of Operating Conditions
Schmidt and Mellor6 correlated kinetic effects on efficiency

for various fuels in a disc-stabilized combustor as follows:

T,, = 0.01 Gxp(E/RTvl) (18)

where E is the activation energy for lumped HC and CO
oxidation (chosen empirically as 4500 cal/g mole). Schmidt
and Mellor6 found that for a disc-in-duct burner and for gas
turbine combustors, as overall equivalence ratio increases,
exhaust emissions of CO and HC decrease. They then include
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equivalence ratio effects on efficiency by incorporating the
burned gas temperature, so that kinetic temperature depen-
dence is a function of the inlet and exit gas temperatures.
Schmidt and Mellor6 found best correlation for their disc-
stabilized flames with 7^ = Q.9T2 4- 0.1T4. The temperature
coefficients for a ramjet may not be weighted the same, as
the higher overall equivalence ratios result in higher down-
stream temperatures, allowing CO oxidation to continue.

Leonard and Mellor2 correlated turbine combustor effi-
ciency data, and redefined the HC and CO oxidation time for
lean primary zones as T*, where

< = TV, = 0.01 exp(E/RTJ if 0pz > 1.0 (19)

< - T,/^ if </>pz < 1.0 (20)

Here, </>pz is (average) primary zone equivalence ratio.

Nozzle Effects
Ramjet combustor models must account for a choked noz-

zle downstream of a duct with heat addition. For a given
nozzle area ratio, the nozzle entrance Mach number is essen-
tially constant. Any increase in heat addition (through changes
in either <f> for a given geometry or LC/D3 for a given </>) will
result in decreased combustor inlet Mach number and veloc-
ity. Thus in actuality r* and rsl co are coupled in a ramjet,
unlike a turbojet. This coupling can be accounted for using
one-dimensional gas dynamics analysis.

Experimental data from Craig et al.14-15 are available for
comparison with the PPRJ model. These workers, in studying
axial dump combustor efficiencies, injected JP-4 far upstream
(1.35 m) of the step to obtain a simulated PPRJ, allowing the
fuel to vaporize and mix with the inlet air before reaching the
step. Craig et al.,15 who investigated the effect of percent
flameholder blockage on efficiency and pressure losses, stud-
ied PPRJ efficiency with a dump combustor geometry similar
to Fig. 1, with D2 = 15.24 cm, D3 = 30.48 cm, LC/D3 = 3
and 4.5, and a nozzle length of 30.48 cm. Craig et al.,14 who
were attempting to correlate combustor performance with
nonreacting flowfield results, also studied PPRJ performance,
but with D2 = 10.16 cm, D3 = 15.24 cm, LC/D3 = 1, 2, and
3, and a 7.62-cm-long nozzle.

The calculation of characteristic times is a straightforward
procedure, provided that combustor geometry and inlet con-
ditions are known. Unfortunately, all of the necessary infor-
mation to make these calculations is not always measured in
ramjet tests. To use these experimental PPRJ data for model
correlation, it is necessary to calculate the combustor inlet
velocity V2, and the combustor exit temperature T4 from avail-
able information. A one-dimensional compressible flow ap-

f /////y/y//y///////////y^/yy///1/j
IConstant Area Heal AdditionlConstant Area Heat

from Station 3 to 4

i.-?^
So^s^cv^v^^^^^^^xs^^^v^^^^^^^^^

Fig. 5 Ramjet combustor schematic showing available information
and assumptions made to calculate V2 and T4. STANJAN is the ther-
mochemical equilibrium code (Reynolds16) that was used in the anal-
ysis.

proach is used to obtain these values. Figure 5 shows known
parameters at each station of the flow and assumptions made
to calculate the unknowns required for the analysis. A detailed
description of calculation steps is found in Prior.17

Lean Blowoff Model
A lean blowoff model developed with characteristic times

is also applicable to ramjets. Plee and Mellor7 correlate nearly
400 lean blowoff datum points using characteristic times gen-
erally equivalent to those of Gallagher et al.1 with slightly
different definitions and modifications, but focus on the shear
layer originating at the step lip, as in the combustion efficiency
model just discussed. These results are shown in Fig. 6. The
relations between the characteristic times from Plee and Mellor7

on the axes in Fig. 6 and those of Gallagher et al.1 are as
follows:

o.oiir;b-
where rr is

Tm

(21)

(22)

(23)

and rv is the vaporization time and rid is the ignition time.
Plee and Mellor7 found it necessary to modify their shear layer
time to include fuel penetration through the shear layer rfi
for the disc-in-duct combustor burning heavy fuels. rn may
also represent cross stream liquid fuel injection effects when
data from liquid fuel ramjets are examined in the future. r'hc
is the hydrocarbon ignition delay time, r'eb is related to the
droplet lifetime previously described (see Nomenclature), and
the coefficients are empirically obtained.

The correlation in Fig. 6 yields the following lean blowoff
limit, assuming a negligible y intercept:

^ = 2.12«c + 0.011r;b) (24)

Substituting Eqs. (21) and (22) into this limit allows rewriting
in terms of the characteristic times used by Gallagher et al.1:

T,,, = 2.12(rid + TV) (25)

Thus, Plee and Mellor's7 lean blowoff limit can be superim-
posed on the results of Gallagher et al., as shown in Fig. 7,
by dividing Eq. (23) by rm

Tc/Tm = I + (Tid + Tv)/Tm

and substituting the empirical relation Eq. (25):

Tc/rm = I + 1/2.12 - 1.47

(26)

(27)

9.6

8.4

7.2

6.0

4.8

3.6

2.4

1.2

0.0

STABLE
Lean Blowoff-
Limit

Configuration
O A

UNSTABLE

h.l2T'fl = 2.12(T'hc+.<
+ .095

I = .93 sYlx = .43
397 data

0.0 0.8 1.6 2.4 3.2 4.0 4.8

Fig. 6 Lean blowoff model (after Plee and Mellor7). Configurations
A, B, and C are different flameholder geometries and fuel insertion
methods.7
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i
H 2 . Lean Blowoff Limit of
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Fig. 7 Combustion time ratio vs fuel/air ratio (after Gallagher et
al.').

Represented as a horizontal line in Fig. 7, this limit corre-
sponds to the lack of ramjet operating points, which indicates
lean blowoff. Thus, in general terms the results of Gallagher
and coworkers are consistent with the analysis of Plee and
Mellor. Given appropriate values of inlet velocity, combustor
geometry, inlet temperature, fuel type, etc., lean blowoff lim-
its using Eq. (24) can be calculated in terms of explicit fuel/
air ratios.

Prevaporized, Premixed Ramjet
Efficiency Correlations

Validation of the efficiency model [Eq. (17)] is best accom-
plished if the equation is rewritten as a linear expression:

/„(! - TJC) = -A'T^Jr* = -A'UVtf (28)

A' is then the slope of the least-squares-linear fit of the data.
For a given geometry, kinetic effects through T* will be ex-
amined first.

Inefficiency vs 1/r* for each of the five PPRJ configura-
tions is shown in Fig. 8. Recall from Eqs. (19) and (20) the
definition of r* and its dependence on </>pz. For ramjets,
without secondary air injection as in turbo jets, </>pz is taken
as (/>. For the data shown in Fig. 8, T2 = 550 K, and as </> is
increased for a given combustor geometry, both j]c and T4
increase.

Figure 8 shows that the data do follow the expected trends
of increasing efficiency with equivalence ratio, and least-squares-
linear fits of the data for a given geometry are represented
by straight curves through the data. The data for the fourth
combustor (LJD3 = 3, D3 = 30.48 cm) deviate from the
relationship demonstrated by the other four geometries, and
are not monotonic with exp( - 1/r*).

Other dependencies of T^ on T2 and T4 were examined via
the coefficient a in T^ = aT2 + (1 - a)T4 to see if correlations
superior to those in Fig. 8 (with a = 0.9) resulted, particularly
for combustor number four. The optimal value of a was 0.95,
but the improvement in average correlation coefficient was
so marginal (0.975 rather than 0.974 for those fits shown in
Fig. 8), that the a = 0.9 was retained.

Equation (28) is evaluated twice to account for both defi-
nitions of /co. Rows 1 and 2 of Table 1 present the value of
A', the y-intercept b, the correlation coefficient R, and the
corresponding standard deviation of the correlation (sY|x)
for each case. Table 1 shows that the correlation qualities are
independent of the characteristic CO quench length defini-
tion. Although the two values of A' are different, the cor-
relation coefficients are the same. An explanation of this is
found in Figs. 2 and 4, which show that different numerical
values of the constant A (or A'} are required to produce
identical correlations for the two definitions of/co investigated.
A representative efficiency correlation corresponding to Eq.
(10) for /co is shown in Fig. 9 in terms of Eq. (17) rather than

Fig. 8 Inefficiency vs exp( — I/T*) for five combustor geometries.
Here 7\, = 0.972 + 0.1 T4, and #ave is the average of the correlation
coefficients for the five least-square-fits shown as solid lines.

Eq. (28). If combustor four exhibiting scatter in Fig. 8 is
excluded from the correlation, R improves to 0.991 with sY\x
= 0.06 for the Eq. (10) definition of /co.

In an effort to improve the correlations, empirical constants
can be used in the two definitions of /co. As discussed pre-
viously, Tuttle et al.4 defined /co as the inverse of the weighted
average of the reciprocals of two dissimilar characteristic lengths
[Eq. (16)]. For the reattachment length definition of /co [Eq.
(13)], it was assumed previously that reattachment length con-
tinued to increase with combustor length until a maximum Lr
was reached at LC/D3 = 4 or 5 (Fig. 3). However, Lr may
reach a maximum at smaller LC/D3, in which case an empirical
factor is used in Eq. (13)

lco = L, = 8.72/z[l - exp(-gLc/D3)] (29)

where g is empirically determined from the best fit of the
experimental data.

With these two definitions of /co, Eq. (28) is again utilized
to determine new values of A' and R for the correlations. The
statistics for the optimum correlations are presented in Table
1. For /co = ll(kJ2h + 1/LC), the best occurs with k{ = 0,
but is misleading as /co reduces to Lc in this case. This defi-
nition of /co does not account for step height, which is expected
to affect efficiency to a greater extent at values of h/D3 closer
to 0 and 0.5, as discussed previously. Equation (29) reduces
to 8.72g(/zAD3)Lc. for g = 0.001, implying that rsl co is a function
of step height-to-diameter ratio and Lc. Both of these results
verify that the experimental range of h/D3 variation (0.167-
0.25) is too limited with the present data to verify the pos-
tulated dependencies of both definitions of /co on step height.
However, testing with values of h/D3 outside this range may
not be possible due to flame extinction: a curve of blowoff
equivalence ratio vs h/D3, derived from the model of Plee
and Mellor,7 shows the leanest limit occurs at the same op-
timum range of h/D3, and blowoff equivalence ratio ap-
proaches infinity as h/D3 approaches either zero or one-half,
the inverse dependence of combustion efficiency.

To this point it has been assumed that CO quenching occurs
at the combustor exit plane. However, for shorter ramjet
combustors, CO oxidation may continue into the nozzle if the
combustion gas temperature is sufficiently high. Gallagher et
al.,1 in developing their combustor efficiency time model,
chose to use the combustor length plus the nozzle length Lc
+ Ln in their definition of characteristic residence time.18 For
the efficiency model studied here, nozzle length can be in-
corporated into the definition of /quench> because </> remains in
excess of 0.210:

1/(LC (30)

Nozzle length is not included in the reattachment length def-
inition of /co, because Lr is not expected to be a function of
nozzle length, but of downstream nozzle position. Table 1
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Table 1 Parameters examined to optimize efficiency correlations for data of Craig et al.11'12

Variation A'

/CO

/CO

/CO

/CO

/CO

/CO

/CO

/CO

= [1/2/z +
= 8.72/z[l
- [kt/2h H
- 8.72/i[l
= [£,/2/2 H
= [*,/2/i H
= (1/2/2 +
= 8.72/z[l

1/LJ-1

- exp(-Lr/Z>3)]
h 1/LJ-1

- exp(-gLc./D3)]
- 1/(L(. + L,,)]-1

- 1/(L(. + L,,)]-1

- exp(-L,/D3)]

/.(I - T/r)

1.1355
0.2249
0.1188

50.341
1.0099
0.0906
0.3878
0.0789

6
i - -A'lJV2r

0.4015
0.3016
0.2186
0.0292
0.2149
0.1199
0.0291

-0.0095

R

0.940
0.937
0.991
0.988
0.926
0.986
0.951
0.949

sY\x

0.0866
0.0803
0.041
0.052
0.100
0.0519
0.074
0.0717

Optimum

fc, = 0
g - 0.001
k, = 1
^ = 0
a - 0.74
fl - 0.74

Figure

9

10

9

a = 0.90

Fig. 9 PPRJ inefficiency model using /co = l/[l/2h + 1/LJ for two
values of a in 2T .
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DS O Lc/D3 = l

A Lc/D3=4.5

0.0 0.2 0.4 0.6 0.8 1.0

Fig. 10 PPRJ inefficiency model using /co = l/[l/2h + 1/(LC + L,,)].

shows that the correlation coefficient using Eq. (30) is essen-
tially the same as the value of R determined using only Lc in
the definition of /co, but the standard deviation has increased
15%, implying that the inclusion of nozzle length in the model
will not improve the correlation, but will in fact be a detriment
(see Fig. 10). An attempt to optimize the correlation using
Eq. (30) results in k{ == 0 as before, with the corresponding
information provided 'in Table 1.

A value of a = 0.9 in 7^ has been used for all of the
correlations discussed to this point in Table 1, based on the
results shown in Fig. 8, where V2 was assumed constant for
various values of 0. However, for ramjets geometry (rslco)
and operating conditions (T*) are as noted coupled due to
the presence of the choked nozzle (V2 and T4 both depend
on $). Therefore, Eq. (28) was reoptimized with respect to
a in 7^ for both definitions of /co, and the results are found
in Table 1. With optimal a = 0.74, the correlation quality
increases and the standard deviation decreases compared to
values using a = 0.9 for identical /co definitions. Of more
significance, the y intercept b for each correlation becomes
less than one standard deviation, in agreement with the orig-
inal model Eq. (17) for which b = 0 (so that eh — 1). Figure
9, which also shows the efficiency correlation corresponding

to Eq. (10) for /co with a = 0.74, shows that only the slopes
in Eq. (17) have changed, without significant decrease in scat-
ter.

Conclusions
Previous characteristic time efficiency models developed for

laboratory flameholders and gas turbine combustors include
expected trends for a PPRJ geometry (premixed gaseous fuel
and air, but finite ignition delay). A corresponding lean blowout
model is generally consistent with data reported by Gallagher
et al.1 Applying the efficiency model to PPRJ data from Craig
et al.14-15 has been successful, once the inlet velocity has been
determined from the available experimental data. In rsl co, two
definitions of characteristic length, one a function of two
dissimilar lengths (step height and combustor length), and the
other based on the reattachment point of the recirculation
zone, have been used to model the data with equal success.
Weighting of the two dissimilar lengths in the definition of /co
improves the model, as does varying the shape of the Lr vs
LC./D3 relationship in Fig. 3.

Based on the limited datum set for PPRJs available in Craig
et al., two preliminary design equations for combustion
efficiency are recommended: either uses Eq. (18) and (20)
with T; = 0.97; + 0.1 T4 to define kinetic effects, but two
choices for characteristic length /co remain. For that based on
gas turbine correlations, Eq. (10), the efficiency equation is

(1 - TJC) - 1.49exp(-1.136TsUo/T*) (31)

and for /co defined in terms of reattachment length, Eq. (13)

(1 - if,) = 1.35 exp(-0.225rsKco/<) (32)

Alternative and equally good correlations with near-unity
coefficients on the exponential term can be obtained from the
information presented in Table 1.

Additional PPRJ data are required with more substantial
variations in step height to combustor diameter ratio to as-
certain its proper inclusion in the model proposed here. Fur-
ther data with T2 variations would better test the current
definition of T*, and effects of inlet swirlers and flameholders
in addition to the sudden expansion should be added to the
model as well.

The eventual goal of the modeling is the liquid-fuel ramjet
(LFRJ), for which reb in Eq. (3) is nonzero. However, most
of the previous characteristic time modeling has been per-
formed for the case of sufficient liquid fuel injection into the
shear layer so that it will be stoichiometric, as is design prac-
tice for conventional gas turbine combustors, and as was found
with the laboratory flameholders burning volatile fuels. In
such cases model equations presented above apply, with drop
evaporation time nonnegligible. Thus, combustion efficiency
will decrease and lean blowoff equivalence ratio will increase
as drop lifetimes increase, and PPRJ performance, evaluated
at an overall equivalence ratio of unity, represents the stan-
dard of comparison for this type of LFRJ. Prior to accounting
for nonstoichiometric shear layers, as discussed by Gallagher
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et al.,1 due to cross-stream liquid fuel injection, the simplest
LFRJ configuration to model next is that with stoichiometric
shear layers.

As noted previously, Plee and Mellor7 and Leonard and
Mellor2 introduced a fuel injection characteristic time rfi to
model fuel penetration effects with heavy fuels in lean blow-
off. As seen from Eq. (24), this characteristic time enhances
stabilization, as it adds to the shear layer mixing time.
Choudhury19 observed similar effects with transverse gas in-
jection in dump burner configurations. Cross-stream injected
LFRJs represent the logical consequent sophistication in the
modeling, to be followed with model development for a LFRJ
with staged (both cross stream and shear layer injection) com-
bustion zones. In this last case fuel flow split to the two in-
jection locations becomes a new design variable for optimi-
zation (and perhaps active control) of performance.
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