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Abstract

This research work is directly concerned with the heat transfer involved in a single jet flow
covering a heated surface having detached ribs present above the surface. A computational study
has been conducted to check the effect due to the presence of such detached ribs. The generalized
k — o (GEKO) turbulence model with Reynolds-averaged Navier Stokes (RANS) equations
formulation has been adopted after validation with the relevant experimental data from the
literature. A rectangular rib design was selected for which rib width, height, clearance, pitch and
first rib radial distance were varied to study their effect on heat transfer. Local heat transfer
distributions were investigated over the target surface, especially focusing on the ribs-based region
for different nozzle positions. The thermal performance with and without ribs is compared. A
maximum increase in heat transfer of 64% was observed for a normalized nozzle to plate spacing

z/d=0.5.

* Corresponding author
Email: adnan.rasheed@kfueit.edu.pk, Tel.: +92-307-7727269

1

Published by Springer. This is the Author Accepted Manuscript.
The final published version (version of record) is available online at DOI:10.1007/s10973-022-11640-w. Please refer to any applicable publisher terms of use.


li2106
Text Box
Journal of Thermal Analysis and Calorimetry, Volume 147, Issue 24, December 2022, pp. 14517-14537
DOI:10.1007/s10973-022-11640-w


li2106
Text Box
Published by Springer. This is the Author Accepted Manuscript.
The final published version (version of record) is available online at DOI:10.1007/s10973-022-11640-w.  Please refer to any applicable publisher terms of use.



Keywords: Jet impingement, heat transfer enhancement, detached ribs, GEKO turbulence model,

Nusselt number.

1. INTRODUCTION

Thermal energy systems operate at high temperatures for increased performance, thus require
efficient internal cooling to ensure longer life. Methodologies meant for heat transfer improvement
include the utilization of a flowing fluid inside the system (the most common approach), applying
design modification techniques for new surface geometries, or considering the insertion of novel
roughness elements in the case of ducts and tubular geometries. In industry, many processes result
in intense heating, and to ensure efficient processing, localized cooling is essential for preventing
any deterioration of the physical structure, or for inducing definite physical properties to the
product. This objective is achieved through impinging gas jets at particular locations, where an
excessive and unwanted increase in temperature is present. Figure 1 shows a schematic diagram
of jet impingement in typical applications of heat transfer through impinging jets; this includes the
cooling of electronic components, cooling of machine elements facing friction, cooling of turbine
components in jet engines, cooling of resulting batch products during metal forming processes,
and many other industrial applications. Jet impingement techniques are also utilized in turbines,
for cooling of different parts of the engine i.e., the turbine casing, inside the combustion chamber,
and for the localized cooling of the turbine blade tips. Turbine blades are cooled using bleed
airflow at high pressure. A heat flux of around 1 MWm is required in order to cool the blades
with the gas flowing at high temperature, around 1400-1500°C [1]. This allows higher cyclic
temperature ratios inside the turbojet engines, which ultimately leads to higher thermal efficiency.
The turbine output is therefore increased, improving the fuel economy.

Many researchers have studied the effects of shape or geometry of the nozzle through which a jet
is produced. Singh et al. [2] carried out an experimental and numerical study to determine how the
nozzle shape affects the jet impingement heat transfer. They used a heated circular cylinder
maintained at a constant heat flux for heat transfer through an unconfined jet impingement. Their
work included a comparative study of circular, square and rectangular shaped nozzles having the
same hydraulic diameters. They concluded that for fixed Reynolds number, a maximum heat
transfer rate from the heated cylinder occurred using the circular nozzle. Another experimental and
numerical study was conducted by Koseoglu et al. [3] in which they assessed how different orifice

shapes affect the cooling of a flat surface through jet impingement. When comparing circular,



elliptical and rectangular orifices, a decrease in heat transfer in the wall jet region was observed,
with an increase in cross-sectional area and aspect ratio of the jet. Siddiqui et al. [4] carried out
numerical simulations using SST + Y-6 turbulence model on jet impingement using a circular
nozzle for varying nozzle to impingement plate spacing and they were able to find out that the heat
transfer rate increases with decrease in distance between the nozzle and plate beyond the stagnation
region.

Various heat transfer enhancement techniques, active as well as passive, can be accompanied by
the impinging jets with the aim to increase the heat transfer coefficients. These tend to improve
the overall thermal efficiency of the thermal systems. Passive techniques turn out to be inexpensive
as compared to the active methods. These do not require any additional power and rather involve
various artificial attachments, surface roughness and flow blockages. These create turbulence, by
interfering the boundary layer, which in turn enhances heat transfer. The selection of an appropriate
geometry or surface roughness element should therefore take into account the pressure drop and
the resulting pumping power and costs. There are many ways of creating surface roughness, which
can be obtained from grooves on a plane surface, embedded foreign particles, and dimples over a
flat surface. Sloped surfaces of different orientations can also be used to increase the flow
turbulence. The factor of surface roughness has been studied for its impact on heat transfer by
Zhang, et al. [5]. These authors used PIV to investigate the effects of protrusions developed on a
surface and also obtained similar results numerically. Compared to a smooth target surface, they
found out that the heat transfer increased relatively with protrusion depth. Similarly, combined
heat and mass transfer was studied by Kim and Lee [6] for its variation due to surface roughness
from small glass beads. Better cooling performance was achieved against a heated porous
substrate.

Many researchers worked on roughened surfaces with and without the involvement of cross-flow.
Beitelmal and Saad [7] observed up to 6% increase in the average Nusselt number using a single
air jet impingement by the addition of a circular array of protrusions. Sharif and Ramirez [8]
conducted a study on heat transfer from a convex hemispherical surface using impinging jet and
observed an increase in heat transfer rates with the addition of surface roughness over the
hemispherical surface. Xing and Weigand [9] used a nine-by-nine array of impinging jets on a
dimpled surface and observed an increased value of heat transfer coefficient as compared to a flat

surface. Gabour and Lienhard [10] obtained 50% more heat transfer rate when applying jet



impingement cooling techniques with surface roughness from protrusions. Celik [11] also studied
the effects due to the presence of dimples on the target surface, utilizing a coaxial jet with
concentric nozzle pipes. With the coaxial jets, he was able to get an increase in the heat transfer of
up to 27%. Many other researchers, for instance Caliskan [12], Kanokjaruvijit et al. [13], Choi et
al. [14] and El-Gabry [15] also proved through their investigative studies that surface roughness
elements with different impinging jet configurations highly increase the heat transfer.

Rib roughened surface is one of the most popular passive methods applied to amplify the heat
transfer rate in channel and cavity flows. Many engineering applications such as solar thermal
energy systems, combustion, and especially the turbine blades cooling, involve a cavity flow
behavior from the inner side where the flow can be envisioned as a separated wall jet flow. Ribs
inside channels/cavities enhance heat transfer by providing an increased surface area. In addition,
they disturbs the wall sub-layer which cause flow separation and reattachment, yielding a higher
heat transfer coefficient [16]. Changing the ribs shape, their positioning and geometry, also affect
the heat transfer and, if an optimum design configuration is obtained, the heat transfer rate greatly
improves and thus the thermal performance of a system can increase with lower pressure penalty.
Tanda et al. [17] conducted an experimental study to determine the performance of a ribbed wall
rectangular channel having ribs angled at 45° by varying ribs spacing and Reynolds Number. It
was found that a two-ribbed wall channel gives a superior thermo-hydraulic performance at a pitch
to height ratio which is almost half of a single ribbed wall channel. Tan et al. [18] conducted a
study on convective heat transfer enhancement using impinging jets with different shapes of ribs
attached to the heated surface. They used a single row of impinging jets striking the heated surface
and cross flowing over rib structures. Their rib structures had 3 different constellations of Vee
shaped ribs, inverted Vee shaped ribs and the normal/ orthogonal ribs; out of which the inverted
V-shaped ribs with the inner angle of 120° were found to be the best for heat transfer up to a value
of 30%. They also found that jet to plate spacing ratio should be double for highest heat transfer.
However, with the installation of ribs, there is a significant drop in flow coefficient; minimum for
jet to plate spacing ratio of 3 out of the 1, 2 & 3 configurations. Wongcharee et al. [19] performed
a numerical investigation on the effect of various ribs shapes on the fluid flow characteristics and
heat transfer through a channel with two opposite ribbed walls. They established that triangular
ribs yield the highest Nusselt number while cylindrical ribs show the best thermal performance.
Wang et al. [20] carried out a numerical and experimental study on the effect of various pin fins

shapes having the same cross sectional area, on heat transfer and flow characteristics inside a
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rectangular channel. They found out that the drop-shaped pin fins yield better thermo-hydraulic
performance in comparison to circular pin fins. Chung et al. [21] performed an experimental and
numerical study to examine the effect of semi-circular ribs on flow and heat transfer characteristics
in a rectangular channel. They concluded that semi-circular ribs give better thermal performance
than square ribs. Kumar et al. [22] investigated the effects of different shapes and ribs
arrangements on heat transfer characteristics in a square duct having ribs attached on opposite
walls. Simulation results showed that the ribs with rectangular perforations having rounded corners
yield higher thermal performance than that of the other ribs arrangements. Nine et al. [23] studied
experimentally the effect of semi-circular ribs attached to the bottom wall of a rectangular channel
on turbulence, and the air free flow characteristics through varying the Reynolds number and rib
pitch. They established that the heat transfer is positively influenced because of pressure drop and
turbulent intensity. Arkan et al. [24] numerical studied a squared steel duct with square ribs through
various constant air temperatures. They observed that the provision of ribs leads to an enhancement
of the heat transfer rate. Heeyoon et al. [25] carried out an experimental study to examine the
thermal performance of a rectangular duct having angled ribs using different aspect ratios with and
without an intersecting rib. They observed that the addition of an intersecting rib to angled ribs
arrangement enhances the thermal performance for all aspect ratios. Gogulothu et al. [26] and
Maradia et al. [27] performed a literature review on the passive methods of heat transfer
enhancement techniques for different thermal energy systems. Alenezi et al. [28] carried out a
computational study on orthogonal air jet impinging on a smooth, horizontal surface and on a
roughened uniformly heated flat plate to study the convective heat transfer in detail. They used
circular ribs of square cross-section with different radial positioning centered at the stagnation
point as surface roughness elements. The RNG-k epsilon turbulence model was considered for
their numerical validation. They concluded that if the rib is placed at a R/D = 2 radial location, a
maximum enhancement in average Nusselt number is achieved; R being the distance from the
centerline in radial direction and D being the nozzle diameter. The authors also concluded from
their results of variation in rib height that if the rib height is kept closer to the velocity boundary
layer thickness corresponding to the smooth flow without ribs, the average Nusselt number
becomes maximum. Zu et al. [29] analyzed the jet impingement heat transfer by carrying out a
numerical study using the computational fluid dynamics (CFD) software ANSYS FLUENT. The

impingement setup consisted of a round air jet impinging perpendicularly over a smooth plate



placed at a distance H. This distance H was varied from 1D to 6D, D being the nozzle diameter.
In order to find the best match with the benchmark experimental data, different turbulence models
were tested. Out of the seven models applied, the Shear Stress Transport SST k-o and Large Eddy
Simulations (LES) models were found to be more accurate in evaluating the fluid flow as well as
heat transfer. Since the LES model involves high computational costs, the SST k- model appeared
a more economical turbulence model for comparison against experimental results.

There is a lot of published work on the use of surface roughness for the enhancement of heat
transfer through impinging jets or radial wall jet flow, as discussed previously. The majority of the
related literature focuses on the attached surface roughness elements such as dimples, perforations,
grooves, and attached ribs with different orientations, etc. However, fewer studies are found on
the use of detached ribs in the flow path of the impinging jets. Brackmann et al. [30] studied
detached rib turbulators, but they strictly focused on the impinging jet cooling phenomenon with
an array of jets targeting a flat surface. Their work was comprised of experiments; they concluded
that the flow field is greatly influenced by the presence of rib elements above the impingement
plate. The experimental work was backed by a numerical investigation, and produced an increase
in the global Nusselt number by up to 4% compared to the heat transfer results of impinging jets
with rib turbulators. Out of the very few publications in the literature, an experimental study
involving the use of detached ribs to enhance heat transfer through radial wall jets was published
by Katti and Prabhu [31], who developed a correlation for average Nusselt number against the jet
Reynolds number. In order to develop this correlation, the authors considered a circular air jet
impinging normally on a flat surface with axisymmetric detached circular rib-roughening elements
having a rectangular cross-section. Different cases of jet impingement were considered with
different Reynolds numbers. Furthermore, different ribs design parameters were tested and the best
configuration was established through the results of the local Nusselt number. A continuous
increase in the Nusselt number was observed in the stagnation region from the stagnation point, in
all cases. A prominent increase in the average Nusselt number ratio for the ribbed and the smooth
path was observed along with an increase of Reynolds number. The ratio of average Nusselt
numbers of the ribbed and smooth surfaces was seen to increase with Reynolds number. Heat
transfer augmentations decrease when larger jet to plate spacing was used.

In the present work, heat transfer and fluid flow characteristics are analyzed in a radial wall jet
flow using ribs in a detached configuration. In this configuration, a rib of a rectangular cross-

section is mounted over the heated target plate in a ring form with some clearance in between the
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ribs and the plate. The ring can be mounted over the plate at two circumferential points with the
help of a screw in practical. Here, a radial wall jet denotes a jet moving alongside the impingement
plate after striking it, moving in all directions along the impingement plate. Rectangular shaped
ribs are used for flow disturbance because these are simple rib shapes, easy to produce and have a
high impact on heat transfer, as established from the literature survey. As the optimum nozzle
shape is circular, the flow must be hindered with a rib concentric to the nozzle. In most literature
dealing with the numerical evaluation of heat transfer and fluid flow characteristics of impinging
jets, the ke and SST k-o turbulence models are adopted[4], [32], [33]. New turbulence models
have however been developed, which predict better turbulence effects and offer more tuning
options. In the present work, the Generalized k-o (GEKO) turbulence model has been selected,
and a fine-tuning of the parameters related to fluid flow and heat transfer has been done to achieve

optimum results.

2. NUMERICAL METHODOLOGY

2.1. Governing Equations

The present investigation involves the numerical analysis of heat transfer characteristics for a case
of jet impingement. A nozzle is utilized to create an air jet with a high velocity, which strikes the
orthogonal plate, creating a radial wall jet flow running over the plate. The plate is heated up
initially and the objective is to cool it down efficiently. A constant heat flux is being initially
applied as a boundary condition to heat up the plate.

The plate is designed with two concentric circular ribs of rectangular cross-section on top of it
with some clearance provided amid, as shown in Figure 2. The dimensions of the given geometry
are provided in Table 1 with reference to the two-dimensional view of the case. As the flow is
axisymmetric, as shown in Figure 3, the fluid flow governing equations can be adopted as a two-

dimensional approximation as follows:
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In the above equations, u and v are the velocity components in the longitudinal x and radial y
directions, respectively; P and T are the average pressure and temperature, respectively; u’ and v’
are the fluctuating velocity components in the axial z and radial r directions, respectively; T” is the
fluctuating temperature component; cp is the specific heat capacity at constant pressure, and A is
the thermal conductivity of the fluid.

Different flow configurations were tested to compare the heat transfer results and establish the
configuration achieving a high heat transfer rate from the target plate. Table 2 provides the details
of the Jet to Plate Spacing (z/d) parameter being varied to obtain the different design
configurations, and study its effect on heat transfer (z being the distance from the nozzle to the
plate and d being the nozzle diameter). Numerical simulations were performed with the ANSYS
FLUENT CFD software. The computational mesh was refined near both the heated surface and
the nozzle using inflation layers to obtain accurate values of velocity and thermal boundary layer,
and comply with the requirements of the generalized k- turbulence model, i.e. maintaining a non-

dimensional distance at the walls y+ < 1.

2.2. Computational Domain and Boundary Conditions

The computational domain is shown in Figure 4 for a basic design configuration with a simplified
axisymmetric two-dimensional geometry. The nozzle outlet is located at z = 2d with two ribs
placed at a distance ¢ = 0.067d from the impingement plate. The two ribs have a width w and a
height e equal to 0.23d while the pitch distance between the two ribs is kept at p = 2e. Air is
introduced into the nozzle with a Reynolds number Re =20,000. This nozzle is long enough to
ensure that a fully developed flow is present. The jet strikes the heated plate and moves radially
outwards, flowing past the ribs in the wall jet region. A mass flow inlet boundary condition is
applied at the nozzle inlet. The supplied air temperature is kept as 300K. An adiabatic wall
boundary condition is applied for the nozzle wall. The same condition is applied onto the ribs as
no heat is transferred into or out of the ribs. A pressure outlet boundary condition is considered at
the domain outlet. A constant heat flux boundary condition g” = 1000W/m? is applied on the
impingement plate.

For a compressible flow, it is recommended to apply a mass flow inlet boundary condition rather

than the velocity inlet condition, valid merely for incompressible flows. At high Reynolds number,



the air jet flow tends to be compressible in nature so the use of a velocity inlet boundary condition
in this situation will produce non-physical results.
For Re= 20,000, d = 15mm, and a dynamic viscosity u= 0.00001789 kg/m-s, the mass flow rate
at the nozzle inlet considered in this work is m = 0.004215 kg/s.
The Nusselt number Nu has been used to indicate the heat transfer enhancement:

Nu = hd/2 (4)
with

h = Qconv 5
(T, - T) )

where h is the heat transfer coefficient, d is the exit diameter of the nozzle, A is the thermal

conductivity of air, qcony 1s the net heat flux convected to the impinging jet, T; is the jet air

temperature, and T, is the temperature of the target plate at a given radial location.
2.3. Mesh Independency Study

Several meshes have been created with and without rib turbulators, the objective being to obtain a
suitable mesh generating accurate and computationally optimized numerical results. As mentioned
previously, a fine mesh strategy based on inflation layers was adopted near the walls to obtain
accurate results in the wall boundary layer and capture the effect of wall shearing in the wall jet
region of the jet impingement system. As the SST k-o turbulence model was used, meshes were
generated such as the non-dimensional distance at the walls was y+ < 1.

The mesh was refined near the rib surfaces in the flow domain, see Figure 5. A coarse mesh was
developed first, with a maximum element size of 3mm. The mesh was then refined, decreasing the
maximum element size to check improvement in heat transfer results. It was found that there is a
considerable improvement for a mesh made of 103,443 elements and no further considerable
improvement was obtained when increasing further the number of elements in the mesh, i.e. on
going beyond the fine mesh size, the computation time and cost drastically increases with a very
minimal increase in the average Nusselt number as can be seen from the sublime case. The mesh
comprising 103,443 elements was therefore selected for further studies, as a stable numerical
solution was achieved. The corresponding results are tabulated in Table 3.

The above mesh refinement technique was also applied on the smooth flow case for z/d = 2.0. A

converged average Nu of 66.2 was obtained for a mesh of 97,493 elements for the smooth jet flow



impingement case without ribs after a complete study, see Figure 6. A summary of the grid

independence study results is presented in Table 4.

2.4. Turbulence Model Validation

The simulated Nu variations along the jet impingement plate were compared with the experimental
data of Katti and Prabhu [31]. Different turbulent models were tested to establish the best match
from the computational study. As per the literature, jet impingement phenomena involve wall
interactions. Numerical results therefore needed to be focused on the near wall region, and the k-
o turbulence model predicted results closer to the measured values. There are several variants of
the k- model, in addition to transitional flow models. These models have therefore been tested
here for a simple flow with and without ribs. As shown in Figure 7, the SST k-o and Transitional
k-kl-® models under-predict the Nu values while the standard and baseline k-w models over-
predict the results. The generalized k-w model shows the best agreement with the experimental
values.

The corresponding equations of the generalized k- model for the turbulent kinetic energy k and

the specific turbulence dissipation rate w based on Menter’s work [34] are provided below.
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0 = 1 <6u 617) 14
U~ 2\or or (14)
Py = min(Py, Cpyiim pk) (16)

All terms above are defined in the Nomenclature section, but S represents the variable of shear

% = 0.577, Ccorngr = 0, C, = 0.09,

Cp1 =2.0,Cph, =1.168, Cpyim = 10. Note that F;, F, and F; are functions, which can vary

strain rate, and the different constants are such as Cgpq =

depending on the value of coefficients contained in those functions, the free coefficients of the
GEKO model.

The equations for k and w containing the functions F;, F, and F5 can be fine-tuned to obtain more
accurate results for specific applications. To change the functions, the values of the associated
GEKO coefficients should therefore be modified. As recommended in the ANSYS FLUENT users
guide [35], three parameters are usually enough to control the flow scheme and fine-tune the model
equations for jet flows with wall interactions. These parameters are the separation parameter Csep,
the near wall parameter Cyyw, and the jet parameter Cjec. The separation parameter as the name
suggests is meant for predicting the flow separation levels in a fluid flow problem. This parameter
along with the near-wall parameter controls the behavior of fluid around the obstacles and walls.
The utilization of higher values of Cse, sensitizes the flow to adverse pressure gradients for
boundary layers, especially by a reduction in the values of eddy viscosity. The inside regions of
wall boundary layers are greatly affected by the variation of the near-wall parameter. This constant
has a moderate effect on vorticity generation and spread. Finally, increasing the jet parameter
decreases the spreading rate of jets and hence the axial velocity of free jet is maintained and the
shearing of the outer layer of the free jet is reduced.

Different parameter values have been tested to obtain the simulated heat transfer to agree with the
experimental data, based on the recommendations from the ANSYS FLUENT user guide. The
most suitable parameter values established for this work are summarized in Table 5. Note that in

addition to Cje, another GEKO model constant, Cjet aux Was also modified from 2.0 (default value)

to 4.0; this improved the numerical maximum heat transfer results.
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Similarly, flow simulations were performed with all turbulence models for the ribbed flow case to
establish whether the newly adopted generalized k-w model performs well in the presence of
higher turbulence. Figure 8 shows the corresponding results. It appears clearly that GEKO model
curve matches well the experimental results. As can also be seen, the SST k- model fails to work,
this might be due to its large sensitivity at the wall and hence, might not be adequate in the region
of free shear flow as it over-predicts separation layers. In comparison, the optimized generalized
k-o model provides more control on the separation allowance according to the prevailing
condition. The results obtained here agree with the literature where it has been established that
numerical results obtained with the GEKO model are usually more accurate than with the SST k-

® model.

3. RESULTS AND DISCUSSIONS

3.1. Heat Transfer Results
Numerical data obtained in this research work were compared with the experimental data of Katti
and Prabhu [31]. The initial validation was performed for the turbulence model selection in Section
2.4. Different parameters also need to be investigated to assess their effect on the temperature
distribution and overall heat transfer. These parameters include the roughness elements involved
in the flow domain and the fluid flow properties. Geometric parameters of the roughening elements
(ribs) include the number of ribs, their placement and accurate radial positioning and their size.
The shape of the ribs remains the same throughout this work, they are of rectangular shape as
described previously, but their width and height can vary; this might affect the flow and heat
transfer results. The radial distance in between the ribs termed as ‘rib pitch’ is also an important
parameter. All these parameters may play a significant role on the flow properties.
Another factor to be accounted for is the distance from the nozzle to the impingement plate, as a
constant flux should be obtained to achieve the best heat transfer results. The above-mentioned
factors were tested numerically one by one with different jet to plate spacing configurations. The
overall average Nusselt numbers obtained for all configurations were compared for different

Reynolds number values.

3.1.1. Rib Clearance Effect
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To study how the provision of clearance between the ribs and the impingement wall impacts the
radial heat transfer distribution, four different cases have been investigated with varied rib
clearance ratios ¢/d = 0.033, 0.067, 0.1 and 0.133, rib height e/d = 0.23, rib width w/d = 0.23,
pitch distance between two ribs p/e =4. The location of the inner rib 7 /d = 0.5 remained constant.
Figure 9 shows the local distribution of the simulated Nu for the various clearance heights, which
are compared with the experimental results of Katti and Prabhu [29].

As the clearance value decreases, the heat transfer increases near the first rib, as indicated by the
increase in Nu. In addition, there is a drop in heat transfer in the region close to the back of the rib
wall, this indicates that there is a disruption in fluid motion behind this rib i.e., a flow separation,
followed by a recirculation due to pressure drop in the near regions ahead. The presence of a rib
at a particular location inside the fluid flow channel enhances the heat transfer locally. Based on
Figure 9, it can be concluded that heat transfer is best achieved in the case of ribs clearance equal

to 0.067d.

3.1.2. First Rib Radial Distance Effect

As seen in the cases of varied rib clearance, the c/d = 0.067 distance showed better performance.
This value is thus set as a constant along with the other rib design constant parameters, rib pitch,
height and width. The fluid intake is also set at Re = 20,000.

The placement of the first rib is now varied. For the first case, the rib is placed at a distance such
as its inner surface is in line with the nozzle periphery. Then the distance is decreased and the ribs
are moved inward along the axial direction. Hence, a larger part of the rib upper surface becomes
exposed to the direct stream of fluid.

Numerical calculations proved that heat is better transferred if the radial distance of the first rib is
kept at a distance equal to 0.33 times the nozzle diameter, as seen in Figure 10. When the radial
distance is increased, the rate of heat transfer decreases. If the local heat transfer is to be increased,
the rib should therefore be placed within the radius of the nozzle with r; /d = 0.33. In addition, the
comparison with the impingement over smooth surface shows that the ribs efficiently increase the
heat transfer as the curve for Nu value (for rib cases) rises above the Nu-based curve obtained for

cases without ribs.

3.1.3. Rib Width Effect

Based on the previous results, 0.067d was found the best clearance value, along with a 0.33d first

rib radial distance, for optimum heat transfer in the region in-between r/d = 0 and r/d = 2. The
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width of the ribs is now modified to evaluate the optimum rib design for high heat transfer rate in

the selected region along the impingement plate.

Figure 11 shows that the heat transfer for w/d = 0.23 is best for different jet to plate spacing,
compared to a width of 0.13d. This can be explained by the fact that the rib with greater width
blocks a higher quantity of the impinging fluid and disperses the fluid more before reaching the
plate, as can clearly be observed in the velocity contour plots. If a larger width is used, more
turbulence will appear in areas close to the stagnation region, this will result in an increase of the
local heat transfer coefficient.

3.1.4. Rib Pitch Effect

The optimum parameters established so far are ¢/d = 0.067, r; /d = 0.33 and w/d = 0.23, these
values are used in the next cases with a variable jet to plate spacing, where the distance between
two ribs in the radial direction is varied. In the first cases, p/e = 4.0, which was the value used in
previous cases. This distance is decreased to p/e = 2.0 and the corresponding Nu values are plotted
against the impingement plate. The second rib is then moved to a very large distance p/e = 8.0.

Looking closely at Figure 12, it appears that the heat transfer increases significantly when the
second rib is placed at a high radial distance, so at a location where the air flow is not perturbed
much. The presence of the second rib greatly reduces the flow of air stream, reducing the
temperature gradients so the value of Nu reduces in the region near the first rib. Based on the
results, it appears that having a single rib is a better option than having multiple ribs in order to

enhance the heat transfer rate.

3.1.5. Rib Height Effect

Another parameter that can greatly influence heat transfer is the rib height. Results obtained when
varying this height are shown in Figure 13. As the rib height is increased, the primary peak value
increases but a downtrend in Nu is present just ahead of the rib. This indicates that there is an
increased flow separation due to the flow blockage created by the rib. In these conditions, the Nu
values fall below the values obtained for the smooth flow case.

As the rib height is reduced from e/d = 0.23 to e/d = 0.13, the flow interruption is reduced, hence
the Nu peak value is also decreased. A rib height of e/d = 0.23 appears suitable for this work as
an increased Nu peak value is present and the Nu curve does not reduce below the Nu curve

obtained for the smooth flow case, when moving away from the rib.
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3.2. Nusselt Number Variation Over The Impingement Plate
Nu is now plotted over the impingement plate to understand how the heat transfer occurs in the
radial wall jet flow direction, downstream of the stagnation region. Simulations based on
previously established optimum parameters, are shown in Figure 14, where the right hand side
describes the highest heat transfer inside the stagnation region where a continuous impingement
of cool air jet is generated over the heated plate (simple jet impingement, no roughening elements
over the impingement plate).
A secondary peak occurs at r/d = 1.25, adjacent to the wall in the wall jet region close to the
stagnation region, where the turbulent kinetic energy is the highest. The Nu trends established
through the numerical investigation agree with the conclusions from Narayanan et al. [36] for a
case of slot jet impingement heat transfer. Narayanan et al. found that the local Nu has high values
wherever turbulence in the wall jet region on the outward side is high, and this was not the case
for high turbulence in the near-wall segment of the radial wall jet. They specifically pointed out
that on the outside region of the wall jet stagnation point, an unsteadiness was present in the
thermal boundary layer owing to the presence of the outer region of turbulence.
The rate of heat transfer decreases as the nozzle is moved away from the target plate i.e. when z/d
is higher. This can be clearly seen from the Nu contours plots of the smooth flow. When a rib is
present, the situation is different and the maximum heat transfer position moves radially outwards.
As the fluid momentum is maximum beneath the ribs, a very high heat transfer occurs at the same
position because of momentum diffusivity. Ahead of the ribs, flow separation occurs and therefore
heat transfer decreases momentarily. It then rises again when the flow is reattached and momentum
is regained. A secondary peak is then present in the local Nu values when the fluid moves radially
outwards.
If the Nu contours plot for the flow involving rib turbulators is considered, it can be seen that the
maximum heat transfer is obtained when the nozzle-plate spacing is minimum. The heat transfer
rate then gradually decreases as the nozzle is placed at distances greater than the nozzle diameter.
This is due to the fluid striking with a maximum axial velocity and with the least momentum lost
to the surroundings. This also means that less shearing of the fluid layers occurs with minimum jet
axial velocity decay in the free jet region, and the jet strikes the plate and imparts maximum

momentum which is then turned radially outwards.
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After turning orthogonally, the wall jet accelerates to conserve its momentum. The jet spreads
smoothly over the entire target plate with the minimum boundary layer thickness. High velocity
layers are then present at a minimum distance from the heated plate. As a result, maximum thermal

diffusivity is observed.

3.3. Flow Visualization
The resulting trends of the heat transfer parameter can be better explained if the flow behavior of
fluid inside the system is known. The air velocity contours have therefore been plotted for all the
jet to plate spacing configurations up to a dimensionless radial distance of 3.0, see Figure 15.
Velocity contours for smooth flow cases without ribs have also been included to compare the fluid
behavior in the system with and without ribs.
For all results, a clear stagnation zone is present at r/d=0, which is indicated by the blue region
(zero velocity). Such stagnation region appears because of the sudden decrease in axial air velocity
due to the momentum transfer and building up of a high static pressure region from the continuous
striking of fluid particles.
When looking at the smooth-based case of jet impingement, there is a clear increase of the jet layer
total height above the wall, in the wall jet region, as the nozzle is moved away from the
impingement plate. However, there is no or a very slight change in the size of the stagnation region.
This stagnation region is larger when the nozzle is closely placed ahead of the heated target plate.
It can be also observed that the fluid particles, i.e. air molecules, have their radial velocity
component increased in case of a larger spacing in between the plate and the nozzle due to a more
prominent decay of the axial velocity in the free jet region. Hence, a greater spread rate of fluid
particles is visible, which is explains that the wall jet thickness increases.
In all jet to plate spacing cases, the fluid velocity is highly affected by the presence of the ribs. As
can be seen in the contours plots, a higher fluid velocity is present, as indicated by the red color,
just beneath the rib above the wall. This is due to the narrowing of the path and the velocity
continuously remaining enhanced, even beyond the rib. The velocity boundary layer is very thin
in this region, but because of the presence of rib as a hindrance, the flow is disrupted and the fluid
layers become detached. There is low pressure region which forms just behind the rib because the
fluid gets disturbed and a wake region builds-up, as can be seen in the blue color just ahead of the

rib.
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The fluid particles then reattach in downstream regions but because of the lower pressure, vortices
are generated and the turbulence increases in this region and the in the region ahead, which is the
wall jet region. The turbulence intensity increases in these regions because of the wall shearing

and because of the rib.

3.4. Reynolds Number Effect

The fluid kinetic energy will have a positive effect on the flow distribution inside the fluid domain
so it is expected that the Reynolds number Re will also have an impact on the heat transfer through
the momentum diffusivity. To establish the effect of the jet Re on the heat transfer rate, numerical
simulations were performed with the final case scenario for a single rib having a width of w/d =
0.23, a height e/d = 0.23, a clearance c/d = 0.067, located at a radial position r; /d = 0.33.

The heat transfer coefficient is now defined as the average Nu along the impingement plate over
a radial distance r/d = 2.0. The average Nu determined for all the z/d cases with smooth jet
impingement are then compared with the average Nu values of the ribbed plate jet impingement
case, see Figure 16. The first graph in Figure 16 shows the average Nu results for all cases of jet
to plate spacingi.e. 0.5, 1.0, 2.0, 3.0, 4.0 and 6.0 for Re= 20,000 for the ribbed flow and the smooth
flow. The second graph shows the same results but for Re= 15,000.

To establish how the heat transfer rate increases through the use of rib turbulators, the ratio of Nu
averaged up to a radial distance of twice the nozzle diameter for the ribbed and smooth flows, are
considered for different jet to plate spacings. The corresponding results are plotted in Figure 17
for Re= 20,000 and Re= 15,000. It is evident from these graphs, that the there is an increase in
heat transfer rate for varying values of the jet Reynolds number. The increase in heat transfer rate
is highest for the cases in which nozzle is more closer to the target plate and if the gap z is
increased, the gain is reduced. The reason behind this very obvious increase is that increase in
Reynolds number augments the momentum and as the momentum increases so there will more

dispersion of the fluid layers at the stagnation region resulting in more turbulence and heat transfer.

Figure 18 shows the numerical heat transfer results, which are compared to experimental data. For
all cases of normalized jet to plate spacing z/d, the increase in Reynolds number increases the
ratio of average Nu for ribbed and smooth flows which indicated that the rate of heat transfer
enhancement increases significantly. The simulated heat transfer agrees well with the experimental

results, and only a slight over-prediction of the numerical heat transfer is present. However, the
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resulting trends are identical, which shows that irrespective of the Re value, the heat transfer rate
decreases when the nozzle is moved away from the impingement plate. Note that there are some
fluctuations in the experimental results which might depict measurement errors, as highlighted in
Katti and Prabhu [31]. Moreover, there is uncertainty in the provision of turbulence intensity
locally in the experimental setup. All these reasons can explain the slight differences between the
numerical and the experimental results.

Overall, the numerical results show that a maximum of 64% heat transfer enhancement is achieved
with a jet to plate spacing half of the nozzle diameter, with a minimum length of the free jet region,

and hence a minimum decay in kinetic energy.
4. CONCLUSION

An air jet impingement cooling technique was used to cool down a plate at constant heat flux and
for detached rib turbulators present above its surface. Presence of such detached ribs increases the
turbulence and hence the heat transfer augments by 40% on average for the different jet to plate
spacing investigated. Different rib configurations were considered and conclusions can be drawn
from the numerical study. A c/d = 0.067 rib clearance has been shown to be optimum for the
development of the thermal boundary layer. To obtain maximum turbulence using ribs, the first
rib should be placed at a radial distance around 0.33d. The width of a rib should be 0.23d so as to
obtain a maximum flow separation and a narrowing of the velocity boundary layer which
ultimately results in a good heat transfer. It has also been identified than one rib is enough to
provide maximum turbulence in a region where the fluid has maximum momentum in the radial
direction, along the heated plate. The presence of a second rib blocks the flow and causes a
decrease in momentum while the heat transfer locally drops in between the ribs. It has also been
shown that a 0.23d rib height is optimum, suggesting that a square rib should be used.

Different nozzle configurations were adopted. It has been established that the optimum
configuration is obtained when the nozzle is close to the impingement plate, thus imparting
maximum momentum to the flow. The average Nusselt number has been found the highest when
the nozzle was placed at a distance half of its diameter from the target plate. As the nozzle was
moved away from the impingement surface, the heat transfer rate gradually decreased.

Finally, the impact of the Reynolds number was studied for its effect on the heat transfer
enhancement through varying the flow conditions at the nozzle inlet. As the Reynolds number

increased, heat transfer enhancement was also shown to increase.
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NOMENCLATURE
A Hydraulic area of flow in mm?
c Clearance between the ribs and the impingement wall in millimeters
Cp Specific heat capacity in J/kg.K
d Nozzle diameter (hydraulic diameter) in millimeters
e Height of rib in millimeters
h Convective heat transfer coefficient in W/m2.K
I Turbulence intensity (%)
k Turbulent kinetic energy in J/kg
l Nozzle length in millimeters
L Length of the impingement plate in millimeters
m Mass flow rate of fluid in kg/s
Nu Local Nusselt number
Nugyyg Average Nusselt number
Nugyg)o Average Nusselt number for smooth flow
P Production of energy
p Pitch distance between ribs in millimeters
q Heat flux in W/m?
Q Flow rate in m3/s
r Radial distance from stagnation point in millimeters
Ty First rib radial distance from the nozzle axis in millimeters
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Re Reynolds number
S Strain rate tensor
T; Air jet temperature in Kelvins
T, Temperature of the target plate at given radial location in Kelvins
u Axial velocity component in m/s
u' Fluctuating velocity component in axial direction in m/s
v Fluid velocity component in radial direction in m/s
v Fluctuating velocity component in radial direction in m/s
w Width of rib in millimeters
x Distance from the stagnation point in the axial direction in millimeters
y Perpendicular Distance from the stagnation point along the length of the
Impingement plate in millimeters
z Nozzle-plate spacing in millimeters
Greek Symbols
(0] Specific turbulent energy dissipation rate in s™!
A Thermal conductivity in W/m.K
u Dynamic viscosity in kg/m.s
v Kinematic viscosity of fluid in m?/s
p Fluid density as defined by ideal gas law in kg/m?
T Shear stress in N/m?
0 Vorticity in s™!
SUBSCRIPTS
avg Average
i Component in x-direction
j Jet
k Kinetic energy
NW Near wall
o For smooth flow
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P Constant pressure

sep Separation
SUPERSCRIPTS

! Fluctuation of quantity
ABBREVIATIONS

CFD Computational fluid dynamics

GEKO Generalized k-omega

LES Large eddy simulation

PIV Particle image velocimetry

RANS Reynolds averaged Navier Stokes

SST Shear stress transport
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Table 1: Design parameter values considered for the nozzle and ribs

Dimension Property | Notation Values
Nozzle Diameter D 15 mm
Impingement Plate Length L (liﬁotéﬁfﬁ
Clearance Ratio c/d 0.03 0.067 0.1 0.133
Width of Rib Ratio w/d 0.13 0.23
Rib Height Ratio e/d 0.13 0.23 0.33 0.4
Rib Pitch Ratio p/e 2.0 4.0 0
First Rib Location ri/d 0.5 0.4 0.33
Reynold’s Number Re 20,000 15,000
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Table 2: Jet-to-plate spacing values considered as a parameter for its effect on heat transfer

Dimension Property Notation Values

0.5

1.0

2.0

Jet to Plate Spacing z/d
3.0

4.0

6.0
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Table 3: Summary of the mesh independence study for the ribbed channel case-1

Mesh Mesh number y+ Y+tmax Nuavg
coarse 42,384 0.27462 0.742948 66.7806
medium 68,779 0.275273 0.7504 06.8227
fine 103,443 0.236607 | 0.487106 70.2393
sublime 139,284 0.239142 | 0.449145 70.5542
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Table 4:

Summary of the mesh independence study for the smooth flow case without ribs

Mesh Mesh number V+ Y+max Nuavy

coarse 9422 0.3942637 | 0.89687014 | 63.09267

medium 35,422 0.497154 0.911695 65.7767
fine 97,493 0.500114 0.916204 66.2412
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Table 5: Controlling parameters of GEKO turbulence model

Controlling Parameter Values
Separation Parameter, Cgep 2.0
Near wall Parameter, Cyy 0.5
Jet Parameter, Cj¢; 0.9
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Figure Captions List

Figure 1: Jet impingement schematic diagram

Figure 2: Jet impingement flow case

Figure 3: Geometry of axisymmetric detached rib with jet impingement

Figure 4: Schematic flow diagram with inlet & boundary conditions

Figure 5: Mesh refinement details (a)- complete axisymmetric geometry mesh (b)- mesh

refinement at nozzle wall (¢)- mesh refinement near the heated plate (d)- mesh
refinement at rib wall

Figure 6: Mesh independence study for surface Nusselt number

Figure 7: Turbulence model validation for smooth flow impingement (without ribs)

Figure 8: Turbulence model validation for jet impingement case involving rib turbulators

Figure 9: Nusselt number plots for heat transfer study with different clearance ratios at
p/e=4.0,e/d=w/d=0.23,r;/d= 0.5 & Re =20,000

Figure 10: Nusselt number plot for heat transfer study with different radial distances of first

rib, p/e =4.0,e/d =w/d =0.23, ¢/d= 0.067 & Re =20,000

Figure 11: Nusselt number plot for heat transfer study with different rib widths, r; /d = 0.33,
p/e=4.0,e/d=0.23,c/d=0.067 & Re =20,000

Figure 12: ~ Nusselt number plot for heat transfer study with different pitch distances of ribs,
r;/d=0.33,e/d=0.23, w/d =0.23, ¢/d = 0.067 & Re =20,000

Figure 13: Nusselt number plot for heat transfer study with different rib heights, r; /d = 0.33,
p/e=4,w/d=0.23, c/d =0.067 & Re =20,000

Figure 14: Nusselt number contours over the impingement plate up to the radial location of
r/d = 2.0; Rib cases on left side and Smooth Surface without ribs on right side
Figure 15: Velocity contours in the axisymmetric region (free & wall jet) up to the radial

location of r/d = 3.0; Rib cases on left side & respective cases of Smooth Surface
without ribs on right side

Figure 16: Comparison of average Nusselt number (ribbed vs smooth surface) up to r/d =
2.0 a) Re =20,000; b) Re =15,000

Figure 17:  Average gain in heat transfer as a ratio of average Nusselt numbers for ribbed
& smooth surfaces up to r/d = 2.0 a) Re = 20,000; b) Re =15,000

Figure 18: Effect of Reynolds number variance on heat transfer enhancement
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Figure 2:  Jet impingement flow case
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Figure 5: Mesh refinement details (a)- complete axisymmetric geometry mesh (b)- mesh
refinement at nozzle wall (c)- mesh refinement near the heated plate (d)- mesh
refinement at rib wall
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