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The mixing process of hot primary zone gases with secondary air must be rapid and intense for an
advanced low NOX gas turbine based on a rich-burn/quick-mix/lean-burn (RQL) combustor. The injection
of multiple jets normal into a confined crossflow is a key technology for this combustion concept. There-
fore, an experimental investigation of a nonreacting mixing process of jets in a crossflow was conducted.
The jets were injected through one stage of opposed rows of circular orifices into a slightly heated
crossflow within a rectangular duct with no annular bypass. All geometries were tested with in-line and
staggered arrangements of the centerlines of the opposed jets. Using the analogy of heat and mass transfer
the temperature distribution was measured, and from that the mixing rate was determined for parametric
variation of flow and geometric conditions. In accordance with the application to RQL combustion,
emphasis was put on high momentum-flux ratios with high mass flow addition. The mixing process was
found to be minimally affected by mainstream Reynolds number and mainstream turbulence, but sig-
nificantly influenced by the addition of swirl to the mainstream. Correlations based on the experimental
data were developed describing best mixing depending as a function of geometric conditions (duct height
to hole diameter ratio, relative spacing of adjacent jets) and jet to crossflow momentum-flux ratio.

Nomenclature
A = area
CD = discharge coefficient
d — jet diameter
dsw = diameter of the swirler exit
h = height of the mixing zone
J = momentum-flux ratio, pjvj/pxvl>
Le = Lewis number, PrISc
m — mass flow
n = number of data points in y-z planes
Pr = Prandtl number
p = static pressure
Re = Reynolds number
Sc = Schmidt number
SN = swirl number
s = spacing between adjacent jets
T - temperature
Tadb = equilibrium temperature
v = velocity
w = width of the duct
x = downstream location from jet centerline
y - lateral distance from middle of channel
z = vertical distance from middle of channel
y = concentration distribution, dimensionless
#adb = equilibrium temperature, dimensionless
p = density
cr = standard deviation from mean temperature

Subscripts

Received Sept. 25, 1997; revision received July 13, 1998; accepted
for publication July 27, 1998. Copyright © 1998 by the American
Institute of Aeronautics and Astronautics, Inc. All rights reserved.

*Research Assistant, Department of Gas Turbines and Flight Pro-
pulsion, Petersenstr. 30.

tProfessor, Department of Gas Turbines and Flight Propulsion, Pe-
tersenstr. 30.

^Combustion Scientist, Combustor Department, Eschenweg 11.

eff
i
j
m
max

= effective
= local value
= jet
= mean value
= maximum

norm = normalized by relating to the maximum
o° = mainstream

Introduction

T HE knowledge about the effects of aircraft engine exhaust
at high altitudes along with increasing public awareness

of environmental issues has led to the stringent regulation of
pollutant emissions.1 In contrast to unburnt hydrocarbons
(UHC) and carbon monoxides (CO), which have been signif-
icantly reduced, there has been no diminution in oxides of
nitrogen (NO*) emission. To meet the future NOA reduction
requirements, the development of low-emission combustors
was intensified. In addition to the lean combustion and the lean
premixed prevaporized combustion, the concept of rich-burn/
quick-mix/lean-burn (RQL) combustion is a promising ap-
proach to reduce NOA emissions.2 The NOV formation is di-
minished, avoiding stoichiometric combustion by dividing the
combustion chamber into two stages. The primary stage is op-
erated under fuel-rich conditions. In the following mixing sec-
tion, air is added to achieve lean conditions in the second
stage. The success of this concept relies on the rapid and ho-
mogeneous mixing to minimize residence time and zones un-
der stoichiometric conditions.3

The lack of suitable tools for the mixing zone design was
the reason for an experimental study of a nonreacting mixing
process of jets with a crossflow. To determine the degree of
mixedness of two gaseous streams, the concentration distri-
bution must be measured in a plane perpendicular to the flow
direction. However, the analysis of gaseous samples takes a
very long time. This disadvantage was avoided using the anal-
ogy of heat and mass transfer. The mainstream was slightly
heated up (thermal indication), and temperature distribution
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was measured downstream of the jet injection for the deter-
mination of mixedness.

Previous investigations4'5 of crossflow mixing have concen-
trated on temperature profile development in dilution zones of
combustors characterized by low momentum-flux ratios along
with low mass flow addition. Recent studies have presented
the mixing process of jets injected perpendicularly into a cross-
flow in cylindrical6"9 and rectangular10'13 ducts. The effects
of the inlet flow conditions were discussed in latest publica-
tions.14'15

The first part of this paper shows the admissibility of the
analogy of heat and mass transfer. In the following part, the
effects of varying inlet flow conditions of the mainstream on
mixing is discussed. The main part presents the correlations
for optimum mixing derived from the experimental results.
The effect of mainstream swirl on the mixing process is de-
scribed in the final part of this paper. To get a comprehensive
view of this topic, a wide range of geometric and flow param-
eters was chosen. There is particular emphasis on high mo-
mentum-flux ratios combined with high mass-flow ratios of jet
to mainstream to meet the requirements of the RQL combus-
tion.

Experiments
Figure 1 is a schematic representation of the atmospheric

mixing chamber. It consists of three parallel ducts of constant
rectangular cross sections. The inner duct is 300 mm in width
and 100 mm in height. The outer flow channels are of the
same width and 60 mm in height. The upper and lower jet
streams and the mainstream pass settling chambers, flow
straighteners with nozzles and enter the mixing section. Two
exchangeable flat plates of 2 mm thickness separate the inner
channel from the outer ones. The jet streams were injected
through a single stage of opposed rows of circular sharp-edged
orifices that were machined into these plates.

The mass flow qf each stream is determined by orifice flow
meters. Conventional pressure transducers in combination with
scanivalve devices provide the pressure acquisition. At the in-
let, the mainstream temperature is r«, «* 325 K and the flow
velocity is Voc = 10 m/s, with a turbulence level of approxi-
mately 1%. The jet stream enters the mixing chamber with a
temperature 7} *=> 300 K. The temperature distribution is mea-
sured by traversing a probe in the y—z planes up to xlh = 1
downstream of the injection port. An iron-constantan ther-
mocouple is used with a bent design (90 deg) to reduce the
impact on the flowfield. The relative error as a result of that
temperature measurement technique is about 3%. For the val-
idation of the heat and mass transfer analogy, carbon dioxide
(CO2) was injected into the mainstream far upstream of the
jet-injection plane. Gas samples were sucked off by a tubing
pump through a pitot probe that was also traversed in y-z
planes. The samples were analyzed by an NDIR-analyzer (non-
dispersive infrared analyzer). The three-axis traversing mech-
anism, the data acquisition, and the operation of the test rig is
controlled by a personal computer.

The momentum-flux ratio J and the geometric conditions of
the jet injection (sld, hid} have been parametrically varied,
keeping the mainstream conditions constant. In contrast to real
combustors, the density ratio (pj/p* = TJTj) was about 1.1
(real gas turbine ~3). Keeping the momentum-flux ratio con-

Table 1 In-line mixing configurations
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stant, the influence of the density ratio on the mixing process
and on jet penetration is of second order.5

Mixing Configurations
Tables 1 and 2 show the configurations investigated. Jet to

mainstream J was varied within the range of 5 and 300 to
obtain optimum mixing for each configuration.

The corresponding mass-flow ratio can be determined using
the following equation:

(1)

Turbulence and Swirl-Generating Devices
Within the scope of the foregoing studies, an active turbu-

lence generator was placed in the mainstream 5h upstream of
the injection plane. The mainstream turbulence level was de-
termined by means of hot-wire anemometry. It could be raised
from 3% up to 10%. A detailed description of the turbulence
generator is given by Doerr.16

The effect of burner-induced swirl on the mixing process
was investigated by using a three-swirler bulkhead placed
0.75/z upstream of the injection plane. The movable block swirl
generators17'18 allow the mainstream swirl number to vary con-
tinuously from 0 to 1.

Definition of Mixing Quality
Because of the analogy between heat and mass transfer, tem-

perature is used as an indicator of mixing. Therefore, the de-
gree of mixing can be determined by measuring the distribu-
tion of the time-averaged temperature in y-z planes (46 X 46
points) downstream of the injection ports. The local dimen-
sionless temperature 0, is defined by

ft = (Tt - T,) (2)

6i — 0 corresponds to pure jet stream, and 0, = 1 indicates the
mainstream (note that 6 also appears in previous studies6 de-
termined by 06 = 1 ~~ 0Biomeyer). Uniform mixing is described
by the adiabatic mixing temperature following the conserva-
tion equation for energy:

Fig. 1 Schematic of multiple jet mixing.
T — •1 adb — (3)
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or dimensionless:

(4)

The standard deviation from equilibrium temperature within
a. y-z plane is calculated as:

V "*''0~adb = \ /* ~——7——T\ 7^7 ra + Wo
(5)

The maximum standard deviation is presented by a fully
separated temperature distribution, which consists only of jet
and mainstream temperature. The frequency is given by the
partial to total mass-flow ratio, respectively,

CTmax,adb = V0adb X (1 " 0adb) (6)

To compare different configurations along with different
mass-flow ratios, it is necessary to relate the standard deviation
to the maximum one. This normalized deviation is forced, be-
ing in the range of zero and unity:

0"no (7)

It is sufficient to consider the standard deviation from the
mean temperature of a constant y-z plane, far from the injec-
tion plane (xlh > 0.5):

(8)

a = A /- (9)

Significant differences between the standard deviation from
equilibrium and the mean temperature can only be observed
near the injection plane. But best mixing was found for the
same configuration. Subsequently, a determination of the flow-
field for mass weighting was terminated. The degree of mixing
was expressed by the simplified normalized standard deviation:

. = V0,w X (1 - 0J

, = a/crm

(10)

( ID

This parameter is similar to the square root of the unmixedness
parameter used by Refs. 10-14.

Results and Discussion
The first step within the investigation was to verify the va-

lidity of the analogy of heat and mass transfer and to check
the influence of a variation of mainstream flow conditions, i.e.,
turbulence level and Reynolds number.

Analogy of Heat and Mass Transfer
For constant-property fluids, the dimensionless conservation

laws of energy and species are analogous. Thus, the dimen-
sionless temperature distribution 0,- is identical to the dimen-
sionless concentration distribution y, for a given Reynolds
number, if the following condition is fulfilled:

Le=l, i.e., Pr = Sc (12)

For turbulent flowfields, the Lewis number can be suffi-
ciently supposed as unity. Figure 2 shows the distributions for
temperature in Fig. 2a, and the concentration in Fig. 2b for the
same geometric and flow condition. The excellent agreement

is expressed in the normalized standard deviation, respectively.
The difference is less than 1.5%, thus below the accuracy of
the measurement technique.

Mainstream Turbulence
The real flowfield of gas-turbine combustors is characterized

by high turbulence levels. Within the scope of basic studies,
the mainstream turbulence level was continuously increased up
to 10% by means of an active turbulence generator. However,
no influence on the mixing process was observed (Fig. 3). The
mixing process is dominated by the high turbulence that is
produced in the shear layer of the jets.
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Fig. 2 a) Distributions of temperature and b) concentration,
hid = 5, s/d = 2, (lower duct half).
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Fig. 3 Influence of mainstream turbulence, h/d = 10, sfd = 2 in-
line.
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Mainstream Reynolds Number
Figure 4 shows the influence of Reynolds number variation

on the mixing process. The momentum-flux ratio was kept
constant for a configuration of hid =10, sld = 2, and an in-
line arrangement. As long as compressibility effects can be
neglected (low Mach numbers), no significant influence of
mainstream Reynolds number on the standard deviation was
observed within the range 25,000 < Re < 55,000.

In-Line Jet Axis Configuration
For all configurations shown in Table 1, the momentum-flux

ratio was increased as far as a minimum standard deviation
was reached. It was checked to see that no backflow occurred
because it has to be avoided as a result of the application of
RQL combustion. Best mixing was found if the opposed jets
penetrate into the middle of the channel without impinging on
each other (Fig. 5, middle column). For lower momentum-flux
ratios, the mainstream remains in the inner part of the channel
(Fig. 5, left), higher momentum-flux ratios led to an impinge-

ment of the jet in the middle (Fig. 5, right). In the latter case,
the jet stream remains in the middle. Both led to a separation
of jet and mainstream and the mixing quality worsened.

The penetration depth increases with increasing duct height
to diameter ratio and relative spacing for constant momentum-
flux ratio. For relatively wide spacing, the jets tend to flow
back into the primary zone if they impinge on each other in
the middle of the duct.

Figure 6 illustrates the relation between the configurations
investigated and the momentum-flux ratio for optimum mixing.
From this experimental database the following correlation was
developed:

7opt = 0.045 X I -
3.08 X (hid)1"
[(sld) + 0.26]l (13)

Re=35000
Re=45000

-X-Re=55000

The curves in Fig. 6 show the suitability of this correlation.
It simplifies the correlation that was developed in Refs. 16 and
19, which contains a slight dependence of downstream position
xlh on the momentum-flux ratio for best mixing. The neglect
of mass weighting does not permit an accurate determination
of mixedness near jet injection. Therefore, the downstream po-
sition xlh = 0.5 was chosen for the determination of mixing.

Staggered Jet Axis Configuration
The impingement of jets in the middle might be avoided

using a staggered jet axis configuration. Relative spacing must
be wide enough to compensate the spread of the jets. The
following relation was found describing the relative spacing
needed in dependence of duct height to diameter ratio16'20:

(sld) > 0.2 X (hid) + 1 (14)

Fig. 4 Influence of mainstream Reynolds number on mixing,
hjd = 10, sld - 2 in-line.

If this condition is fulfilled, the jets pass each other in the
middle of the mixing zone as long as the momentum-flux ratio
is high enough. According to Eq. (14), the configurations
shown in Table 2 were chosen to be investigated. The mixing
process was found to be similar to that of the in-line arrange-
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Fig. 5 Temperature distribution, hid = 6.67, s/d = 2.
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ment of the jets if the penetration depth is less than half the
duct height (Fig. 7, left side). For very close spacing, the jets
become stuck in the middle if the momentum-flux ratio is not
high enough (Fig. 7, middle). The cold jet stream builds a
stable stratification that can be observed far downstream. With
increasing momentum-flux ratio, only the cores of the jets are
pushed through the middle and penetrate into the opposite duct
half (Fig. 7, right). The strong shear layers improve the mixing
process. The mixing rate remains on that high level even if
momentum-flux ratio is raised further. Figure 8 shows the da-
tabase and the correlation for best mixing:

7opt = 25 X (h/d)06 X {1 + 0.6 X [(s/d) - 0.23 X (h/d)]~l 6}
(15)

Effect of Mainstream Swirl
By the addition of swirl to the mainstream, the flow con-

dition is converted into a strong three-dimensional flowfield.
Therefore, the convective heat and mass transfer is improved
and mixing quality is enhanced. An additional lateral velocity
is induced that shifts the jets into the lateral direction (Fig. 9).
The penetration depth of the jets is significantly reduced in

comparison without swirl. As a result, best mixing was found
for higher momentum-flux ratios (Fig. 10). The additional lat-
eral velocity lowers the effective relative spacing and effective
momentum-flux ratio (see Fig. 11). The flow angle and, sub-
sequently, the effective spacing and momentum-flux ratio, can
be estimated by the swirl number:

tan a ^ iSN X (hld^) X \Tj/Tx)

se{{ = s X cos a

yeff = j x cos2a

2 pv.vv,r2 dr
Jo_____
/»Jsw/2

I (PV?
Jo

(16)

(17)

(18)

(19)
+ p)r dr

0 1 2 3 4 5

Fig. 6 Best mixing configurations, in-line.

A relative spacing of s/d = 2 is reduced by a swirl number
of SN = 0.9 to seff/d « 1.7 (h/dsw = 2.5). The required effective
momentum-flux ratio for a duct height to diameter ratio of
hid = 10 is calculated with Eq. (13) as 7eff «* 65. The optimum
momentum-flux ratio must be J = Jeff/Q.15 *** 85 for this swirl
number.

Figure 10 illustrates the normalized standard deviation vs
downstream position x/h with and without mainstream swirl.
The minimum was found for J = 40-50 in the case without
swirl, and for /= 80-90 with mainstream swirl. In accordance
with Eq. (1), the mass flow addition is increased.

This example proves that mainstream swirl is an important
parameter and must be taken into account for the mixing zone
design.

Comparison to Previous Studies
Extensive research has been performed for the dilution zone

mixing process for a single-sided injection.6 Optimum rela-
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Fig. 7 Temperature distribution, h/d = 10, sjd = 3.
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tionships were determined to be a function of (s/h)(J)°5 for the
range of conditions tested and analyzed:

(s/h)Vj = C (20)

Fig. 8 Best mixing configurations, staggered.

Optimum mixing was obtained when C was about 2.5. A
two-sided injection was studied to a lesser extent. This ar-
rangement was supposed to be similar to one-sided injection
if the duct was considered to be sliced in half. Thus, a C of
1.25 would be expected for optimum mixing of opposed rows
of jets with centerlines in-line. Very little data were generated
for a staggered arrangement. It was suggested that staggered
holes produce optimum mixing if the jets penetrate past each
other.6 It was supposed that best mixing was obtained when
alternate jets for optimum one-sided injection were moved to
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Fig. 9 Temperature distribution, a) with and b) without mainstream swirl, h/d = 10, s/d = 2.
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Fig. 11 Influence of mainstream swirl on flow direction.

the opposite wall. Therefore, the correlation constant would be
expected to be 5.0 for opposed rows of jets with staggered
centerlines.

These correlations are based on experiments for the dilution
zone design. Accordingly, a low mass flow ratio (less than 0.5
for a conventional dilution zone vs more than 2.0 for RQL)
along with low momentum-flux ratio were investigated. It was
shown that these results are not directly applicable because of
RQL conditions.10'21 It was recommended to change C from
1.25 to 2.5 for an in-line arrangement of the opposed rows.10

For staggered configurations, C varies from 4 to 6.8 in depen-
dence of the momentum-flux ratio (16 < J < 64).21

All investigations were concentrated on momentum-flux ra-
tios J <sc 100. The implementation of air-blast atomizers for
modern combustion chambers results in significantly higher
momentum-flux ratios. The validity of Eq. (20) has never been
proven for those conditions. The influence of the hole diameter
is not negligible, particularly for a staggered jet axis arrange-

ment with close relative spacing. Therefore, advanced corre-
lations such as Eqs. (13-15) are necessary for the mixing zone
design of RQL combustors.

Conclusions
The results of investigating a nonreacting mixing process of

jets with a confined crossflow can be summarized as follows:
1) The analogy of heat and mass transfer can be applied for

the determination of the mixing state.
2) Mass flow weighting of temperature is not necessary to

find optimum flow and geometric conditions for the mixing
zone.

3) The mixing process is unaffected by mainstream turbu-
lence and mainstream Reynolds number within the range in-
vestigated.

4) Jet penetration depth increases with increasing duct height
to diameter ratio and increasing relative spacing.

5) Best mixing is reached for in-line configurations if pen-
etration depth is just below half the mixing zone height.

6) For staggered jet axis arrangements, the relative spacing
must be wide enough so that the jets pass each other in the
middle of the duct and penetrate into the opposite duct half.

7) Best mixing configurations for in-line and staggered ar-
rangements are described by Eqs. (13) and (15).

8) The presence of swirl reduces effective relative spacing
and momentum-flux ratio. Therefore, penetration depth de-
creases.

9) Mainstream swirl must be taken into account for the de-
sign of the mixing zone of an RQL combustor.
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