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Abstract
The study intends physical insight into physical phenomena of efflux from a small opening impinging on a surface confined from
three sides. The work aims at understanding the role of wall location on flow characteristics of an impinging jet. Experiments
were performed on an existing cascade tunnel with flow ejected at maximum velocity of 36 m/s and corresponding flow features
were investigated. Results show that outside the core region, the flow experiences a monotonic reduction with increase in distance
along streamline and radial direction. The wall location is more efficient in bringing substantial change when placed closer to the
exit and primarily governs the chances of strong flow deflection or back flow losses. However, when placed far away from exit,
results in diminishing returns with a critical value beyond which the flow characteristics become insensitive to wall location. The
presence of walls on sides results in reduction in the core region.
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1. Introduction
The study of jet efflux from a small opening is a phenomenon of practical and functional significance and cover wide
range of engineering and industrial applications. The subject involves heat and mass transfer and is broadly characterized
as: Free and Wall/Forced jet. This classification is based on presence of a surface (i.e. wall) against the jet efflux. In free
jet configuration, the efflux is expelled into open atmosphere whereas in wall jet, the flow jet is expelled against a surface
which redirects the flow. In flow jets, as the fluid moves downstream, it interacts with the surrounding fluid (same or
different) and its momentum drops. Subsequently, the efflux rifts into two distinct regions viz., a region near the
centerline where fluid interacts less with the surrounding medium and maintains nearly its speed some distance
downstream known as the core region. The length of core region in jets under different conditions is a prominent factor.
Next is region outside the core where fluid comprehensively interacts with the surrounding fluid. This region is known as
the entrainment region and it is identified by drastic change in flow characteristics. The presence of a surface in front of a
jet is very likely to alter the flow characteristics. This surface when placed at different positions will have significant
implications. The concern in this type of problems is to predict the significant energy transfer that takes place as a result
of shear interaction.

Figure 1 Schematic of jet impinging in a confined space.
Following the classical work of Glauert (1956), the last five decades research works have contributed significantly to the
advancement in understanding of the free jets. The contributions have been reported in several reviews like Gardon and
Akfirat (1966), Kercher and Tabakoff (1970), Sparrow and Alhomoud (1984), Gau and Chung (1991), Gori and Bossi
(2000), Roy and Patel (2003), Aldabbagha and Mohamadb (2009), Azam et al., (2013), San and Chen (2014) etc. In
recently, Tiwari et al., (2014) carried out experiments to investigate the effect of wall location on flow characteristics of
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an impinging jet. The impinging flow jet phenomena in confined spaces have recently grown owing to wide domain of
applications. The confined spaces are essentially closed and restrict the flow passage. They are potential sources of
increasing fluid levels, flammable atmospheres, mixing studies, gas turbine combustors and momentous damage to
mankind. The present work attempts to explore the variation in flow characteristics due to selected confined space
assembly. This aspect of jets is yet to be explored. Hence, a systematic study is needed to understand mechanisms
controlling the behavior of jets when impinging on an assembly of walls placed at different locations. The work is
motivated by the need to have through and enhanced understanding of impinging jets implications. So that this
knowledge can help us in application involving impinging jets. Although much has been done but complexity of the
problem has prevented a complete understanding due to interaction between flow, heat and mass transfer. To address the
above mentioned issue, the present work primarily focuses on flow characteristics of an impinging jet against varying
wall location in a confined space. The present work was carried out with specific objectives of:
1) Investigating the effects of surface location on flow features of a jet impinging in a confined space.
2) Analyzing the parameters which play important role.

2. EXPERIMENTAL SETUP AND SOLUTION METHODOLOGY
A simple apparatus (Fig. 2(a)) was adapted for this study. The apparatus consisted of a) cascade tunnel b) a pitot tube and
c) Micro Manometer (Fig. 2(a & b)). The cascade tunnel issues a free air jet using a centrifugal blower with a velocity of
36 m/s. The efflux is from a small rectangular opening (dimensions 30 cm × 9 cm (Fig. 2(a)) into the air in quiescent
room atmosphere. The efflux impinges on a confined space assembly built to carry out experiments comprising of a
central wall with dimensions of 180 cm × 120 cm × 1 cm and joined on either sides by walls of dimension 113 cm × 104
cm × 1 cm each. The three walls forms a closed pit type of assembly similar to the one used in rocket launches. The
assembly is open only from one side from where the flow is imposed. The central wall location is one of the important
parameter varied in the study. With the location of central wall, the entire structure moves consequently. It is important to
note that, while analyzing the results, it was well considered that the entire assembly is open from the top. However, the
emphasis is put on the variation in flow characteristics and understanding the phenomena. The flow characteristics are
determined by establishing the pressure balance between dynamic pressure and the hydrostatic pressure. The dynamic
pressure is measured using Pitot tube. The micro manometer calculates the hydrostatic pressure due to change in
elevation of the fluid used (here distilled water) owing to different dynamic pressures under different conditions. The
micro-manometer exhibits an accuracy level of 0.001 cm height of the fluid and can measure the differential pressure up
till the range of 300 mm of the used fluid.

(a)
(b)
Figure 2 Pictorial view of (a) complete experimental setup (b) micro manometer.
The flow is turbulent and the effect was noted in fluctuating readings. So, for every reading the average repeated value
was accounted. It is important to note that all the readings were taken systematically in proper time interval and represent
the repeatability of results obtained. The flow velocity is obtained by equating the dynamic head to pressure head obtained
by the liquid height change as:

1
a V 2  l g (h1  ho )
2

(1)

From equation (1), the flow velocity “V” is determined as

V 2

l
g (h1  ho )
a

Volume 3, Issue 4, April 2014

(2)

Page 277

International Journal of Application or Innovation in Engineering & Management (IJAIEM)
Web Site: www.ijaiem.org Email: editor@ijaiem.org
Volume 3, Issue 4, April 2014

ISSN 2319 - 4847

Where

a

l

Density of air (Kg/m3)

g

Density of water (Kg/m3)
Flow velocity (m/s)
Gravitational acceleration (m/s2)

h0

Reading corresponding to zero differential pressure

V

h1  h0
D

Liquid head corresponding to the dynamic head
Equivalent diameter of a circular exit (1D =18.54 cm)

It is important to note that the density of liquid (here distilled water) depends on the place of use of the manometer (the
atmospheric pressure and temperature at the time and place of use). While, the density of air can be calculated using the
state relations for air for corresponding pressure and temperature.

3. RESULT AND DISCUSSION
A parametric experimental study was carried out to understand the flow characteristics of jet impinging in a confined
space with central wall placed at different locations. First, the results obtained from the experimental setup were validated
with the benchmark theory of free jet. The effect of shear interaction on momentum in streamline and radial directions
were investigated.

Fig. 3 & 4 shows the variation of normalized centerline velocity as a function of streamline distance and normalized
radial velocity with radial distance for free jet. The velocities at different locations are normalized by maximum velocity
and the streamline distance is normalized by the equivalent circular diameter ‘D’. Results show that the flow
characteristic exhibits a monotonically reducing behavior with increment in distance. As the jet exits, there is loss of flow
velocity with increase in distance in axial direction. The “VRM-PPT point” (momentum loss = 10%) extends till 5 units
(~93 cm) in axial direction and beyond that the flow momentum falls drastically (see fig.3). Similar trend was noted in
radial direction as the flow velocity reduces with increment in radial distance. The velocity variation was investigated at
axial locations of 2D, 5D, 10D, and 15D respectively (see fig.4). Close to exit (here 2D, 5D) flow lies in core region and
with increase in distance moves out of it and falls drastically due to the shear interaction with surroundings leading to
strong energy conversions. Away from exit (here 10D, 15D), flow is out of core region and momentum reduction rate
with distance reduces. The value of “VRM-PPT point” in radial direction reduces to 2.5 cm. Hence, results by
experimental setup were validated and are expected to provide good physical insight.
Following the validation of results, the study was extended to investigate wall effect in the capacity of centerline flow at
three different locations, (a) very near to exit (10D & 12D), (b) at an intermediate distance (15D), (c) far away from the
exit (18D). Figure 5 shows variation of centerline velocity as a function of central wall location. Qualitatively a trend
similar to free jet is observed. With the increment in the central wall location, the momentum loss increases. The “VRMPPT point” reduces to 3 units= ~ 55 cm). Beyond “VRM-PPT point” sharp drop in flow velocities is noted. The velocity
profiles are seen to merge and overlap each other. However, as the wall location increases the loss of momentum is more.
This dictates that up to a fixed wall location, the effect of shear interaction is within a closer range but as wall location
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increases, it behaves as a case of free jet and significant losses are noted. The reason for extra momentum loss may be
attributed to multiple wall interactions of the flow. Deflection of flow from among walls increases loss due to vortices
formation. The assembly located close to exit paves way for strong deflection of flow and formation of vortices. The
presence of walls on the sides act as obstruction to the flow resulting in formation of vortices, reducing the momentum
which as a consequence limits the jet applications. However, it is better to have central wall closer for mixing
applications. Vortices are smaller at centreline and larger away from it. Effect of small vortices is low, but large vortices
formation results more velocity loss as flow stagnates. When the assembly is placed far away from exit viz., 18D, the
efflux approaches the assembly with already reduced velocity. Owing to reduction in kinetic energy due to shear
interaction with surroundings, the formation of vortices or deflection of flow back will not be strong so it behaves more or
less like free jet. While, when the assembly is placed at some intermediate location viz., 15D, the reduction in momentum
is minimized, so that the formation of vortices and deflection is stronger than the previous case and it facilitates better
mixing. The assembly placed closer to exit experience the strong vortices formation and strong deflection of flow back so
useful in rapid mixing. However, with this the chances of back flow with flow coming back to exit portion are strong.
To understand the results in figure 5, we next explore the effect of varying wall location on radial component of velocity.
Figure 6 shows normalized radial velocity as a function of radial distance at axial location of 2D for all the profiles.
Looking at the profiles one can note that trend similar to the centreline variation is noted. The “VRM-PPT point” for
wall placed closer (10D) is higher 2.75 cm, as compared to wall placed far (15D & 12D) as 1.5 cm. The rate of reduction
in flow momentum is more when the wall is placed far away (12D and 15D). Velocity profiles for 12D and 15D merges
indicating that beyond a certain distance the velocity change is insensitive to wall location.

When the central wall is located far, radial component can be effectively used for engineering applications ranging from
heating, cooling to where preceding designs are insufficient. However when placed closer, deflected flow increases strong
back flow chances, so need to ensure safety especially in case of rocket motors where exhaust impinges at high velocity.
Furthermore it reduces divergence losses.

4. CONCLUSION
An experimental exploration was carried out to understand the effects of wall location on flow characteristics of a flow
jet. The results predicted by experimental setup were validated with benchmark free jet theory. Based on the results
obtained following conclusions may be drawn from this study:
1. Increase in central wall location enhances the velocity losses in axial and radial direction. Value of “VRM-PPT point”
reduces with wall location.
2. The location of wall near to exit results in low velocity losses and consequently strong deflection of flow resulting
formation of vortices with more chances of back flow. This represents an ideal case for mixing studies. However when
wall is located far higher momentum loss were noted owing to formation of large vortices due to multiple wall
interaction.
3. Increased radial distance enhances velocity loss, but results in diminishing return beyond a critical value indicating
insensitiveness of wall location after a certain distance.

References
[1] M. B. Glauert., “The wall jet,” Journal of Fluid Mechanics, vol. 1, pp. 625–643, 1956.
[2] Gardon. R., Akfirat J. C., Int. J. Heat Mass Transfer, 88, 101-108, 1966.

Volume 3, Issue 4, April 2014

Page 279

International Journal of Application or Innovation in Engineering & Management (IJAIEM)
Web Site: www.ijaiem.org Email: editor@ijaiem.org
Volume 3, Issue 4, April 2014

ISSN 2319 - 4847

[3] Kercher. D. M., Tabakoff, W., J. Eng. Power, 92, 73-82, 1970.
[4] Martin H., Adv. in Heat Transfer, 13, 1-60, 1977.
[5] Sparrow, E.M., Alhomoud, A., Int. J. Heat Mass Transfer, 27, 2297-2307, 1984.
[6] Gau, C., Chung, C.M., Journal of Heat Transfer, 113, 858-864, 1991.
[7] Gori, F., Bossi, L., Communications in Heat and Mass Transfer, 27, 667-676, 2000.
[8] Roy, S., Patel, P., Int. J. Heat Mass Transfer, 46, 411-425, 2003.
[9] Aldabbagha, L.B.Y., Mohamadb, A.A., Int. J. Heat Mass Transfer, 52, 4894-4900, 2009.
[10] Azam, R., Ozono, H., Yaga, M., Teruya, I., Ishikawac, M., 5th BSME ICTE, 56, 269-274, 2013.
[11] San, Jung-Yang., Chen, Jenq-Jye., Int. J. Heat Mass Transfer, 71, 8-17, 2014.
[12] Tiwari, P., Mahathi, P., Choudhury, N.R., Malhotra, V., Proc. ICRTET, Kerala, January 18-19, 2014.

AUTHOR
Vinayak Malhotra received the B.E. from The Aeronautical Society of India and Master of Science degree in
Aerospace Engineering from Indian Institute of Technology. During his Master program, he worked on flame
spread in microgravity. He now professes in Department of Aerospace Engineering, SRM University Chennai.

Pratik Tiwari is undergraduate student in Department of Aerospace Engineering, SRM University Chennai.
He is interested in broad field of heat transfer and combustion and has worked on convective mode of heat
transfer along with exploring physics in impinging jets and smoldering combustion.

Shitiz Sehgal is undergraduate student in Department of Aerospace Engineering, SRM University Chennai.
He is interested in fluid and Thermal sciences and is exploring physics in impinging jets.

Volume 3, Issue 4, April 2014

Page 280

