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An experimental investigation is carried out to study the heat transfer enhancement from a flat surface
with axisymmetric detached rib-rougheners due to normal impingement of circular air jet. A single jet
from nozzle of length-to-diameter ratio (I/d) of 83 is chosen. Effect of rib width (w), rib height (e), pitch
between the ribs (p), location of the first rib from the stagnation point and clearance under the rib (c) on
the local heat transfer distribution is studied. Local heat transfer distribution on the impingement surface
is investigated for jet-to-plate distances (z/d) varying from 0.5 to 6 using thermal infrared camera. Tur-
bulence intensity using hot-wire anemometer and wall static pressure measurements are reported for
the rib configuration in which maximum heat transfer was observed. Contrary to the results of smooth
surface, there is a continuous increase in the heat transfer coefficient from the stagnation point in the
stagnation region. This trend is well substantiated by the flow distribution in this region. The ratio of
average Nusselt numbers of ribbed and smooth surface is seen to increase with Reynolds number. Corre-
lation is developed for Nusselt numbers averaged upto an r/d of 1.5. Enhancements in heat transfer

decrease for higher z/d s.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Impinging jets have received considerable attention due to their
inherent characteristics of simple geometry and higher rates of
heat transfer. Such impinging flow devices allow for short flow
paths on the surface and relatively high rates of cooling from a
comparatively small surface area. Various industrial processes
involving high heat transfer rates apply impinging jets. Few indus-
trial processes which employ impinging jets are drying of food
products, textiles, films and papers; processing of some metals
and glass, cooling of gas turbine blades and outer wall of the com-
bustion chamber, cooling of electronic equipments, etc. Heat trans-
fer rates in case of impinging jets are influenced by various
parameters like Reynolds number, jet-to-plate spacing, radial dis-
tance from stagnation point, Prandtl number, target plate inclina-
tion, confinement of the jet, nozzle geometry, curvature of target
plate, roughness of the target plate and turbulence intensity at
the nozzle exit.

Many prior studies are mostly on jet impinging over flat and
smooth surface. Review of the experimental work on heat transfer
to impinging jets is reported by Livingood and Hrycak (1970), Mar-
tin (1977), Jambunathan et al. (1992) and Viskanta (1993). Gardon
and Cobonpue (1962) have reported the heat transfer distribution
between circular jet and flat plate for the nozzle plate spacing great-
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er than two times the diameter of jet, both for single jet and array of
jets. Specially designed heat flux gages were used for the measure-
ment of local heat transfer distribution from a constant wall tem-
perature plate. Gardon and Akfirat (1965) studied the effect of
turbulence on the heat transfer between two-dimensional jet and
flat plate. They also studied the heat transfer distribution due to
impingement of multiple two-dimensional jets. Gardon and Akfirat
(1966), Baughn and Shimizu (1989) and Hrycak (1983) have con-
ducted experiments of heat transfer to round jet from flat plate
employing different methods of surface temperature measurement.
Lytle and Webb (1994) have studied the effect of very low nozzle-
to-plate spacing (z/d < 1) on the local heat transfer distribution on
a flat plate impinged by a circular air jet issued by long pipe nozzle
which allows for fully developed flow at the nozzle exit. They ob-
served that for lower nozzle-to-plate spacing (z/d < 0.25), maxi-
mum Nusselt number shifts from the stagnation point to the
point of secondary peak and is more pronounced at higher Reynolds
number. Lee et al. (2004) have studied the influence of nozzle diam-
eter on impinging jet heat transfer and fluid flow. They reported
that local Nusselt numbers in the region of 0 < r/d < 0.5 increase
with larger nozzle diameters. Katti and Prabhu (2008) reported
experimental investigations and analysis of local heat transfer dis-
tribution on a flat surface due to jet impingement from a long pipe
nozzle. Three regions are identified on the target surface namely
stagnation region, transition region and wall jet region based on
heat transfer distribution. Semi-empirical correlations for local
Nusselt numbers separately for each region are reported.
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Nomenclature

A surface area for smooth surface (m?)

c clearance under the rib (m)

d diameter of the nozzle at exit (m)

e height of the rib (m)

h heat transfer coefficient (W/m? K)

1 current (A)

k thermal conductivity of air (W/m K)

l length of the nozzle pipe (m)

Nu Nusselt number (hd/k)

Nu; average Nusselt number over ribbed surface

Nug average Nusselt number over smooth surface

p pitch between the ribs (m)

AP differential wall static pressure (Pa)

q heat flux (W/m?)

Gcon net heat flux convected to the impinging jet (W/m?)
Gjoule imposed Ohmic heat flux, (VI/A) (W/m?)

Qioss total heat flux lost from impingement plate (W/m?)
Grad() radiation loss from the front surface of impingement

plate (W/m?)
radiation loss from the back surface of impingement

Grad(b)
plate (W/m?)

(nat heat loss due to natural convection from the back sur-
face of impingement plate (W/m?)

r radial distance from the stagnation point (m)

r radial location of first rib (m)

Re Reynolds number, (pVd/u)

T; jet air temperature (K)

T; temperature of the target plate at given radial location
(K)

u near-wall turbulent intensity (m/s)

U; near-wall radial velocity (m/s)

Vv voltage (V)

v average velocity of flow at nozzle exit (m/s)

w width of the rib (m)

y normal distance from the surface of target plate(m)

z nozzle plate spacing (m)

Greek symbols
u viscosity of air (Pas)
p density of air corresponding to supply pressure (kg/m?)

The influence of surface rougheners on heat transfer enhance-
ments are reported in literature. Hansen and Webb (1993) have
studied the effect of the modified surface on the average heat
transfer between impinging circular jet and the flat plate. They
have found that for the pyramidal, short square and intermediate
square fins, there is an increase in the average Nusselt number va-
lue by 12-23% and reduction in the value of the average Nusselt
number by 4-38% for the other types of fins studied. The effect
of surface rougheners, in the form of cubes, on the heat transfer be-
tween impinging jets and flat plate are studied in Chakroun et al.
(1998). They have reported the heat transfer augmentation up to
8-28%. However, their data reflects the average Nusselt number
variation rather than local data because of the large thickness of
the target plate (brass plate of 10 mm thick) used. Ekkad and Kon-
trovitz (2002) have studied the effect of the dimpled surface on the
heat transfer between array of circular jets and the flat plate. They
have reported reduction in the heat transfer coefficient for the
dimpled surface as compared to the smooth surface.

Miyake et al. (1994) studied heat transfer characteristics of an
axisymmetric jet impinging on a wall with eleven concentric at-
tached square ribs as roughness elements (0 < r/d < 5.0). Each rib
is machined on concentric copper target surface (10 mm thick)
are separated and heated individually so as to form isothermal
surface. Thus, radial distribution of annular segment averaged heat
transfer coefficients is presented. Only two concentric rib segments
are located in the stagnation region and hence heat transfer
distribution reported for this region may not be truly local. Nusselt
numbers at each rib location are reported higher than the
corresponding smooth surface. The ribbed surface with p/e=5.0
and e/d = 0.1 is reported to have higher heat transfer augmentation.
At lower z/d (3.0), Nusselt numbers in the stagnation region are
lower than the corresponding case of smooth surface and they
attributed it to the formation of a dam in the stagnation region
by the first axisymmetric rib. In the downstream, Nusselt number
increase by about 30% at an r/d = 1.0 and further decay monotoni-
cally. Fourth order polynomial curve fit correlations for radial Nus-
selt number distribution are reported for each configuration. Gau
and Lee (1992, 2000) have reported the heat transfer augmentation
to slot jet impinging on square ribbed and triangular ribbed walls,

respectively. Constant heat flux heater surface is used in their
experiments. Thermally active attached ribs on such a surface will
have lower base temperatures and its effect is felt on adjacent area
of rib base. Hence, it may be observed that heat transfer coeffi-
cients estimated from surface temperature distribution show high-
er values under the rib and its adjacent locations where there is no
flow. Thus, the augmentations reported may be due to combined
effect of two factors, namely (a) the enhanced turbulence mixing
by distorting the flow fields caused by the presence of ribs and
(b) the extension in heat transfer surfaces i.e., the fin effect caused
by the ribs.

Few studies are reported on the heat transfer characteristics
due to detached ribs in the internal flow situation. Tsia and Hwang
(1999) have studied the effect of thermal conductivity of the at-
tached ribs in internal flow using thermally active material (alumi-
num ribs) and thermally non-active turbulators (wood ribs). They
concluded that higher enhancements with thermally active ribs
are attributed to rib conduction effects. Their experiments with
fully detached ribs show enhanced heat transfer due to enhanced
turbulence. They speculated the flow over the detached ribs and
reported shedding of vortices from the detached rib and the wall
jets ejecting from the rib clearance. Liou and Wang (1995) and Liou
et al. (1995) have studied different configurations of detached ribs
on the walls in internal flows and reported improved thermal per-
formance compared to the attached ribs. They reported higher
forced convection resulting from higher acceleration of the flow
between the rib base and the heated wall. The flow visualization
results of Liou et al. (1998) show the presence of recirculating flow
immediately behind the detached rib. They also observed an asym-
metric wake behind the rib because of asymmetric flow area across
the rib. The vortex shedding promotes the mixing of fluid and
hence leads to a higher level of heat transfer distributions. Liou
et al. (1997) have made LDV measurements for flows over de-
tached ribs. They showed that the wake generates higher convec-
tive velocity and turbulent kinetic energy in the region behind
the rib. This provides better heat transfer augmentation immedi-
ately behind the rib and depends on the clearance under the rib.

There is no information available on the heat transfer distribu-
tion on the flat plate with detached axisymmetric ribs due to jet
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impingement. Hence, the objective of the present study is to exper-
imentally investigate the role of detached ribs on the heat transfer
augmentation of a flat surface impinged by a normal jet. The influ-
ence of rib width, rib height, pitch between the ribs, location of the
first rib from the stagnation point and clearance under the rib on
the local heat transfer distribution is to be studied sequentially
to arrive at a better configuration.

2. Experimental apparatus and procedure

The experimental set-up layout is shown in Fig. 1. Laboratory
air compressor supplies air to the nozzle through a calibrated ori-
fice flow meter. Air filter and pressure regulator are installed up-
stream of the orifice flow meter to filter the air and to maintain
the downstream pressure at a value of 4 bar. The flow rate is con-
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trolled by two needle valves, one on each side of the orifice flow
meter. The function of the upstream needle valve is not to allow
cooling air to flow until the compressor has built up the pressure
in its reservoir above 4 bar. Actual flow rate is controlled by the
downstream needle valve. The nozzle is constructed with an ac-
rylic pipe of inner diameter of 15 mm and length to diameter ratio
of 83. This length is sufficient to ensure fully developed flow over
the Reynolds number range investigated. The end of the nozzle is
machined perpendicular to the nozzle axis.

The target plate assembly for heat transfer distribution is shown
schematically in Fig. 2a. The heater which also acts as a target plate
(80 mm x 160 mm; 0.06 mm thick) made of stainless steel foil is
firmly clamped and stretched between the two copper bus bars.
Approximately 5 mm of the foil on either side is sandwiched in
the bus bars to ensure proper grip. Because of the thinness of foil,

T |

L

[\

1) Air filter. 2) Air compressor. 3) Air receiver. 4) Air filter. 5) Pressure regulator.
6) Needle valves. 7) Orifice plate. 8) Differential manometer. 9) Simple manometer.
10) Nozzle.11) Impingement plate assembly. 12) Infra red camera. 13) Computer.
14) Compound slide with swivel base.

Fig. 1. Layout of Experimental set-up.

d = Nozzle diameter
2 z = Jet-to-plate

8 N

OXIRYC)| —

distance

1). Frame. 2) Stainless steel foil. 3) Clamping screw 4) Stretching screw. 5) Copper bus bar.
6) LR.Camera.7) Long-tube nozzle 8) Detached rib assembly
9) Regulated DC power supply

Fig. 2a. Target plate assembly for heat transfer distribution.
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d = Nozzle diameter; z = Jet-to-plate distance; ¢ = Clearance under the rib;
e = Height of the rib; w = Width of the rib; r; = Radius of the first rib;
p = Radial distance between the ribs (Pitch)

Fig. 2b. Geometry of axisymmetric detached rib with jet impingement.

lateral conduction is negligible and surface provides constant heat
flux situation as reported by Lytle and Webb (1994). Thermal
images are obtained from IR camera positioned on the side of the
heater opposite the impinging nozzle. One-dimensional energy
balance across the heated plate shows negligible temperature dif-
ference across it. Hence, the local temperature measured on the
back surface is considered to be same as that on the impingement
plane. The back surface of heater element is painted black using a
thin coat of ‘Matte finish Asian‘ paint which provides high emissiv-
ity (0.99) surface. Infrared radiometry technique provides higher
spatial resolution of temperature than thermocouples. ‘Thermotek-
nix’ Ti200 infrared camera used during present experimentation
allows for a spatial resolution of about 0.4 mm per pixel.

The geometry of the axisymmetric detached rib on target plate
and coordinates are shown in Fig. 2b. The axisymmetric ribs are
fabricated from thermally non-active material (plexiglass,
k=0.23 W/mK) as rings of rectangular cross section and pasted
on the surface with two mounts at diametrically opposite loca-
tions. The height of each mount is equal to the clearance under
the ribs to detach it from the target surface. Power is supplied from
a regulated DC power supply. Proper voltage taps are provided in
each of the bus bars. The voltage across the heater is measured
by digital voltmeter whose range and the accuracy is of 0-
20V +0.5%. The current through the heater is measured from the

Table 1
The range of values of the parameters studied

SL. no. Parameters Range of values studied

1 Clearance under the ribs (c/d) 0.033, 0.067, 0.1 and 0.133

2 Width of the rib (w/d) 0.23 and 0.13

3 Height of the rib (e/d) 0.13, 0.23, 0.33 and 0.4

4 Location of the first rib (ry/d) 0.33, 0.4 and 0.5

5 Pitch between the ribs (p/e) 2.0, 4.0 and o (single rib)

6 Reynolds number (Re) 5000, 10000, 15000 and 20000
7 Jet-to-plate spacing (z/d) 0.5, 1.0, 2.0, 3.0, 4.0 and 6.0

Table 2
Uncertainties of the parameters

Parameter % Uncertainty at

Re = 5000 Re = 20000
Reynolds number 1.6 1.5
Nusselt number 4.8 3.8
Wall static pressure 0.5 0.5
Near-wall turbulent intensity 3.0
Near-wall radial velocity 3.0

digital indicator on the panel of DC power supply. Jet air tempera-
ture is measured using a Chromel-Alumel thermocouple (K-type)
positioned at the nozzle inlet. The output of the thermocouple is
measured using a digital millivoltmeter. Two-axis traverse system

1000

LR | T T T T T 71T

[ ] Presentresults at z/d < 1.0

Correlation of Lytle and Webb
[1994]

(y )70.191 100
d

-0.191 |

Nug=0.726 Re 0»53(%)

10 1 1 1 11 111 I 1 1 1 11 111
1000 10000 100000
Re

Fig. 3. Comparison of present results with the correlation of Lytle and Webb (1994).
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Fig. 4. Comparison of the present results with those of previous researchers for
radial distribution of Nusselt number.

is used to position the target plate and set different jet-to-plate
distances.

Thermal infrared camera reads the temperature of the plate
depending on the emissivity value of the surface of the plate.
Therefore, it is necessary to calibrate the emissivity of the surface.
Detailed procedure is reported in Katti and Prabhu (2008). The
average emissivity is found to be 0.99. The uncertainty in the tem-
perature measurement is not more than +0.5 °C. Power loss from
the exposed surface of the target plate due to natural convection
and radiation is estimated experimentally. The corrections are in-
cluded in the calculation of local heat transfer coefficient.

Radial distribution of near-wall turbulent intensity and velocity
is measured using Hot-Wire Anemometry. The system is a TSI
model IFA 300 Constant Temperature Anemometer System with
TSI probe 1210-10 number 70618124. The probe is traversed in
the radial direction with tip located at 1 mm from the target
surface. Local wall pressure measurements are made on the same
set-up by replacing the stainless steel heater foil with an acrylic
plate. Small holes of approximately 0.5 mm in diameter are drilled

Table 3
Parametric study of detached ribs at a constant Reynolds number of 20,000

in the plate of 10 mm thick for 3 mm deep from impingement
surface and then counterbored to 3 mm diameter for the remaining
depth. These holes from the back are connected to U-tube manom-
eter via tubing which measures wall static pressures. The nozzle is
aligned normal to and inline with central hole and the table is
traversed parallel to the nozzle axis for different jet-to-plate
spacing.

Various parameters which influence the distribution of heat
transfer coefficients on flat target surface with axisymmetric de-
tached ribs are as follows:

Clearance under the rib, c/e
Height of the rib, e/d
Width of the rib, w/d
Location of the first rib, r{/d
Pitch between the ribs, p/e
Jet-to-plate distance, z/d

The range of values of the various parameters considered in the
present study is listed in Table 1.

3. Data reduction

The temperature distribution on the target plate is obtained by
averaging ten thermal images for each configuration. Digitization
of thermal images for temperature distribution on impingement
surface is carried out in MATLAB. The Nusselt number for the
smooth and ribbed surface is calculated by

hd
Nu =" )
— Qeonv
h=127, @)
Geonv = Gjoute — Gioss (3)
Gloss = Grad(f) + Qrad(b) + Ghat (4)
Vi
qjoule = K (5)
Gloss = qrad(f) + qrad(b) =+ Ghat- (6)

(Estimated experimentally)

Jet-to-plate spacing Conclusion

Sl no. Rib parameters varied Rib parameters fixed
1 Clearance under the rib c/d = 0.03, e/d=0.23
0.067, 0.1, and 0.133 w/d =0.23

Number of ribs = 2
First rib at r;/d = 0.5
ple=4.0

e/d=0.23

w/d =0.23

c/d =0.067

Number of ribs = 2
First rib at r;/d = 0.5
ple=4.0

e/d=0.23
c/d=0.067

Number of ribs = 2
First rib at r;/d = 0.33
ple=4.0

e/d=0.23
w/d=0.13
c/d=0.067

Number of ribs = 2
First rib at r/d = 0.33
w/d=0.13
c/d=0.067

2 First rib location r;/d = 0.5, 0.4
and 0.33

3 Rib width w/d = 0.23 and 0.13

4 Pitch ple=2, 4 and
(p/e = , single rib)

5 Height of the rib e/d = 0.13,
0.23, 0.33 and 0.4

z/d =0.5, 1.0, 2.0, 3.0, 4.0, 6.0 Rib clearance c/d = 0.067 is a

better configuration

z/d =0.5, 1.0, 2.0, 3.0, 4.0, 6.0 First rib located at r;/d = 0.33

is a better configuration

z/d =0.5, 1.0, 2.0, 3.0, 4.0, 6.0 w/d = 0.13 performs better

z/d=0.5, 1.0, 2.0, 3.0, 4.0, 6.0 Better with single rib (p/e = co)

atanrq/d=0.33

z/d=0.5, 1.0, 2.0, 3.0, 4.0, 6.0 e/d = 0.23 performs better for

all z/ds except z/d = 0.5

Single rib at r,/d = 0.33 i.e., ple = 0o




1284

Contour maps for Nusselt number distribution on the target surface
with and without ribs are obtained from MATLAB. Uncertainties in
the estimation of different parameters are carried out using the
method suggested by Moffat (1988) and are listed in the Table 2.

4. Results and discussion

In the present study, first the baseline experiments are carried
out with the jet impinging normally on a smooth surface. To
validate the experimental technique and procedure, Nusselt num-
ber distribution is compared with that of Lytle and Webb (1994).
Fig. 3 shows stagnation point Nusselt numbers from the present

% %
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300 I T I T I T I T
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250 e/d=w/d =0.23
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study and are in good agreement (within 4.8%) with the correla-
tions for low z/d (less than 1.0) of Lytle and Webb (1994). The local
Nusselt number at a Reynolds number of 23,000 and z/d of 6 is
compared with those of the earlier published data as shown in
Fig. 4. It compares well with the results of Lytle and Webb
(1994) and Gao et al. (2003).

4.1. Heat transfer studies
Sequential parametric study is conducted in an effort to obtain a

configuration of better heat transfer characteristics on the target
plate. The influence of each parameter is studied for nozzle-to-

300 I T I T I T I T
- 2/d = 1.0, Re = 20000 -
250 |- e/d=w/d=0.23 _
Firstrib at r1/d = 0.5
200
S 150
100 - == c/d=0.033
- [ ] c/d=0.067
50 -0 ed=01
r € c/d=0.133
0 I 1 I 1 I 1
0.0 0.5 1.0 15 2.0
r/d
300 I T I T I T I T
- 2/d = 3.0, Re = 20000 -
250 e/d =w/d =0.23
Firstrib atr/d = 0.5
- % -
200
S 150 -
T /\ Smooth surface
100 = o ¢/d=0.033 4]
] cd=0.067 T
S0 O ed=01 7
i ? c/d = 0.133 iy
0 1 I 1 I 1 I 1
0.0 0.5 1.0 15 2.0
r/d
300 I T I T I T I T
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200
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Fig. 5. Effect of rib clearance on radial distribution of heat transfer to impinging axisymmetric jet from surface of detached ribs (two ribs, p/e = 4.0).
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plate distance varied from 0.5 d to 6 d and at a Reynolds number of
20,000. The discussion is presented in the following paragraphs
and summarized in Table 3.

4.1.1. Effect of the rib clearance

Effect of the rib clearance on the radial heat transfer distribu-
tion is studied for four clearance heights i.e., ¢/d =0.033, 0.067,
0.1 and 0.133. Rib height (e/d = 0.23), rib width (w/d = 0.23), two
ribs with pitch (p/e =4) and location of the inner rib at ry/d = 0.5
are kept constant. Fig. 5 represents the local distribution of Nusselt
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200 |- -
S 150 ok
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number for different clearance heights and is compared with a cor-
responding case of jet impingement on smooth surface. Heat trans-
fer rate at the stagnation point is lower for all the ribbed cases by
around 10-15% than the smooth surface case. These differences are
more pronounced for z/d s other than 0.5. It is observed that, in
general, Nusselt number increases towards the first rib and reaches
maximum at r/d = 0.5 which corresponds to inner radial location of
first rib. This may be attributed to acceleration of fluid in that re-
gion created by clearance under the rib. However, for ¢/d = 0.1
and 0.067 reach the same value of maximum Nusselt numbers
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Fig. 6. Effect of location of inner rib on radial heat transfer distribution to impinging air jet on surface of detached ribs.
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but for ¢/d = 0.033 and 0.133 the values are lower for all z/d s ex-
cept for 6.0. Under the first rib, the Nusselt numbers are fairly con-
stant for all clearances and for all z/d s. Downstream of the first rib,
Nusselt number drops to a minimum and then forms a peak. The
drop in the values of Nusselt number is higher for higher clear-
ances. It is observed that the heat transfer coefficients peak at dif-
ferent radial locations for different clearances. For c¢//d =0.033,
0.067, 0.1 and 0.133 the peaks occur, respectively, at r/d approxi-
mately equal to 0.8, 0.9, 1.0 and 1.1. This peak and their location
may be attributed to combined effect of reattachment of flow over
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the rib and transition of radial wall jet exiting under the rib. For
larger detachment distances of ribs increases the overall height
of the rib and thus flow reattachment may occur at larger radial
distances. Moreover, with increase in the clearance heights under
the rib, transition may occur at larger radial distances downstream
of the first rib.

The flow crosses the second rib at r/d = 1.43 corresponding to p/
e = 4. Heat transfer coefficients slightly increase just ahead of the
second rib and this may be again due to acceleration effects, signif-
icantly observed for ¢/d = 0.033 and 0.067. For higher clearances,
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Fig. 7. Effect of rib width on local heat transfer distribution to impinging circular jet on flat surface with detached ribs.
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second rib does not show any influence on heat transfer distribu-
tions. Downstream of the second rib heat transfer coefficients
attenuate monotonically for all rib clearances and the decay rate
is higher for lower clearances. Average Nusselt numbers upto 1/
d = 2.0 are higher for ¢/d of 0.067 compared to all other clearances
studied.

4.1.2. Effect of the inner rib location (r;/d)

The best case from the previous configuration, a rib clearance of
¢/d = 0.067 is chosen to study the influence of radial location of the
first rib from stagnation point. Other parameters like rib height (e/
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d=0.23), rib width (w/d = 0.23) and two ribs with pitch (p/e = 4.0)
are kept constant. Different inner rib locations studied are rq/
d=0.33, 0.4 and 0.5. Fig. 6 shows the radial distribution of Nusselt
number for this configuration at z/d = 0.5, 1.0, 2.0, 3.0, 4.0 and 6.0.
It is seen that the effects observed under the first rib during study
of previous configuration also exist in this case. However, the Nus-
selt numbers at the stagnation point increase with decrease in ry/d
for all z/d s. For r1/d = 0.33, Nusselt number at the stagnation point
are nearly equal to or slightly higher than a case of impingement
on smooth surface. This may be due to fluid acceleration effects be-
cause of detachment of ribs extending towards the stagnation with
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Fig. 8. Effect of pitch between ribs on local distribution of Nusselt number to impinging jet on surface with detached ribs.
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shifting of first rib nearer the stagnation. Downstream of the first
rib, Nusselt number drops to a minimum and then forms a peak,
similar to the observation in the previous case. But, for the inner
rib located at ry/d =0.33 and 0.4, the existence of the second rib
is not significantly felt. Region near stagnation point up to an r/d
of about 0.5, heat transfer coefficients for the inner rib located at
r1/d = 0.33 are higher for all z/d s.

4.1.3. Effect of the rib width (w/d)
The clearance under the ribs of ¢/d = 0.067 and inner rib location
at r1/d = 0.33 is considered as the better combination among the
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configurations studied. The influence of the rib width is investi-
gated keeping height of the rib (e/d = 0.23) and two ribs with pitch
(p/e = 4.0) constant. Fig. 7 shows the effect of the rib width on the
radial distribution of heat transfer coefficients upto an r/d = 2.0.
Nusselt numbers at the stagnation point does not significantly vary
with different rib widths and no rib at a given z/d. The effects under
the first rib are same as depicted in earlier cases. However, in the
downstream of the first rib, some contrasting effects are observed.
For rib width of w/d = 0.23, major jet flow at its periphery impinges
on the top surface of the rib and may not reach the target surface.
In turn, the target surface does not get exposed directly to this part
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Fig. 9. Effect of rib height on radial distribution of Nusselt number to impinging circular jet on flat surface with detached ribs.
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of impinging flow. Hence, heat transfer coefficients are seen to de-
crease in this region. But for the rib width of w/d = 0.13, jet flow
impinging on rib top reduces considerably. Hence decrease in the
heat transfer coefficients observed with rib width of w/d = 0.23 in
this region vanish. However, heat transfer rates increase again just
ahead of the second rib. Heat transfer coefficient distribution is ob-
served to be fairly uniform from the first rib till an r/d of about 1.0
and for z/d greater than 1.0. Thus it can be concluded that rib width
(w/d) of 0.13 has better heat transfer characteristics than rib width
(w/d) of 0.23.

4.1.4. Effect of the pitch between ribs (p/e)

The influence of pitch between the ribs on heat transfer distri-
butions is studied for two ribs with p/e = 2.0, 4.0 and oo (no second
rib). From the previous parametric study, the rib clearance (¢/
d)=0.067, inner rib located at r;/d=0.33 and rib width (w/
d) =0.13 are the rib parameters chosen as they provide better heat
transfer characteristics. The rib height e/d = 0.23 is considered in
this study. Fig. 8 shows radial heat transfer distributions for differ-
ent p/e ratios. The stagnation point Nusselt numbers of detached
ribs for the given z/d is nearly same and comparable with that of
smooth surface. The heat transfer coefficients under the first rib
are slightly lower for p/e =2.0. This may be due to reduction in

a) Flat surface with single detached rib

the flow accelerations under first rib in the presence of closer sec-
ond rib. Radial location of peak after the first rib occurs just ahead
of second rib. But, local Nusselt numbers between this peak and
the first rib for p/e = 2.0 are lower than the cases of p/e = 4.0 and
oo. Except for z/d = 0.5, it is observed that average heat transfer
coefficients up to r/d = 1.25 is higher for case of only single rib (p
/e = oo).

4.1.5. Effect of rib height (e/d)

All previous parametric studies show that a single rib at ry/
d =0.33, clearance under the rib (c¢/d) of 0.067 and width of the
rib (w/d) of 0.13 is a better configuration. The effect of height of
the ribs on the local heat transfer distribution to impinging circular
jet is studied keeping these values of parameters stated above.
Heights chosen for investigation are e/d = 0.13, 0.23, 0.33 and 0.4.
Fig. 9 shows the influence of rib height on the radial heat transfer
distributions. Nusselt number distribution patterns are similar for
all the z/d s except for a z/d of 0.5. For z/d s other than 0.5, stagna-
tion Nusselt numbers are same as that of the case of smooth sur-
face. Heat transfer distributions up to the first rib remain almost
identical for all z/d except 0.5 and 6.0. The locations of peak occur
at different radial locations. The higher the rib height farther is this
location from stagnation point. However, the locations of peaks

b) Flat smooth surface

Fig. 10. Contour maps showing local distribution of heat transfer coefficients due to jet impingement on flat surface with and without single detached axisymmetric rib at

Re =20,000.
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measured in terms of the respective rib heights from the sole rib at
ri/d=0.33 are different i.e., peak locations of ribs of height e/
d=0.13, 0.23, 0.33 and 0.4, respectively, occur at x/e=2.8, 2.2,
1.8 and 1.5, where x is the radial distance from the inner circumfer-
ence of the single rib. It means, smaller the rib height farther is the
peak location estimated in terms of the rib height. This may be
attributed to flow velocities along the target surface decaying at
a faster rate in the radial direction with increase in the rib height.
Average heat transfer coefficients up to r/d of about 2.0 are higher
for rib height of e/d = 0.23 for all z/d s except z/d of 0.5.
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Thus, the detached rib configuration of single rib with ry/
d =0.33, clearance under the rib (¢/d) of 0.067, width of the rib
(w/d) of 0.13 and height of the rib (¢/d = 0.23) has better heat trans-
fer distribution within a region of about 0 < r/d <2.0. Contour
maps for the local distribution of Nusselt number due to jet
impingement on a flat surface with single detached rib for different
z/d are shown in Fig. 10a. Fig. 10b shows the corresponding con-
tour maps for jet impingement on a smooth surface. The compar-
ison of the two figures for a given z/d indicates that heat transfer
coefficients around the stagnation point are higher with the ribbed
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Fig. 11. Radial distribution of heat transfer coefficients and wall static pressure on the flat smooth surface and ribbed surface.
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surface. It is observed in the stagnation region that Nusselt number
increases from the stagnation point for the ribbed surface whereas
it decreases for smooth surface. However, the Nusselt numbers at
the stagnation point for both smooth and ribbed surfaces are com-
parable at any given z/d. Enhancements at z/d = 0.5 are higher. At
larger jet-to-plate distances (z/d) augmentations decrease.

4.2. Radial distribution of wall static pressure over target plate

Wall static pressures over target plate are measured for surface
with detached rib for the better configuration of heat transfer char-
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acteristics (single rib, r;/d =0.33, ¢/d=0.067, w/d=0.13 and e/
d=0.23). The values are compared with the corresponding case
of smooth surface. Figs. 11 and 12 show the radial distribution of
Nusselt number and non-dimensional wall static pressure for flat
smooth surface and ribbed surface at Reynolds number of 20,000
and different jet-to-plate spacing. It is observed that wall static
pressure gradient in the vicinity of stagnation point is higher for
surface with detached ribs than flat smooth surface. These gradi-
ents decrease with higher z/d. For all z/d s, wall static pressure be-
comes sub-atmospheric under the rib and increases in the
downstream upto an r/d of about 0.8. The wall static pressure de-
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Fig. 12. Radial distribution of heat transfer coefficients and wall static pressure on the flat smooth surface and ribbed surface.
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creases monotonically in the downstream until it is equal to the
atmospheric pressure. Sharp decrease in pressure just ahead of
the rib may create acceleration of the fluid in the upstream of
the rib and hence local Nusselt numbers increase from stagnation
point towards the rib. The location of second peak in the wall static
pressure corresponds almost to the location of another peak in lo-
cal Nusselt number. The second peak in the wall static pressure is
higher for lower z/d. The heat transfer at the second peak also fol-
lows this trend.

4.3. Radial distribution of near-wall turbulent intensity and velocity

Near-wall turbulent intensity and velocity measurements are
carried out over the surface with detached rib for the better con-
figuration of heat transfer characteristics (single rib, r1/d = 0.33, ¢/
d=0.067, w/d=0.13 and e/d = 0.23) using hot-wire anemometer.
The wire is oriented parallel to the target surface and perpendic-
ular to radial wall-flow. The wire is located at y/d =0.067 from
the surface. The probe is traversed radially parallel to the target
surface from r/d =0.5-2.3 in steps of r/d = 0.053. Fig. 13a shows
the radial distribution of near-wall turbulent intensities normal-
ized with mean velocity at the nozzle exit <r100 X \/LT_Q/V on
the flat surface with single detached rib at different jet-to-plate
distances in the presence of normal jet impingement. Fig. 13b
shows the corresponding radial distribution of near-wall veloci-
ties normalized with mean velocity. Fig. 13a indicates that the
turbulent intensity increases sharply and peaks at an r/d of about
0.85. The value of peak turbulent intensity at z/d = 0.5 is about
17.5% and they decrease for higher jet-to-plate distance. At z/
d=1.0, 2.0 and 3.0, the values of peak turbulent intensity are
nearly same and are about 15.2%. The corresponding values at
z/d=4.0 and 6.0 are about 14.3% and 13.7%, respectively. These
observations show better matching with Nusselt number distri-
bution in this region. Further the turbulent intensities decrease
to a minimum. A secondary maximum in turbulent intensities
are observed at higher radial locations. These minimum and
maximum points shift away from the stagnation point with in-
crease in jet-to-plate distances. Moreover, the values of turbulent
intensities at the minimum and maximum decrease with in-
crease in jet-to-plate distances. Fig. 13b shows that near-wall
velocities increase in the radial direction from an r/d=0.5 and
reaches a point of maximum velocity. The values of the peak
velocities are higher for lower z/d s. Further, the velocities decay
monotonically. The radial location of maximum velocity shifts
away from the stagnation point with increase in jet-to-plate
distances. At z/d = 1.0, maximum near-wall velocity occurs at an
r/d of about 1.0 where as this location shifts to about 1.4 for z/
d=6.0. Thus, the radial distribution of near-wall turbulent
intensities shows better correlation with local heat transfer
distribution.

4.4. Comparison of average heat transfer coefficients due to impinging
jet on surface with detached rib and smooth surface

Sequential parametric heat transfer study of jet impingement
on a flat surface with detached ribs show that a configuration of
single detached rib at r;/d = 0.33, rib height (e/d) of 0.23, rib width
(w/d) of 0.13 and clearance under the rib (¢/d) of 0.067 performs
better. Experiments for this configuration are conducted for z/
d=0.5, 1.0, 2.0, 3.0, 4.0 and 6.0 and Reynolds number of 5000,
10,000, 15,000 and 20,000. Average Nusselt numbers of ribbed
surface are estimated and normalized with average Nusselt num-
ber for corresponding smooth surface up to different radial loca-
tions of r/d=0.5, 0.75, 1.0, 1.25, 1.5 and 2.0. Fig. 14 shows the
comparison of average Nusselt number between smooth and
ribbed surface due to jet impingement. It is observed from Fig.
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Fig. 13. Radial distribution of near-wall turbulent intensities and radial velocities
on the flat surface with detached rib due to jet impingement.

14 that (Nu,/Nu) increases with Reynolds number. Maximum
enhancements in average heat transfer are observed for
(Nu,/Nus) averaged up to r/d of 1.25 and 1.5 at Reynolds number
20,000. For z/d = 0.5 and Re = 20000, enhancements are about 45%
upto r/d = 1.5 and 36% upto r/d = 2.0. At the same Reynolds num-
ber and z/d=1.0 and 2.0, enhancements are about 30% upto 1/
d=1.5 and 25% upto r/d=2.0. But a little higher enhancements
are observed for z/d = 3.0. Enhancements decrease with higher z/
d and for z/d=4.0 and 6.0 corresponding augmentations are
around 22%.

Correlation is developed for Nusselt number averaged upto r/
d=1.5 and is expressed as in

Nu; = 0.33Re® (z/d) 8 (7)

Values estimated from above correlation compare with the experi-
mental values within +6%.

5. Conclusions

An experimental study is carried out to investigate heat transfer
enhancements between normally impinging circular air jet and a
flat surface with axisymmetric detached rib-rougheners. A single
jet from a long pipe nozzle which develops fully developed flow
is chosen. Reynolds number based on nozzle exit condition is var-
ied between 5000 and 20,000. Different configurations of detached
ribs are arranged axisymmetrically on the target plate. Sequential
parametric study is carried out to investigate the influence of dif-
ferent rib parameters on the local distribution of heat transfer coef-
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Fig. 14. Comparison of average Nusselt number to impinging air jet up to different radii between the detached ribs on flat surface and smooth surface.

ficients. The jet-to-plate distance is varied from 0.5 to 6 times the
nozzle diameters. The results are compared with the radial heat
transfer distribution between impinging jet and smooth surface.
Near-wall turbulent intensity, velocity and wall static pressure
measurements are made for the configuration identified as better
one from heat transfer studies. The conclusions from this investiga-
tion are as follows:

e There is a continuous enhancement in Nusselt numbers from

stagnation point till the first detached rib for all the ribbed con-
figurations studied. This may be attributed to fluid accelerations
created in the stagnation region by the clearance under the first
rib. This result is supported by lower wall static pressure under
the rib, compared with smooth surface.

e Nusselt numbers at the stagnation are highest for the configura-

tions with the first rib located at r;/d = 0.33 and clearance under
rib (¢/d) of 0.067. These values are comparable with that of
smooth surface.

Higher rib widths lead to drop in Nusselt numbers in the down-
stream of first rib and this may be due to major jet flow at its
periphery miss to impact the target surface. But rib width (w/
d) of 0.13 performed better and dropping trend behind the first
rib almost disappeared.

Second detached rib located closer to the first i.e., lower pitch
between the ribs, retards the enhancements ahead of first rib
and stagnation point Nusselt numbers drop as well. Single rib
(p/e = 0o) located at r1/d =0.33 provides better radial distribu-
tion of Nusselt numbers than other configurations.
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e For the best configuration investigated, it is seen that enhance-
ments in the local Nusselt numbers at Re = 20,000 when com-
pared with that of smooth surface case at around r/d = 0.8 are
about 70-80% and highest for z/d = 0.5. This is because of higher
near-wall turbulent intensity in this region.

¢ Increase in Reynolds number increases average Nusselt numbers
averaged upto above r/d = 0.75 in comparison with a smooth sur-
face case under same flow conditions. For z/d = 0.5 and Re = 20000,
enhancements in average Nusselt numbers over smooth surface
are about 45% enhancements decrease with higher z/d s.

e Correlation is developed for Nusselt number averaged upto 1/
d=1.5 for the best configuration of detached-rib surface
investigated.
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