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Thermochromic liquid crystals have beenextensively applied to natural convection °ows
for the visualisation of temperature and induced velocity ¯elds. In this study, results of
the simultaneous visualisation of velocity and temperature in a forced convection °ow
are presented. The single submerged impinging water jet was arti¯cially seededwith
microencapsulated liquid crystals. A nozzle to plate spacing of three nozzle diameters
and a turbulen t Reynolds number of 35500was considered. Visualisation of the °ow ¯eld
revealedthe thermal development of the impinging and resultant wall jet aswell asthe high
temperature gradients that prevail at the impingement surface. In particular, entrainmen t
of heated spent °uid at the nozzle exit and in the shear layer region was observed. Flow
characteristics typical of turbulen t impinging jets were visualised; vortices, initiated at
the edgeof the jet are transported to the stagnation region, a wall jet developswhich rolls
back and changesdirection. The observed hysteresis in calibration curves for heating and
cooling of the liquid crystals was quanti¯ed. The use of liquid crystals as particle tracers
has been demonstrated as a useful tool for the simultaneous quantitativ e visualisation of
°ow and temperature in a forced convection °ow.

1. INTR ODUCTION

Impinging jets arewidely usedin heating and cooling applications due to their excellent heat
transfer characteristics. To optimise heat transfer an understanding of the temperature ¯eld
as well as the velocity ¯eld is essential, in particular near the impingement surfacewhere
the °ow characteristics dominate the heat transfer process. Heat transfer distributions of
jet impingement and the e®ectof various geometric and °ow parameters on heat transfer
are well documented, for example by Jambunathan et al. (1992) and Viskanta (1993).
Gas jets and liquid jets have been investigated. The link between near wall velocity and
turbulence and their e®ecton heat transfer has been known for a long time Gardon and
Ak¯rat (1965)but Cooper et al. (1993)wereamongthe ¯rst to provide much neededvelocity
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measurements using hot-wire anemometry. Ball et al. (1998) obtained detailed velocity and
temperature near wall data for a cold air jet impinging on to a hot surfaceusing hot and
cold-wire anemometry. However, there still remainsa paucity of information describing the
temperature ¯eld of impinging jets.

The development of liquid crystal techniquesfor temperature measurement, coupledwith
image and data processing,has opened somenew avenues for heat transfer and °uid °ow
research. Thermochromic liquid crystals illuminated by white light re°ect di®erent colours,
at speci¯c wavelengths, in responseto a change in their temperature. The colour change
is reversible and the attainable accuracy is comparable to, or better than, conventional
thermocoupling. Their rate of responsehas been shown to be of the order of a few mil-
lisecondsby Ireland and Jones(1987). Liquid crystal formulations can be manufactured to
suit a particular experiment so that they exhibit the visible spectrum over small (0.5± C)
or large (30± C) temperature rangeswithin an overall rangeof -20± C to 120± C . Their use
as indicators for surfacetemperature measurements is well establishedand they have been
applied to a wide range of engineeringsituations world wide, in particular in heat transfer
testing. Lessexploited is the useof liquid crystals, as arti¯cial seedingparticles suspended
in a °uid, to determine °ow temperatures. There is somearchived literature that renders
the technique promising. In the 1980's, results were usually recorded using conventional
photography and white light illumination. Several ways of interpreting colour based on
hue, saturation or intensity (HSI) information, are discussedby Dabiri and Gharib (1991).
Initially , narrow band ¯lters were usedto identify a single colour, or a range of ¯lters used
to identify several. However, since the early 1990'scolour image processinghas been em-
ployed, which can yield full ¯eld temperature information from a single image, to within
< 0:1± C. Liquid crystals as seedingparticles for quantitativ e temperature measurements
have beenwidely exploited. Recently , the technique has beenextendedto the visualisation
of three-dimensional temperature ¯elds, Lutjen et al. (2001). The useof liquid crystals for
simultaneousquantitativ e velocity and temperature measurements, hasbeenlessexploited;
seefor example, Ashforth-Frost et al. (1996), Ozawa et al. (1992) and Braun et al. (1993).
Typically, velocities have beenderived using a cross-correlationtechnique whilst (from the
sameimages)temperatureswerequanti¯ed by a temperature versushue relationship. These
previous works have been con¯ned to natural convection with the exception of a limited
amount of work involving mixed convection, Prasad and Kose®(1996).

This paper demonstratesthe potential of using microencapsulatedthermochromic liquid
crystals, for the simultaneous visualisation of °ow and heat transfer in a forced convection
°ow namely, an impinging water jet. A jet to plate spacingof 3 diameters was investigated
at an averageReynolds number of 35500.

2. EXPERIMENT AL PROCEDURE

For full ¯eld °ow visualisation purposes,liquid crystals have, in the past, proved di±cult to
apply to forced convection °ows due to their becomingeasily mechanically damagedduring
circulation through the experimental rig, seefor exampleAshforth-Frost and Jambunathan
(1993). This has been overcomeusing a steady gravit y fed °uid supply from a reservoir
(maintained at an elevated temperature), which was recirculated using a peristaltic pump,
seeFigure 1. Jet Reynolds number was maintained at 35500§ 2%. The °uid used was
de-ionisedand ¯ltered water, which was arti¯cially seededwith 0.08% (by volume) ther-
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mochromic microencapsulatedliquid crystals (Hallcrest BM/R29C4W/S33). At the start
of the test, water at 34± C was allowed to °ow from the nozzle(developing velocity pro¯le)
into the impingement region which was contained within a 0.15 m £ 0.15 m £ 0.1 m tank.
The impingement plate and surrounding °uid were initially at 27± C. Temperatures in the
reservoir and in the tank were monitored by meansof conventional K-t ype thermocouples.
A thin sheet of white light, from a cold light source (1000W Quartz Tungsten Halogen
lamp), was used to illuminate the °ow. The °ow ¯eld was viewed at right angles to the
light. Imagesof the liquid crystals were recordedusing a CCD-camera (25 frames per sec-
ond, 752£ 582 picture elements). A FlashBus MV Plus PCI frame grabber digitised the
analoguesignal into 24 bits-per-pixel colour images,seeKeating et al. (1998).

Figure 1. Schematic of the experimental rig and data collection and processing.

Calibration of the liquid crystals (HSI) was achieved by immersing a vessel,containing
the arti¯cially seededwater, in a water bath maintained at constant temperatures. Illu-
mination, viewing and recording arrangements used were the same as those used in the
experimental tests described above. Temperatures were monitored by an immersedK-t ype
thermocouple, connectedto a multi-meter (Keithley digital 2001) incorporating a scanner
card. In an earlier study (Ashforth-F rost and Jambunathan, 1993) it was observed that,
on cooling, liquid crystal seedingparticles, exhibiting di®erent colours, exist at the same
time. Consequently , calibration was performed during heating and cooling of the test °uid.
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This wasat a thermal gradient of 0.75± C/min., which represented the averagetemperature
changeover the test duration.

3. RESULTS AND DISCUSSION

Accuracies better than < 0:1± C are often achieved using liquid crystals in heat transfer
testing when the liquid crystal coated surface is heated. However, despite being generally
consideredas a fully reversible process,the hue versustemperature calibration revealed a
hysteresis e®ectbetween heating and cooling of approximately 0.25± C; the higher tem-
peratures being associated with the cooling process. This was anticipated and is an in-
herent characteristic of the liquid crystals. A possibleexplanation is that on heating, the
liquid crystals pass from their cholesteric (crystalline) phase, during which they exhibit
brillian t colours, to an isotropic phase (colourless). The hysteresise®ectis attributed to
mal-alignment of the crystals during cooling (isotropic to cholestericphasetransition) which
leadsto a reduction in brightnessand changein calibration. This alignment is dependent on
the rate of cooling. Consequently , thesee®ectswill becomesigni¯cant where rapid heating
and cooling occurs, in the same°ow domain, where the liquid crystals are allowed to pass
from crystalline to isotropic state and back.

A seriesof still images of the °ow is shown in Figure 2 and moving images in Figure
3. Initially , vortices are initiated at the exit of the round jet, due to prevailing high shear
levels, and are transported downstream towards the stagnation region. The potential core
and the de°ection of the jet at the impingement surface can be observed. Wall eddies
are formed which acceleratealong the plate stretching and diverging in the radial direc-
tion. Downstream, the de°ected °ow develops into a wall jet. A larger scalerecirculation
forms (con¯ned by the parallel impingement and nozzle plates) and the resultant wall jet
rolls back with direction reversal, de¯ning a separation point. The separation point moves
downstream as the test progresses.Entrainment of low temperature °uid occurs between
the recirculation and the nozzleplate. The spreadof the jet and position of the recirculation
region comparesfavourably with that described by Saripalli (1983) for a similar geometry
and turbulent Reynolds number.

The most interesting aspect of the imagesis the thermal visualisation. Initially , the liquid
crystals aresuddenlyexposedto a high temperature gradient. The fast responseof the liquid
crystals would allow even the early stagesof the impinging jet to be observed. However, the
rapid colour changecannot be captured such that they appear to act asany seedingparticle,
re°ecting white light, as they would when above or below their temperature range. As they
cool down they enter the colour/temp erature rangefor which they wereprepared(cholesteric
phase) and exhibit colours.Initially the hot jet impinges on the cold impingement surface
in the tank. In the potential core of the jet the exhibited temperature is in the red-orange-
yellow range. This is a consequenceof the ongoingmixing processbetweenthe hot jet °uid
and the cold tank °uid. It should be noted that, at this stageof the test, the overall local
temperature in this region (interface jet/stagnant °uid) is dominated by the temperature of
the °uid in the tank. This is due to the fact that the water in the tank represents a reservoir
due to its greater °uid quantit y and, therefore, its greater thermal inertia; the liquid crystals
in the issuing hot jet are cooled down by the cold °uid in the tank. This processis helped
and augmented by the very high thermal conductivit y of water. As the test progressesthe
local temperature in this region becomesdominated by the jet temperature. The temporal
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Figure 2. Still images of the °ow at di®erent time showing thermal ¯eld.

thermal development of the wall jet is clearly visible, the thermal boundary layer becoming
thicker as temperature gradients fall. The temperature of the wall jet decays fastest where
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Figure 3. Still image from animation of °ow and thermal ¯elds (see website).

high heat transfer prevails, namely, in the stagnation region. At the edgeof the wall jet,
pockets of °uid with high rotational energy break away and are transported back towards
the impinging jet. This leadsto entrainment of already spent °uid (i.e. already heated)back
into the impinging jet. This is evident from the colour change in the potential core region
of the jet; initially the hot jet is cooled to the lower end of its colour changetemperature.
As the test progressesthe jet increasesin temperature (from red, through the full colour
spectrum, to blue). Eventually , the spacebetween the parallel plates becomesheated due
to this entrainment of spent °uid. The °ow is complex and the boundary layer appearsas
wavy streamlinesbetweenthe vortices and the impingement plate.

4. CONCLUDING REMARKS

Visualisation of the temperature ¯eld revealed the thermal development of the impinging
and resultant wall jet and, in particular, entrainment of spent °uid at the nozzleexit and
in the shear layer region. A velocity ¯eld typical of impinging jets has been described.
Despite hysteresise®ectsobserved in the calibration of thermochromic liquid crystals, they
have beendemonstrated as a useful tool for gaining a simultaneous insight into the hydro-
dynamic and thermal °ow features of a turbulent impinging jet. It is suggestedthat these
hysteresise®ectsmay be reducedby not allowing the liquid crystals to progressfrom their
crystalline state to their isotropic state; the tests should be performed with maximum and
minimum temperatures which correspond to the temperature range for which the liquid
crystal formulation was prepared (that is to say, within the colour spectrum). In-situ cali-
bration (at a point in the tank) wherethe °uid temperature is recordedalongsidethe colour
isotherms, although intrusive, would allow further assessment of the thermal accuracyand
add con¯dence to the technique.
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