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Scramjet Fuel-Air Mixing Establishment in a Pulse Facility

R. Clayton Rogers* and Elizabeth H. Weidnert
NASA Langley Research Center, Hampton, Virginia 23665

A numerical simulation of the temporally developing flow through a generic scramjet combustor duct is
presented for stagnation conditions typical of flight at Mach 13. The particular focus is to examine the startup
transients and to determine the time required for certain flow parameters to become established. The calculations
were made with a Navier-Stokes solver SPARK with temporally relaxing inflow conditions derived from the
operation of the T4 shock tunnel at the University of Queensland in Australia. The generic combustor geometry
includes the injection of hydrogen fuel from the base of a centrally located strut. The flow was assumed laminar
and fuel combustion was not included. The establishment process is presented for viscous parameters in the
boundary layer and for parameters related to the fuel-air mixing.

Nomenclature
Cy = skin friction coefficient
G, = normalized C; in transient flow case, C,VRe
G, = Stanton number
C, = normalized C, in transient flow case, C,VRe
f = fuel mass fraction
fr = fuel mass fraction that is reactable
G, = characteristic flow time
k = thermal conductivity
L, = characteristic length
M = Mach number
HWig = mass flow ratio
p = static pressure
Pr = Prandtl number
P, = stagnation or nozzle supply pressure
Re = Reynolds number
T = temperature
T,, = adiabatic wall temperature
t = time
U. = characteristic velocity
u = local velocity
x,y = longitudinal and transverse coordinates
Yo = location of upper wall boundary, 0.02357 m
) = boundary-layer thickness
&* = displacement thickness
Mo = mixing efficiency parameter
0 = momentum thickness
P = mass density
T, = establishment time
0] = fuel equivalence ratio
Subscripts
e = boundary-layer edge conditions
in = inflow plane conditions
N = normalized values
w = wall values

Introduction

ESEARCH related to the operation of a scramjet engine
at conditions corresponding to flight at.speeds above
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Mach 8 have been underway at both government and uni-
versity laboratories. The high stagnation energy of the flow
required to simulate these conditions exceeds that which can
be readily obtained from ground facilities in which the test
gas is heated by an electric arc or by combustion. The test
facility of choice has been a shock tube that heats the test
medium by the passage of a strong shock wave. Test facilities
of this type (called reflected shock tunnels) at the Australian
National University (named T3) and the University of
Queensland (named T4) in Australia have led in the exper-
imental testing and study of fuel-air mixing and combustion
phenomena in a scramjet at hypervelocity conditions. A re-
cent review of these facilities' and typical examples of the
experimental research?? have been presented.

With the renewed interest in transatmospheric flight, other
facilities capable of producing test gas flows at energy levels
typical of hypervelocity flight have been constructed. Two
such facilities are NASA’s HYPULSE Facility at the General
Applied Science Laboratories in New York*> and the free-
piston-driven reflected shock tunnel T5 at GALCIT at the
California Institute of Technology.® Although capable of sup-
plying a test gas with the stagnation enthalpy level of hyper-
velocity flight, these pulse facilities generally lack the stag-
nation pressure needed for a full simulation at flight altitude.
However, for scramjet combustor research, the expansion of
the shock tunnel flow is used to produce a short pulse of test
gas at conditions typical of those expected at the entrance to
a scramjet combustor. In addition to the short test time (on
the order of a millisecond) the flow may be transient through-
out the useful test period between the flow establishment and
the arrival of driver gases. The short test times are of concern
when doing mixing and combustion experiments related to
scramjets because of the time required for certain important
flow processes to become established or to reach a stable
condition. In addition, the possibly transient flow may delay
the approach of certain flow parameters to a quasisteady state.

In a previous study’ the flow from a shock tunnel through
a generic scramjet combustor was numerically modeled for
cases with steady and transient inflow. The focus of that study
was to examine time-accurate numerical simulations of the
facility flow through the scramjet combustor duct and assess
the time required for certain parameters to become estab-
lished. Among these parameters were the size of the recir-
culation zone formed at the base of a fuel injector strut (with-
out fuel injection), boundary-layer thicknesses, shear stress
along the duct wall, and the heat flux to the cold wall.

The goal of the current work is to include the effect of fuel
injection from the strut base on both the flow starting process
and the approach to a stable or quasisteady (if transient flow)
condition. For the conditions corresponding to Mach 13 flight
enthalpy, this flow was examined by the assumption that the
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condition of a parcel of fluid in transient flow may be related
to a reference state at an earlier time, which is sometimes
referred to as the hypersonic equivalency principle.®

Numerical Model and Analysis

Computational Model

The numerical simulation of the flow from a reflected shock
tunnel (pulse facility) through a generic scramjet combustor
was performed with the Navier-Stokes solver SPARK which
has been previously applied to a range of supersonic mixing,
combustion, and nozzle flows.>~!! This computer code solves
the full Navier-Stokes equations and the conservation equa-
tions for energy, mass, and species for the mixing of hydrogen
fuel with air. The calculations were made assuming laminar
flow and without combustion of the fuel; both turbulence and
chemical reaction will be included in subsequent studies. Tur-
bulence was excluded because of the added numerical com-
plexity involved in modeling the transition from laminar flow
during the flow startup process, particularly with transient
inflow. The code was run in a time-accurate manner on a Cray
Y-MP supercomputer.

Combustor Geometry

The geometry of the two-dimensional combustor duct mod-
eled in this study is presented in Fig. 1. The hydrogen fuel
was injected parallel to the airflow from a Mach 3.3 nozzle
that effectively covered the base of the central strut. In ap-
plying the SPARK code to the duct flow, only the top half
of the duct was considered and the portion of the strut that
extends upstream of the duct entrance plane was neglected.
Thus, the computational domain was two-dimensional with a
rearward-facing step tepresenting the strut base. The center
plane of the duct was assumed to be a plane of symmetry.
The computational domain was discretized over a mesh with
288 by 86 grid points in the x- and y-coordinate directions,
respectively, and was highly compressed in regions near the
wall boundaries and at the strut base where large gradients
in the flow parameters were expected. Minimum grid spacings
in the x-direction were 0.1 cm at the inflow plane, and 0.025
cm at the strut base. In the y-direction, the grid had minimum
spacing of 0.005 cm at the upper and lower boundaries and
at the top of the strut. As is usual in a numerical procedure,
the grid nodes within the strut were reset to the starting con-
ditions after each integration step. Additional details of the
grid-stretching procedure used in these calculations may be
found in Ref. 7; general details are in the paper by Roberts.!?

Initial Conditions

Boundary conditions along the wall boundary (aty = 2.357
cm) were set to the usual no-slip velocity condition, zero
gradients for the pressure and species, and fixed wall tem-
perature of 300 K. Fuel injection was specified by values of
pressure, temperature, and velocity over 0.45 cm of the 0.50-
cm strut base to approximately include the finite thickness of
the injector lip. The inflow conditions were modeled after
those for a typical run of the T4 reflected shock tunnel when
fitted with a Mach 5 contoured nozzle and operated for scramjet
testing. For this mode of operation, the stagnation pressure
of the shock tunnel decays with time from a peak value as
shown in Fig. 2, so as to delay the arrival of the driver gas.
Additional details of this mode of operation for scramjet test-
ing is given in Ref. 7. The stagnation pressure (or nozzle
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Fig. 1 Generic scramjet combustor duct geometry.
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Fig. 3 Typical conditions at exit of T4 Mach 5 nozzle.

plenum pressure) reaches a peak value of about 62 MPa and
then decays in a generally exponential manner during the run
time. This pressure history was fit with a cubic function during
the rise time from incident shock arrival to the peak and a
decaying exponential function from then on.

The conditions at the inflow of the combustor were ob-
tained by expanding the nozzle plenum conditions through
the nozzle area distribution using a one-dimensional real-gas
code. The nozzle exit conditions, taken to be the same as the
combustor entrance, were then fit with appropriate functions
to obtain temporal variations given in Fig. 3. In Fig. 3, time
zero is set to be the arrival of the test gas at the combustor
duct entrance; the curves were used to specify the inflow
conditions for the transient case. For the steady inflow case,
nominal inflow conditions were a pressure of 21.5 kPa, tem-
perature of 1165 K, and a velocity of 3670 m/s which corre-
spond to the nominal stagnation pressure of 53 MPa at 0.5
ms after the incident shock arrival.

Injector Conditions

Injection of the hydrogen fuel from the strut base was spec-
ified by values of pressure, temperature, and velocity to give
a stoichiometric fuel flow for the nominal steady airflow con-
ditions. The injector exit conditions were determined assum-
ing Toom temperature (300 K) hydrogen undergoing an is-
entropic expansion from the sonic throat to the exit area. The
pressure, temperature, and velocity of the fuel injector exit
were 5050 Pa, 94 K, and 2420 m/s, respectively.

In normal operation of the T4 shock tunnel, the fuel flow
is started some 5 ms before the test gas flow, so that when
the test gas arrives at the combustor duct entrance the duct
is full of hydrogen and the fuel flow is at steady state. To
simulate this operation for the numerically modeled flow start-
ing process, a calculation was made with jet only. The com-
putational boundary conditions at the duct entrance were de-
signed to permit outflow of jet gas or entrainment of test
cabin air. If the flow velocity was positive—indicating an
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inflow—then the pressure and temperature at the inflow plane
were set to the initializing values of 300 Pa and 300 K, re-
spectively, and the fuel mass fraction to zero. If the velocity
was negative—indicating an outflow—then the pressure,
temperature, and fuel mass fraction were held constant (zero
gradient). After running for a sufficient time for the overall
flow in the duct to reach steady state, these results were used
to start the cases with steady and transient inflow air. Results
from the calculation of the jet-only case are given in Fig. 4
and show the pressure field and hydrogen mass fraction field.

Computed Cases

Using these jet-only results to set the initial conditions in
the combustor duct, the SPARK code was used to compute
the flow through the combustor duct for two flow conditions:
1) a steady inflow at nominal conditions given previously; and
2) a transient inflow shown in Fig. 3. The calculations were
made in a time-accurate manner for a total flow time of 1 ms.
Because the hydrogen fuel that filled the duct at time-zero
has a high sonic velocity (about twice that of the incoming
air), the steep gradients between the inflow air shock front

Pressure, contour interval = 100 Pa
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and existing velocity gradients in the hydrogen fuel plume
caused some difficulty in obtaining a stable solution. In mak-
ing these calculations the numerical stability factor (CFL num-
ber) was varied linearly from 0.1 to 0.8 over the first 18,000
time steps. Generally, the damping coefficients, which were
based only on pressure, were set to 1.8 for all times. The
exclusion of temperature from the damping terms permitted
a more reliable representation of the thermal boundary layer
for these cases with a cold wall, and therefore, of a heat flux
parameter. '

Procedures

The focus of this study was to examine the establishment
process for mixing in a scramjet combustor for the impulsively
started flow from a shock-tunnel facility. The following par-
agraphs will briefly present the concept of establishment and
the procedure used in this article to define the establishment

- times of selected parameters. Before discussing this procedure

.50 ms

it is helpful to observe the features of the flow development
for the steady and transient inflow cases.

Flow Structure and Development

A comparison of the developing flow is shown in Fig. 5 for
conditions of steady and transient inflow. For each case the
pressure contours at intervals of 1000 Pa and contours of
hydrogen mass fractions are given at the times indicated. For
ease of visualization the vertical coordinate has been stretched
by a factor of five in each of the contour plots. The shock
front of the test gas interface with the hydrogen fuel is quite
evident in the fuel plume and pressure contours. As the air-
flow continues through the duct, the shock structure becomes
more established and after about 0.20 ms, the major features
and shock train have been formed in both the steady and
transient cases. The contours of hydrogen mass fraction depict
the effect of the hot, high-speed air pulse on the development
of the fuel plume. Once the air shock front passes the strut
base, the lower density hydrogen is effectively blown off and
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Fig. 5 Evolution of the pressure field and fuel plume for steady and transient inflow.
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must be re-established. After sufficient flow time—approx-
imately 0.20 ms—the structure of the fuel plume is established
and remains nearly unchanged. Although calculations were
made for a 1 ms flow time, results after 0.5 ms are not shown
since no significant differences were evident.

It can be seen in these results that the transient case de-
velops more slowly than the steady case as a result of the
required rise time to the peak values. The average shock
speeds were estimated to be approximately 4200 m/s upstream
of the strut base and 4500 m/s downstream of the strut base
for the steady inflow case. For the transient inflow case, the
shock accelerated from about 2900—-3200 m/s from the inflow
plane to the strut base and reached an average speed of about
3800 m/s downstream of the strut when the hydrogen fuel
plume was encountered.

Normalization for Transient Flow

An example of the overall flow establishment can be illus-
trated by the conservation of mass since it is an integral quan-
tity of the flow. The air mass flow ratio wiz = m,/m,, where
i, is the mass flow rate of air (per unit width of the duct) at
location x, and r1, = pu;,Ay is the mass flow rate at the
duct inflow of height Ay. The variation of this parameter as
a function of time is presented in Fig. 6 for the steady and
transient flow cases. For the transient inflow case, the mass
inflow value was adjusted to account for the time delay be-
tween the inflow plane and the local x position, assuming a
nominal flow velocity of 3670 m/s. This procedure,®in general,
can be illustrated for a parameter g by the equation

q(x, t)

490 = et — o)

(M

where the time delay is given as

X — X;
&t = ——=
Ui

The application of this procedure provides a means of nor-
malizing the flow parameters by following a parcel of flow
downstream. For the mass flow ratios given in Fig. 6, the
passage of the air shock is noted by the rapid rise in the mass
flow. For the steady case, the mass flow is conserved and 1,

Steady
1.2 ¢
f\. iy
X, m
m, — 0.114
— — 0.185
—-— 0.201
-0 0.350
— 0497
12 - Transient
il
X - Establishment
0.8 gl
) i
mR
0.4}
i
1
0.0 [P I L 1 1 —
0.0 0.2 0.4 0.6 0.8 1.0

t, msec
Fig. 6 Conservation of mass flow.

approaches a stable value of unity throughout the duct after
about one passage of the flow through the domain. For the
transient case, with the inflow value adjusted to the earlier
time by the application of Eq. (1), the mass flow ratio also
approaches unity and a stable or “established” value after
about two flow passes. As an indicator of the overall flow
establishment the mass flux ratio verifies the use of shifting
to an earlier time to obtain quasisteady conditions throughout
the flow.

The time taken for the flow parameter to approach an
established (or stable) condition is represented by the char-
acteristic flow time parameter

G, = Uxs,/L,

where the establishment time 7, is measured from the time -
of flow arrival. The U, and L, are characteristic values of the
velocity and length. Typical values of this parameter are G,
= 2 for the boundary layer on a flat plate in laminar flow,
and G, = 1 for turbulent flow.” The establishment of the mass
flow ratios (Fig. 6) corresponds to values of G, of about 1.1
and 1.5 for the steady and transient cases, respectively.

Establishment Time

In the following paragraphs parameters are examined with
regards to the time it takes to reach an established (or stable)
value. For the steady inflow case, steady values were obtained
by averaging the parameters over the time interval 0.8-0.95
ms. This interval provided for at least one flow pass through
the duct. The maximum deviation of the parameter from this
mean (steady) value was found within the averaging time
interval and used to define the error band. An estimate of
the establishment time was then found by searching backward
in time until the parameter value was outside the error band.
The error band was taken as twice the maximum deviation,
with a minimum value of 2.5%. Visual examination of the
parameter histories aided in the interpretation of the estab-
lishment time estimates.

For the transient inflow case, the parameters were (usually)
normalized by the appropriate application of Eq. (1). How-
ever, the determination of a steady value was not usually
possible and the parameters approached an asymptote late in
the flow time. The onset of this near-linear variation was taken
as indicative of the flow “establishment” for the transient
case. In some cases, the parameters’ histories were filtered
over a time interval of 0.1 ms to eliminate periodic oscillations
about an apparent mean. Examination of these filtered his-
tories resulted in more consistent values of establishment times.

Results and Discussion

Boundary-Layer Parameters

The first indicators of flow establishment were those pa-
rameters dominated by the viscous layer near the wall. These
“boundary-layer” parameters include the boundary-layer
thickness, the displacement and momentum thicknesses, and
the skin friction and heat flux. At each x-location the bound-
ary-layer conditions were estimated by averaging over the 10
points just beyond the edge. The boundary-layer thickness
was the location where the velocity was within 99% of the
edge value. The displacement and momentum thicknesses
were computed from the usual definitions. The temporal de-
velopment of 8 and 6* on the wall at the strut base (x = 0.114
m) and the duct exit (x = 0.497 m) are given in Fig. 7 for
the steady and transient inflow cases. The momentum thick-
ness exhibited the same relaxation character as the displace-
ment thickness. For the steady inflow case 6 and 6* achieve
definite steady-state values. For the transient case 6 and §*
appear to reach ‘“‘steady” values, particularly at the 0.114 m

_location, but exhibit an increasing trend at the duct exit po-

sition. Estimates of the establishment times for these param-
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Fig. 7 Variation of boundary-layer thicknesses with time.

Table 1 Establishment times for
boundary-layer parameters

x-location, cm

Parameter 11.4 20.1 49.7
C, s 0.21 0.28 0.61
t 0.47 0.52 0.70

C,, s 0.19 0.17 0.61
f 0.47 0.43 0.71

8, s 0.12 0.21 0.59
t 0.38 0.42 0.60

8%, s 0.13 0.20 0.58
t 0.39 0.47 0.62

0, s 0.12 0.21 0.52
t 0.35 0.43 0.59

s = steady. ¢ = transient.

eters are given in Table 1, where s and ¢ refer to steady and
transient cases, respectively.

The coefficient of skin friction and heat flux (Stanton num-
ber) are defined

du
# |,
Cf= 1 (2)

— u2
Zpe e

8_7_’
|,
peuecpw( Taw -

k

Ch = Tw) (3)

The thermal conductivity & was obtained from the definition
of Prandtl number (taken to be 0.71), assuming air at the wall
at 300 K to get values of specific heat and viscosity. These
parameters are indicative of the friction and heat flux for the
purposes of deducing flow establishment time issues, but be-
cause of insufficient numerical resolution of the velocity and
temperature gradients at the wall, should not be taken as
predictive values in the scramjet combustor flow. For the
transient case, average conditions at the local boundary edge
were adjusted to account for the flow delay by the application
of Eq. (1).

The temporal development of these parameters is shown
in Fig. 8 for the steady and transient inflow conditions at x
locations of 0.114 and 0.497 m. For the steady inflow case,
both parameters decay to steady values and C, is about half
of the C;. For the transient inflow case (shown in the middle
of Fig. 8) the parameters were computed by replacing the
edge values with time varying density, velocity, and temper-
ature values at the inflow, adjusted for the flow time delay.
In spite of this adjustment C;and C, do not approach a steady
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Fig. 8 Variation of skin friction and heat flux with time.
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Fig. 9 Variation of equivalence ratio with time.

value but rather reach a minimum and then exhibit a fairly
linear increase. Values of the estimated establishment times
for these parameters were taken to be indicated by the point
where the histories approached a linear variation and are
given in Table 1. In another attempt to relate local values of
C; and C, to some stable value in the transient flow, they
were_correlated with Reynolds number by defining parame-
ters C; = C/VRe,, and C, = C,VRe, where Re, is the
Reynolds number using inflow properties and based on the
flow distance. These parameters are shown in the bottom part
of Fig. 8 and indicate an improvement in the approach to
quasisteady values. Estimates of the establishment times for
these parameters were essentially the same as estimated for
the local values (in the middle of Fig. 8).

Mixing Parameters

The approach of the hydrogen-fuel jet to an established
condition was examined by the equivalence ratio and the ac-
complished mixing parameter. The variation of equivalence
ratio with time is given in Fig. 9. For the steady inflow of fuel
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this parameter illustrates the approach of the overall flow to
an established condition. Compared with the mass flow ratio
in Fig. 6, the equivalence ratio includes the delay required to
re-establish the fuel flow. For the steady case, ¢ at the exit
plane (x = 0.5 m) approaches an established value after a
characteristic time of about G, = 1.8 (after flow arrival) com-
pared with G, = 1.1 for the mass flow. Referencing the es-
tablishment to the fuel jet, with exit velocity of 2.4 km/s, the
characteristic time is about G, = 1.3 after the flow arrives at
the exit. This value is slightly greater than the mass flow time
but warrants further examination to assess the full effect. For
the transient case an equivalence ratio parameter was defined
(dn = ¢/, as the local equivalence ratio referenced to the
equivalence ratio ¢,.; based on the inflow air mass flow rate
adjusted for the time delay by Eq. (1). Since the mass flow
of fuel is steady, ¢, is the ratio of the overall mass flow (an
inverse of 1), but includes the additional time needed for
the fuel flow to become re-established.

The mixing efficiency parameter histories are shown in Fig.
10 for the steady and transient inflow cases. This parameter
is defined as the fraction of total fuel at each location that
could completely react. That is

J’pufR dy
M =

[ ouray

where fis the mass fraction of fuel and f is the mass fraction
that is reactable to completion. This reactable mass fraction
is the local fuel mass fraction at points where the mixture is
lean and is equal to the stoichiometric fraction where the
mixture is fuel rich. The histories of the mixing parameter
exhibit the effect of the starting shock and for the steady
inflow case, reach establishment at progressively later times.
The unsteadiness of 7,, at the later time at x stations 20.1 and
35.1 em is likely due to the shocks and expansions near these
locations. Estimated establishment times for the steady flow
case are given in Table 2.

For the transient inflow case, the mixing parameter reaches
a maximum and then begins to decay in a nearly linear man-
ner. The maximum at each location occurs about 0.3 ms after
the arrival of the initial shock. This time delay is about the
same as the rise time of the transient inflow conditions (see
Fig. 2) when the mass flux is maximum. As with the other
parameters, the establishment time for the transient flow was
taken as the point at which the mixing parameter approached
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Fig. 10 Variation of fuel mixing efficiency with time.

Table 2 Establishment times for fuel
mixing parameters

x-location, cm

Parameter 11.4 20.1 35.1 49.7
Yedges S 0.25 0.21 0.34 0.38
t 0.52 0.54 0.57 0.57
br, S 0.14 0.21 0.20 0.28
t 0.51 0.54 0.60 0.68
Ny S 0.12 0.18 0.26 0.35
t 0.54 0.56 0.60 0.66
A, s 0.06 0.09 0.15 0.21
t 0.07 0.10 0.21 0.28

s = steady. ¢ = transient.
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Fig. 11 Establishment times for boundary-layer parameters.

a constant (linear) decay rate. Estimated values of establish-
ment times (in ms) are given in Table 2.

Flow Establishment

The estimates of establishment times as described above
and listed in Tables 1 and 2 are plotted on an x-f diagram in
Figs. 11 and 12. The path of the air shock front through the
duct is included in each plot. For the transient inflow cases,
the broken line is the approximate path of the inflow at the
peak pressure (delayed by 0.28 ms) condition. The boundary-
layer parameters in Fig. 11 indicate establishment for the
steady inflow case of about three to four flow times (G, =
3-4) after shock passage. For the transient case the estab-
lishment times are about the same, but relative to the peak
pressure line, only about two flow times.

The establishment times of the fuel mixing parameters are
given in Fig. 12. The dotted line from the shock path at x =
0.114 m to the duct exit represents the path of the fuel jet,
with a constant injection velocity of 2420 m/s. Two charac-
teristic time scales are given, one based on the arrival of the
initial shock (airflow velocity) and one on the fuel jet velocity.
Both scales are measured from the flow arrival time at the
duct exit. For the steady inflow case the mass flow ratio be-
comes established as the fuel jet is re-established. The mixing
parameters (7, ¢) require about one characteristic time after
the jet flow reaches the duct exit. With transient inflow the
mixing parameter establishes in about three characteristic times
after the jet flow has re-established. The normalized equiv-
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Fig. 12 Establishment times for fuel mixing parameters.

alence ratio sets up along the path of the peak air mass flow
(dashed line). The airflow rate has a value of about 2 on the
(G,).;; scale. The result of these comparisons is that the in-
tegral flow mixing parameters establish at least as fast as those
dominated by viscosity. Since wall heat flux is commonly used
in experimental facilities to indicate flow establishment, these
results indicate that the mixing will also be established. If the
flow is transient, care must be taken in normalization of the
data to derive quasisteady values.

Concluding Remarks

A numerical simulation of the temporally developing flow
through a generic scramjet combustor duct is presented for
stagnation conditions typical of Mach 13 flight as produced
by a shock tunnel pulse facility. The particular focus is to
examine the startup transients and to determine the time re-
quired for certain flow parameters to become established.
Calculations were made with a Navier-Stokes solver SPARK
with temporally relaxing inflow conditions of velocity, pres-
sure, and temperature derived from actual facility operation
of the T4 shock tunnel at the University of Queensland in
Australia. Calculations at nominal steady inflow conditions
were made for comparison. The generic combustor geometry
included the injection of hydrogen fuel from the base of a
centrally located strut which was set to operate at steady state.
In both cases the flow as assumed laminar and fuel combustion
was not considered. Establishment times were determined for

viscous parameters—boundary-layer and displacement thick-
nesses, wall shear, and heat flux, and for fuel-mixing param-
eters—fuel core length, fuel plume location, equivalency ra-
tio, and mixing efficiency.

The principal results are estimates of the establishment times.
Generally, the parameter history was examined and estab-
lishment taken as the time the parameter was within a certain
increment of a steady-state value. Results for the steady inflow
case are more consistent with accepted values with the bound-
ary-layer parameters requiring about three to four character-
istic times, and the mixing parameters about two characteristic
times. For the transient inflow case the parameters did not
(always) reach a steady value, in which case, the establishment
time was taken to be indicated by the approach to a near-
constant rate of change. Such a definition gave values that
appear consistent when referenced to the passage of the peak
conditions of the transient inflow. The results clearly show
that the mixing parameters establish as fast as viscous param-
eters like heat flux, which is used to indicate flow establish-
ment in experiments.
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