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Abstract-Heat transfer and flow visualization experiments were conducted to investigate and compare 
the performance of swirling and multi-channel impinging jets with that of a conventional impinging jet 
(CIJ), having the same diameter at the same conditions. Swirling impinging jets (SIJs) employed a 25.4 
mm long solid insert at the exit of housing tube to divert the air flow through four narrow channels along 
the surface of the insert, with the desired swirl angle (0 of 15,30 and 45”). The multi-channel impinging jet 
(MCIJ) had same dimensions as SIJs, except that the narrow channels in the solid insert were vertical 
(0 = 0’). The local and surface average Nusselt numbers of MCIJ were generally much higher than those 
of CIJ. SIJs demonstrated large increases in both Nusselt numbers and significant enhancement in radial 
uniformity of heat transfer compared to MCIJ and CIJ; best results were for 0 = 15” and jet spacing of 
50.8 mm. Flow visualization experiments using smoke flow, smoke wires and water jet techniques revealed 
the mechanisms contributing to the higher and enhanced radial uniformity of heat transfer by SIJs. The 
smoke flow technique provided images of flow field between jet exit and impinged surface, while smoke 
wires showed details of flow field at and close to impinged surface. The water jet flow, seeded with tiny air 
bubbles as tr,acers, revealed details of flow field and induced mixing on the impinged surface. 0 1997 

Elsevier Science Ltd. 

INTRODUCTION 

Numerous experim.ental investigations of circular 
conventional impinging jets (CIJs) [l-4] have shown 
that they enhance heat transfer, but produce non- 
uniform radial distributions of the local and surface 
average Nusselt numbers. In these bell-shaped radial 
distributions, Nusselt numbers peak at or near the 
stagnation point, then drop exponentially with radial 
distance from the stagnation point. For some indus- 
trial applications, however, such as electronic cooling 
and chemical vapa’r deposition (CVD), both high 
values and radial uniformity of heat and mass transfer 
are important. 

In an attempt to improve the radial uniformity of 
heat transfer by an impinging air jet, Ward and Mah- 
mood [5] have introduced the swirling impinging jet 
(SIJ) concept, in which tangential flow components 
are introduced into the main air flow to cause it to 
swirl, at the expen;se of weakening axial flow, par- 
ticularly at stagnation point. The swirl generator of 
Ward and Mahmood consisted of a straight tube, 
which had four longitudinal narrow slots in the side 
wall for introducing the tangential air flow to generate 
the swirling effect in the main air stream. The mea- 
sured radial distribution of local Nusselt number was 
slightly more unii?orm than for a conventional 

t Author to whom correspondence should be addressed. 

impinging jet, but its values were significantly lower, 
particularly in the vicinity of the stagnation point. 

Agafonov [6] introduced a swirl in the jet main 
air flow using a specially designed twister, or a swirl 
generator. In his experiments, the flow field on the 
impinged surface was limited to a small radial distance 
from stagnation point, r/d, < 3. The measured radial 
distribution of the local Nusselt number was shaped 
like a saddle and was symmetric about the stagnation 
point. Nusselt number at stagnation point was about 
70% lower than that for CIJ and away from stag- 
nation point (r/dj > 2), its values were only slightly 
higher than those for CIJ. In general, the swirl gen- 
erator designs of both Ward and Mahmood [5] and 
Agafonov [6] were only partially effective in improv- 
ing the radial uniformity of heat transfer on the 
impinged surface. 

Recently, El-Genk and Huang [7, 81 and Huang 
and El-Genk [9] proposed a swirl generator design 
with four narrow channels. The swirl angle between 
the jet axis and the tangent to the narrow channels, 0, 
was varied from zero to 45”. Preliminary test results 
demonstrated improvement in the radial uniformity 
and large increases in values of the local and surface 
average Nusselt numbers [7-91. However, to better 
understand the heat transfer performance of this swirl 
generator, additional heat transfer and flow field vis- 
ualization experiments are needed. 

Very little work has been reported on flow field 
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NOMENCLATURE 

A heat transfer area [m’] N&D mean Nusselt number 
(1: inner diameter of jet housing tube [m] r radial distance from stagnation point 
G air mass flux Fg m-* s-l] [ml 
h vertical jet spacing [m] Re Reynolds number at jet exit, G~/P 
h heat transfer coefficient r, air temperature at jet exit [K] 
k air thermal conductivity TW temperature of impinged surface 

yW m-* K-‘1 Kl 
P electric power to heated strips [w] TW surface average temperature [K], 
NU local Nusselt number, hdj/k equation (2). 
Nuo Nusselt number at stagnation point 
Nu,,, peak local Nusselt number Greek symbols 
Nu,, surface average Nusselt number, p air viscosity [kg m-’ s-‘1 

equation (1) P air density [kg m-‘I. 

visualization of either CIJs or SIJs. Behbahani et al. 
[lo] have used smoke flow and smoke wires techniques 
to visualize the air flow field of a CIJ at low vertical 
jet spacing, h/4 < 2, on a small surface, r/4 < 2.0. 
The photographed images of the flow field at a very 
low Reynolds number showed two small vortices for- 
ming on the impinged surface at the same radial dis- 
tance from stagnation point [lo]. 

Shlien and Hussain [ 1 l] also used the smoke wires 
technique to visualize a free plane jet flow. A turbulent 
large-scale flow structure was observed from con- 
tortions of the turbulent/non-turbulent interface, 
which was made visible through the use of multiple 
views and orientations of smoke-wires in the non- 
turbulent entraining flow. Their photographs of the 
flow field showed clear images of the boundary flow. 
Salce and Simon [ 121 also visualized the swirl air flow 
inside a cylindrical cavity using the smoke wires tech- 
nique. The images of the flow field, however, were not 
clear and did not show the whole flow field. 

This paper reports the results of heat transfer and 
flow visualization experiments which were performed 
to investigate and compare the performance and flow 
fields of the swirling jet design of El-Genk and Huang 
[7, 81 with those of a CIJ having the same diameter 
(12.7 mm) at the same conditions. The performance 
of these jets was evaluated in terms of the measured 
increases in the values of the local and surface average 
Nusselt numbers and the uniformity of their radial 
distributions on the impinged surface. Heat transfer 
experiments investigated the effects of: (a) jet spacing, 
h = 12.7-76.2 mm; (b) swirl angle, fJ = 0, 15, 30 and 
45” ; (c) air Reynolds number, Re = 3620-17 600 ; and 
(d) radial distances from stagnation point, r = t&65 
mm. Flow field visualization experiments employed 
three techniques: smoke flow, smoke wires and a 
water jet, seeded with tiny air bubbles as tracers. The 
conditions in the flow field visualization experiments 
were similar to those in heat transfer experiments, 
except for using unheated impinged surfaces. 

HEAT TRANSFER EXPERIMENTS 

The heat transfer experiment setup [4] consisted of 
a heated flat surface, a jet assembly, a jet support 
frame, two air flow meters and a computer-controlled 
data acquisition system (Fig. 1). The vertical spacing 
of the jet from the impinged surface was adjusted by 
moving the jet housing tube along its axis per- 
pendicular to the heated surface. This surface was 
made of a 0.0508 mm thick and 26 mm wide 321A 
stainless-steel foil strips and measured 140 x 140 mm. 
The strips were laid flat onto a 25.4 mm thick Bakelite 
slab overlaid on top of a 25.4 mm thick Plexiglas plate 
for additional thermal insulation. They were heated 
using a high current/low voltage dc power and their 
surface temperatures were measured radially in two 
perpendicular directions using a total of 29 type-K 
thermocouples, 14 in each direction plus one at stag- 
nation point. Radiation losses from the heated surface 
were negligible since the highest surface temperature 
in experiments was only 370 K. More details on exper- 
iment setup, placement of surface thermocouples, and 
experiment instrumentation were given in refs. [4] and 
Ia. 

Heat conduction losses through the Bakelite and 
Plexiglas substrates were estimated at 1.7%, and the 
estimated uncertainties in temperature measurements 
were f 0.25 K, + 2% in air volumetric flow rate, and 
f 0.7% in electric power supply. On the bases of the 
methodology outlined by Holman [13], the uncer- 
tainties in Nu(r) and Re were + 4.5 and f 5%, respec- 
tively. The experimental results demonstrated good 
reproducibility ; the variations in the measured local 
surface temperatures and Nusselt number in two per- 
pendicular directions at the same radial locations were 
small and within the experimental uncertainties. 

For each jet spacing, electric power to stainless-steel 
strips and the jet air volumetric flow rate were varied 
incrementally. After reaching steady state, the electric 
power input, air flow rate, surface temperatures, T,, 
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and air temperature at jet exit, Tj, were recorded. 
Thermophysical properties of air in Nusselt numbers 
were evaluated ai the average film temperature, 
(T,+ Q/2, while those in Re were evaluated at T,. 
Although ambient temperature was not controlled in 
the experiments, lthe difference between air tem- 
perature at jet exit and ambient was small - 1 .O K. 

Swirling jet assembly 
The swirling jet assembly consisted of a housing 

tube (160 mm long) and a solid swirl generator insert 
which had four narrow flow slots machined on its 
surface (Fig. 2). Th.e swirl angle was varied to change 
the direction and strength of the swirl in the air flow 
exiting the housing tube. When 6 = O”, flow slots were 
vertical and the jet is referred to as multi-channel 
impinging jet (MCIJ). When 90” > 0 > o”, the jet is 
referred to as swirling impinging jet (SIJ). A con- 
ventional impinging jet (CIJ) had no inserts inside the 
housing tube. The lower end of the inserts for SIJs 
was displaced inward 12.7 mm from the housing tube 
exit to help the development of the swirling effect in 
the air flow (Fig. 21,). For the MCIJ, the lower end of 
the insert was installed flush with the lower end of the 
housing tube (Fig. 2d). The narrow slots machined 
onto the surface of the swirl generator insert were 
designed to increase turbulence intensity and alter the 
flow field on the impinged surface in order to enhance 
and improve the radial uniformity of heat transfer 
through the followmg effects [7, 81. 

(a) increase the air mass flux in the perimeter region 
of the jet flow field in order to enhance turbulence in 
the portion of impinged surface away from stagnation 
point. The introduced swirls caused the flow envelop 
to spread radially outward via entrainment of sur- 
rounding air, hence increasing the radius of the affec- 
ted area on impinged surface. 

(b) block the air flow in the central region of the 
housing tube in an attempt to lower the heat transfer 

coefficient at and near stagnation point, thus improv- 
ing the radial uniformity of heat transfer on the 
impinged surface. 

The choice of structure material for the jet housing 
tube and the swirl generator depends on the appli- 
cation, whether it is cooling or heating. For the 
former, low temperature materials such as Plexiglas 
may be used. In heating applications, however, high 
temperature materials such as metals or ceramics may 
be considered depending on air temperature. The 
present jet housing tube was Plexiglas (wall 
thickness = 3.25 mm and 4 = 12.7 mm) and the swirl 
generator insert was made of a 25.4 mm long Plexiglas 
rod having a diameter equal to inner diameter of hous- 
ing tube. Four narrow longitudinal slots were 
machined on the surface of the Plexiglas rod, 90” apart 
(Fig. 2a). Each slot had an approximately rectangular 
cross-section and an effective flow area of about 4.59 
mm’. The swirl generator insert was glued to the inner 
surface of housing tube. For a given air volumetric 
flow rate, the flow velocity in the narrow slots of the 
insert increased by the ratio of the flow area of the 
housing tube to the sum of areas of the four slots (area 
ratio of - 7.0). 

FLOW VISUALIZATION EXPERIMENTS 

Flow visualization experiments were performed 
using the same jet assembly as in heat transfer exper- 
iments, a strong light resource, a black background, 
and a camcorder and a 35 mm camera to record 
images of the flow fields. Three flow visualization tech- 
niques were used: smoke flow, smoke wires, and a 
water jet. The smoke flow technique was used to show 
the flow field between jet exit and impinged surface, 
while the smoke wires technique gave clear images of 
the flow field at and close to the impinged surface. 
When used together, the smoke flow and smoke wires 
gave images of the complete flow field, both between 
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Fig. 2. Cross-sectional views of swirling and multi-channel impinging jet designs. 
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the jet exit and impinged surface, and horizontally 
along impinged surface, up to 65 mm from stagnation 
point. The water jet technique, however, showed how 
swirls affected the flow field and induced mixing on 
the impinged surface. 

Smoke wires technique 
Figure 3(a) shows a schematic of the smoke wires 

experiment setup. The nickel-chromium smoke wires, 
0.25 mm in diameter and 270 mm long wrapped in 
fiberglass insulation, were spaced vertically 10 mm 
apart. Based on visual observations, the interruption 
to the air flow field by smoke wires was insignificant. 
Wires were held in place by attaching their ends to the 
walls of the Plexiglas support frame using tension 
springs, which kept them properly starched while 
being heated. The number of wires heated varied from 
one to seven, depending on jet spacing in the exper- 
iment. Electric power to smoke wires was adjusted to 
control the amount of smoke in the jet air flow field. 
The fiberglass insulation was moistened between 
experiments with a smoke oil composed of com- 
mercial-grade mineral oil and small amounts of anise 
oil and blue dye ; it held enough oil to perform flow 

field visualization without interruption for a few 
minutes. 

Smokeflow technique 
In smoke flow visualization experiments, the air 

flow was mixed with smoke generated in a small cham- 
ber, Fig. 3(b), before entering the jet housing tube. 
The Plexiglas mixing chamber had 22 smoke wires, 
similar to those used in the previous technique. The 
outer diameter of smoke wires, including the fiberglass 
wrap, was about 1.5 mm. Electric power to heat wires 
and number of wires heated in the chamber depended 
on the amount of smoke needed and the value of the 
air flow rate in the experiment. When all wires were 
heated, they produced enough smoke for over 2 min 
of flow field visualization. 

Water jet technique 
The water jet flow visualization experiments were 

conducted to generate images of the flow field on the 
impinged surface, since water flow is easier to trace 
than air. The water jet housing tube was held in air 
above a horizontal, unheated Plexiglas surface, which 
was submerged in a Plexiglas water tank measuring 
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Fig. 3. A schematic of smoke wires setup and a photograph of smoke generator. 

600 x 600 x250 mm. The water level above the impinged surface in the water tank to observe and 

impinged surface (I 16 mm) was kept constant during record images of the flow field induced on the surface. 

experiments. The tank was large enough to minimize To clearly visualize the induced flow filed on impinged 

the effect of confinement on the induced flow field. surface, the water jet was seeded with tiny air bubbles 

A mirror was mounted at 45” inclination below the as tracers. 
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HEAT TRANSFER RESULTS 

The important features of El-Genk and Huang’s [7, 
81 swirl generator design are basically the dimensions 
and swirl angle of the narrow slots on its surface (Fig. 
2). In order to determine the separate effect of each of 
these two features, the measured radial distributions 
of Nu(r) for the MCIJ (Q = 0”) were compared with 
those for a CIJ having the same diameter at the same 
conditions. Then, the experimental values of Nu(r) for 
the MCIJ and a SIJ having a swirl angle of 15”, were 
compared to quantify the effect of the swirl angle on 
heat transfer. 

Multi-channel jet heat transfer 
Figure (4) shows that Nu(r), for both the MCIJ and 

CIJ, decreased with increased radial distance from the 
stagnation point ; however, values for the MCIJ were 
much higher than those for CIJ, particularly at and 
near the stagnation point. The effect of jet spacing, h 
on Nu(r) was also much more significant for the MCIJ 
than CIJ, whereas Nu(r) for both jets decreased as 
h increased. For example, at Re = 8.8 x 104, Nusselt 
number at stagnation point, Nu,, for CIJ decreased 
about 50% (from 1350 to 705) as h was increased 
from 12.7 mm to 76.2 ; compared to a decrease of only 
N 17% for CIJ. The value of NuO for the MCIJ was 
2.50 and 254% higher than that for CIJ at h = 12.7 
and 76.2 mm, respectively. 

While Nu, increased as h was decreased, Nu(r) 
values away from stagnation point increased with 
increased h. For example, at Re = 8.8 x 1 O4 and r = 60 
mm, Nu(r) for MCIJ increased from -200 to 246 
(-23%) as h was increased from 12.7 to 76.2 mm. 
These results clearly demonstrated that MCIJ mark- 
edly enhanced heat transfer on impinged surface, com- 
pared to CIJ at the same Re. The pressure drop in 
MCIJ, however, was much higher than in CIJ 
(~1.26~10~ Pa vs only -25 Pa for CIJ at 
Re = 1.76 x 103. Also, despite the significant 

enhancement in heat transfer, Nu(r) for MCIJ was 
radially less uniform than for CIJ. 

The pressure drop in SIJs was slightly higher than 
that in MCIJ and increased with increased swirl angle. 
For example, at Re = 1.76 x 104, the pressure drop 
was estimated at 1.26 x lo4 Pa, 1.29 x IO4 Pa, and 
1.24 x lo4 Pa for 0 of 15, 30 and 45”, respectively. 
These values, however, were about 24 times less when 
Re was decreased to 3620, at which results showed 
excellent radial uniformity of heat transfer on the 
impinged surface (Figs. 5 and 6). 

Performance comparison of MCIJ and SIJ 
Figures 5(a) and (b) compare the local Nusselt 

number radial distributions for MCIJ and a SIJ hav- 
ing 0 = 15” at Re = 88 000. Figure 5(a) shows that at 
a small vertical jet spacing, h = 12.7 mm, Nu(r) values 
for MCIJ in the vicinity of stagnation point (r ,< 0.54) 
were quite uniform, but decreased exponentially with 
increased radial distance. Conversely, the radial dis- 
tribution of Nu(r) for SIJ near stagnation point was 
non-uniform and had two peaks located about 0.54 
on both sides of stagnation point; the peak Nu(r) 
values were lower than those for the MCIJ. At a large 
radial distance from stagnation point (r > 10 mm), 
Nu(r) for MCIJ was lower than that for SIJ. When jet 
spacing was increased to 76.2 mm, the values of Nu(r) 
for SIJ were significantly lower, but radially more 
uniform than those for MCIJ [Fig. 5(b)]. Nusselt 
number values for both jets were lower at the large jet 
spacing, h = 76.2 mm [Fig. 5(b)]. 

Swirling jet heat transfer results 
The following subsections present and discuss the 

results of heat transfer experiments of SIJs. These 
experiments investigated the effects of Re, h, 0 and r 
on values and radial uniformity of both the local and 
surface average Nusselt numbers. 

4oo (a) h = 12.7 mm o------a CLI 2oo‘(b)h=76.itim 

Re = 88,000 ~-----a MCIJ Re = 88,000 

p80 -60 -40 -20 0 20 40 60 80 PSO -60 -40 -20 0 20 40 60 80 

r [cd r km1 
Fig. 4. Comparison of Nu(r) values of MCIJ with those of CIJ. 
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Fig. 5. Comparison of Nu(r) values for a SIJ and the MCIJ at Re = 88000. 
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Fig. 6. Effect of swirl angle and Re on values of Nu(r) for 

SIJs. 

Effect of Reynolds number 
Figure 6 shows measured Nu(r) at different Rey- 

nolds numbers for SIJs with 0 = 15, 30 and 45”. At 

high Re, Nu(r) had a saddle-shaped radial distri- 
bution, which was symmetric about the center line of 
the jet (r = 0), similar to that of Agafonov [6]. As swirl 
angle increased, the difference between peak Nusselt 
numbers and that at stagnation point increased. For 
the same 0, increasing Re increased Nu(r) all along 
the heated surface, but only slightly affected the radial 
location of the peak Nusselt numbers. However, the 
difference between the peak Nusselt number and NuO 
increased as Re increased, decreasing the radial uni- 
formity of Nu(r) in the vicinity of stagnation point, 
particularly for SIJs with 0 = 30 and 45”, Figs. 6(b) 
and (c). 

Figure 6(a) also shows that for SIJ with fl = 15” at 
h = 50.8 mm and Re = 8100, Nu(r) was uniform in 
an area having a radius r < 20 mm, which is about 
one and half jet diameter. For all Reynolds numbers 
investigated, highest and lowest Nu(r) in this area 
were within 5% of their average values. The radial 
location of the peak values in the saddle-shaped radial 
distribution of Nu(r) shifted outward as the swirl angle 
was increased, which affected the uniformity of heat 
transfer on impinged surface. For example, at 
Re = 8100, Nu(r) for the SIJ with 19 = 30” was almost 
uniform in an area having r < 30 mm, Fig. 6(b), but 
its values were much lower than those for 0 = 15”. 
Best results in terms of radial uniformity of Nu(r) 
were achieved at Re of 3620, over an area having a 
radius r < 20 mm when Q = 15” and r < 40 mm when 
e = 450. 

Effect of swirl angle 
Figure 7 quantifies the effects of swirl angle, Rey- 

nolds number, and jet spacing on the radial dis- 
tributions of Nu(r) for both SIJs and CIJ. At r < 20 
mm, SIJ with 0 = 15” gave higher Nu(r) values than 
CIJ, Figs. 7(a) and (b), except for h = 76.2 mm and 
Re = 8100, Fig. 7(c). It is worth noting that SIJ with 
P = 15” always produced a more uniform radial dis- 
tribution of Nu(r) than CIJ, Figs. 7(a)-(c). At the 
small jet spacing, h = 12.7 mm, Nu(r) for all swirling 



L. HUANG and M. S. EL-GENK 

2wl(a)Re,*,100 1 

&I I 40 -40 -20 0 20 40 60 80 1 

100.(b)Re=8,100 

80, h=50.8mm 

-&I4040 1 .. -20 0 20 40 60 80 I 

former were significantly higher and radially more 
uniform than those for SIJs with 0 = 30 and 45”. For 
the SIJ with 0 = 15”, Nu(r) in the vicinity of stagnation 
point, I < 20 mm, was radially uniform and close to 
its peak value. The radially most uniform Nu(r) in the 
area with r < 20 mm was induced by SIJ with Q = 15” 
when h = 50.8 mm. 

For h = 50.8 and 76.2 mm, Figs. 7(b) and (c), when 
a horizontal line representing Nu, = [(Nu,+ 
Nu(r),,,)/2] was drawn across, all values of Nu(r) 
of SIJs with 19 = 30 and 45” for r < 40 mm were 
within 20% of their mean values, Nu,,,, vs -3& 
40% for CIJ. At large jet spacing, h = 76.2 mm, Fig. 
7(c), however, Nu(r) values for CIJ were higher than 
those for SIJs in the vicinity of stagnation point ; but 
much lower than those of the SIJ with 8 = 45”, for 
r > 25 mm. 

Effect ofjet spacing 
Figures 8(a)-(c) indicate that the dependence of 

Nu(r) on swirl angle and jet spacing decreased with 

*--0 e = 45” 
r---We=30° 
e---o e = 15” 
t--+CIJ 

**t . 1 

&I I -60 -40 -20 0 20 40 60 80 I 

r[mml 
Fig. 7. Effect of jet spacing and Re on Nu(r) values for SIJs. 

jets investigated was higher than for CIJ, regardless 
of radial distance from stagnation point, Fig. 7(a). As 
h was increased to 50.8 mm, however, Nu(r) for SIJs 
in the vicinity of stagnation point, r < 20 mm, was 
lower than for CIJ, Figs. 7(b) and (c). At the same jet 
spacing, but for r 2 20 mm, Nu(r) for SIJs with (9 = 30 
and 45” SIJs was markedly higher than for CIJ. Thus, 
when Nu(r) for SIJs was averaged over a large surface 
area, r 2 40 mm, the surface average Nusselt number 
was also higher than for CIJ. At h = 12.7 mm, Fig. 
7(a), SIJs with 0 = 15 and 30” gave higher and radially 
more uniform Nu(r) values. At this jet spacing, SIJ 
with e = 45” gave lower Nu(r) values than those with 
f3 = 15 and 30°C. 

At intermediate jet spacing, h = 50.8 mm, and 
Re = 8100, Fig. 7(b), Nu(r) values for SIJ with 
0 = 45” for r > 25 mm were slightly higher than those 
for the other two SIJs. In Fig. 7(b), Nu,,, was about 
20% lower than its peak value and this difference 
increased as Re increased. For r > 20 mm, Nu(r) 
values for SIJ with 0 = 15” were slightly lower than 
those for 0 = 45”, but for r < 20 mm, Nu(r) for the 

60 =. 
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60 -. _~--__-8’---- ---o-A__ 
40 --- k __ * ..- ___:xi - ._ ___ __- --- 
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0’ I 
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loo 

80 

60 
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M 

(c)r=65mm 
Re = 8,100 

0 10 20 30 40 SO 

e" 
Fig. 8. Effect of swirl angle on Nu(r) at different radial 

locations from stagnation point. 
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increased radial distance from stagnation point. At 
r = 15 mm and at an intermediate jet spacing, 
h = 25.4 mm, increasing swirl angle decreased Nu(r) 
values. At a radial location further away from stag- 
nation point, r = 65 mm, Nu(r) value was almost the 
same as for CIJ and. independent of swirl angle, Figs. 
8(a) and (c). Figure 8 also shows that jet spacing had 
a more pronounced effect on Nu(r) of SIJs at small 
than at large radial distances from stagnation point, 
Figs. 8(a) and (c). 

Jet spacing had a significant effect on h(r) of SIJs, 
particularly in the vicinity of stagnation point, Fig. 9. 
As jet spacing increased, h(r) values decreased, but 
its radial uniformity improved. For example, at 
Re = 8100, peak iVu(r) for the SIJ with 8 = 15” 
decreased from 155 to 103 as h was increased from 
12.7 to 25.4 mm ; however, it decreased only from 58.6 
to 42.8 when h was increased from 50.8 to 76.2 mm. 
At other Reynolds numbers, jet spacing had a similar 
effect on Nu(r) of !jIJs, except that higher Reynolds 
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numbers induced higher, but radially less uniform 
h(r) distributions (Fig. 10). 

Uniformity of radial distribution of Nu(r) 
To quantify the radial uniformity of heat transfer 

on impinged surface by SIJs, the ratios of h(r) to its 
peak value, h(r),,,, were compared in Fig. 11. A 
high ratio indicates a smaller difference between the 
local and maximum Nusselt numbers, thus good rad- 
ial uniformity of surface cooling. As delineated in Fig. 
11, Nusselt number ratios for the CIJ were about 0.70, 
0.50 and 0.38 at r = 20, 30 and 40 mm, respectively. 
These values were almost independent of jet spacing, 
but decreased with increased radial distance from the 
stagnation point, Fig. 11 (a). For all SIJs investigated, 
however, increasing jet spacing increased Nusselt 
number ratio, indicating better radial uniformity of 
Nu(r) (Fig. 11). For example, Nusselt number ratio 
for SIJ with 0 = 30” at r = 20 mm increased from 
0.8 at h = 25.4 mm to 0.95 at h > 50 mm. Another 
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indicator of radial uniformity of heat transfer was 
the surface average Nusselt number, Nu,,(r), whose 
values for SIJs are compared with those for CIJ in 
next subsections. 

Surface average Nusselt number 
The average Nusselt number in an area of impinged 

surface having a radius, r, was evaluated as follows : 

Nd9 = f’d,l[M~,&) - Qd (1) 
where (T,(r) - T,),, was calculated from the numerical 
integration of measured temperatures as 

(T,(r)- Y&v = $ 
( >s 

‘(Tw(r’)- q)r’dr’. (2) 
0 

Figure 12 shows that both swirl angle and jet spac- 
ing affected the values of Nu,,(r) for SIJs and CIJ. 
For h = 12.7 and 25.4 mm, all SIJs gave much higher 
Nu,,(r) values than CIJ. At h = 25.4 mm, SIJ with 
0 = 15” gave the best heat transfer performance, in 
terms of improved radial uniformity and higher 
Nu,,(r) in the area with r < 20 mm. At high jet spac- 
ing, h = 76.2 mm, Fig. 12(c), Nu,,(r) for SIJ with 
0 = 15” was almost uniform in the area with r < 30 
mm, and its values were higher than those for the 
other two swirling jets. The SIJ with 0 = 45” always 
gave higher Nu,(r) values over a large surface area, 
r > 40 mm, Fig. 12(c). Close to stagnation point, 
r < 25 mm, however, CIJ gave higher Nu,,(r) values 
than SIJs. As Fig. 13 indicates, at low Reynolds 

number, Re = 3620, radial distributions of Nuay(r) for 
SIJs were almost flat. As Re increased, however, 
NuJr) became less uniform, exhibiting a saddle- 
shaped radial distribution. The radial location of peak 
Nu,,(r) in the saddle-shaped radial distribution was 
almost independent of Re, but increased as the swirl 
angle increased ; it was 22, 35 and 40 mm for 6 = 15, 
30 and 45”, respectively. 

The Nusselt number ratio [Nu,,(r)/Nu(r),,,] was 
also used to quantify radial uniformity of heat transfer 
on impinged surface. Figure 14(a) reveals that at a 
small radial distance from stagnation point, r = 24.2 
mm, Nu,,(r) values were quite uniform whereas Nus- 
selt number ratio was larger than 0.8 and almost inde- 
pendent on jet spacing. For r = 40.2 mm, Nusselt 
number ratio increased as jet spacing increased, Fig. 
14(b). Jet spacing had a more pronounced effect on 
the Nusselt number ratio when h >, 50.8 mm. The 
Nusselt number ratio for CIJ, however, was almost 
independent, of jet spacing, but decreased with 
increased radial distance from stagnation point. 

At low jet spacing, h = 12.7 mm, CIJ induced a 
relatively more uniform heat transfer than SIJs ; how- 
ever, Nusselt number values were much lower, Fig. 
12(a). At h = 25.4 mm, SIJ with 6 = 45” gave best 
radial uniformity of heat transfer, but values of 
Nu,,(r) were lower than those for SIJs with 0 = 15 
and 30”. As Fig. 14 indicates, in an area having a 
radius of one and a half jet diameters from stagnation 
point, when h = 50.8 mm, SIJ with 13 = 15” produced 
excellent uniformity in heat transfer on the impinged 
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surface, whereas [N~.&r)/lVu(r),,J = 0.988, and gave 
higher Nusselt numbers than all other jets. For a large 
heat transfer area having a radius > 40 mm, SIJs with 
0 = 30 and 45” gave the best radial uniformity in heat 
transfer on the impinged surface [Fig. 14(b, c)]. 

FLOW FIELD VISUALIZATION EXPERIMENTS 

RESULTS 

The recorded images of the Sow fields and induced 
mixing on the impinged surface by SIJs and MCIJ of 
El-Genk and Huang [8] and a CIJ having the same 
housing tube diameter at the same test conditions are 
presented and discussed. 

CIJflow visualization 
Figure 15 shows photographs of the entire flow 

field induced by CIJ at h = 16.2 mm and Re = 362& 
12 500, obtained by combining the smoke-jet and 
smoke-wires techniques. The flow field in the region 
extending from the Iexit of the jet tube to about one 
and half jet diameter from it was basically a parallel 
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Fig. 13. Effect of Re and swirl angle on A&(r). 

flow, which gradually changed to a narrow cone as it 
approached the impinged surface due to entrainment 
of surrounding air. The minor diameter of the CIJ 
flow cone was about one jet diameter, 4, while its 
major diameter on impinged surface was -2d,. As 
a result, the intensity of flow turbulence by CIJ on 
impinged surface was highest at the centerline of jet 
(or at stagnation point), and grew gradually weaker 
with radial distance from stagnation point. The air 
flow impinging the surface developed into a parallel 
boundary layer along the surface, which subsequently 
formed vortices, some radial distance from stagnation 
point (Fig. 15). These vortices moved radially out- 
ward as either Reynolds number increased, Figs. 
15(a)-(c), or jet spacing decreased, Figs. 15(b) and 
(d). The images of the flow fields of CIJ in Fig. 15 
confirmed the measured radial distributions of Nu(r) 
in heat transfer experiments, showing local Nusselt 
number peaking at or near stagnation point then 
decreasing exponentially with radial distance from the 
stagnation point. 
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Flow Jields of SIJs 
Figure 16 compared the flow fields of CIJ, Fig. 

16(a), MCIJ, Fig. 16(b), and SIJs with 0 = 15”, Fig. 
16(c), and 0 = 30”, Fig. 16(d), at Re = 8100. The flow 
field of MCIJ showed four distinct parallel flow 
streams exiting the housing tube and continuing to 
about 1.5 jet diameter from jet exit before combining 
to form a flow cone similar to that of CIJ, but with a 
larger diameter at the top due to a higher entrainment 
of ambient air [Fig. 16(b)]. The spiral channels in the 
swirl generator insert of SIJs introduced angular flow 
components in the jet flow, causing it to spread radi- 
ally outward shortly after exiting the housing tube. 
The radial spread of the flow of SIJs increased as swirl 
angle increased [Fig. 16(c, d)]. 

The narrow channels in the swirl generator intro- 
duced a twisting effect in the air flow exiting the hous- 
ing tubes, Figs. 16(c) and (d). Figure 16(c) shows 
the twisted flow exiting the housing tube of SIJ with 
0 = 15” at Re = 3620. After about one jet diameter 
from the exit of housing tube, the four spiral air flow 
streams merged, forming a continuous flow cone [Fig. 

16(c, d)]. The heat transfer on impinged surface was 
highest at the radial location where the jet flow cone 
impinged the surface. Outside and inside the flow 
cone, flow mixing, and hence heat transfer rate was 
lower, as discussed later. 

When the swirl angle was increased to 30”, the jet 
flow field was shaped like a pyramid [Fig. 16(c)]. The 
spiral flow dominated in a vertical distance of about 
three jet diameters from the exit of housing tube. 
Below that, the flow spread widely in radial direction, 
impinging the surface over a larger distance from stag- 
nation point than a SIJ with a smaller swirl angle [Fig. 
16(c)]. The flow fields for SIJs explain the measured 
saddle-shaped radial distribution of Nu(r) in heat 
transfer experiments, where the radial location of peak 
Nu(r) corresponds to the radius of the jet flow cone 
on impinged surface (Fig. 17). The lower NM, indicates 
that induced turbulence on the impinged surface 
inside the flow cone was weaker than at its surface. 
The induced turbulence outside the how cone on 
impinged surface decreased with increased radial dis- 
tance from the cone surface, confirming the heat trans- 
fer results (Fig. 6). These results showed Nu(r) 
decreased exponentially with radial distance from the 
flow cone surface. Conversely, Nu(~) inside the flow 
cone decreased with decreased radial distance from 
the cone surface, reaching a minimum at stagnation 
point. 

The major radius of the SIJ flow cone at impinged 
surface increased as swirl angle increased (Fig. 17). 
This figure shows that SIJ with 6’ = 30” had a wider 
flow field, and hence, a larger impinged area than SIJ 
with 0 = 15”. The location of the peak Nu(r) cor- 
responds to the radial location where the flow cone 
impinged the surface [Fig. 17(c)]. 

Water jetflowf?eld 
Flow field visualization experiments conducted 

using non-submersed water SIJs produced images 
of the flow configuration and induced mixing on 
impinged surface (Fig. 18). Similar to air jets, the 
radial spread of the water jet on the impinged surface 
increased as swirl angle increased. Images of flow field 
inside the flow cone on impinged surface of a water 
SIJ with 0 = 15” is shown in Fig. 11 (a). This flow field 
was shaped like a donut where the most intense mixing 
occurred. Inside the donut, the flow fixing was rela- 
tively weaker, which explained by Nusselt numbers 
for SIJs at stagnation point were lower than that in 
the donut region, but higher than that for CIJ at the 
stagnation point (Fig. 6). The mean radius of the 
donut mixing region is equal to the radial location of 
peak value Nu(r) (Fig. 6). Outside the donut mixing 
region of SIJ, spiral flow mixing also occurred, where 
the water flow spread radially outward in the form of 
four tangential streams to the perimeter of the donut 
region. Each flow stream belonged to one of the spiral 
channels in the swirl generator insert. The wide radial 
spread of this spiral flow mixing region caused the 
values of Nu(r) in this region to be higher than those 
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for CIJ, but decreased rapidly with increased radial 
distance from the outer boundary of the donut mixing 
region. Clear images of the flow field on the impinged 
surface using a water jet were made possible by inject- 
ing tiny air bubbles as tracers in the water flow before 
entering the swirl insert. 

After impinging the surface, the water flow for 
MCIJ, f3 = O”, had developed into four strong radial 
components, corresponding to the four narrow chan- 
nels of the MCIJ insert, which caused higher mixing 
in the vicinity of the stagnation point. These images 
of flow field explained the measured higher values of 
h(r) for the MCIJ compared to those of CIJ at 

same conditions (Fig. 4). The mixing occurring at 
stagnation point by MCIJ was also more efficient than 
by CIJ, resulting in higher values of Ah(r) for the 
former in the vicinity of the stagnation point (Fig. 4). 
Based on the results of the flow field visualization 
and heat transfer experiments, flow field models were 
developed for the CIJ and SIJs, Fig. 9, and discussed 
in the following subsections. 

CIJ frow field 
The flow field for a CIJ, extending from the exit of 

the jet housing tube to impinged surface can be divided 
into five characteristic regions : (1) free jet ; (2) 
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impinged or stagnation area ; (3) cross flow or bound- 
ary layer; (4) flow separation; and (5) entrainment 
[Fig. 19(a)]. Before impinging the surface, the air exit- 
ing the jet housing tube at a high speed of 20 - 140 
m SK’ possesses the features of a free jet, Fig. 19(a), 
region 1. At Re > 3260, the exiting jet flow was turbu- 
lent, and would have become fully-developed after an 
axial distance h/dj > 20 from jet tube exit. However, 
since in present experiments, as well as in most prac- 
tical applications, h/,$ was much smaller than 20, the 
turbulent flow of C.lJ was not fully developed as it 
impinged the heated surface. 

Just below the free jet flow region, resided the 
impinged area regi’on, Fig. 19(a), region 2. The 
impinged area by CI J in the vicinity of the stagnation 
point was - 1.54 high and had a radius of - l-l .5d,, 

depending on vertical jet spacing and Reynolds 
number. In this area, as the air jet impinged the surface 
part of the flow kinetic energy was converted into a 
static pressure, forcing the air to flow in a boundary 
layer along impinged surface, Fig. 19(a), region 3. 
Since the impinged surface area by CIJ was small 
compared to the entire heat transfer area influenced 
by the flow field, flow turbulence as well as A%(r) 
values outside this region decreased rapidly with 
increased radial distance from stagnation point. The 
air flow in the boundary layer (or cross flow region) 
decelerated quickly with increased radial distance 
from the stagnation point due to the increase in the 
flow cross-section area and the entrainment of sur- 
rounding air. As the boundary layer flow became lami- 
nar and thicker with increased radial distance from 
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Fig. 19. Developed flow models for CIJ and SIJ based on visual observations. 

stagnation point, the flow kinetic energy became too 
low to sustain radial flow. Subsequently, the com- 
bination effects of radial laminar flow and entrain- 
ment of surrounding air [Fig. 19(a), region 51 caused 
vortices to form at some distance from stagnation 
point, Figs. 15 and 19(a), region 4. 

SIJjowjeld 
The flow field for the present SIJ design, Fig. 19(b), 

which was distinctly different from that of CIJ, Fig. 
19(a), can be divided into the following regions: (1) 
free jet ; (2) impinging area or donut flow mixing ; (3) 
spiral flow mixing ; (4) flow separation ; (5) entrain- 
ment ; and (6) internal flow mixing. The flow emerging 
from the four narrow channels in the swirl generator 
merged shortly after exiting the jet housing tube, for- 
ming a cone-shaped flow field (Fig. 16). The swirl 
caused the flow field to spread radially outward via 
entrainment of surrounding air, as it approached the 
impinged surface. The spiral effect and the high flow 
velocity of the air at the surface of the flow cone 
stimulated more entrainment of surrounding air than 
CIJ at the same conditions. Increasing either Re or h 

increased the radius of the flow cone at its base on the 
impinged surface due to additional entrainment of 
ambient air. 

The impinged area of SIJ was significantly larger 
than that of a CIJ of the same diameter at the same 
conditions ; l-3dj in diameter for the former vs l-l.54 
for the latter, depending on the values of swirl angle 
and vertical jet spacing, Fig. 19(b), region 2. The flow 
field of SIJ on the impinged area was shaped like a 
donut, Fig. 18. The intense flow mixing in the donut 
region caused the formation of the measured saddle- 
shaped radial distribution of Nu(r), Fig. 6. The flow 
mixing in the central zone of the donut region was 
effective, but less intense than that in the donut region, 
resulting in a relatively higher heat transfer rate at 
the stagnation point than CIJ. The flow mixing, and, 
hence Nu(r) in the inner zone of the donut region 
decreased with decreased radial distance from the 
inner surface of the donut. Conversely, the strength 
of flow mixing and values of Nu(r) outside the donut 
region decreased with increased radial distance. The 
spiral flow outside the donut region spread the air 
flow field radially outward, along the impinged 
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surface, and the induced convection resulted in higher 
i%(r) values than for CIJ. Such enhancement in heat 
transfer outside the donut region was responsible for 
the improved radial uniformity of Nu(r) by SIJs [6]. 
As either the swirl angle or jet spacing was increased, 
the average diameter of the donut region increased, 
causing the local Nusselt number peak value to move 
radially outward, resulting in a radially more uniform 
heat transfer. Regions 3 and 4 in Fig. 19 were basically 
the same as for CIJ, except that the radial location of 
the vortices was farther away from the stagnation 
point. Region 5 wa;s also similar to that of CIJ, but 
much more pronounced due to higher entrainment of 
ambient air by SIJs. 

SUMMARY AND CONCLUSION 

Heat transfer an’d flow visualization experiments 
were performed to rnvestigate and compare the heat 
transfer performance of new swirling jet designs with 
that of a conventional impinging jet having the same 
diameter at the same conditions. The performance of 
these jets (4 = 12.7 mm) was evaluated in terms of 
the increases in the local and surface average Nusselt 
numbers and the improved radial uniformity of their 
radial distributions on the impinged surface. Heat 
transfer experiments investigated effects of: (a) jet 
spacing, h = 12.7-76.2 mm; (b) swirl angle, 0 = 15, 
30 and 45” ; (c) Reynolds number, Re = 3620-17 600 ; 
and (d) radial distances from the stagnation point, 
r = t&65 mm. 

Flow field visualization experiments employed three 
flow visualization techniques: smoke flow, smoke 
wires, and water jet seeded with tiny air bubbles as 
tracers. The smoke flow technique showed the flow 
field between the exit of the jet housing tube and 
impinged surface, while the smoke wires technique 
gave clear images showing details of the flow field at 
and close to the impinged surface. When used toge- 
ther, the smoke flow and smoke wires techniques gave 
images of the complete image flow field, both between 
jet exit and impinged surface, and horizontally along 
impinged surface up to 65 mm from the stagnation 
point. The water jet technique showed clearly how 
swirl affected the flow field and mixing on the 
impinged surface. The three flow visualization tech- 
niques brought about a good understanding of the 
flow field including : air flow development after exiting 
the jet housing t&e, flow mixing and formation of 
vortices on the impinged surface, and entrainment of 
ambient air. 

Heat transfer experiments demonstrated that pre- 
sent SIJs induced markedly higher local and surface 
average Nusselt number values and improved the rad- 
ial uniformity of heat transfer on the impinged surface 
compared to a CIJ having the same diameter at the 
same condition. SI Js produced saddle-shaped radial 
distributions of local and average Nusselt numbers, 
which were more pronounced at a high Reynolds 

number and/or small jet spacing. The double-peaks in 
the saddle-shaped radial distributions of Nu(r) and 
Nu,(r) in the vicinity of stagnation point became less 
notable as Re decreased. 

The radial uniformity of i%(r) and Nu,(r) of SIJs 
depended on values of the swirl angle, jet spacing, and 
air Reynolds number. In general, the radial uniformity 
of these Nusselt numbers improved as the swirl angle 
and/or jet spacing was increased. At h = 50.8 mm, the 
swirling jet with 0 = 15” gave excellent results in terms 
of both higher values and improved radial uniformity 
of heat transfer in an area having a radius of one and 
half jet diameters from the stagnation point. For an 
area having a radius r > 40 mm, SIJs with Q = 30 
and 45” gave the best results in terms of the radial 
uniformity of heat transfers on the impinged surface. 

Nusselt numbers for SIJs were higher than for CIJ 
at intermediate jet spacing, h = 50.5 mm. At higher 
jet spacing, h = 76.2 mm, however, Nusselt numbers 
for SIJs were generally lower than those for CIJ in the 
vicinity of the stagnation point, but higher at large 
radial distances from the stagnation point. Results 
also showed that Nu(r) for MCIJ (6 = 0”) at the stag- 
nation point was about 250 and 154% higher than 
that for CIJ for h = 12.7 and 76.2 mm, respectively. 
At small jet spacing, h = 12.7 mm, MCIJ induced a 
radially more uniform distribution of Nu(r) than CIJ 
in the vicinity of the stagnation point (r < 9.0 mm), 
regardless of the value of Re. 
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