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Abstract

Local convective heat transfer coefficients were measured on a two-diameter long cylinder in axial flows of air at
conditions unexplored so far, by using thermochromic liquid crystals (TLC) coated on an electrically heated strip-foil
consisting bonded to the external surfaces. The Reynolds numbers (Re) based on the cylinder diameter were between
8.9 x 10% and 6.17 x 10°, and the flow in front of the cylinder was modified in some cases by the use of a turbulence
generating grid, or by circular disc inserts of two sizes placed upstream of the cylinder. These created a major change
in the local convective heat transfer coefficient distribution on the cylinder. Increase of the turbulence intensity from
Tu<0.1% to Tu=6.7% at the same Re increased the average calculated Nusselt number Nu over the cylinder by
25%, and decreased the Nu non-uniformity over the surface. One of the flow modification inserts also reduced signif-
icantly the Nu non-uniformity. The position of flow reattachment was measured using tufts. Our heat transfer data
agree well with the small amount if data published of others, when extrapolated to their conditions. Correlations
between the Nu and Re in the form Nu = CRe® were established and presented for the average Nu on the front, middle
and rear cylinder surfaces, and the variation of the local exponent e was shown along the cylinder. Introducing a new
technique, a TLC-coated heated flat plate mounted in the flow above the cylinder in the meridional plane was demon-
strated to help visualize the flow field above the cylinder. A track of maximum convective coefficients on this plate was
found similar in position to the stream line dividing the forward and backward flows in a case measured for the
separated flow in a past study.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

It is of interest to know convection heat transfer coef-
ficient (or Nusselt number) distributions over surfaces of
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blunt bodies in high speed flow in many diverse applica-
tions, including cooling of electronic equipment, cooling
or heating of foodstuffs, and gas-cooled quenching. The
latter was a topic of extensive study at the FaxénLabo-
ratoriet of the Royal Institute of Technology, Sweden
[1-7].

In quenching, the product hardness, uniformity of
mechanical properties, and shape distortion depend on
the rate and uniformity of the cooling. Gas quenching
requires high gas speeds and pressures (typical values
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Nomenclature

a, b, c, d, e, f positions on the cylinder

D outer diameter of the cylinder

h local convective heat transfer coefficient,
Wm 2K

h surface averaged convective heat transfer
coefficient

k heat conductivity, Wm™! K~!

L length of the cylinder

Nu local  Nusselt number (Eq. (3)),
dimensionless

Nu surface average of Nu, dimensionless

Nutax, Nupmin extremes values of Nu along a-—d,
dimensionless

R outer radius of the cylinder

r radius

Re Reynolds number (Eq. (1)), dimensionless

T temperature

TLC thermochromic liquid crystals

Tu free stream  turbulence (Eq. (5)),
dimensionless

U time-averaged air velocity (in x-direction),
ms™!

u' the fluctuating component of the air velocity
(x-direction), ms™!

q" electrically supplied surface heat flux,
W m™2

X,y coordinates

Greek symbols

v kinematic viscosity, m? s~

O Nu surface weighted relative standard deviation
in Nu, (Eq. (7)), dimensionless

Omax relative max-min difference in Nu, (Eq. (8)),
dimensionless

1

Subscript
0 for air at free stream conditions

are at least 10 ms~' and 10 bar, but they vary widely
depending on the application), i.e. turbulent flows with
Reynolds numbers typically between a few hundred
thousand to a few million. The flows are thus highly
turbulent, with separations and reattachments, which
create significant convection heat transfer coefficient
non-uniformity over the body surface. These coefficients
must be controlled in magnitude and uniformity all over
the surfaces to obtain optimal quench products.

In this paper we report on measurements of the tem-
perature and Nusselt number distributions over the sur-
faces of a cylinder with a length to diameter ratio
LD~ '=2.00, in axial flows. This geometry is typical
for short cylinders and many parts being quenched.
The flows were in the Reynolds number range of
8.9 x 10* < Re < 6.17 x 10°, with the Reynolds number
defined based on the cylinder diameter, as

_U.D

Re (1)

Voo
where U, and v, is the velocity and the kinematic vis-
cosity of the free stream air respectively.

The approaching flows investigated were a free
stream (unmodified by upstream objects), and also flows
affected by a turbulence-generating grid, and in some
cases by flow modification inserts (circular discs) up-
stream of the cylinder. Information about the nature
of the flow along the cylinder is also provided.

While there exists a fair number of experimental
studies that provide Nusselt number distributions for

single cylinders in cross-flow (cf. [8-10]) and multiple
cylinders in cross-flow (cf. [11,12]), little information is
available for cylinders in axial flow, and none were mea-
sured for Re > 5.5 x 10%.

In an experimental study of a cylinder in axial flow
the mass transfer was measured over the cylinder up-
stream (front) surface by using the naphthalene sublima-
tion technique, for 5 X 10° < Re<5x10* and at
Tu = 0.5% [13]. Employing the mass—heat transfer anal-
ogy for air the average Nu over this surface is correlated,
as

Nu = 0.927Re'? (2)
where the local Nusselt number (Nu) is calculated as
hD

where k., is the heat conductivity of the free stream air.

The local convection mass/heat transfer from this
surface was found to increase from the center of the sur-
face towards the outer radius, and was found to be 2.2
times higher at the edge than at the center, and indepen-
dent of Re, indicating that Nu increased as Re® over the
entire surface.

Measurements of Nu on the round surface of a cylin-
der, at constant surface heat flux, in axial flow, were per-
formed for 2.52 x 10% < Re < 5.36 x 10*, Tu = 0.8% and
LD '=13 [14], and for 8x10°<Re<4.7x10%
Tu=0.5% and LD~'=10 [15]. In these studies, Nu
was found to have a maximum at the distance 3R down-
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stream from the front edge, then decreasing monotoni-
cally along the axis. For Re lower than 3.0 x 10* the
maxima were found to occur somewhat closer to the
front edge.

Velocity and turbulence measurements of the flow
around a circular cylinder in an axial flow were per-
formed for Re =2 x 10°, Tu < 0.2%, LD™' =10 [16]. In
another study, Nu was measured for 4.08 x 10* <
Re < 6.8 10* Tu=0.8%, LD~ =10 [17]. These inves-
tigations showed that the flow separated at the front
edge and reattached to the surface at or slightly down-
stream of the maximum in Nu.

Our paper also investigates the effects of circular discs
inserted upstream of, and parallel to, the cylinder front
on the flow and heat transfer over the cylinder in axial
flow. No such studies were found in the literature,
although an extensive investigation was performed on
their influence on the drag coefficient, for 1 x 10° <
Re <8x10° and including flow visualization [18]. An
optimal choice of disc diameter (0.75D) and distance
(0.375D) from the cylinder front, reduced the total drag
coefficient for the cylinder front and disc together from
0.72 to 0.01, which is comparable to that for a body with-
out flow separation. The results were found to be inde-
pendent of the Reynolds number and the disc surface
roughness. The same drag reduction was also found for
a rough cylinder front surface, preventing laminar sepa-
ration, when the front edge had a radius of (1/4)R.

2. The experimental method

A closed loop wind tunnel at KTH was used for the
measurements (cf. [19]). It has a 7-m long, 800 x
1200 mm wide test section a glass window for visual ac-

cess from outside, and a turbulence level Tu < 0.1% at

A

1507

the test section inlet, see Fig. 1. An opening slit in the
roof downstream of the cylinder maintained the pressure
atmospheric and the upstream flow velocities were in the
range U, =9-64ms™!, and the air temperatures
T., = 25-28 °C, while the local cylinder surface temper-
atures were within 7= 36-63 °C, which was within the
active range of the thermochromic liquid crystals
(TLC) used for its surface temperature measurements.

The convection heat transfer coefficient distribution
on the cylinder surfaces was evaluated from the mea-
sured temperatures and calculated from Eq. (4),

¢ —5.67x10°%(T* —T%)
- T—Ty

h (4)
where the denominator is the cylinder surface convective
heat flux composed of ¢” (in W m™2), the constant heat
flux generated electrically in a thin foil applied to the cyl-
inder surface, reduced by the local heat radiation loss
(typically 4-10% of ¢"). The latter was calculated assum-
ing that the surface emittance = 1 (the test section walls
were painted flat black) and with a radiative configura-
tion factor of 1 for the exchange between the cylinder
and the walls (because the cross-sectional area of the cyl-
inder was only 2% of the wind tunnel cross-section). The
temperatures in Eq. (4) are in K and the temperature of
the test section walls was set to T, justified by the rel-
atively strong convective flow over the wooden walls,
which tends to impart its own temperature to these
walls. A similar procedure for correction of the radiative
losses was used by Sparrow et al. [15].

2.1. The test cylinder
The test cylinder (Fig. 1) had a diameter of

D =150 mm and length of L =300 mm, and was made
of solid extruded polystyrene (EPS), which has a very
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Fig. 1. The wind tunnel experimental setup. (1) The test section with the cylinder inside. (2) Cross-section of the test section. (3) The

cylinder; points a, b, ¢, d, e, f serve to identify locations along it.
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low heat conductivity (k =0.033 Wm™' K™!) to mini-
mize heat transfer inside the cylinder. Three thermocou-
ples were mounted just under the EPS surface along b—c
at xD~ ' =0.087, 1.00 and 1.913, and along a-b, at the
radius rR™' =0.60, using an adhesive to increase the
thermal contact with the surface.

To make the cylinder surface smooth, a polyester film
125 pm thick (k=10.13 Wm~' K~') was bonded on the
EPS surface. An electrically conductive foil designed
by us (manufactured by Calesco Foil AB '), was then
bonded over the entire cylinder surface.

The foil was made of a thin layer of Inconel (12 pm
thick, k=12 W m™! K’l), chosen to reduce heat flux
in the foil in directions parallel to its surface. A constant
electrical surface power in the foil was ensured by letting
the current flow in many 1.5 mm wide flat bands, which
were spaced 0.2 mm apart and embedded in one of the
faces of a S50pm thick plastic polyimid film
(k=0.12Wm 'K "). By dividing the foil electrically
into 42 parts the uniformity was tested and the resistance
was found to differ by only +1.5% from the average. The
variation in foil resistance with the temperature was low
because of the low relative electrical resistance
1.25x 107* K~!. Manually variable transformers (a.c.)
supplied power to the foil within +1.5% from the
average.

Black paint and then the micro-encapsulated TLC of
Hallcrest 2 type R35C20 C17-10 was sprayed on top
of the foil in a 20 um thick layer, in a 40 mm wide
band along the cylinder line f-a-b-c—d (Fig. 1). This
width was sufficient because of the axi-symmetry of
the cylinder in the test section (as confirmed
experimentally).

The possible conduction of heat inside the cylinder
core and surface layers was examined with help of an
one-dimensional calculation of the steady state heat con-
duction along the surface, using the thickness and the
thermal conductivities of the layers and the TLC mea-
sured surface temperature field. Based on the measured
time to reach the thermal steady state, and on the heat
diffusivity of the EPS, the effective depth of the cylinder
core, through which axial conduction took place, was
estimated to be 14 mm. The axial heat flux loss in all
the layers along the surface was then calculated to be
within only 2% of the electrically supplied surface heat
flux used in Eq. (4) for determining /. Larger losses
may exist in the proximity of the edges, within a distance
of 0.15R. The foil was designed to supply no heat within
a distance of 0.04R from the edges, and data from that
zone were therefore not used.

! Calesco Foil AB, Visterasvagen 9, S-73040 Kolback,
Sweden.

2 Hallcrest 20 Downing Road, West Meadows Industrial
Estate, Derby DE21 6HA, UK.

To assist the detection of flow direction and behav-
ior, 8§ mm long thin soft cotton tufts were taped on the
surface in a row, 90° away from the TLC band along
the cylinder, 10 mm apart. The visual observations of the
tufts to indicate the position of reattachment of the flow
were performed at Re =1.75x 10°, while the cylinder
was not heated.

A steel pipe 0.113D (17 mm) in diameter was bonded
into the cylinder end, at the center, for support in the
wind tunnel, and the pipe was held by eight 2.0 mm
thick steel wires, which centered and aligned the cylinder
to be parallel to the test section walls. Despite the rigid
support, it was estimated that the cylinder vibrated with
a displacement of about +0.5 mm.

2.2. The measured flow configurations

The measurements were performed in four different
configurations: (A) the cylinder alone in a low upstream
turbulence flow, Tu < 0.1%, (B) the cylinder in an up-
stream flow affected by turbulence-generating grid,
Tu = 6.7%, (C) the cylinder placed downstream of a cir-
cular disc 1/3D in diameter, which was centered on the
cylinder axis, parallel to the cylinder front surface, and

located at xD~' = —1.00, (D) the cylinder placed down-
stream of a circular disc (2/3)D in diameter, at the same
position.

The turbulence-generating grid was made of square
rods 10 x 10 mm, 50 mm apart, and was located up-
stream of the cylinder at xD'=-550 (x=
—825 mm). Configurations (C) and (D) were included
to examine the effects of upstream bodies on the convec-
tion heat transfer coefficients and flow on the cylinder,
which also at least partially addresses the conditions
when a body to be quenched is part of a multi-body
quench-charge. The upstream discs in these configura-
tions were 0.0333D (5 mm) thick with sharp corners
and secured in their position by using 0.5 mm thick wires
(in configuration (C): 5 or 6 wires, in configuration (D):
8 wires) fixed to the test section walls. The position of
these wires was chosen so that their possible wakes
would not directly affect the areas on the measured
cylinder.

2.3. Calibration of the TLC

The TLC was calibrated before and after the mea-
surements, in situ on the cylinder and inside the test sec-
tion, using the thermocouples in the cylinder surface as
reference. Color photographs of the TLC were taken
through the glass window from a fixed position outside
the test section using a Sony DCR-TRV 900E camera,
680 x 510 pixels, 24 bit color resolution, and two 24°,
50 W halogen lamps with built in IR and UV reduction
filter fixed to the camera. The heating of the cylinder
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surface from the lamps was measured to be <1% of the
electrically supplied surface power of the foil.

The surface temperature was raised a few °C between
each photography session, and the digital pictures were
transferred from the camera to a Macintosh computer
using fire wire (IEEE-1394). The image was then further
loaded using QuickTime (an Apple Macintosh software)
into Matlab5.2.1,™ 3 using its function getvidframe.

The color variable hue was calculated and related to
the thermocouple measured temperatures, which were
calibrated within £0.1 °C against a Pt-100 resistance
thermometer. Possible local non-uniformity in the TLC
color (hue) response along the cylinder was investigated,
using an isothermal chamber built for this purpose (hav-
ing insulated walls of EPS, a fan, a heater and a window
allowing photographs from outside). Based on the mea-
sured variation in hue along the cylinder, corrections
were applied to the temperature-hue relation.

The position of the camera relative to the cylinder
caused a varying pixel density in the image of the cylin-
der surface, which was corrected in the software. Many
parameters affect a TLC temperature measurement, and
further details of the TLC technique are given in [4]. All
together, the errors in the local TLC measured surface
temperatures were estimated to be within *1.2 °C of
the true surface temperatures.

2.4. The experimental procedure

The free stream flow velocity (measured using the
Prandtl tube) and the flow temperature, were allowed
to stabilize, U,, within £0.5%, and T, within 0.1 °C.
The heat flux ¢” of the foil was increased until the sur-
face temperatures came within the active temperature
interval of the TLC and then stabilized typically over
10 min, within £0.3 °C, as indicated by the thermocou-
ples. In the steady state, color photographs of the
TLC were taken, using the same camera, view angle,
and light settings, as were used during the in situ calibra-
tions. The electrical current to the heating foil was then
shut off. This procedure was repeated for each
measurement.

2.5. Turbulence measurements

The turbulence level (Tu) is defined by Eq. (5), where
U, is the average velocity in the x-direction and u' are
the velocity fluctuations around the average in the same
direction. Tu was measured using a 2.5 pm wire diameter
single hot wire anemometer, at the average flow velocity
of 18 ms™!. At each position, data were evaluated from
4.8 x 10° samples taken during 2 min. For each of the

3 The MathWorks, 3 Apple Hill Drive, Natick, MA 01760-
2098.

five x-positions investigated, 7u were averaged from
measurements at four positions in the y, z plane.
Vur
5
= (5)
Tu measured in configuration (B), without any cylinder
in the test section, can be seen in Fig. 2. It was found to

decay downstream from the grid, and was found to be
Tu=6.7% at x = 0.000 m.

Tu =

2.6. Data analysis

The surface temperatures were evaluated from a
0.05D wide band of the TLC along the f-a-b—c-d line
on the cylinder (Fig. 1). The symmetry in the measured
temperatures for the front surface, from the center and
towards the edge, along a-b and along a—f, was investi-
gated for the configurations (A), (B), (C) and (D), and is
shown in Fig. 3. Since each pair of such curves is nearly

8.5

8

7.5

7

Tu %

6.5

6

55

5
-3 -2 -1 0 1 2 3

Fig. 2. Measured turbulence intensity downstream of the
turbulence generating grid used in configuration (B), without
any cylinder in the test section at U, = 18 ms™..

(T-Tw )/°C

——  (A), Re= 617 000
- - (B), Re=323 000
51 =+ (C), Re= 609 000

4444 (D), Re= 614 000

/R

Fig. 3. Examination of symmetry in the measured temperatures
on the front (upstream) cylinder surface for the cylinder in
different configurations (A), (B), (C), (D): in each pair of
temperature profiles for the same Re, one is along line a-b and
the other along a—f (Before data smoothing).
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identical, within the error range for the measurements,
symmetry of the measurements is confirmed.

The temperatures were then smoothed along f-a—b-
c-d by averaging over each +8 adjacent value
(£0.0267D), and new temperatures along a-b were
calculated as averages of the data along a-b and a-f.
Based on these temperatures (900 values along a—b—c—
d) the coeflicient /1 was calculated using Eq. (4), and fur-
ther expressed in terms of a local Nusselt number Nu,
defined by Eq. (3). Area-weighted averages Nu were
calculated along a-b, b-c, c-d, and a-d, assuming
that the local Nu was symmetrical around the cylinder
axis.

The Nusselt number was correlated with the Rey-
nolds number Re as,

Nu = CRe* (6)

where C and the exponent e were unknown constants to
be determined from the measurements.

Nu was measured at three different Re, and C and e
were calculated by finding the value of ¢ which mini-
mized the relative differences in C for these three Re.
It is noteworthy that a more complete correlation for
Nu would also include the Prandtl number, and for the
flow stagnation region even the turbulence intensity level
(cf. [12], Chapter 11). Since air was used in this study
having a nearly-constant Prandtl number, and the tur-
bulence intensity was only one of two values, these
dependencies weren’t included in Eq. (6).

A non-uniformity criterion for the variation in Nu
along the cylinder surface a-d, was calculated by means
of the surface-weighted relative standard deviation o,
defined by Eq. (7).

S
= 7
ON; Mo s (7)

1
[Z(Nu, —Mm)zﬂ 2

where, A; was a small area of the cylinder, and Nu; the
Nusselt number valid for that area.

Another non-uniformity criterion that expresses the
extreme relative differences in Nu along a—d was calcu-
lated as defined by Eq. (8), where Nuy,.x and Nuy,;, are
the largest and smallest values of Nu along a-d,
respectively.

_ Numax - Numin

Gmax -

®)

maﬂi
2.7. Error estimates

Based on error analysis, the error in the local Nu was
estimated to be +7%, in which the main source of error
is in the TLC-measured surface temperatures. The error
in the Reynolds number was estimated to be £2%.

2.8. TLC-based visualization of the flow along the cylinder

Based on the fact that the convective heat transfer
coefficients have a close relation to the nature of the flow
along the surface, we developed a flow visualization de-
vice based on TLC. A 300 mm long and 2.5 mm thick
smooth Plexiglas plate was constructed to allow TLC
temperature measurements over one of its faces. The
plate was aligned with the cylinder axis and perpendicu-
lar to the cylinder surface, see Fig. 4. The front (up-
stream) plate edge was rounded and its lower edge was
held ~1 mm above the cylinder surface. An electrically
heated foil, 300 x 83 mm (Inconel on Kapton, of the
same type as used on the cylinder) was bonded, with
the Inconel side of the foil, to one of the plate faces.

The foil was spray-coated with black paint and then
with a film of the TLC R35C20. A thermocouple was
also bonded on the foil, and used for in situ calibrations
of the TLC, before and after the measurements. The
measured surface temperatures were median filtered
over a square in size 0.1 X 0.1R (14 x 14 image pixels).
Data closer than 0.05R from the foil edges were there-
fore canceled. The non-uniformity over the surface in
the measured temperatures was found to be within
+0.6 °C.

Measurements were performed on the plate: in con-
figuration (A) at Re = 1.75 x 10° and with the plate front
edge at xR~' = —0.50, 0.00, 0.13, 0.50, 1.00, 1.50, 2.00,
and in configuration (B) and (C), with the plate front
edge at xR~!' = 0.00. No plate was inserted into the flow
during any heating of the cylinder.

The lowest temperature appearing on the surface
(highest heat transfer coefficient) was identified for each
x-position along the plate, creating a curve on the sur-
face, and its significance is discussed in Section 3 below.

Fig. 4. The cylinder inside the test section, with the flow
visualization plate mounted above its surface. (1) The plate, (2)
the cylinder, (3) the cylinder support.
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3. Experimental results
3.1. Measurements in configuration (A)

Measurements of the local Nusselt number (Nu) were
performed on the cylinder in configuration (A) without
any turbulence generators upstream of the cylinder, at
the low upstream turbulence levels (7u < 0.1%), and at
Reynolds numbers (Re) of 6.17 x 10°, 3.22x 10° and
1.77 x 10°. Nu along the cylinder surface is shown in
Fig. 5 and is seen to increase with Re, as expected, and
the characteristic shape of the curves is similar for all
Re. The average along the surface a-d, was for these
three Re found to be, Nu, 4 =990, 640 and 430,
respectively.

Nu is significantly higher along the surface b—c than
on a-b, increasing from the front edge by at least two-
fold to a maximal value at xR~! =3.0. On the down-
stream (rear) surface c-d, Nu drops to about half the
previous values, increasing from the edge to the surface
center. The latter behavior can be explained by the ther-
mal consequences of wake formation on the down-
stream (rear) surface.

Using the tufts, it was found that flow reattachment
along the cylinder surface b—c took place between
xR™' =293 and 3.07, at Re = 1.75x 10°. This coincides
with the position measured for the maximal Nu along
the same surface, and is only somewhat shorter than
the reattachment length of xR™' = 3.18-3.22 determined
in [16] for Re and Tu similar to what was used here for a
cylinder of LD~! = 10 and measured in terms of reverse
flow intermittence (reverse-flow time = 0.5). These re-
sults indicates that the cylinder used in our study was
long enough to make the flow in the separated region
independent of further increase in the cylinder length.

The temperature field on the heated and TLC-coated
plate mounted above the cylinder surface b—c, with the
plate upstream edge at xR~' = 0.0, is shown in Fig. 6.
The thick line in the figure shows the location of the
minimal temperatures on the plate, which, as discussed

Flow =>
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Fig. 5. The Nusselt numbers along the cylinder surfaces,
configuration (A), for different Re.

above, coincides with the maximal convective heat trans-
fer coefficient (/). It starts at the leading edge of the cyl-
inder (position b), follows a curved path through a
maximal height of yR™'=0.5 and descends to reach
the cylinder surface at about xR~! = 3, which is in the
above-mentioned flow reattachment region to the
cylinder.

Velocities measured above a longer cylinder in an ax-
ial flow of Re = 5.62 x 10*, by Ota [17], showed that the
dividing stream line for the separated region was similar
in shape and position to the line on the plate that traces
our measured loci of maximal convection heat transfer,
see Fig. 7. A plausible reason may be that the maximal
convective heat transfer occurs at the fluctuating (turbu-
lent) free shear layer. Outside the separated region there
is the laminar main flow, and inside the separated re-
gion, a flow of lower velocity is expected, which in both

% l,/,'/—/ =
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Fig. 6. Isotherms T — T, °C, on the flow visualization plate mounted above the cylinder in configuration (A), Re =1.75x 10,
Tu < 0.1%. The minimal temperature locations are marked by the bold black dots.
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Fig. 7. The minimum temperature curves found on the flow visualization plate, with the plate upstream edge positioned at different
x-locations, for the cylinder in flow configuration (A) and Re = 1.75x 10°. Included is a measured average dividing streamline at

Re=5.62x10*[17].

cases may induce a lower convection heat transfer on the
plate, than the free shear layer does.

A test was performed to examine the sensitivity of the
results to the x-position of the plate. The plate front
edge was set at four different x-positions, in the range
—1.0 < xR < 2.0, and the loci of the minimal temper-
ature on the plate are shown in Fig. 7. No significant
variations were seen in the position of the minimum
temperature loci relative to the cylinder.

In other tests, performed at higher Re, the situation
was different. The points of maximum heat transfer
did not all fall on one line, probably because of transi-
tion to turbulence in the boundary layer on the plate
outside of the separated region. Such transition to tur-
bulence on a flat plate in flow parallel to its surface, is
known to be induced by, (1) high Re* (where Re* in this
case is based on the distance from the leading edge), (2)
turbulence in the free stream, (3) surface roughness on
the plate, and (4) possibly also by the shape of the lead-
ing edge. A smooth flat plate has a stable laminar
boundary layer for Re* < 10°, while transition is more
easily induced by disturbances for higher Re*, and diffi-
cult to prevent for Re* > 2 x 10° [20]. Therefore, for the
present measurement on the plate, which was performed
at Re = 1.75 x 10°, the boundary layer on rear part was
expected to be unstable.

We conclude in the present tests on the flat plate and
at the lower velocity (probably as long as the boundary
layer on the plate outside the separated region remains
laminar), that the minimum temperature curves would
indicate the extent of the separated flow region, while
this indication may be less clear for flows producing a
turbulent boundary layer on the plate outside the sepa-
rated region.

Nu along the cylinder front surface a—b in configura-
tion (A), was extrapolated using the local constant e
(Fig. 8), to Re=4.2x10* for comparison with results
from a study by Sparrow and Geiger [13] that used
the naphthalene sublimation mass-heat transfer anal-
ogy technique at that Re, and the results are shown in
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Fig. 8. The calculated local exponents ¢ of Eq. (6) along the
cylinder surfaces, for the flow configurations (A), (B) and (C).

Fig. 9. At position (a) our values are 10% lower,
and near the corner position (b) 25% lower than theirs.
This trend of increasing difference is expected because
of the different surface boundary conditions used,
where their surface of uniform naphthalene vapor
density is analogous to a uniform wall temperature
and not to the constant heat flux surface used in our
study. On a constant heat flux surface on which &
increases in the flow direction, a downstream location
will have a temperature lower than an upstream posi-
tion, and therefore cause lower 4 at that downstream
position.

The higher values of Nu at the stagnation region po-
sition (a) by Sparrow and Geiger is in part expected due
to the higher free stream turbulence Tu = 0.5%, which
can be compared to 7u<0.1%, in our study. The
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Fig. 9. Nu along the cylinder front surface a-b in configuration
(A), extrapolated, (using the local e of this study, to the
Re =4.2x10* in the study by Sparrow and Geiger [13], for
comparison with their results.

extrapolation of Nu to the lower Re used by Sparrow
and Geiger, introduces uncertainty in our Nu values.

The measured Nu along the cylinder surface b—c for
configuration (A) was extrapolated, using the local con-
stant e (Fig. 8), to the lower Re = 5.36 x 10% used in the
experiment by Ota and Kon [14]. Ota and Kon per-
formed the measurements on a long cylinder of
LD '=13 having a constant heat flux surface, in a flow
of Tu = 0.8%. The comparison between there results and
ours are shown in Fig. 10, and they are in good agree-
ment despite the 10-fold lower Re. It is also seen that
the large difference in cylinder length does not have a
significant influence on Nu in this case, as was discussed
above in relation to the size of the separated region.

The above-described agreement between our results
and those of [13,14,16,17], gives further credibility to
the results.
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Fig. 10. Nu along the cylinder surface b—c in configuration (A),
extrapolated (using the found local e) to the Re = 5.36 x 10* in
the study by Ota and Kon [14], for comparison with their
results.

3.2. Measurements in configuration (B)

A turbulence-generating grid was inserted upstream
of the cylinder, Fig. 1, generating a free stream turbu-
lence intensity, Tu, of 6.7%, and the experiments were
conducted at Reynolds numbers of 3.23x10°,
1.77 % 10°, and 8.9 x 10*. The Nusselt number distribu-
tion along the cylinder surface is shown in Fig. 11. Nu
is seen to increase with Re, as expected, and the charac-
teristic shape of the curves is similar for all Re.

On the front (upstream) surface of the cylinder, a-b,
Nu maintains a nearly constant value, different for each
Re. Compared with the results for Tu < 0.1% (Fig. 5), it
shows that the increase of Tu to 6.7% at Re = 3.23 x 10°
caused this uniformity of Nu, as well as an increase of
42% in the ma,b,

The increase in Nu due to the increase in turbulence is
similar in magnitude to that found on the front of a cir-
cular cylinder in cross-flow [8]. The results are consistent
with the knowledge that increase in free stream turbu-
lence increases the convective heat transfer coefficient
magnitude and its uniformity.

The average Nuy, ., is significantly higher than on the
front surface Nu,, and a maximum in Nu appear at
xR~ '=1.8. The flow reattachment, as determined by
the tufts, appeared downstream of the maximum con-
vection heat transfer and in between xR~'=2.00 and
2.26.

The temperature field on the flow visualization plate
mounted above surface b—c, for this configuration (B), is
shown in Fig. 12. The extent of the separated region is
smaller than it was for the cylinder in configuration
(A), and the curve of minimum temperature has a max-
imal height of yR~' = 0.3 at about xR~' = 1. Its extrap-
olation meets the cylinder surface at xR~!'>2, which
agrees with the mean flow reattachment on to the sur-
face as measured using the tufts.
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Fig. 11. Nusselt numbers along the cylinder surface, from the
measurements in axial flows with free stream turbulence
Tu = 6.7%, configuration (B), for different Re.
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Fig. 12. Isotherms, T — T, °C, on the flow visualization plate mounted above the cylinder in configuration (B), Re = 1.75 x 10°,

Tu = 6.7%. The minimal temperatures are marked with black dots.

On the rear surface c-d, Nu drops to a lower value,
increasing from the cylinder edge towards its center.
Along the whole surface a—d, the average of Nu for these
three Reynolds numbers (3.23 x 10°, 1.77x10° and
8.9 x 10*) was found to be Nu, 4 = 780, 520 and 330,
respectively.

3.3. Measurements in configuration (C)

A (1/3)D diameter disk was placed upstream of the
cylinder as detailed earlier for configuration (C), and
measurements were performed on the cylinder at Rey-
nolds numbers of Re=6.09x10°, 3.23%x10° and
1.77 x 10°. The Nusselt number distribution along the
cylinder surface is shown in Fig. 13a, where Nu is seen
to increase with Re, as expected, and the characteristic
shape of the curves is similar for all Re.

On the front (upstream) surface of the cylinder, along
a-b, Nu increases from the cylinder center to its edge.
On the surface b—c, a sharp maximum in Nu appear
close to its upstream edge at position (b), with Nu
decreasing to about half of the maximal value towards
the rear edge at position (c).

——  Re= 609 000
— - Re=323000
2000 - = Re=177 000
1500
S
=3
1000
500
0
a b c
(a) x/R= 0 1 2 3 4

The temperature field on the flow visualization plate
mounted above surface b—c for this configuration (C) is
shown in Fig. 14. The curve of minimum temperature,
which was seen both in configurations (A) and (B), can-
not be seen here, indicating a much smaller or non-exist-
ing separated region. A growing region of high
convection heat transfer towards its rear can be seen
on the plate, possibly related to growing turbulent flow
structures along the cylinder.

On the rear surface c-d, Nu is lower, increasing from
the cylinder edge towards its center. The average Nusselt
number along the entire surface a—d, was for these three
Re found to be Nu, 4 = 1220, 790 and 490, respectively.
Moving the disc closer to the cylinder, from 1.00D to
0.50D from the front surface, gave asymmetric values
of Nu on the front surface f-a-b, and symmetry was
re-established when the distance was again increased to
1.00D. Since heat transfer patterns follow closely the
fluid mechanics, it is interesting to note that the drag
coefficient for the disc and the cylinder front together
was shown in [18] to change from 0.72 without any disc
to 0.28 with a disc of the same diameter and at the same
distance as of configuration (C).

[— Re=614000 |

2000

1500 /
1000

500 L/

Nu

0

a b c d
(b) x/R= 0 1 2 3 4

Fig. 13. Nu along the cylinder surface for different Re (a) with a (1/3)D diameter disk placed 1.00D upstream of the cylinder in
configuration (C), (b) with a (2/3)D diameter disk placed 1.00D upstream of the cylinder in configuration (D).
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Fig. 14. Isotherms, T — T.. °C, on the flow visualization plate mounted above the cylinder in configuration (C), Re = 1.75 x 10°.

The drag coefficient for a cylinder with rounded cor-
ners, which prevented development of any separated re-
gions, was found to have the very small value of 0.01
[18]. Smallness of the separated region on surface b—c
indicates therefore a small drag force on the cylinder
front.

3.4. Measurements in configuration (D)

Here a disc twice as large as the previous one, of diam-
eter (2/3)D, was placed upstream of the cylinder as de-
tailed earlier for configuration (D), for Re = 6.14 x 10°.
As shown in Fig. 13b, Nu is similar to that in configura-
tion (C) at the same Re level. The main difference is the
peak in Nu at the front edge (location b), which is lower,
further confirmed by the lower Nu, 4 = 1080.

On the downstream surface c-d, Nu was found to be
very similar to that in configurations (A), (B), (C), which
indicated a low sensitivity of Nu in the wake region to
the different upstream flow conditions. The drag coeffi-
cient, for the disc and the cylinder front together, is ex-
pected to change from 0.72 while the disc is absent, to
0.2, using the disc in configuration (D), as was estimated
from data for a similar configuration reported by Koe-
nig and Roshko [18].

3.5. The dependence of Nu on Re

The observed similarity of the curves which describe
the dependence of Nu on Re for all Reynolds numbers
investigated here, Figs. 5, 11, and 13a, indicates that it
may be possible to find a value of the power e that would
describe the behavior of the local Nu with respect to Re
shown in Eq. (6). These values, for all cylinder surfaces
for the configurations (A), (B) and (C), were calculated
and are shown in Fig. 8.

On the front surface a-b for configurations (A) and
(B), it was found that e increased with an increase in
Tu, while e was even larger when using the disc in con-
figuration (C).

On the middle surface b—c, ¢ had a minimum where
Nu has a maximum. For configuration (A) the minimum

in ¢ was found at xR~! = 3.0, for configuration (B) it
was at xR '=1.8, and for configuration (C) at
xR~!'=0.55. For all the configurations, e was found to
increase with a similar slope from the minimum and to-
wards point c. It is noteworthy that the use of the expo-
nent e = 0.75 could collapse the local Nu on the long
surface in the study by Ota and Kon [14] (see Introduc-
tion for details).

On the rear surface c—d, and for all of the configura-
tions (A), (B) and (C), e was found to be somewhat lower
than on the middle surface b—c, decreasing from the edge.

To obtain the average values of the Nusselt number,
the local Nu were averaged, and C and e for the averages
on surface a-b, b—c, c-d and the whole cylinder a-d, are
shown in Table 1 for the three configurations (A), (B),
(C). The exponent, which indicates the trends with Re
of the average for the whole cylinder Nu,_4 and for the
configurations (A), (B), (C), was found to be in the range
0.67 <e, 4<0.73.

A laminar boundary layer flow was expected to ap-
pear in configuration (A) on the front end surface, which
occupies only 11% of the total cylinder surface and the
exponent was found here to be at its lowest level
€a_p = 0.46. In a previous study [13] the naphthalene sub-
limation mass-heat transfer analogy technique was used
and the exponent for the cylinder front was found to be
e = 0.5. The relatively few Re levels used for the calcula-
tion of e in our study is a source of uncertainty, which
may be an explanation to the differences found in the
comparison.

Table 1
The constants C and e of Eq. (6) for the averages Nu, v, Nup c,
Nu, g and Nu, 4 and for the flow configurations (A), (B), and (C)

Configuration a-b b-—c cd a-d

(A) C 1.088 0.122 0.096 0.134
0.466 0.682 0.656 0.668

o

(B) C 0.662 0.140 0.140 0.155
e 0.534 0.686 0.632 0.674
© C 0.162 0.058 0.055 0.070
e 0.678 0.750 0.704 0.734
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Table 2

The averages Nu, 4 and %, ¢ and the non-uniformities in Nu for
a typical gas quenching case of a 49 mm diameter, 98 mm long
cylinder in 20 ms~" axial flow of nitrogen quenchant at 10 bar,
300 K

Configuration Nuy g Rad ONu Omax
(A) 990 540 0.32 0.89
(B) 1240 680 0.24 0.78
©) 1240 680 0.31 1.42
(D) 1080 590 0.24 1.2

3.6. An example of practical consequence for axial flow
gas cooling of an LD™' = 2 cylinder

As stated in the introduction, gas quenching of steel
is improved with the magnitude and uniformity of the
convection heat transfer coefficients (4). A comparison
between the configurations (A), (B), (C) and (D) was
performed, for a representative example: nitrogen gas
quenchant at 10 bar, 300 K and a flow velocity of
20ms~'. A cylinder of 49 mm diameter will produce
for this flow a Re = 6.14 x 10°.

The average Nu, 4 were calculated using Eq. (6),
with the coefficients C and e found in this study (Table
1). h,q was then evaluated from Eq. (3) and the
results are presented in Table 2. For this comparison,
Nu were for configurations (B) extrapolated to the high-
er Re of interest. The coefficient %, 4 was in configura-
tion (B) found to be 25%, in (C) 26%, and in (D) 10%
higher than in configuration (A) with the undisturbed
free stream.

The non-uniformity in Nu (and %) oy, was found,
compared to configuration (A), to be lower by 26% in
configuration (B), by 26% in configuration (D), and by
very little in configuration (C). The second non-unifor-
mity number ¢,,,, confirms that configuration (B) has
the lowest non-uniformity in Nu.

Configuration (B) thus generated the highest average
hy g at also a low non-uniformity ¢, and 6.y, and may
therefore be the best choice for quenching. The upstream
turbulence-generation grid will generate an undesirable
pressure drop, but a possible solution to this problem
could be to use a grid, or another smaller device for dis-
turbing the flow, just locally in front of the cylinder,
which can generate a similar effect at a lower pressure
drop. It should also be noted that high levels of up-
stream turbulence will exist anyway in commercial
quench chambers, due to effects of the fan and the flow
geometry.

4. Conclusions

The local Nusselt number (Nu) distributions on all
surfaces of a two-diameter long cylinder were measured

in axial flows of air, at Reynolds numbers (Re) of
8.9 x 10%-6.17 x 10° (9-63 ms™"), by using thermochro-
mic liquid crystals (TLC) on thin foils that produced a
constant surface heat flux.

Different upstream air flow conditions were exam-
ined, set by varying the flow turbulence level (7Tu),
by the use of a turbulence generating grid, and by
using flow modification inserts that were circular
discs of two sizes, in front of the cylinder. These and
the grid were found to create a major change in the
magnitude and distribution of the local Nu on the
cylinder.

Nu was found to increase with the Re, but at different
amounts for different locations on the cylinder. Correla-
tions in the form Nu = CRe® were developed and pre-
sented for the average of Nu over the three different
cylinder surfaces a—b, b—c, c-d and over the whole cylin-
der a—d, and the local exponent e was calculated along
the whole cylinder.

Increase of the turbulence intensity (7u) from
<0.1% to 6.7% at the same Re = 6.14 x 10°, increased
the average Nusselt number over the cylinder by
25%, and decreased the Nu non-uniformities (o, and
Omax) DY 26% and 12%, respectively. For the same
Re, the largest flow modification insert (a circular
disc in front of the cylinder) increased Nu, 4 by 10%
and reduced oy, by up to 25%, but increased o,.x by
33%.

A TLC-coated heated flat plate mounted in the flow
above the cylinder was demonstrated to help visualize
the flow field above the cylinder. The temperature field
on the plate was affected by the flow, and a track of min-
imal temperatures (maximal /) appeared on the plate,
which was for configuration (A) shown to be the same
as the envelope of the separated flow region above the
cylinder, i.e. the dividing stream line, measured in a past
study [17].

The location of flow reattachment on the cylinder
curved surface was measured using tufts, and was for
configuration (A) found similar to the location of the
maximum in Nu. For configuration (B) the maximum
in Nu was found within the separated region.

Our results agree well with the small amount of
data published by others, when extrapolated to their
conditions.
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