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Convective heat transfer data are presented for the mixing of two counterswirled coaxial jets con� ned
by a constant-diameter tube. The inner jet Reynolds number was 3 104, its swirl number was 1, and
its diameter was approximately twice the annular gap dimension. Annular jet swirl numbers varied from
0 to 1.2. Annular � ow rates were characterized by a ratio of annular-to-inner jet axial momentum (de-
noted by MFR), which was varied from 0 to 8.2. Plots of local Nusselt numbers show minimums and
maximums corresponding to the separation and reattachment points associated with wall-bounded recir-
culation cells. Local heat transfer coef� cients were found to be a strong function of streamwise position
and annular swirl number at low values of MFR, yet at high values of MFR, there is minimal streamwise
variation in heat transfer coef� cient as the mean � ow largely dictates heat transfer rates. The product
of MFR and annular swirl number is shown to be a key parameter in describing heat transfer enhance-
ment downstream of wall-bounded recirculation cells. Several quantitative results should be useful to gas
turbine combustor design efforts.

Nomenclature
C t = Craya– Curtet number, (d/D)22 2U /[(U U )m i a

, where Um = (U i Ua)(d/D)2 Ua
2 2 1/20.5(U U )]a m

D = diameter of annular jet and mixing region
DH = hydraulic diameter
d = diameter of inner jet
do = outside diameter of tube con� ning inner jet
f = friction factor for fully developed turbulent pipe � ow
k = thermal conductivity of water
Nu = local Nusselt number
NuG = fully developed Nusselt number for turbulent tube

� ow computed from the Gnielinski14 correlation
Pr = Prandtl number
q = local heat � ux
R = radius of the test section
Re = Reynolds number of the inner jet based on U i and d
ReD = local Reynolds number in mixing region based on

total bulk velocity, D, and local bulk temperature
r = radial position in tube relative to centerline
S = swirl number of jet upstream of mixing region,

de� ned by 2 r2uv dr/DH ru2 dr, where forR R1 1
R R2 2

inner jet, R1 = 0 and R2 = d/2, and for annular jet,
R1 = do/2 and R2 = D/2

Tb = bulk � uid temperature
Tw = inside tube wall temperature
U = bulk axial velocity
u = local axial velocity
v = local circumferential velocity
X = axial distance from location where jets begin

mixing

Subscripts
a = annular jet
i = inner jet
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I. Introduction

S WIRL has long been utilized as a means for enhancing
turbulent mixing and convective heat transfer.1 These two

features acting in unison are not always attractive, as for ex-
ample in gas turbine combustor applications where the vigor-
ous mixing is attractive, but the augmented heat transfer is not.
In addition to enhancing mixing, another important motivation
for incorporating swirl in combustors is that for suf� ciently
high swirl levels, a stable on-axis recirculation region is
formed that provides a mechanism for � ameholding. The on-
axis recirculation arises when the circumferential velocity
component decays in the streamwise direction, resulting in a
corresponding increase in pressure that provides the adverse
pressure gradient necessary to drive the recirculation.2 Other
recirculation cells may also be present in simulated combustor
� ows. For example, in con� ned coaxial jet mixing, differences
in jet velocities can result in a recirculation zone lying adjacent
to the tube wall.3,4 Finally, some combustor designs that have
been motivated by a desire to achieve extremely intense mix-
ing rates have surrounded a central swirling jet with a second
coaxial jet swirled in the opposite direction, thus providing
very high levels of circumferential shearing with accompany-
ing turbulence generation.

The purpose of the present investigation was to support prior
� ow� eld studies through an experimental examination of the
convective heat transfer in counterswirled coaxial jet mixing
con� ned by a constant-diameter tube. While on-axis recircu-
lation has been well documented because of its importance as
a � ameholding mechanism, wall-bounded recirculation, which
is clearly an important feature in the convective heat transfer
problem, has received relatively little attention. Thus, the lo-
cation and extent of the wall recirculation zone (whose reat-
tachment point results in a hot spot) was of particular interest
in the present study. In the present experiments, the existence
of a wall-bounded recirculation region has been inferred from
local heat transfer measurements. An important goal of the
investigation was to provide guidance for combustor designers,
who are concerned with protecting combustor-liner walls from
excessive heat loads by examining the roles of jet � ow ratios
and swirl strengths on the heat transfer process.

Prior investigations of counterswirled coaxial jet mixing
have examined velocity � elds in axisymmetric expansions, di-
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Fig. 2 Schematic of the test section and � ow structure at the
entrance to the mixing region.

Fig. 1 Schematic of the water � ow loop. A, � lter; B, plenum; C,
test section; D, annular swirl generator; E, annular � ow plenum;
F, inner jet swirl generator; G, � ow meters; H, control valves; I,
heat exchanger; J, pump.

verging cross sections, and in constant-diameter tubes. Because
of space limitations and the signi� cant differences between
sudden expansion and constant-diameter-tube � ow� elds, only
prior investigations associated with the latter geometry will be
summarized here. Various investigations5–8 have reported on
aspects of counterswirled coaxial jet mixing in a constant-di-
ameter tube. Vu and Gouldin5 found that the outer swirl had a
strong effect on the formation of an on-axis recirculation re-
gion and on mixing characteristics in the shear layer. As the
magnitude of the annular swirl was varied from their maxi-
mum counterswirl to maximum coswirl conditions, the diam-
eter and length of the on-axis recirculation region diminished.
The principle factor in recirculation-cell size was thought to
be the level of turbulence generated by the inner jet shearing.
No wall-bounded recirculation was observed, probably be-
cause of the high values of annular jet velocity employed in
their experiments.

An investigation by Gouldin et al.6 used a laser Doppler
anemometer (LDA) to measure velocities in a model combus-
tor with a jet diameter ratio d/D of 0.5, a velocity ratio Ui /Ua

of 1.4, an inner jet swirl number Si of 0.50, and annular jet
swirl number Sa of 0.56, i.e., both coswirl and counterswirl.
The authors concluded that turbulent transport was not the
mechanism for swirl-induced on-axis recirculation. Rather,
they suggested that formation of an on-axis recirculation re-
gion is an inviscid � ow process only indirectly in� uenced by
viscous and turbulent momentum transport.

Measurements in isothermal coaxial jet mixing were made
by Ramos and Somer7 using an LDA in a model combustor
with a d/D of 0.26. A velocity ratio Ui /Ua of 1.5 and swirl
numbers of Si = 0.58 and Sa = 0.54 were examined. On-axis
recirculation zones were documented for both coswirl and
counterswirl conditions. Experimental data agreed satisfacto-
rily with computational modeling, but not with coswirl data
obtained in other investigations. This discrepancy was attrib-
uted to differences in geometry between experiments.

Sukhovich8 investigated temperature distributions in coaxial
jets where the inner jet was comprised of a high-temperature,
unswirled gas. A swirled annular jet was maintained at lower
temperatures. For jet diameter ratios of d/D = 0.74 and 0.41,
Sukhovich found that centrifugal forces produced by swirled
� ows promote stable temperature strati� cation of the � ow and
signi� cantly reduce heat � uxes to the tube wall. Increasing the
strength of annular swirl reduced the gas temperature near the
mixing tube wall while simultaneously increasing the local
heat transfer. Sukhovich concluded that swirled � lms of cool
gas could be used for effective protection of combustor walls
against excessive temperatures.

II. Experimental Apparatus
The central element of the test facility was a recirculating

water � ow loop, as depicted in Fig. 1. Swirl was imparted to
the 5.08-cm-diam inner jet with tangential slot generation. De-
tails of the inner jet swirl generator construction are available
in Dellenback et al.9 Termination of the inner tube (that point
at which mixing of the two jets began) was 16 inner jet di-
ameters (or 8D) downstream of the tangential slots, providing
a substantial length for � ow development of the inner jet.

Swirl was introduced into the annular jet, opposite the di-
rection of inner jet swirl, by passing water through six 2.54-
cm rigid tubes welded symmetrically and tangentially to the
outside of a 9.98-cm-diam tube. The 9.98-cm-diam tube was
concentric with the smaller tube containing the swirled inner
jet. Annular swirl strength was varied by adjusting the rela-
tionship between the axial and tangential � ow rates to the an-
nular swirl generation device. The mixing region was located
20 annular gap spacings, i.e., (D do)/2, or 5.5D downstream
of the annular swirl generator to allow for � ow development.
The i.d. of the annular jet was 5.40 cm, whereas the o.d. of
the annular jet was 9.98 cm. All � ow rates were measured
with turbine � ow meters.

Heat transfer measurements were made in a horizontal stain-
less-steel tube by passing alternating current in the tube wall,
thus producing a nearly uniform heat-� ux boundary condition.
Heating began at the same streamwise location where the two
jets began mixing (Fig. 2). The heated test section had an i.d.
of 9.98 cm, a wall thickness of 0.89 mm, and a length of 1.04
m. Stainless steel � anges were carefully attached to each end
of the tube by very shallow welds at the extreme ends of the
tube. Further details of the test-section construction are avail-
able in Dellenback et al.10

Conduction losses from the test section to the upstream
tube were minimized by inserting a low-thermal-conductivity
spacer (Melamine) between the two connecting � anges. The
� anges and spacer were held together with nylon bolts to fur-
ther minimize heat conduction to or from the test section. A
plenum was installed downstream of the test section, also using
a dielectric spacer and nylon bolts, to allow measurement of
a bulk � uid temperature.

Electrical busses, machined from copper plate 1.27 cm thick,
joined current-carrying cables to the stainless-steel � anges of
the test section. Two water-carrying copper tubes were sol-
dered around the periphery of the busses’ outer rim for the
purpose of guard heating or cooling. Each test section � ange
had a pair of thermocouples imbedded at different radial lo-
cations so that radial temperature gradients could be monitored
and minimized through appropriate adjustment of water tem-
perature to the outer rims of the guard heaters/coolers.

Temperatures on the exterior surface of the test section were
measured with thermocouples mounted on the outside of the
tube. Nineteen thermocouples were employed, spaced at
smaller intervals near the upstream end of the test section to
provide high-temperature resolution in the region of rapidly
changing heat transfer coef� cients. The Grashof number for
the worst case in the present experiments was suf� ciently low
that free convection effects were entirely overwhelmed by
forced convection according to the criteria presented by Metais
and Eckert.11 Prior studies10 with the same equipment, but at
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Table 1 Relationship between various parameters
for characterizing the annular � ow

MFR 0 0.37 1.46 2.77 8.30
Ua/Ui 0 0.37 0.73 1.00 1.74
Ct 0.55 1.38 3.08 N/A N/A

aRe /Rea i 0 0.33 0.66 0.90 1.57
aRea is based on the hydraulic diameter of the annular jet (DH =
D do).

even lower swirl levels, have con� rmed that circumferential
thermocouple position was unimportant to the results obtained.
Thus, thermocouples were placed on the side of the test section
as a matter of convenience. Finally, 13 cm of � berglass insu-
lation surrounded the test section, � anges, and the outer rim
of the electrical busses.

Power input levels to the working � uid were deduced in two
ways. In the � rst, power was taken as the product of the test-
section resistance and the square of the current through the test
section. Current through the test section was measured with a
current transformer. Resistance of the type-321 stainless-steel
test section was computed during the data-reduction process
by taking account of the local temperature-dependent resistiv-
ities12 along the test section.

Input power was also determined from the measured � uid
enthalpy rise through the test section. To this end, bulk � uid
temperatures were measured at the inlet and outlet of the test
section with immersion thermocouples. For the data presented
herein, the absolute discrepancy between the electrical power
dissipated and the � uid enthalpy rise averaged 2.0% and was
never more than 4.1% for any one run. The power dissipation
was neither consistently larger nor smaller than the enthalpy
rise, rather the discrepancies in power input appeared to be
random.

III. Procedures and Data Reduction
Local heat transfer results are presented in terms of Nusselt

numbers normalized with those for fully developed nonswirl-
ing � ow, where

Nu = hD/k (1)

k was evaluated at the local bulk temperature, and the local
heat transfer coef� cient was de� ned as

h = q/(T T ) (2)w b

Bulk � uid temperatures ranged from 29 to 31&C, while typical
temperature differences between Tw and Tb ranged from a low
of 7&C near � ow reattachment to a high of 29&C in the down-
stream region.

Although the present experiments had a nominally uniform
heat-� ux boundary condition (with a heat � ux of about 4.5 W/
cm2), the local heat � uxes were not strictly uniform because
of the temperature dependence of tube material properties and
axial heat conduction in the tube wall. The procedure used for
� nding the local heat � uxes began by dividing the wall into
19 hypothetical control volumes centered on the locations of
the 19 wall-temperature thermocouples. The magnitude of
Joule heating in each volume was determined as the product
of the control volume’s temperature-dependent resistance and
the square of the current. Heat loss from the outside of the
tube wall through the � berglass insulation that surrounded the
test section was assumed negligible. This loss was calculated
to be no more than 0.1% of the total power input in a worst-
case analysis of the data. The heat conducted from one control
volume to its neighbors was computed as a part of the data-
reduction process and used to correct the local heat � ux for
each control volume. The data revealed that, at most, the axial
heat conducted from one control volume to another repre-
sented 0.3% of the total heat generated in that volume.

The Tw in Eq. (2) is the temperature of the inside surface of
the test-section wall. Because exterior surface temperatures
were actually measured, the interior surface temperatures were
determined from solution of the one-dimensional heat conduc-
tion equation for a cylindrical shell.13

Because the local heat � ux and inside tube wall temperature
were functions of each other, their determination was inher-
ently an iterative process, but one that converged in one or
two iterations because the temperature differences across the
thickness of the tube wall were small (typically on the order

of 1&C). For the worst case in the present experiments, the
maximum variation in local heat � ux between any two loca-
tions on the tube was calculated during the data-reduction pro-
cess to be less than 2.3%. However, the extreme variations in
heat � ux for other cases were typically less than 0.5%, and the
difference in heat � ux between any two adjacent control vol-
umes was less than 0.5% for all cases. Finally, to be consistent
in methodology, local bulk temperatures were computed ad-
jacent to each of the 19 control volumes from an energy bal-
ance that considered the local, slightly nonuniform heat input
for each control volume.

Nusselt numbers for fully developed turbulent � ow were
determined from the Gnielinski correlation,14 which Kakac et
al.15 recommend as probably the best available general-purpose
correlation:

0.5 0.667Nu = ( f /2)(Re 1000)Pr/[1 12.7( f /2) (Pr 1)]G D

(3)

The friction factor that appears in Eq. (3) was evaluated from
the Techo et al.16 correlation, again recommended by Kakac et
al:

2
f = (1.7372 n{Re /[1.964 n(Re ) 3.8215]}) (4)D D

All � uid properties used in Eqs. (3) and (4) were evaluated at
the local bulk temperature.

The method of Kline and McClintock17 was employed to
determine that the largest uncertainties were about 2% in inner
jet Reynolds number and momentum � ux ratio and 8% in swirl
number. The largest uncertainties in Nusselt number were com-
puted to be about 9%, with these occurring near the location
of peak Nusselt number where wall-to-bulk temperature dif-
ferences were smallest.

IV. Results and Discussion
The Prandtl number of the � uid entering the heated test sec-

tion was 5.5 1% throughout the series of experiments. The
inner jet Reynolds number of 3 104 ( 0.5%) was based on
inlet bulk � uid properties and the bulk axial velocity in the
upstream tube. The inner jet swirl number was computed from
the results of Dellenback et al.,9 who measured velocity pro-
� les with an LDA for the same inner jet swirl generator and
inlet sections used in the present experiments. The velocity
measurements were made one mixing tube diameter D up-
stream of the mixing region.

While the Craya– Curtet number3 has proven suitable for
correlating data in past investigations of coaxial jet mixing, it
is unde� ned at the larger annular-to-inner jet velocity ratios
examined in the present study, i.e., for Ua/Ui > 1. Thus, a ratio
of axial momentum � uxes was used to characterize the annular
� ow rate. The ratio of annular-to-inner jet streamwise momen-
tum � ux mÇ aUa/mÇ iU i is denoted by the acronym for momentum
� ux ratio, or MFR. In the present experiments, the MFR was
related to velocity ratios, Reynolds number ratios, and to the
Craya– Curtet number through the geometry of the jets as
shown in Table 1.

A. Summary of the Flow� eld

Axial and circumferential mean velocity pro� les and distri-
butions of turbulence intensity are available for the inner jet,
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Fig. 5 Axial and tangential turbulence intensities for the annular
jet, upstream of the mixing region (X/D = 1.0, MFR = 0.37,
various Sa).

Fig. 4 Mean axial and tangential velocities for the annular jet,
upstream of the mixing region (X/D = 1.0, MFR = 0.37, various
Sa).

Fig. 3 Relationship between the annular jet swirl number and
axial-to-tangential � ow rate ratio supplied to the annular jet swirl
generator.

upstream of the mixing region, in Dellenback et al.9 To char-
acterize the annular jet and determine its swirl number, axial
and circumferential velocities were measured with an LDA one
diameter D upstream of the mixing region for four values of
MFR and three values of annular swirl number. Various and
arbitrary ratios of tangential-to-axial � ow rates (here called FR,
for � ow ratio) were supplied to the annular swirl generator,
velocity measurements were then made, and swirl numbers
computed. Figure 3 shows the relationship between FR and
the annular swirl number Sa that resulted. The data in Fig. 3
are independent of the MFR and can be described to within

4% for 0 < Sa < 1.4 with the simple relationship

1.90S = 1.41FR (5)a

Equation (5) represents an extensive number of LDA mea-
surements, and it is included here as a possible aid in designing
or characterizing other swirl generation devices.

Both axial and circumferential components of mean and rms
velocities were normalized with the annular bulk velocity for
each MFR. These velocities were 0.19 m/s for MFR = 0.37,
0.38 m/s for MFR = 1.46, 0.53 m/s for MFR = 2.8, and 0.90
m/s for MFR = 8.2. Figure 4 shows that as the annular swirl
strength was increased, the location of the maximum circum-
ferential velocity moved from the o.d. to the midregion of the
annular jet. Figure 4 also shows that the magnitudes of axial
velocity tended to remain fairly constant for any swirl strength.
However, as the swirl strength in the annulus increased, the

locations of maximum axial velocity shifted from smaller to
larger radii in the annular jet. This shift was consistent with
well-known trends in con� ned swirling � ows.10

Hendricks and Brighton18 found that inlet values of turbulent
kinetic energy had a signi� cant effect on the distribution of
mean velocity in their coaxial jet mixing studies. Thus, rms
velocities just upstream of the mixing region are presented in
Fig. 5 to further document the inlet boundary condition. As
the annular swirl strength increased, the magnitudes of turbu-
lence intensity increased as shearing between the jets became
more intense. The circumferential and axial turbulence inten-
sities were between 15 and 30% except near the outer tube
wall for the highest swirl number, where circumferential values
were somewhat higher. The inner jet turbulence intensities
were also between 15 and 30% one diameter D upstream of
the mixing region.9 To put these inlet values in perspective,
note that Gouldin et al.6 reported rms � uctuations peaking at
about 60% (using annular bulk velocity for normalization of
rms velocity) in the mixing region of counterswirled jets hav-
ing swirl numbers of about 0.5.

B. Heat Transfer Results

The � ows examined in the present investigation contain sev-
eral common features that govern the heat transfer behavior.
To gain some insight into what should be expected, it is useful
to consider the limiting case of swirling � ow through a sudden
expansion that is similar to the present � ows having a very
low annular � ow rate, i.e., as MFR ® 0. The sudden expansion
� ows possess a wall-bounded recirculation region and a reat-
tachment point where the jet � ow expands to meet the wall
downstream of the expansion. Convective heat transfer coef-
� cients adjacent to the recirculation region are quite high10

because of high turbulence levels associated with shearing as
the jet expands into the larger downstream tube, and this oc-
curs even though mean velocities in the recirculation cell are
relatively low.9 The heat transfer coef� cient has a sharp peak
near the point of � ow reattachment and decreases downstream
as the � ow develops, consistent with usual explanations of
developing-� ow heat transfer. As the annular � ow rate, or
MFR, is increased from zero in the present experiments, it can
be expected that the recirculation cell will be shifted and
stretched in the downstream direction. The annular � ow can
also be expected to provide a � lm-cooling effect that will re-
duce the convective heat transfer. However, as the annular � ow
is swirled, the shearing between counterswirling inner and an-
nular jets will increase, resulting in higher turbulence levels
that will act to increase the wall heat transfer. Turbulence gen-
eration can also be signi� cantly augmented by axial shearing
when the axial velocities of the two jets are different. Thus,
the present � ows contain several competing effects that in� u-
ence the heat transfer, and the results that follow have been
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Fig. 8 Local Nusselt numbers for MFR = 2.80, various Sa.

Fig. 7 Local Nusselt numbers for MFR = 1.46, various Sa.

Fig. 6 Local Nusselt numbers for MFR = 0.37, various Sa, con-
trasted with sudden expansion data,10 showing a signi� cant � lm
cooling effect even for low annular � ow rates.

organized in terms of parametric variations to help understand
the relative importance of the various � ow processes.

Figure 6 shows the impact of annular swirl strength on the
convective heat transfer and � ow development at a single low
value of MFR. Peak Nusselt numbers are slightly larger for
the higher values of annular swirl number, and fully developed
� ow and heat transfer are approached somewhat more quickly
as the annular swirl number is increased. Peak Nusselt num-
bers increase for increasing annular swirl number because
shearing between the jets also increases, which results in
higher levels of turbulent kinetic energy. Support for this
argument is available from the measurements of Vu and
Gouldin,5 where turbulence intensities are 30% higher in a
counterswirl con� guration than in a coswirl con� guration.
However, that the Nusselt number should be smaller in the
downstream region as Sa increases is perhaps surprising. This
feature will be discussed later in this paper.

Table 1 shows that the bulk axial velocity of the inner jet is
larger than that of the annular jet for MFR < 2.8. If entrainment
of the annular jet is particularly ef� cient in the shear layer
between the two jets, mass conservation will require that a
recirculation cell be formed, usually near the tube wall where
axial velocities are smallest.3,4 The recirculation cell has a stag-
nation point at the tube wall that results in a peak in the heat
transfer coef� cient and a separation point at the wall where a
minimum in the heat transfer coef� cient will occur (see Fig.
2). Wall-bounded recirculation regions in constant-diameter
tubes have not been documented by prior velocity measure-
ments as far as the authors know, presumably because these
regions are so thin that they are susceptible to alteration by
conventional probes, and optical measurements near walls tend
to be greatly hampered by light � are at the wall.

The annular swirl number has no signi� cant in� uence on
the location of the stagnation point (where the Nusselt number
is a maximum), or on the location of the separation point, at
low MFR. While no minimum in Nusselt number can be dis-
cerned in Fig. 6, it is presumed to lie upstream of X /D = 0.2,
where interference with test section � anges precluded instal-
lation of thermal instrumentation. Extrapolation of the curves
in Fig. 6 suggests that the annular swirl number also has a
minimal impact on the location of the Nusselt number mini-
mums. Thus, the size and location of the wall-bounded recir-
culation cell does not seem to be much affected by the strength
of the annular swirl, at least for low values of MFR.

For contrast to the present data, Fig. 6 also shows the nor-
malized Nusselt number for the related case of sudden expan-
sion � ow10 for an inner jet Reynolds number of 3 104, an
inner jet swirl number of 1, and tube diameters identical to
those used in the present experiments. In contrasting the sud-

den expansion and coaxial jet data, it is clear that when the
annular � ow rate is low, the location of the peak Nusselt num-
ber is not altered signi� cantly. The similarity in the distribu-
tions of the heat transfer coef� cient suggests that the � ow
structures are similar in the two problems, but the � lm-cooling
effect of the annular jet substantially reduces the heat transfer
at all streamwise locations.

Figure 7 shows results for a higher annular � ow rate having
MFR = 1.46. With the increase in annular � ow rate, the entire
wall-bounded recirculation cell is shifted downstream, and the
minimum in Nusselt number corresponding to the cell’s sep-
aration point is captured in the data. The impact of the annular
swirl number on the wall-bounded recirculation cell is also
much more apparent at this larger MFR. As the swirl in the
annular jet is increased, the reattachment point is shifted up-
stream, but the separation point is minimally affected and re-
mains near X /D = 0.5. Hence, the axial length of the wall-
bounded recirculation cell is compressed as the annular swirl
is increased. Figure 7 shows that the maximum Nusselt number
ratio also increases with increasing annular swirl number. This
heat transfer enhancement is again caused by the increase in
shearing and turbulence generation between the inner and an-
nular jets.

Figure 8 shows the in� uence of annular swirl strength for
an MFR = 2.80. Because this case corresponds to both jets
having the same bulk axial velocities (Table 1), it is not sur-
prising that there is little difference between maximum and
minimum Nusselt numbers in the upstream region, suggesting
only a very weak wall-bounded recirculation cell. As with
MFR = 1.46, it is again clear that as the annular swirl strength
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Fig. 9 Local Nusselt numbers for MFR = 8.20, various Sa.

Fig. 10 Relationship between circumferential momentum ratio
and Sa for MFRs examined in the present study.

is increased, the recirculation cell is compressed and shifted
upstream. Unlike the cases of lower MFR, the heat transfer
coef� cient is a fairly strong function of the annular swirl num-
ber at moderate levels of MFR. As Fig. 9 will help to show,
with increasing annular � ow rate, the in� uence of the mean
� ow appears to dominate the convective heat transfer problem
while turbulent � uctuations play a lesser role.

The trend to annular � ow dominance of heat transfer be-
havior is essentially complete for an MFR = 8.2, as shown in
Fig. 9. Note that for MFR > 2.8, the annular mean velocity
exceeds the mean inner jet velocity (Table 1). When the an-
nular jet’s bulk velocity is the larger of the two jet velocities,
there is no mechanism for generation of wall-bounded recir-
culation cells, and any recirculation cells that may be induced
should lie within the inner jet. Consistent with this hypothesis,
we see no evidence of wall-bounded recirculation in the data
of Fig. 9.

At large MFR, the principal effect of annular swirl is to
increase the value of peak Nusselt number ratio in a uniform
way. In fact, the Nusselt number ratio can be quanti� ed as a
function of annular swirl at large values of MFR. This rela-
tionship was determined to be

0.72Nu /Nu = (Nu/Nu ) (1 S ) (6)G G Sa=0 a

Equation (6) � ts the data of Fig. 9 to within 3.5% for X /D
> 1.

C. Circumferential Momentum Ratio

There are results in Figs. 6 – 8 that require further consider-
ation to explain the physical mechanisms governing the heat
transfer. In particular, all three � gures show that increasing the
annular swirl number from 0 to 0.4 does not increase the
downstream heat transfer, as might be expected. Because the
two jets are swirled in opposite directions, each is tending to
dissipate the circumferential momentum of the other. How
long the swirl in each jet persists as it moves downstream is
important because one of the primary mechanisms for heat
transfer enhancement in the present � ows is the high turbulent
kinetic energy levels that arise from circumferential shearing.
The decay of swirl in the jets can be related to a ratio of
circumferential momentum for the two jets, and this quantity
can then be used for explaining the interrelated effects of swirl
and axial momentum � ux in the earlier � gures.

The rate of both inner and annular jet swirl decay should be
some function of the initial circumferential momentum of the
two counterswirled jets. The ratio of inner jet circumferential
momentum to annular jet circumferential momentum can be
shown to be a function of both swirl numbers and the mo-

mentum � ux ratio by utilizing the de� nition of the swirl num-
ber

circumferential momentum of inner jet
circumferential momentum of annular jet

S axial momentum of inner jeti
= (7)

S axial momentum of annular jeta

Because MFR = axial momentum annular jet/axial momentum
inner jet, we have,

circumferential momentum of inner jet Si
= (8)

circumferential momentum of annular jet S MFRa

The inner jet Reynolds number was 3 104 and the swirl
number was 1.0 at the entrance to the mixing section for all
data reported herein. Hence, the initial circumferential mo-
mentum associated with the inner jet was the same for all
cases. However, the annular jet’s circumferential momentum
varied with both annular swirl number and momentum � ux
ratio. Equation (8) is a general de� nition, but to facilitate the
explanation of Figs. 6 – 8, it has been plotted (Fig. 10) for the
values of Si, Sa, and MFR examined in the present study. There
were three other combinations of Sa and MFR that were ex-
amined in the present investigation, but they are not shown in
Fig. 10 because they exceed the arbitrary bounds chosen for
the plot. Note that the curves in Fig. 10 are also asymptotic to
two limits (Sa ® and Sa = 0).

In most � ow situations, increasing swirl number results in
increased heat transfer, but Figs. 6– 8 have shown that this is
not universally true when counterswirling jets are acting to
dissipate each other. In fact, the shaded band in Fig. 10 rep-
resents the combinations of MFR and annular swirl number
that result in downstream Nusselt numbers that are lower than
those cases with no annular swirl. Thus, the crosshatched re-
gion of Fig. 10 identi� es combinations of � ow conditions that
minimize downstream convective heat transfer, which would
be attractive in combustor applications.

A simpli� ed interpretation of Figure 10 is as follows. The
circumferential momentum ratio indicates which jet’s swirl
will persist further downstream. For circumferential momen-
tum ratios as de� ned by Eq. (8) near 1, we would expect that
the two jets would relatively quickly dissipate each other’s
circumferential momentum and that downstream heat transfer
would be low because of the absence of the important mech-
anism of circumferential shearing and turbulence generation.
For circumferential momentum ratios larger than 1, the inner
jet’s circumferential velocity encounters only modest viscous
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Fig. 12 Local Nusselt numbers for Sa = 1.2, various MFR.

Fig. 11 Local Nusselt numbers for Sa = 1.2, various MFR.

resistance so that its swirl should persist further downstream
than annular swirl. Similarly, for circumferential momentum
ratios smaller than 1, the annular jet rapidly overwhelms the
inner jet’s circumferential momentum so that annular swirl will
persist further downstream. For circumferential momentum ra-
tios different from 1, circumferential shearing should remain
an important mechanism driving heat transfer in the down-
stream region. This argument, although simple, is a useful
starting point for explaining the interrelated effects of axial
momentum and swirl and can be used to predict the effect of
both on downstream heat transfer.

Recall that in Fig. 6, the downstream Nusselt numbers de-
creased as Sa increased. From the prior arguments, the annular
jet’s circumferential momentum was dissipated by the much
higher circumferential momentum of the inner jet, so that
while the inner jet swirl persisted into the downstream region,
the mostly axial annular jet was acting to � lm cool the tube
wall. For MFR = 0.37, Fig. 10 shows that the lower annular
jet swirl numbers result in a very large imbalance in circum-
ferential momentum, and even for the largest values of annular
swirl number examined in the present study (Sa = 1.2), the
inner jet circumferential momentum was dominant for this low
MFR case. Apparently then, the heat transfer enhancement is
largely a result of circumferential shearing and the resulting
turbulent � uctuations.

The prior argument can also be used to interpret the down-
stream heat transfer in Figs. 7 and 8. Figure 7 showed that the
Sa = 0 case had higher downstream Nusselt numbers than the
Sa = 0.4 case for MFR = 1.46, and Fig. 8 showed similar
Nusselt numbers for Sa = 0 and Sa = 0.4 when MFR = 2.80.

In the two aforementioned cases where Sa = 0.4, the heat trans-
fer was relatively low because the circumferential momentum
ratios were near 1. Similarly, for the case with MFR = 1.46
and Sa = 0.8, the downstream heat transfer was similar to the
Sa = 0 case because the circumferential momentum ratio was
near 1, suggesting that little circumferential shearing was tak-
ing place in the downstream region. Finally, the downstream
heat transfer augmentation evident in Fig. 9 (where MFR =
8.2) was most likely caused by large mean velocities associ-
ated with the annular jet’s persistent circumferential velocity
because the circumferential momentum ratio was much less
than 1, and consequently little circumferential shearing was
occurring.

Equation (8) shows that the circumferential momentum ratio
is not only a function of the swirl strengths of the two jets,
but also MFR. Figure 11 reiterates selected data from Figs.
6 – 8 with the goal of highlighting the effect of MFR. In Fig.
11, both Si and Sa are constant. Because a normalized Nusselt
number is being plotted, the effect of axial mean velocity (or
Re number) should be normalized out of the data in the down-
stream region. However, the downstream Nusselt number ra-
tios are clearly a function of MFR. At MFR = 0.37, this heat
transfer enhancement is a result of circumferential shearing
and turbulent � uctuations. At the two higher MFR, there re-
mains signi� cant circumferential shearing in which the annular
jet has dominated (because the circumferential momentum ra-
tios were much less than 1), and there is also a signi� cant
mean � ow contribution to the heat transfer by the highly
swirled annular jet. Other � gures like Fig. 11 were generated
for Sa = 0.4 and 0.8, and both the interpretations and conclu-
sions were consistent with the preceding discussion.

Although the data between MFRs of 0.37 and 1.46 in Fig.
11 are perhaps too sparse for a de� nitive conclusion, they do
suggest certain MFRs might be preferable, depending on the
application. For example, in combustor applications where
minimum heat transfer and a uniformly cool wall temperature
are desirable, MFRs of 1.5 might represent minimally accepted
values for design purposes to ensure minimization of hot spots
and thermal gradients (resulting from wall-bounded recircula-
tion) that obviously would occur for MFRs of 0.37 or lower.
For those combustor designs that use the counterswirling jets
con� guration, circumferential momentum ratios near 1 will
yield the lowest downstream Nusselt numbers.

Although there are attractions to using the Gnielinski cor-
relation14 for normalization of the Nusselt number, doing so
can make extraction of Nusselt numbers or the heat transfer
coef� cient somewhat awkward. Consequently, Fig. 12 contains
essentially the same data as Fig. 11, but has been included
here to help put the magnitudes of the Nusselt number into
perspective. Nusselt numbers, heat transfer coef� cients, and all
related measurements and results are tabulated in Sanger.19

V. Conclusions
In addition to the unique convective heat transfer data that

have been presented for counterswirled coaxial jet mixing,
there are several results that can be summarized:

1) For annular swirlers with both axial and tangential � ow
entry, the swirl number can be conveniently characterized as
a function of readily measured � ow rates to the swirler by Eq.
(5).

2) For small-to-moderate momentum � ux ratios (MFR <
2.8), a wall-bounded recirculation cell is present, resulting in
sharp peaks in the Nusselt number distribution, i.e., wall hot
spots.

3) For large MFR, the mean velocity dominates the heat
transfer behavior and turbulent � uctuations appear to play only
a minor role. The effect of annular jet swirl on the convective
heat transfer can be quanti� ed by Eq. (6) for large MFR.

4) A simple physical argument based on the ratio of circum-
ferential momentum of the two jets has been advanced that is
consistent with the present data and potentially useful as a tool
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for predicting the impact of MFR and annular swirl strength
on both the downstream (X /D > 3) heat transfer and the per-
sistence of downstream swirl.

The practical importance of these results lies primarily in
the design of gas turbine engine combustors where knowledge
of the local Nusselt number is important to quantifying the
local heat loads, which in turn govern how � lm-cooling holes
and other cooling strategies should be designed.
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