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Abstract-Convective heat transfer data from a confining tube to coaxial, counter-swirled jets are 
presented. The inner jet diameter was approximately twice the annular gap dimension. The inner jet swirl 
number varied from zero to 1.2 for a Reynolds number of 60 000. The ratio of annular-to-inner jet Reynolds 
numbers varied from 0.10 to 0.95. For those cases where the annular jet was swirled, its swirl number was 
approximately 1.3. Plots of local Nusselt numbers exhibit minima and maxima corresponding to the 
separation and reattachment locations associated with wall-bounded recirculation regions. As inner jet 
swirl strength was increased, the peak Nusselt number was shifted upstream. As the annular flow rate was 
increased, the near wall recirculation zones were stretched and shifted downstream until at sufficiently high 
annular flow rates, the zones were no longer in evidence from the heat transfer data. For low annular flow 

rates, the addition of swirl to the annular jet did not ensure an increase in convective heat transfer. 

INTRODUCTION 

FOR CERTAIN flow conditions, the mixing of two con- 
fined coaxial jets may result in secondary flow systems. 
Addition of swirl to the jets may result in a second, 
on-axis recirculation region, usually accompanied by 
extremely high levels of turbulence. Convective heat 
transfer rates between the flows and their confining 
duct are of interest because flows of this type are 
utilized in several applications, as for example in 
dump combustors of gas turbine engines and in ramjet 
combustors. These applications take advantage of the 
on-axis recirculation associated with a highly swirled 
inner jet for flameholding, and also of the high mixing 
rates for enhanced combustion efficiency. 

The shearing between two confined coaxial jets 
results in mixing rates, and subsequently, heat transfer 
coefficients that are substantially higher than those that 
would be obtained at the same Reynolds number in 
fully developed pipe flow. The high heat transfer 
coefficients are attributable to the very high levels of 
turbulence generated by shearing as the inner and 
annular jets interact. Because length scales are large in 
the shear layer, the turbulent kinetic energy generated 
there dissipates relatively slowly, thereby maintaining 
much larger levels than would be found in ordinary 
pipe flow where no such internal shear layer exists. 

If the inner jet is swirled at sufficiently high levels, 
then an on-axis recirculation can be induced as the 

circumferential velocity decays in the streamwise 
direction, resulting in a corresponding increase in 
pressure that provides the adverse pressure gradient 
necessary to drive the recirculation. Swirl is usually 
responsible for increased shear rates and greater tur- 
bulence production, so that when it is coupled with 
the shearing from coaxial jet mixing, the convective 
heat transfer is augmented even further. 

The objective of the present investigation was to 
examine, through a series of experiments, local con- 
vective heat transfer characteristics associated with 
the mixing of two confined coaxial jets. Various levels 
of swirl were introduced into the two jets. The annular 
flow rate was characterized by a ratio of annular-to- 
inner jet Reynolds numbers, and this also was exam- 
ined as a parameter in the present study. 

PREVIOUS INVESTIGATIONS 

In past investigations of coaxial jet mixing, the 
focus of attention has been on measurements and 
computation of the flow field, with few papers 
addressing the convective heat transfer problem. 
Studies of coaxial jet mixing generally fall into one of 
three geometrical categories, including : (1) free jet 
issuing into ambient surroundings, (2) confined jet 
issuing into a sudden or gradually expanding mixing 
region, and (3) coaxial jet mixing in a tube whose 
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NOMENCLATURE 

c Craya-Curtet number, Re,, Reynolds number of the annular jet 
U,/((U” - Uf)(d/II)‘+O,5(c/$ - Uf,))’ ?, based on I/, and D,, 
where U,, = (U, - U,) (d/D)’ + U,, s swirl number of the jets upstream of 

u’ diameter of inner jet [m] mixing region. defined by, 
D diameter of annular jet and mixing region I? . 

[ml 7 I.‘u~ dr 
DH hydraulic diameter of annular jet. D -d,, -I 

[ml 
,y= --RI 

h local heat transfer coefficient 1. 

[Wm-’ C ‘] 
i‘ 

K, 
)./l: dr 

II 

I current in the tube wall [A] (where R, and Rz are the inner and outer 

lc thermal conductivity of air [W m ’ C ‘1 radii of the respective jets and u and r 

L. characteristic length : either d (inner jet) are the local mean axial and 

or D, (annular jet) [m] circumferential velocities. respectively) 

?+I mass flow rate [kg s ‘1 Th bulk fluid temperature [“Cl 

Nu local Nusselt number T, local outside tube wall temperature ] C] 

IVU,; fully-developed Nusselt number for T, local inside tube wall temperature [ C] 

turbulent tube flow as computed by I: bulk streamwise velocity [m s- ‘1 

the Gnielinski correlation Urn maximum axial velocity of jet used for 

‘I local heat flux [W mm ‘1 normalization 

I radial position with respect to test section X axial distance from point where jets begin 

centerline [m] mixing [ml. 

R electrical resistance of the stainless steel 
test section [ohms] Subscripts 

Re, Reynolds number of the inner jet based i innet jet 

on li, and d a annular jet. 

- 

diameter is the same as the annular jet diameter. Since 
experiments reported in this paper fall into the third 
category, comments about related investigations will 
be limited to those concerned with mixing in a con- 
stant diameter tube. 

Several investigations of coaxial jet mixing incor- 
porating unswirled jets have been reported [I --61. In 
an early investigation by Barchilon and Curtet [I] 
at very small jet diameter ratio (djD) of 0.075, flow 
visualization and hot-wire measurements were used 
to document and focus attention upon wall-bounded 
recirculation. It was observed that as the annular-to- 
inner jet velocity ratio increased from zero to one. the 

reattachment point remained fixed at X/D = 3. but 
the location of the separation point moved from 
approximately X/D = -0.5 to X/D = 3. That is, the 
recirculation region was shortened considerably until 
it disappeared altogether for ZJ, // U, = 1. 

Durao and Whitelaw [2] and Choi rt ul. [3] report 
a series of hot wire measurements for jet diameter 
ratios of 0.36 and 0.5, respectively. There was no 
evidence of wall-bounded recirculation in the data of 
ref. [2]. presumably because the values of annular-to- 
inner jet bulk velocity ratios were moderate to large 
in these experiments. The focus of the Choi et al. 
measurements was on the effect of adverse pressure 
gradients on the mixing process. Adverse pressure 
gradients were found to enhance momentum transfer 
while inhibiting wall-bounded recirculation. 

Khodadadi and Vlachos [4] examined wall- 
bounded recirculation regions both numerically and 
with laser Doppler anemometry (LDA) measure- 
ments. again at very small jet diameter ratios (d/D) of‘ 
between 0.08 and 0.04 for weak annular jets having 
U,t/CJ, = 0.08 and 0.22. The locations of separation 
points were generally consistent with those reported 
in ref. [I]. but there was considerably more variation 
in the location of computed reattachment points. 
which were observed to shift from about X/D = 5.2 
to 2.8 as the jet velocity ratio approached one. 

Kang et al. [5] present data from an experimental 
investigation of heat transfer in unswirled jet mixing 
with inner jet velocity and velocity ratios as param- 
eters. There were commonly two peaks observed 
in the local Nusselt numbers, especially at high an- 
nular-to-inner jet velocity ratios. The first peak wax 
attributed to a laminar/turbulent boundary layct 
transition. The maximum heat transfer usually 
occurred at the second peak. and the second peak’s 
location was found to be independent of inner jet 
velocity when UJU, was held constant. In fact, the 
location of peak heat transfer was determined to be a 
function only of the Craya-Curtet number, which 
depends on the jet diameter ratio and velocity ratio. 
A follow-on investigation [6J examined axial mean 
and fluctuating velocities, with emphasis in and 
around the wall recirculation zone in order to test 
the premise [5] that peak Nusselt numbers occurred 
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upstream of the reattachment point because the 
highest fluctuating velocities were found upstream of 

the reattachment point. The premise did seem to be 

verified except at large annular-to-inner jet velocity 
ratios for which the measurements revealed no wall 
recirculation regions, but there were still clear maxi- 
ma in fluctuating velocities adjacent to locations 
of peak Nusselt number. At lower velocity ratios, the 
peaks in Nusselt number and axial r.m.s. velocity were 
found to be as much as one diameter upstream of 
reattachment when the length of the entire recircu- 
lation region was on the order of three diameters. 

Among those studies reporting on the mixing of 
swirled coaxial jets confined by a constant diameter 

tube are refs. [7-91. Hendricks and Brighton [7] report 
a computational effort that considers a swirled inner 
jet (0 < Si < 0.3) mixing with an unswirled annular 
jet. The results given in the paper are limited to cen- 
terline velocities and wall pressure distributions. 
Observations of the effect of inner jet swirl were con- 
sistent with the description given earlier in this paper. 

In contrast to ref. [7], Sukhovich [8] reports a heat 
transfer investigation where the annular jet is swirled 
and the inner jet is not. Measured temperature profiles 
within the mixing regions are presented. Sukhovich 

points out that heating at the confining wall promotes 
a more robust mixing due to the centrifugal forces at 
work to maintain cooler, more dense fluid at the tube 
wall while forcing less dense hotter fluid towards the 
tube centerline. Thus, in swirled flow heat transfer 
problems, one must be careful how experimental data 
are applied since an experiment that heats the fluid 

with a hot tube wall will yield different heat transfer 
characteristics than one where the flow is cooled at 
the wall. 

Both coswirled and counterswirled annular flow 
were examind by Vu and Gouldin [9] in an extensive 
series of hot wire measurements for a jet diameter ratio 
(d/D) of 0.23, with Si = 0.65, -0.4 < S, < 0.4, and 
UJU, = 0.70. Strong on-axis recirculation was docu- 
mented for counterswirled flow, but occurred rela- 
tively more weakly in coswirl. Whether on-axis recir- 
culation occurs in coswirl is a point of contention, 
with some investigators reporting no evidence of it in 
their coswirl experiments (e.g. [ll]). No recirculation 
near the tube wall was documented, consistent with 
the observations of ref. [4] that suggest such recir- 
culation is generally not expected for CrayaaCurtet 
numbers in excess of 0.85. 

LDA measurements and numerical predictions of 
both coswirl and counterswirl jet mixing are presented 
by Ramos and Somer [lo]. This study focused on 
numerical computations utilizing two-equation tur- 
bulence models. The numerical results were in fair 
agreement with the velocity measurements and the 
data of ref. [9]. The LDA measurements were gen- 
erally in agreement with the hot wire measurements 
of ref. [9], as expected, since the jet velocity ratios and 
diameter ratios in the two experiments were nearly 
identical. 

Finally, Gouldin et al. [l I] also report LDA 

measurements, again with flow characteristics very 

similar to refs. [9, lo]. On-axis recirculation is appar- 

ent from the data for counterswirl, but not for coswirl, 
and there is again no evidence of wall-bounded recir- 
culation. As in the other investigations cited above [9, 
lo], the on-axis recirculation is enclosed by the inner 
jet, which effectively shields it from the annular flow. 
Pressure gradients associated with a rapid expansion 
of the inner jet and decaying circumferential velocity 
are suggested as the inducements for the recirculation. 

EXPERIMENTAL APPARATUS 

The experiments were performed with an open-loop 

air facility. Swirl of the 5.08 cm diameter inner jet was 
continuously variable via tangential slot generation. 
Details of the inner jet swirl generator are available in 
ref. [12]. Termination of the inner tube (that point at 
which mixing of the two jets began) was 16 inner jet 
diameters downstream of the tangential slots. Flow 
rates to the swirl generator were measured with 
turbine-type flowmeters. 

The unswirled annular jet was introduced 22 annu- 

lar gap spacings upstream of the mixing region by a 

large annular plenum. Approximately one and two 
mixing tube diameters downstream of the annular 
flow plenum, honeycomb and two sets of screens were 
installed. The outer diameter of the annular jet was 
9.98 cm, while the inside diameter was 5.40 cm. Fur- 
ther details of the apparatus are available in ref. [13]. 
The annular flow rate was measured with a turbine 
flow meter located upstream of the plenum. 

Swirl was introduced into the annular jet by modi- 

fying the apparatus such that the plenum discussed 
above was taken out of service and replaced by a 
short length of 9.98 cm diameter rigid tubing mounted 
between two flanges. Six 2.54 cm rigid tubes were 
welded to the sides of the larger tubing so that flow 
through the smaller tubes would enter the larger tube 
in a tangential fashion. When the annular jet swirler 
was installed, all fluid making up the annular jet 
entered the test rig through the six 2.54 cm tubes. 
Since there was no provision for passing fluid through 

the swirler in a purely axial sense, the annular swirl 
number was not continuously variable, but rather was 
closely related to the annular flow rate. 

Heat transfer measurements were made in a hori- 

zontal stainless steel tube by passing alternating 
current in the tube wall. Heating began at the 
same streamwise location where the tube confining 
the inner jet terminated. The heated test section was 
a stainless steel tube with an inside diameter of 
9.98 cm, a wall thickness of 0.89 mm, and a length of 
1.04 m. Stainless steel flanges 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 available in Memar [ 131. 

Conduction losses from the heated test section to 
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the upstream tube were minimized by inserting a 
spacer with low thermal conductivity between the two 
connecting flanges. The flanges and spacer were held 
together by nylon bolts to further reduce heat con- 
duction 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 mcasurc- 
ment of an exiting bulk fluid temperature and to 

minimize disturbances to the flow near the end of the 
test section. 

Copper electrical busses joined current carrying 
cables to the stainless steel flanges of the test section. 
Two water-carrying copper tubes were soldered 
around the periphery of the busses for the purpose of 
guard heating or cooling. Each test section flange had 
a pair of thermocouples imbedded in such a way that 
radial temperature gradients across the flanges could 
be monitored, and minimized through appropriate 
adjustment of the guard heaters/coolers. 

Tube-wall temperature distributions on the test sec- 
tion were measured with copper-constantan thermo- 
couples mounted on the outside of the tube. Insu- 
lated steel bands encircling the test section held the 
thermocouples tightly in place. Nineteen thermo- 
couples were employed, spaced at smaller inter- 
vals near the upstream end of the test section to pro- 
vide high resolution in the region of rapidly changing 
heat transfer coefficients. For most of the tests 
reported herein, the thermocouples were located along 
the top of the test section. However. for several cases 
the test section was removed. rotated 180 about its 
streamwise axis, and reinstalled to check for possible 
variations in the heat transfer coefficients due to free 
convection in the coaxial jet mixing process. For all 
such data examined in this study, differences between 
top and bottom mounted thermocouples were insig- 
nificant with respect to measurement uncertainties. 
Nine inches of fiberglass insulation surrounded the 
test section and both plenums. 

Power input levels to the working fluid were 
deduced in two ways. In the first. power was taken as 
the product of the test section resistance and the 
square of the current. The current was measured with 
a shunt having nominal accuracy of & 1%. Resistance 
of the type 321 stainless steel was computed during 
the data reduction process by taking account of the 
local temperature-dependent resistivities along the 
test section. 

Input power was also determined from the cal- 
culated fluid enthalpy rise through the test section. 
Bulk fluid temperatures were measured at the inlet 
and outlet of the test section. Upstream of the test 
section. it was necessary to measure a radial tem- 
perature profile through both inner and annular 
icts because there was significant centrifugal-force 
induced temperature stratification present. The radial 
temperature profile, obtained by traversing a ther- 
mocouple through the jets, was integrated with appro- 
priate local velocity weighting factors (from LDA 
measurements) to obtain the bulk temperature. For 

the data presented herein, the discrepancy between 
the measured power disssipation (1IR) and the fluid 
enthalpy rise averaged 2.2% and was never more than 
5.0% for any one run. 

PROCEDURES AND DATA REDUCTION 

Heat transfer results are presented in terms of local 
Nusselt numbers, defined by 

Nrr = hD/k. (1) 

The thermal conductivity of air (k) was evaluated at 

the local bulk temperature, and the local heat transfer 
coefficient (II) was defined by 

h = y!‘( T,, - r,,). (2) 

The local heat flux is designated by (I, the local tem- 
perature at the inside of the tube wall by T,. and the 
local bulk temperature by r,,. 

The wall temperature (T,,) in equation (2) is the 
temperature of the inside surface of the test section 
wall. Because exterior wall temperatures were actually 
measured. the interior surface temperatures were 
determined by solving the one-dimensional (radial) 
heat conduction equation for a cylindrical shell with 
insulated outer boundary. The temperature diffcr- 
ences across the thickness of the tube wall were found 
to be very small (typically on the order of 0.01 C). 

Although the present experiments had a nominally 
uniform heat flux boundary condition, there was some 
slight axial variation in heat flux due to both the 
temperature dependence of tube material properties. 
and axial heat conduction in the tube wall. The pro- 
cedure used for finding the local heat fluxes began by 
dividing the tube wall into 19 hypothetical control 
volumes centered on the locations of the 19 wall- 
temperature thermocouples. The magnitude of Joule 
heating in each control volume was determined as the 
product of the temperature-dependent resistance and 
the square of the current (I’R). Heat losses from 
the outside of the tube wall through the fiberglass 
insulation which surrounded the test section were neg- 
ligible. This loss was calculated to be no more than 
1 o/o 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 during the data 
reduction process and used to correct the local heat 
flux in each control volume. Finally. the local heat 
Hux from each control volume was used to compute 
the local bulk temperature. 

Fully-developed flow Nusselt numbers used for 
normalization of the present results were determined 
from the Gnielinski correlation [14]. which Kakac 
it ul. [15] recommend as probably the best available 

general purpose correlation in the range 

0.5 < Pr < 1.5: 

N~lo = 0.0214( Rr” ‘- 100) Yr” 4. (3) 

All fluid properties used in equation (3) were evalu- 
ated at the local bulk temperature. 
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The methods of Kline and McClintock [16] were 

employed to determine that the largest uncertainties 
were about 3% in Reynolds number and 5% in swirl 
number. The largest uncertainties in Nusselt number 

were computed to be about lo%, with these occurring 
near the location of peak Nussselt number where wall- 
to-bulk temperature differences were smallest. 

RESULTS AND DISCUSSION 

For the present series of experiments, the inner jet 
Reynolds number was 60 000 (& 3.1%) and the inlet 
Prandtl number was 0.705 (*0.5%), with both based 
on the bulk air temperature just upstream of the mix- 
ing region. The annular flow rate was characterized 
by a ratio of annular-to-inner jet Reynolds numbers 

(ReJRe,), with values of 0.10 (+3%), 0.20 (f3%), 
and 0.95 (a 5%) examined. The Reynolds number 
ratios were related to a mean axial velocity ratio of 
the two jets through the geometry of the apparatus. 
Thus, Reynolds number ratios of 0.10, 0.20, and 0.95 
corresponded to annular-to-inner jet bulk velocity 
ratios of 0.11,0.22, and 1.05, respectively (the Craya- 
Curtet numbers for the first two Reynolds number 
ratios were 0.76 and 1.0, respectively ; there is no 
equivalent Craya-Curtet number for velocity ratios 
larger than one). 

Swirl numbers (S) were determined by integrating 
velocity profile measurements made with a single- 
component laser Doppler anemometer at a location 
approximately one diameter (D) upstream of the 

expansion. The velocity measurements were made 
using clear acrylic tubes having the same dimensions 
as the stainless steel test sections. Mass balances were 
computed by integrating the axial velocity profiles, 
and the results fell within + 1.6% of the flow rates 
indicated by the test loop’s turbine flow meters for the 
inner jet, and to within k 3.2% for the swirled annular 
jet. 

Summary of the JlowJield 
No velocity profiles were measured in the unswirled 

annular jet due to limited access of the anemometer, 
but since the annular jet had 22 gap spacings to 
develop prior to reaching the mixing region, it is prob- 
ably reasonable to assume that its velocity profile and 
turbulence levels possessed classical turbulent dis- 
tributions just upstream of the mixing region (velocity 

profiles at X/D = 0 were probably altered somewhat 
due to downstream effects feeding back upstream via 
recirculation in these flows ; see Dellenback et al. [ 121 
for further discussion of this feature). 

Figure 1 shows mean velocities for both axial and 
circumferential velocity components, while Fig. 2 

shows the corresponding turbulence intensities (nor- 
malized r.m.s. velocities). Both mean and root mean 
square (r.m.s.) velocities have been normalized with 

the largest axial velocity (Urn) measured in each jet 
for the particular flow condition (Urn given in Fig. 1). 

The annular jet velocity profiles (and their related 

swirl numbers) were determined after the heat transfer 

measurements so that it was not possible to prescribe 
exactly the same annular swirl number a priori for all 
heat transfer tests. Hence, the annular jet swirl number 

varied between 1.22 and 1.37 for the three different 
Reynolds number ratios. 

The mean velocity and turbulence profiles upstream 
of the mixing region are consistent with well-known 
trends in swirling flows. For both inner and annular 
jets, it can be seen that locations of peak axial velocity 
move to larger radii with increasing swirl. Figure 2 
suggests that it might be reasonable to assume 
isotropy (or some simple relationship between axial 
and circumferential fluctuating components) well 
upstream of the mixing region, but measurements 
have demonstrated that this would be a poor assump- 

tion near X/D = 0 [12] and throughout the mixing 
region [9-l 11. The velocity data were in good agree- 
ment with those of Samimy and Langenfeld [ 171 (see 
Memar [ 131 for comparisons). 

Local heat transfer results 
In the present data, a peak in the local Nusselt 

number corresponds approximately to a reattachment 
point where the inner jet has spread to the degree 
that it impinges on the test section wall. The prior 
suggestion should be qualified because there is evi- 
dence that peak Nusselt numbers may occur slightly 
upstream of the flow reattachment point for internal 
flows [5, 6, 181. Examination of the local Nusselt 

number characteristics also reveals minima located 
upstream of the Nusselt number peaks. The minima 
in Nusselt number correspond to separation points 
where flow in the vicinity of the wall moves away from 
the wall. In the present data, when minima in heat 
transfer are not apparent for low Reynolds number 
ratios, it is presumed that they lie upstream of 
X/D = 0.2, where temperature instrumentation could 
not be located due to physical constraints of the 
apparatus. 

Figure 3 shows the effect of inner jet swirl strength 
on the local heat transfer, with the annular jet 
unswirled. We expect the reattachment zone to move 
upstream with increasing swirl of the inner jet since 
the accompanying increase in centrifugal force on a 
fluid element encourages it to move towards the wall 
more quickly as it moves downstream. This behavior 
is evident in Fig. 3 where the maxima and minima 
in Nusselt number effectively mark the extent of the 
recirculation region. The tendency of a swirled inner 
jet to rapidly fill the larger tube into which it issues 
encourages a rapid redevelopment of the flow. This is 
especially apparent for the higher swirl numbers in 
Fig. 3, where the curves of Nusselt number are quite 
flat beyond X/D = 2. While the tendency to redevelop 
occurs very quickly in the highly swirled flows, the 
mean velocities and turbulence kinetic energy levels 
remain higher than for unswirled flows, and this results 
in higher Nusselt numbers in the downstream region. 

Figure 3 also shows selected data from Kang et al’. 
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FIG. I Axial and circumferential mean velocity distributions in the jets one diameter (D) upstream of the 
mixing region. 

[5] for coaxial jets under much different conditions 
(yet the data of ref. [5] correspond as closely to the 
present results as possible). Kang et al.‘s data cor- 
respond to an inner jet Reynolds number of 46 000, a 
jet diameter ratio of 0.043, and a mean velocity ratio 
(UJU,) of 0.028. This particular case was chosen for 
comparison because its CrayaaCurtet number of 0.71 
most closely matches that associated with the Fig. 
3 data for which the Craya-Curtet number is 0.76. 
Matching velocity or Reynolds number ratios between 
the two experiments was unsuitable because the values 
resulting from the present investigation were far 
beyond the range of the data reported by Kang et cd. 
In any event, the distribution and magnitudes of the 
Kang et al. data are remarkably similar to the present 
results in light of there being such large differences 

between the geometries and inner jet Reynolds num- 
bers in the two experiments. At a Reynolds number 
ratio of 0.20 for the present data, a second comparison 
with the data of ref. [5] would show a similar agree- 

mcnt, but with slight shifting of the Kang rt al. data 
in the downstream direction. 

The effect of increasing the annular flow rate, when 

the inner jet is strongly swirled, is shown in Fig. 4. 
Increasing the annular flow rate causes the recir- 
culation regions to be displaced downstream to vary- 
ing degrees. and to be stretched in the downstream 
direction (which is consistent with observations made 
in refs. [ 1, 51). Increasing the Reynolds number ratio 
also decreases the normalized heat transfer coefficients 
adjacent to the recirculation region by decreasing the 
impact of the swirled inner jet on the overall mixing. 

00000 Si=O 
00000 Si=O.8 
AA*Ad. Si=l.2 
00000 Sa=1.2 
****+ so=1.3 
0*9++ Sa=l.4 

2r/D 

FIG. 2. Axial and circumferential r.m.s. velocity distributions in the jets one diameter (D) upstream of the 
mixing region. 



Heat transfer in confined coaxial jet mixing 3927 

6.0 

cs2Q.w Si=O 
q 00_qe SiqO.6 
Am Sicl.2 
486%it Data of Ref. [5] 

X/D 
FIG. 3. The effect of inner jet swirl number for an unswirled annular jet Rea/Rei = 0.10. 

This is similar to a film cooling effect where the 
annular jet works to isolate the inner jet from the 
heated tube wall, resulting in decreased heat transfer. 
For Re,/Rei = 0.95, the jets’ mean velocity ratio was 
1.05 so that there was little axial shearing to generate 
a recirculation cell near the wall. Nevertheless, Fig. 4 
suggests that such a wall-bounded recirculation may 
have existed even at the highest Reynolds number 
ratio. 

The effect of swirling the annular jet opposite to the 
swirled inner jet is shown in Fig. 5. The impact of 
Reynolds number ratio in Fig. 5 is qualitatively similar 
to the trends in Fig. 4 where the annular jet was 
unswirled. However, by contrasting Figs. 4 and 5, we 
see that there is a clear tendency for the annular swirl 
to shift the recirculation regions upstream. For large 
ReJRe, the swirled annular jet dominates the mixing 

process, resulting in much lower levels of heat transfer 
enhancement. The data of Fig. 5 are the first to be 
presented here that may be interpreted as having no 
recirculation region. Although the data for the inter- 
mediate Reynolds number ratio suggest that recir- 
culation is occurring for that flow condition, there is 
no direct evidence of recirculation at the smaller 
and larger Reynolds number ratios. While it seems 
likely that a recirculation cell exists for the smallest 
Reynolds number ratio, the small degree of axial 
shearing at the largest ratio may not be sufficient to 
generate a recirculation cell. 

The influence of swirling weak annular jets (i.e. 
Re,/Rei = 0.1) on the local heat transfer is shown in 
more detail by Fig. 6 where both inner and annular 
swirl numbers are parameters. For the two S, = 0 
cases there appear to be two peaks in Nusselt number. 
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FIG. 4. The effect of Reynolds number ratio for unswirled annular jet and strongly swirled (S, = 1) inner 
jet. 
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A previous observation from the present data sug- 
gested that annular swirl appeared to shift recirculation 
regions upstream, at least when the inner jet was 
strongly swirled. If this is true for the S, = 0, S, = 1.2 
case then there appears to be an additional recir- 
culation region centered about X/D = 3.5. That an 
additional secondary flow should arise seems improb- 
able, so one might consider a second possible 
interpretation that has the recirculation region shift- 
ing downstream with the addition of swirl to the annu- 
lar jet. This second interpretation appears more likely 
since with no inner jet swirl to dominate the heat 
transfer process, the low annular flow rate apparently 
plays a significant role. Recall that in the heat transfer 
data of ref. [5] two peaks in Nusselt number were also 
observed, with the smaller magnitude upstream peak 
attributed to laminar,/turbulent transition. This does 
not appear to be a likely explanation of the present 

data in light of the Reynolds numbers employed in 
these experiments. It appears then that an upstream 
shifting of recirculation region due to swirling the 
annular jet only occurs when the inner jet is swirled. 
The first peak in Nusselt number may be due to high 
turbulence kinetic energy associated with the initial 
interaction of the two jets, an effect that is hard to 
discern in other cases where the stagnation point heat 
transfer occurs in the same region. 

At higher inner jet swirl numbers of 0.8 and 1.2, 

contrasting the data from Figs. 3 and 6 shows that 
there is very little effect on heat transfer from adding 
counter-swirl to a weak annular jet. The S, = 1.2, 
S, = 0 case has been included in Fig. 6 for a direct 
comparison, and there is clearly minimal impact of 
annular swirl on the data. One consequence of 
counter-swirling the annular jet is that there are 
small increases in peak Nusselt number arising from 
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FIG. 6. The elkct of annular jet swirl number for RE,! Rr, = 0.1. various S,. 
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FIG. 7. The effect of annular jet swirl number for ReJRe, = 0.95, various S,. 

the higher turbulence levels associated with higher 
rates of shear. It appears that swirl strength of the 
inner jet is the dominant parameter on heat transfer 
characteristics when Re,/Rq is small. 

Figure 7 demonstrates that at higher annular-jet 
flow rates, the annular jet swirl strength is the domi- 
nant influence on heat transfer, with the inner jet 
swirl strength having minimal impact. Heat transfer 
enhancements of between 70 and 100% are typical 
consequences of swirling the annular jet under these 
conditions. When the annular jet is swirled and the 
Reynolds number ratios high, the annular swirl is slow 
to decay, resulting in sustained enhancement of heat 
transfer. 

A careful examination of the Re,/Rei = 0.95, 
S, = 0, S, = 0 data suggests that a recirculation cell 
may exist, but be so long that the separation point is 
beyond X/D = 9. This hypothesis is supported by the 
observation that the normalized Nusselt number falls 
below one, which suggests that a separation point is 
present at large X/D. As the inner jet swirl number is 
increased to 0.8, again for ReJRei = 0.95, we see that 
a minimum in Nusselt number occurs at about 
X/D = 2.5, followed by a monotonic increase in 
Nusselt number through the end of the test section. 
This suggests a maximum in Nusselt number may 
exist further downstream than X/D = 9. Finally, 
when the inner jet swirl number is increased to 1.2, 
Fig. 7 shows that the region of recirculating flow is 
apparently shortened and driven so far upstream 
that both a minimum and maximum in Nusselt 
numbers are evident. In summary, it appears that 
a wall-bounded recirculation region may exist with 
extreme stretching and downstream shifting even for 
Reynolds number ratios as large as 0.95. 

With the exception of Kang et aZ.‘s [5] investigation, 
the opportunity to compare the present heat transfer 
results with those of other investigations is limited 
because there have been few related heat transfer 

investigations. However, in the limit as Reynolds 
number ratio goes to zero, the results should be similar 
to those for flow through a sudden expansion. Figure 
8 shows such a comparison with the sudden expansion 
data of ref. [18] that were taken using essentially the 
same apparatus. In Fig. 8, the weak annular jet (i.e. 
ReJRe, = 0.10) is unswirled. Figure 8 demonstrates a 
strong similarity between the present results and those 
for flow through a sudden axisymmetric expansion. 
This is especially obvious for a highly swirled inner 
jet. When the inner jet is unswirled, the influence of 
the weak annular flow is more apparent as it sweeps 
the wall-bounded recirculation region slightly down- 
stream so that a minimum in Nusselt number is clearly 
discernible and relaxation of the Nusselt number to 
fully developed values is delayed. 

On-axis recirculation is known to exist at inner jet 
swirl numbers of 0.8 and 1.2 in sudden expansion 
flows [12] and for some swirled coaxial jet flows [9- 
111, but no certain evidence of on-axis recirculation 
due to decaying swirl or large Re,/Rei shearing was 
apparent in the present heat transfer data. It is prob- 
ably occurring, but it is difficult to definitively ascribe 
particular observations of the present data to its 
presence. 

CONCLUSIONS 

Local heat transfer rates and flow physics in coaxial 
jet mixing have been shown to be a strong function 
of three parameters: (1) the inner jet swirl number, 
(2) the annular-to-inner jet Reynolds number ratio, 
and (3) the swirl number of the annular jet. Loca- 
tions of the peak Nusselt numbers depend strongly 
on the inner jet swirl number and Reynolds number 
ratio. For weak annular flows, the inner jet swirl 
strength dominates the heat transfer problem and 
wall-bounded recirculation regions are in evidence. 
As the annular jet flow rate is increased, it becomes 



3930 H. MEMAK (‘1 NI 

7.0 
t 

6.0 1 

c 
L 

OoooO Si=O, 

c3 4 
Present study 

r 

IJ 5.0 
Z 

; 

oooo0 Si=O, Sudden expansion 
*IPI?IP Si=l.Z. Present study c 
W Si=l.Z. Sudden expansion L 

‘\ 

2 4.0 c 

t 
: 

3.0 

2.0 

1.0 
0 ---T--- 2 ’ 8 10 

X/D 

FIG;. 8. Comparison of present data with sudden expansion data of ref. [IX]. both with Kr, = 60000. 
identical dimensions d and /II. 

the dominant influence on the heat transfer. At large 

annular flow rates, there appears to be only mini- 

mal heat transfer enhancement as a consequence of 

swirling the inner jet. 
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