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A B S T R A C T

Impinging jets are of significant interest because of their facile design and high heat transfer rates and enabling 
effective cooling. Impinging jets are specifically designed to be suitable for various industrial processes that 
require high heat transfer rates. In this study, an experimental study was carried out to evaluate the impact of 
confinement size on the wall static pressure coefficient (Cp) distribution and Nusselt number (Nu) of a turbulent 
air jet impinging on a flat surface. Various confinement sizes (CL/d = 0.0 to 15.0) and nozzle to target distance 
(z/d) ratios (0.5 to 6.0) were tested. For both unconfined and confined jets, Cp was highest at stagnation and 
decreased as the jet flows laterally. Sub-atmospheric pressure zones were observed for confined jet and became 
stronger with increasing CL/d ratio. Nu values at stagnation decreased with increasing confinements, while a 
secondary peak in Nu was influenced by confinement size and z/d spacing. The secondary peak intensified with 
confinement up to CL/d = 12.0, thereafter it weakened, and shifted towards the stagnation point with larger 
confinements. At z/d = 6.0, heat transfer at stagnation increased with confinement. Overall, the maximum in
crease in Nu value was 5.68 % with a thermal performance factor of 1.42 achieved upon confinement (CL/d =
9.0) compared to unconfined jet. Moreover, the results indicate that maintaining the confinement size smaller 
than the target surface is vital for achieving better heat transfer performance. This study provides critical insights 
for optimizing impinging jet systems, revealing the nuanced interplay between fluid dynamics and heat transfer 
coefficients.

1. Introduction

Increasing the heat transfer efficiency of various cooling devices is of 
significant interest in various industries and engineering applications. 
Among various techniques, impinging air jets have been the subject of 
significant interest due to their extensive engineering purpose as an 
effective promoter of heat and mass transport. Impinging jets are 
implemented in various engineering applications including surface 
cooling of tubes, pipes, billets, gas turbine blades, food processing in
dustries and aircraft cooling systems. Jet impingement with the air/ 
liquid is imparted onto the surface that requires cooling. The jet exiting 
with a desirable temperature and velocity impinged directly onto the 
heated surface having known parameters [1–3]. Jet coming out of a 
nozzle can be of single or multiple nozzles with different geometries and 

sizes. The air jet impingement technique is commonly employed for 
targeted cooling of surfaces that emit significant heat flux. The air jet 
flow can be divided into four primary zones. The first zone is the free 
flow region, characterized by a uniform velocity distribution. The sec
ond region is the decaying region, where the jet begins to spread. The 
third zone is the stagnation zone, occurring where the jet impinges. The 
fourth and final region is the near-wall flow [4,5]. Nozzles with circular, 
elliptical, rectangular and squared cross sections are most commonly 
applied. There are various parameters involved in achieving desirable 
heat transfer efficiency including surface temperature, jet velocity, air 
jet temperature, nozzle geometry, flow behavior, target surface rough
ness etc. Furthermore, conditions such as inter-plate distance between 
jet to target plate (z/d), lateral flow dynamics, nozzle diameter, nozzle 
length, jet velocity etc., influence the heat transfer rates [6,7]. Flow 
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dynamics and heat transfer efficiency of impinging jet also depends on 
the jets impinged with confined and unconfined boundary [8,9]. Tur
bulent, round impinging air jets are extensively utilized in practical 
cooling and drying applications, and their heat transfer characteristics 
have been the focus of numerous studies. Early investigations offered 
significant contributions focused on unconfined impinging air jet with 
different configurations, geometries and parameters. Lytle and Webb 
[10] reported that the acceleration of fluid between the z/d ratios 
significantly enhances local turbulence, resulting in increased local heat 
transfer. Depending on the Re, primary and secondary maxima in heat 
transfer coefficients are observed. The secondary maxima shift radially 
outward with larger nozzle-plate spacings and higher jet Re. An inves
tigation was conducted to determine the heat transfer coefficients of flat 
smooth target plate with round circular nozzle having a fully developed 
flow at different Re (〈12,000). The stagnation point Nu values decreased 
monotonically with the increase in z/d ratio of 4.0, while it increased 
when the spacing ratio was kept at 6.0 [11]. For a specific z/d ratio, the 
wall pressure factor (Cp) remains unaffected by the Re. However, the 
heat transfer coefficient at the stagnation point rises with an increase in 
Re, regardless of the z/d ratio [12–14]. Moreover, the flow dynamics 
generated by confined impinging air jets differ from those produced by 
unconfined impinging jets. This difference arises partly because the 
confining plate influences the entrainment into the jet, resulting in the 
formation of a recirculating flow region beneath the confining plate. In 
another study, it was reported that the confined jet reduces the heat 
transfer rate due to flow constriction [15]. In the confinement config
uration, a z/d ratio of 6.0 provides the reasonable heat transfer perfor
mance for a circular jet. Furthermore, compared to non-circular jet, 
circular jet offer better heat transfer performance [16]. Conversely, at 
smaller z/d ratios, the crossflow can enhance the heat transfer coeffi
cient. This improvement occurs because the mixing with the crossflow 
stream increases the jet centerline intensity [17]. In confined jets, at 
lower jet exit to target plate spacings, sub-atmospheric pressure was 
observed and became stronger as Re increased, which influence the heat 
transfer coefficients [18]. Furthermore, a toroidal recirculation zone 
was observed due to the confinement. The recirculation zone shifted 
radially outward, with the raise in Re and jet exit to plate spacings. The 
maximum turbulence was observed at a radial distance (r/d) of 2 [19]. 
Therefore, it can be concluded that there is a linkage existing between 
turbulence intensity, pressure distribution and heat transfer in confined 
jets. Youn et.al [20] demonstrated that the degree of confinement of 
micro jets with a low Re conditions (<5600) significantly alter the heat 
transfer coefficients. The local heat transfer coefficients were found to be 
reduced in the case of a confined jet compared to an unconfined 
microjet. In another study, it was found that the low z/d spacing, the 
intense recirculation disrupted the development of the wall jet. The 
radial position of the recirculation core aligned with the point where the 
wall jet velocity had decreased [21]. Further, the confined jet was found 
to decrease the Nu at the stagnation point [22]. The confinement effect 
typically reduces the average heat transfer, although an increase in heat 
transfer is observed at low z/d values.

From the literature perspective, there is no clear agreement on the 
exact confinement effect on the heat transfer performance of impinging 
jets. Moreover, previous studies lack comprehensive investigations into 
the fluid flow characteristics of confined jets and their direct influence 
on heat transfer performance. While many works have examined the 
influence of confinement on recirculation patterns and heat transfer 
distribution in impinging air jets, detailed analyses of the specific effects 
of confinement are scarce.

Considerable uncertainty remains regarding the overall influence of 
confinement of jet on heat transfer coefficients and wall static pressure 
distributions in impinging air jets. Some studies reported positive effects 
on heat transfer rates, whereas others present contradictory findings. 
Furthermore, no comprehensive study has examined the correlation 
between confinement size, Re, fluid flow behavior and heat transfer 
coefficients. In fact, several investigations have used confinement sizes 

equal to or larger than the target plate, with most conducted at low Re 
and often neglecting the critical transition from stagnation to wall-jet 
regions (r/d > 1.25), where sub-atmospheric pressure zones have been 
reported. There is no clear understanding on how the confinement size 
effects the overall performance of impinging jet, especially an optimum 
configuration is vital in achieving high heat transfer rates. Therefore, we 
believe it is important to address this critical gap by providing a 
comprehensive, detailed analysis of both the fluid flow and heat transfer 
characteristics of turbulent confined impinging jets across a wide range 
of confinement sizes, z/d spacings, r/d values, and Re numbers.

With the above motivation, this work focuses on the impact of 
confinement size on wall static pressure and heat transfer distribution in 
high turbulence impinging air jets on a smooth, flat target surface. A 
detailed study was conducted to explore the interactions between the Re, 
z/d ratio, lateral distance from the centerline axis (r), and the degree of 
confinement (CL/d) on wall static pressure and heat transfer distribu
tion. Based on a comprehensive literature review, the parameters varied 
were z/d from 0.0 to 6.0, r/d from 0.0 to 4.0, and CL/d from 0.0 to 15.0. 
Additionally, an independence test was performed to confirm the in
fluence of the Re on wall static pressure distribution. This comprehen
sive approach provides new insights into the role of confinement in 
impinging jet flows, contributing valuable knowledge to the field and 
addressing the gaps identified in previous studies.

2. Experimental details

2.1. Experimental test set-up

The experimental setup for determining fluid flow studies (pressure 
coefficients, Cp) is illustrated schematically in Fig. 1. In this study, air 
was discharged through a long aluminum pipe nozzle with a length of 
75 cm and a diameter of 1.65 cm ensuring fully developed flow. To 
control the flow rate, needle valves were connected to Venturi meter and 
monitored using differential pressure transducer [Furness Controls 
Limited, Mech-tech Marketing Pvt., India]. The impingement target 
plate (25 cm × 25 cm × 1 cm) was constructed from acrylic sheet.

A fully developed air jet strikes the target plate at a specified distance 
from the nozzle exit (z) and then disperses into the surrounding room 
air. The study examines various inter-plate distance (nozzle exit to 
impingement plate distance) (z/d) ratios: 0.5, 1.0, 2.0, 4.0, and 6.0. 
Fig. 2 shows the schematic illustration of confinement and target plate 
setup with the terminologies used in this study. A traversing table was 
used for the axial and radial movement of the target plate from the 

Fig. 1. Schematic diagram of the setup employed for assessing Cp distribution.

Fig. 2. Schematic depicting confinement and target plate setup with termi
nologies used in this study.
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nozzle exit and the corresponding Cp was measured using a Ø 0.5 mm 
pressure tap located at the center of the impingement plate. The Cp was 
calculated using the following equation: 

Cp =
Δp

0.5 × ρ × V2
j

(1) 

Where, Δp is the local pressure exerted on the impinging surface; Vj 
is the average jet velocity; and ρ is the air density.

Fig. 3 illustrates the experimental setup utilized for assessing local 
heat transfer characteristics. A stainless-steel foil target plate, measuring 
160 mm × 80 mm × 0.06 mm was securely clamped between two copper 
bus bars. Given the insignificant thickness of the foil, lateral conduction 
was assumed to be insignificant, providing a constant heat flux, a con
dition confirmed by several studies [10]. A high-precision thermal 
imager [Fluke Ti 55 IR Fusion Technology, USA] 320 × 240 mm focal 
plane array with 25-μm pitch detector and spatial resolution of 1.30 
mrad was positioned opposite the target plate to capture thermal im
ages. Since the foil thickness was negligible, thermal images are taken 
from the back-side of the impingement surface, which was painted with 
matte finish black paint (Asian paints, India). The foil was heated by 
adjusting the power supply with a dimmerstat (voltage-current regu
lator, Meco Instruments, India), and the air temperature from the jet is 
monitored using a K-type thermocouple. At least five images were 
captured to confirm the reproducibility of the results.

The uncertainty analysis for measuring local heat transfer and fluid 
flow parameters was performed following the methodology reported in 
the literature [23–25]. The calculated uncertainty values for all 
measured and derived quantities are provided in the supplementary 
information (Table S1). The Nusselt number (Nu) for the surface was 

determined with the following equations. 

Nu =
hd
k

(2) 

h =
qconv

Tr − Tj
(3) 

Where, h: heat transfer coefficient (W/m2 K); k: thermal conductivity 
of air (W/m K); Tj: Jet temperature (◦C); Tr: Temperature of the target 
plate in radial directions (◦C).

3. Results and discussion

3.1. Wall static pressure distribution

3.1.1. Independency test
The effect of Re (16,000 to 55,000) on static pressure (Cp) distri

bution was evaluated. During the test, z/d was maintained at 1.0, an 
optimal range to ensure a consistent jet impact regime. Cp was found to 
be independent of Re considered in this study (Fig. 4a). Despite the 
significant changes in flow dynamics, the Cp distribution at the 
impingement point does not show a substantial variation with Re. This 
can also be explained by the characteristics of the potential core region, 
where the jet velocity stays nearly constant as the turbulent mixing tends 
to stabilize the pressure distribution over the surface [13,26]. Further, 
the fundamental momentum transfer mechanism to the target surface 
remains largely unchanged. This leads to a consistent pressure distri
bution, as the high momentum flux ensures a stable impingement 
pressure [1,27].

The Cp was found to be independent of Re considered in this study. 
Aforementioned, Re of values between 16,000 and 55,000 and it can be 
considered that the jet is predominantly in a turbulent regime. In this 
regime, the jet core develops a turbulent boundary layer that grows 
more rapidly, and the flow becomes more disordered and mixing in
tensifies. Despite these changes in flow dynamics, the Cp distribution at 
the impingement point does not show significant variation with Re. This 
is because the turbulent mixing tends to stabilize the pressure distribu
tion over the target plate, resulting in similar Cp values despite varying 
Re. This can also be attributed to the characteristics of the potential core 
region, where the jet velocity remains almost constant. The pressure 
drop within this range is minimal because the jet retains its core velocity 
and energy. [13,26]. Further, the fundamental momentum transfer 
mechanism to the plate remains largely unchanged. This leads to a 
consistent pressure distribution, as the high momentum flux ensures a 
stable impingement pressure [1,27]. The controlled experimental con
ditions, including optimal jet-to-plate spacing, further support the 
conclusion that Cp remains unaffected by variations in Re, providing a 

Fig. 3. Schematic illustration of the setup used for the evaluation of heat 
transfer characteristics.

Fig. 4. a. Cp at different Re as a function of r/d ratio and z/d = 1; b. Validation of experimental setup and their corresponding results with the previously published 
results published elsewhere [28].
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robust understanding of the jet impingement dynamics.
A study was conducted with a baseline experiment to verify the ac

curacy of the experiments and subsequent pressure distribution results. 
To confirm and validate the harvested data, the Cp distribution for a jet 
impinging perpendicularly on a surface was correlated with the estab
lished data from the work of Baydar and Ozmen, published elsewhere 
[28]. Fig. 4b illustrates the Cp distribution evaluated at a Re of 40,000 
and a z/d ratio of 1. The agreement between the two sets was within 3 %, 
indicating a high level of consistency and validating the experimental 
approach used in this study. This close correlation is consistent with 
previous results, further reinforcing the consistency and accuracy of the 
experimental setup and procedures.

3.1.2. Effect of degree of confinement
The influence of various parameters, z/d ratio (0.0–6.0), r/d ratio 

(0.0–4.0), and confinement plate size (CL/d: 0.0–15.0), on Cp distribu
tion was evaluated. The Re was maintained at 40,000 for all the ex
periments, as this study is dedicated to examining the influence of 
confined turbulent jet. Fig. 5 a-d shows the Cp distribution with respect 
to r/d for different z/d and CL/d values.

The static pressure was highest at the stagnation point for all CL/ 
d ratios considered in this study and decreased as the flow accelerated 
radially outwards from the stagnation point. No sub-atmospheric zone 
was observed for an unconfined impinging jet for any z/d values 
considered in this study (Fig. S2a). At z/d = 0.5, a sub-atmospheric zone 
was extended for all the confined jets. The sub-atmospheric zone became 
stronger as the confinement size increased and was perceived to be 
susceptible to the z/d ratio and became weaker with the increase in z/ 
d ratio. At CL/d: 15.0, the sub-atmospheric zone was observed up to a z/ 
d distance of 4.0, while it was observed only up to z/d: 2.0 for CL/d: 12.0 
and CL/d: 6.0. However, for CL/d: 3.0–4.5, there was no sub-atmospheric 
zone beyond z/d ratio of 0.5.

Fig. S2b shows the effect of z/d on the sub-atmospheric region for CL/ 

d = 15.0. This indicates that the sub-atmospheric pressure was sensitive 
to the confinement size. The presence of the sub-atmospheric zone could 
be attributed to an interplay of fluid behavior, pressure dynamics in a 
turbulent flow and jet interaction with the impinging plate surface. 
When a high-velocity jet strikes the flat impinging plate, it creates a 
region of high dynamic pressure. In a confined zone, the jet cannot 
dissipate freely, so it spreads radially along the surface of the impinging 
plate, which could further accelerate due to the constriction. As a result, 
the Cp further decreased, leading to the formation of a sub-atmospheric 
zone. This dynamic leads to the formation of recirculation zones, where 
the flow moves in the opposite direction to the original jet path, creating 
swirling or vortex-like structures in the wake (Fig. 6).

These recirculation zones are characterized by reverse flow patterns 
and increased mixing, driven by pressure recovery and the development 
of boundary layers near the surface. The confined space also forces the 
jet to adapt, causing flow separation and turbulent wake regions that 
further contribute to recirculation. Furthermore, the sub-atmospheric 
zone shifted linearly radially outward from the stagnation point with 
the increase in the z/d ratio (Fig. 7a). This phenomenon could be 

Fig. 5. Effect of degree of confinement on Cp distribution at different z/d ratios and at a Re of 40,000; a. 0.5; b. 1.0; c. 2.0; d. 4.0.

Fig. 6. Schematic illustration depicting the plausible recirculation zone formed 
due to the confinement effect.
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ascribed to the reduction in the jet velocity as it spreads with increasing 
z/d ratio and subsequently, the sub-atmospheric zone also became 
weaker [28,29]. On the other hand, a clear linear trend in the recovery 
of sub-atmospheric pressure as a function of CL/d and r/d ratio. This 
trend indicated that the sub-atmospheric zones were broader with the 
increase in the CL/d ratio (Fig. 7b).

Also, as z/d ratio increased, the velocity of the jet declined due to the 

jet spreading, and thus, the intensity of the sub-atmospheric zone 
decreased. Subsequently, the stagnation pressure decreased. On the 
other hand, in an unconfined jet, a sub-atmospheric zone was not 
observed because the jet can expand freely into the surrounding envi
ronment without the constraints that cause significant pressure drops. 
When a high-velocity jet exits a nozzle in an unconfined space, it en
trains and mixes with the ambient fluid, allowing the pressure to 

Fig. 7. a. Initiation of sub-atmospheric pressure zone in relation to z/d ratio for CL/d = 15.0; b. End of sub-atmospheric zone with respect to r/d ratio and degree of 
confinement at a z/d ratio of 0.5.

Fig. 8. a. Effect of degree of confinement on Cp distribution at z/d ratio of 6.0; b. Comparison of confined (CL/d = 15.0) and unconfined jet (CL/d = 0.0) on Cp 
distribution depicting the formation of sub-atmospheric zone.

Fig. 9. a. Validation of experimental setup and its corresponding Nu values with the previously published results published elsewhere [23]; b. Nu as a function of Re 
for a confined impinging jet (CL/d = 12.0; z/d = 1.0).
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equalize more rapidly than in a confined scenario. This free expansion 
mitigates the creation of low-pressure regions since the fluid can spread 
out and decelerate gradually without encountering restrictive bound
aries that would otherwise amplify the pressure drop. Additionally, the 
ambient fluid’s unrestricted interaction with the jet promotes efficient 
mixing and diffusion, further preventing the formation of localized sub- 
atmospheric zones [8,27,30]. At z/d = 6.0, no negative pressure was 
observed for either confined or unconfined cases (Fig. 8a). In fact, the 
pressure distribution in both scenarios exhibited similar trends, indi
cating that confinement effects were negligible beyond z/d = 4.0. At z/d 
= 6.0, the air had sufficient space to exit without restrictions, behaving 
similarly to an unconfined jet. Fig. 8b illustrates the significance of the 
degree of confinement compared to the unconfined air jet, depicting the 
formation of negative Cp in confined air jet.

3.2. Heat transfer characteristics

A horizontal axis impinging jet flow setup was built to investigate the 
heat transfer characteristics on a flat, smooth plate in an impinging 
confined jet flow field. The Re was maintained at 40,000 across various 
z/d ratios as a function of r/d and degree of confinement. Experiments 
were conducted with an unconfined jet at a z/d value of 6.0, to validate 
the results and compare the obtained results with previous studies 
published elsewhere [23]. The present study showed a strong correla
tion and the Nu values are in line with the previous published data 
(Fig. 9a). A typical curve of Nu as a function of Re for CL/d of 12.0 at z/ 
d ratio of 1.0 (Fig. 9b). At a particular z/d and r/d ratio, the Nu values 
increased with the increase in Re, which is also well reported in the 
literature. As the Re increased, the fluid flow becomes chaotic leading to 
a more swirling, fluctuating, and rapidly changing velocities, which 
significantly enhances mixing and resulted in increased heat transfer. At 

the stagnation point, the high-velocity jet impinged on the target plate, 
creating a primary peak in the heat transfer distribution. Additionally, a 
secondary peak was also observed beyond an r/d of 1.0, which inten
sified with increasing Re. This phenomenon can be attributed to the 
radial spreading of the jet, where the airflow intensifies the shear layer 
with increasing Re [10,31,32].

Fig. 10a-d and Fig. 11 a-d shows the Nu distributions obtained from 
the temperature values harvested along the target plate on the smooth 
flat plate at different CL/d and z/d ratios. For all the configurations, the 
Nu was maximum at the stagnation point and decreased along the radial 
direction up to r/d ≈ 1.0; thereafter, an abrupt increase in the Nu was 
observed and subsequently, a secondary peak was observed. At stag
nation point, for all the z/d spacing (<4.0) the Nu was higher for the 
unconfined jet and decreased with the increase in confinement size (CL/ 
d = 3.0–15.0) (Fig. 12a). Furthermore, with increasing z/d spacing, the 
secondary Nu value peak shifted radially outward in both unconfined 
and confined jet configurations due to changes in flow dynamics and 
turbulence characteristics. For a lower z/d ratio, the jet impacts the 
target surface directly at the stagnation point with negligible interaction 
with ambient air, causing the secondary peak to form close to the 
stagnation point. However, as the z/d ratio increased, the jet had more 
room to develop turbulence and spread radially before impinging on the 
plate led to a further shift of the secondary peak. This phenomenon also 
indicate that the recirculation zones shifted outwards with increasing z/ 
d ratio [33,34].

Interestingly, at a particular z/d ratio and with increasing confine
ment size, the secondary peak tends to form closer to the stagnation 
point (Fig. 12b). In confined jets, the side walls slightly restrict the radial 
spread, but the overall trend of the secondary peak shifting with 
increased spacing continued. This behavior is critical for optimizing heat 
transfer systems, as it allows designers to manipulate z/d spacing to 

Fig. 10. Effect of degree of confinement (CL/d) on Nu at different z/d ratios and at a Re of 40,000; a. CL/d: 0.0; b. CL/d: 3.0; c. CL/d: 4.5; d. CL/d: 6.0.
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achieve efficient and uniform heat transfer across the impinging surface. 
Understanding these dynamics is essential for applications such as 
cooling electronic components or turbine blades, where precise control 
over the heat transfer distribution is crucial.

Furthermore, at z/d = 6.0, the Nu values increased dramatically, 
compared to lower z/d ratios. The Nu was seen to be higher at the 
stagnation point and decreased along the radial direction. Moreover, 
with the increase in the confinement size, the Nu values increased at the 
stagnation point. For instance, at CL/d = 0.0, the Nu value at the stag
nation point was 198.1, which increased to 215 for CL/d = 15.0 
(Fig. S3a). The increase in the Nu at z/d spacing of 6.0 increased with the 
increase in confinement sizes, contrary to the trend observed at a lower 
plate spacing, which could be attributed to the change in flow dynamics 
and turbulent characteristics. At higher plate spacings, the jet required 

to cover a larger distance to develop turbulence before impinging on the 
plate. This leads to enhanced mixing and disruption of the thermal 
boundary layer and increases heat transfer rates around the stagnation 
region. A similar trend was observed in previous research carried out 
elsewhere [29,35,36]. With the increase in confinement size, the flow of 
the jet is restricted, which could have promoted the turbulence forma
tion and better mixing.

Furthermore, at higher z/d spacings, such as z/d = 6.0, the absence 
of a secondary peak across all configurations can be explained by the 
jet’s behavior after impinging on the target plate. When the jet strikes 
the plate from a greater distance, it spreads more easily, losing intensity 
and coherence. This results in a decreased intensity and allows the jet to 
transition gradually along the impinging wall, leading to a weaker heat 
transfer distribution without localized intensification. Consequently, the 

Fig. 11. Effect of degree of confinement (CL/d) on Nu at different z/d ratios and at a Re of 40,000; a. CL/d: 9.0; b. CL/d:12.0; c. CL/d: 15.0; d. Unconfined and 
confinement effect on Nu specifically depicting the variation in the intensity of secondary maxima at z/d = 0.5.

Fig. 12. a. Nu at stagnation at different z/d ratio and degree of confinement; b. Lateral shift in the secondary peak values as a function of degree of confinement.
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secondary peak diminishes at these higher plate spacings. This trend is 
consistently observed across all configurations, with the secondary peak 
becoming weaker as the z/d spacing increases (z/d < 4.0).

To summarize, the influence of confinement size was particularly 
noticeable in the region where the secondary peak typically occurred. It 
was found that the secondary peak increased with the increase in 
confinement size (up to CL/d = 12.0) in a turbulent jet, but it weakened 
slightly upon further increasing the confinement size, which indicates 
that the confined spaces readily promote flow recirculation leading to 
enhanced heat transfer performance. However, this effect weakened 
when the confinement size approached the size of the target plate (CL/d 
= 15.0). On the other hand, at higher CL/d ratios, the formation of the 
recirculation zone occurs close to the stagnation point as confirmed in 
the fluid flow studies. This could have disrupted the development of the 
wall jet and contributed to the formation of more complex and chaotic 
flow regimes. The recirculation zones interfere with the incoming jet, 
affecting the radial spreading, which may have resulted in velocity 
fluctuations and lead to disrupting the thermal and velocity boundary 
layers. Therefore, the overall effect on heat transfer coefficients 
increased. Overall, it is vital to maintain the confinement size smaller 
than the target surface is essential for achieving optimal heat transfer 
performance.

In several previous studies typically considered confinement sizes 
equal to or greater than the target plate size and no significant difference 
in heat transfer compared to unconfined jets. In fact, several studies 
reported a decline in Nu values with the use of confinement for jet 
impingement [9,17,20,37,38]. Moreover, the effect of radial jet 
spreading after impingement on the target surface and its impact on 
fluid flow and heat transfer characteristics have not been thoroughly 
addressed. The current findings highlight the significant role that 
confinement size plays in modulating heat transfer coefficients in 
impinging jets. On the other hand, the comparison of this work with the 
previous work on confined jet carried out by Baydar and Ozmen [39] 
(Fig. S3b), indicating significant enhancement in heat transfer perfor
mance. Moreover, the increase in the secondary maxima with larger 
confinement sizes can be ascribed to the formidable interaction between 
the jet flow and the confinement walls. As the confinement wall size 
increased, the radial jet flow intensified the turbulence within the 
confined space. This heightened turbulence enhances heat transfer by 
promoting better mixing and boundary layer disruption, increasing 
secondary peak value [40,41]. Additionally, in confined jets, particu
larly at larger CL/d ratio, forming sub-atmospheric pressure regions can 
enhance the entrainment of surrounding fluid locally, confirming the 
strong linkage between fluid flow and heat transfer characteristics [38].

Fig. 13a illustrates the near-wall velocity profiles of unconfined and 

confined jet in the radial direction for a z/d spacing of 0.5. When the 
impinging jet strikes the target surface, the static pressure reaches a 
maximum, while the velocity abruptly drops to zero due to the sudden 
loss of momentum. Subsequently, the fluid changes direction and ac
celerates radially outward along the target surface. As a result, the radial 
velocity increased with radial distance from the stagnation point, while 
the corresponding Cp exhibits an inverse trend. In this study, the near- 
wall velocity profiles for CL/d = 0.0 and CL/d = 15.0 were specifically 
compared, as the profiles for other confinement sizes fell between these 
two limiting cases. In both unconfined and confined jets, the maximum 
velocity occurred within the r/d range of 1.0–2.5. Notably, upon 
confinement, the near-wall velocity values increased compared to those 
of the unconfined jet, which can be attributed to the vertical flow re
striction due to the confinement wall. In the case of an unconfined jet, 
the air exits progressively in the radial direction, whereas confinement 
introduces an abrupt transition, which may have given rise to a whirling 
effect. This behavior leads to a pronounced peak in the velocity profile, 
contributing to an enhanced secondary local heat transfer peak. 
Furthermore, the increased velocity values observed in the confined jet 
resulted in higher secondary local heat transfer peak values. Another 
observation is that in the confined jet, the near-wall velocity decays 
rapidly as the air expands radially outward. This behavior directly 
correlates with local heat transfer distributions, where the increased 
secondary heat transfer peak values in the confined case diminish swiftly 
with radial distance. At a higher z/d spacing of 6.0, no substantial dif
ference was observed in the velocity profile trends between unconfined 
and confined jets (Fig. 13b). In both cases, the maximum near-wall ve
locity was located away from the stagnation point, without any abrupt 
variations in the velocity profiles. This indicates that, at larger z/ 
d spacings, the influence of confinement becomes negligible allowing 
the air to expand freely in the radial direction. The results exhibit good 
consistency with the pressure studies. As z/d increased, the radial 
location of the maximum velocity shifted further from the stagnation 
region, leading to a corresponding shift in the position of the secondary 
local heat transfer peak. These findings confirm that the near-wall ve
locity profiles are closely correlated with the underlying fluid flow 
structures and associated heat transfer characteristics.

Further, the thermal performance factor (TPF) was determined using 
the following equations 

TPF =
Nu/Nuo

f/fo

(6) 

and 

Fig. 13. Velocity profiles of unconfined and confined jets in the radial direction; a. z/d = 0.5; b. z/d = 6.0 (V= Average velocity of air at jet exit; Ur = Relative 
velocity of air after impingement).
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f =
2 × ΔP
ρ × V2 (7) 

Where, ΔP = change in static pressure; ρ = Density; V= Average 
velocity at jet exit; Ur = Relative velocity after impingement; Nuo = Nu 
values of unconfined jet considered as reference; f and fo are the friction 
factor with and without confinement, respectively.

The TPF increased with increasing confinement ratio (Table 1). The 
increase in the TPF with confinement ratio indicates that confining the 
nozzle wall is beneficial in defining the flow dynamics and thermal 
behavior in the impingement jets. As confirmed in the fluid flow and 
heat transfer results, the sub-atmospheric pressure could have led to an 
increase in turbulence intensity and promoted local heat transfer co
efficients. The heat transfer rate overcomes the necessary friction loss 
upon confinement of the nozzle, leading to net gain in TPF.

Fig. 14a and b illustrates the temperature distribution on a flat sur
face subjected to an unconfined and confined impinging jet impacted 
from an interplate spacing of 0.5. In the case of unconfined jet, the jet 
entrains ambient fluid freely and the temperature distribution remained 
symmetric and concentrated near the stagnation point (Fig. 14a). In 
contrast, confined jet the nonconformities in the flow structure was 

observed (Fig. 14b). The presence of confinement walls hindered the 
ambient entrainment air leading to the lateral spreading of the jet, which 
resulted in increased radial temperature gradients. As a result, it is 
possible that the heat transfer effect at the stagnation point may have 
slightly diminished, while radial heat transfer is elevated due to a 
broader temperature distribution. This suggests that the confinement 
promotes more effective radial heat transfer effects. On the other hand, 
for higher inter-plate spacings (z/d = 6.0), the jet dissipation became 
more pronounced in the case of an unconfined jet, which is a well- 
established study. For CL/d = 0.0, the jet showed a smoother yet 
center-focused cooling profile, while the effect was seen to be signifi
cantly pronounced not only at the stagnation point, but also propagated 
radially (Fig. 14c and d).

From an application perspective, the outcomes of this work have 
significant implications for various industries. In the cooling of elec
tronic components, the insights into how confinement size and nozzle- 
to-plate spacing affect heat transfer can lead to more efficient cooling 
solutions, essential for preventing overheating and ensuring the 
longevity of electronic devices. Similarly, in gas turbines, optimized 
impinging jet systems can enhance the cooling efficiency of turbine 
blades, thereby improving operational efficiency and extending the 
lifespan of the blades. In material processing, such as drying, heating, or 
surface treatment, the improved understanding of heat transfer dy
namics can lead to more uniform and controlled thermal processes, 
enhancing product quality and process consistency. Furthermore, in 
future insights, exploring different jet configurations, such as multiple 
jets, inclined jets, or oscillating jets, could provide a deeper under
standing of their impact on heat transfer characteristics. Also, investi
gating the effects of different target plate materials and surface textures 
could also yield valuable insights, as these factors can significantly in
fluence the heat transfer efficiency.

Table 1 
TPF as a function of confinement ratio (CL/d).

Confinement ratio (CL/d) TPF at z/d = 0.5 TPF at z/d = 6.0

0 – –
3.0 0.98 1.06
4.5 1.03 1.09
6.0 1.07 1.09
9.0 1.40 1.11
12.0 1.42 1.15
15.0 1.38 1.18

Fig. 14. Contour map of temperature distribution at different z/d and CL/d ratio; a. z/d = 0.5 at CL/d = 0.0; b. z/d = 0.5 at CL/d = 9.0; c. z/d = 6.0 at CL/d = 0.0; d. 
z/d = 6.0 at CL/d = 15.0.
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4. Conclusions

An experimental study examined the impact of confinement size on 
static pressure distribution and Nusselt number (Nu) of a turbulent air 
jet impinging on a flat target plate. Various confinement sizes (CL/d =
0.0 to 15.0) and z/d ratios (0.5 to 6.0) were examined. Wall static 
pressure was highest at stagnation and decreased laterally, with 
increased sub-atmospheric pressure and recirculation zones observed 
with larger confinements. Heat transfer at stagnation decreased with 
larger confinements, while CL/d and z/d spacing influenced a secondary 
peak in Nu. The secondary peak intensified with confinement up to CL/d 
= 12.0 and weakened upon further increase in the confinement size, 
which is attributed to the change in the flow regime. At z/d = 6.0, heat 
transfer at stagnation increased with confinement size. Also, maintain
ing the confinement size smaller than the target surface is essential for 
achieving optimal heat transfer performance. This study provides crit
ical insights for optimizing impinging jet systems, revealing the nuanced 
interplay between fluid dynamics and heat transfer coefficients. There
fore, it is concluded that achieving high heat transfer coefficients for 
efficient cooling requires optimizing inter-plate spacing, Re and 
confinement size. This insight is crucial for researchers and industries, 
providing essential guidance for designing more effective impinging air 
jet systems.
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