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TLC LITERATURE REVIEW (B)
HEAT TRANSFER AND FLOW VISUALIZATION STUDIES

This review was originally compiled during the late 1980s/early1990s. It is intended to be both an introduction and a guide. It
contains references to some of the most important publications which pioneered the use of TLC products in flow visualization
and heat transfer studies. It is not claimed to be an exhaustive study, and apologies are offered to authors whose work has
not been included.

EARLY WORK

TLCs were first used in wind tunnel experiments by Klein (1, 2) in 1968, primarily to evaluate the feasibility of their use in
determining the location of laminar and turbulent boundary layer transitions on aircraft models. Non-microencapsulated
cholesteric LC mixtures were applied directly to the surface under study. At the appropriate conditions of free stream air
temperature and velocity, the area of the model surface wetted with a turbulent boundary layer exhibited a different color to its
laminar counterpart. The color difference resulted from the slightly higher adiabatic wall temperature associated with the
turbulent flow. Although such qualitative information was readily available, attempts to obtain accurate quantitative data were
unsuccessful due to the adverse effects that surface contamination, UV light and flow-induced shear stress produced on the
unsealed liquid crystal mixtures.

In a follow-up study, Klein and Margozzi (3, 4) used the shear stress sensitivity of certain non-microencapsulated cholesteric
LC mixtures in attempts to develop a technique for visually measuring shear stress. Although they found that it was possible
to formulate cholesteric mixtures which were relatively sensitive to shear and insensitive to temperature, they found it difficult
to accurately interpret the color signal produced, since the LC coating tended to flow and develop a rough texture in response
to the shearing effects of the flow. It was concluded that while it appeared feasible to measure shear stress using non-
microencapsulated cholesteric LC mixtures, much additional research would be needed to develop TLC mixtures that would
exhibit high shear sensitivity, while at the same time maintaining low temperature, angle and pressure dependence. Since
this study, significant advances have been made on the materials side and the availability of chiral nematic and combination
TLC mixtures has enabled workers to overcome many of the problems encountered in the original study.

In an investigation similar in principle to that originally conducted by Klein (1, 2), McElderry (5) used microencapsulated TLC
mixtures to determine boundary layer transitions on a flat plate placed in a supersonic air stream. The color displays
produced were relatively independent of viewing angle and were not affected by the adverse sensitivity to shear and
contamination experienced by Klein with unsealed TLC mixtures.

HEAT TRANSFER STUDIES: QUALITATIVE AND QUANTITATIVE

Other early studies of heat transfer and temperature field visualization using TLCs yielded only qualitative results, i.e. hot and

cold regions were observed without regard to precise temperature levels (6-15). The first quantitative results were published

by Cooper et al in 1974/5 (16, 17), who observed boundary layer transition and separation on a heated cylinder in cross-flow,

and evaluated the variation of Nusselt number around the cylinder. More recently, quantitative as well as qualitative use of

'SI)'L%%)in flow visualization and heat transfer studies has become increasingly widespread (e.g. see refs 18-36, 65-71, 88-91,
7-99).

HEAT TRANSFER STUDIES: NEW TECHNIQUES - STEADY STATE AND TRANSIENT

New steady state techniques for measuring and mapping heat transfer coefficients using integral heater/TLC indicator
combinations have recently been described (26, 28, 57). Heater uniformity, and the generation of uniform heat fluxes at the
surface of interest were verified. The techniques have been evaluated, extended and improved by other workers (37, 38)
where chiral nematic LC mixtures and different packaging arrangements have been used. Although the methods have wide
general application in heat transfer studies (29, 39), they are particularly useful in the design and study of thermal
performance of gas turbine components (38, 40). New transient techniques using microencapsulated chiral nematic TLC
mixtures have been developed by Jones (51, 52) to measure local heat transfer coefficients in gas turbine blade geometries.
The methods do, however, have far wider application potential. During the course of the work, the response of a film of
microencapsulated chiral nematic to a rapidly increasingly surface temperature was assessed (53). Rates of increase in
temperature of greater than 2000°C/sec were employed and experiments showed the delay between the time at which the
surface reaches the steady state color display temperature, and the occurrence of the color display in the TLC film to be no
more than a few milliseconds. This compares with values for thermal time constants of cholesteric mixtures which are of the
order of hundreds of milliseconds (54, 55).
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FLOW VISUALIZATION IN FLUIDS

TLCs have been used in fluids as well as air. Temperature distributions have been visualized using the materials in the
unsealed (neat) and microencapsulated forms as both tracer particles in flow field studies, and as surface coatings (41-46,
71-74, 92-96). The studies include flow visualization of a re-circulating flow using 0.02% doping of water with TLC
microcapsules (42) and simultaneous measurement of temperature and velocity field in thermal convective flows with
unsealed TLC being dispersed directly into the flow medium (45). The background theory for the measurement of color
recorded by cine photography has been reviewed and applied in the color/temperature calibration of temperature-sensitive
liquid crystal tracer particles (76). In addition, coatings containing microencapsulated TLC mixtures, and TLC coated
polyester sheets, insensitive to the effects of shear stress, have been used to obtain quantitative surface temperature
measurements on water tunnel models (43, 75) and shear-sensitive unsealed TLC mixtures have been used successfully in
hydrodynamic flow visualization on surfaces producing high resolution observations of both steady and unsteady boundary
layer separation and transition characteristics (44)

SURFACE FLOW VISUALIZATION USING SHEAR-SENSITIVE TLC MIXTURES

The visualization of laminar to turbulent boundary layer transitions plays an important role in flight and wind tunnel
aerodynamic testing of aircraft wing and body surfaces. Following the early example set by Klein and Margozzi (3,4), Holmes
and co-workers at NASA have developed new techniques for visualizing transitions using shear-sensitive TLC mixtures (e.g.
47-50). In these methods, unsealed TLC mixtures were applied to the test surface, and air flow over the surface produced
shear stress that induced a color change between high shear turbulent flow and low shear laminar flow regions. Although
other earlier studies in which the shear was also applied perpendicular to the helical axis of the unsealed TLC mixture have
also been undertaken (81-84), it has been the work of Holmes et al. which has pioneered the use of shear-sensitive TLC
mixtures as a qualitative diagnostic tool for flow visualization. The use of TLCs overcomes some of the limitations of
sublimating chemicals and oil flow techniques and provides transition visualization capability throughout almost the entire
altitude and speed ranges of virtually all subsonic aircraft flight envelopes. The methods are also widely applicable for
supersonic transition in flight and for general use in wind tunnel research over wide subsonic and supersonic speed ranges.
Reda has demonstrated the dynamic capability of shear-sensitive liquid crystals on an oscillating airfoil (87,100) and found
that the TLC response was fast enough to trace 1 Hz oscillations. Reda has also investigated the use of the materials at
hypersonic speeds (101). An improved method for visualizing flow has been proposed by Jones, McDonnell and Bonnett
(64) which utilizes a shear induced texture change from the uncolored (non-reflecting) focal -conic texture to the colored
Planar (Grandjean) texture. This work is also the subject of a UK patent application (80). These novel experimental
techniques together with the availability of new and improved TLC formulations have led to much interest in this area of
research in particular, and the use of shear-sensitive liquid crystals has now become an established technique for diagnostic
flow visualization. The technique has been demonstrated to illustrate laminar boundary layer transitions, laminar bubbles,
shocks and separation in flight and wind tunnel environments (102). The validity of the technique has been evaluated by
most authors (102) and transition locations indicated by shear-sensitive TLCs have been confirmed using other techniques
including sublimation chemicals, hot film transducers and pressure rakes (102, 103). Steps are currently being taken to
resolve the few issues that remain from the TLC viewpoint in order that the technique may be developed to its full potential
and facilitate its widespread use throughout the aerodynamic testing community.

MISCELLANEOUS

In another novel study, the analogy between heat transfer and skin friction within the laminar sublayer of a turbulent boundary
layer has been used as the basis for the development of a liquid crystal/skin friction measurement device (56). This can also
be lalsed to indicate boundary layer transition and separation, and should be applicable to flows with strong pressure
gradients.

JAPANESE STUDIES

Following the leads set by workers like Kasagi, Kimura and Akino (e.g. 31, 77, 78, 85, 86) and the general high level of
interest in experimental techniques utilizing TLC products, Japanese work in all areas has grown significantly, evidenced by
the increasing number of publications (e.g. 68-73, 79, 95-97).

NOTES

Since this review was originally compiled, publications covering the use of TLC products in heat transfer, flow visualization
and related research have continued to appear in the open and patent literature and will continue to do so in the future. Much
of the pioneering work that has been undertaken to date was classified and is unlikely to appear in print, at least for the
foreseeable future. Nevertheless, TLC products have become established as invaluable tools in allowing the rapid
accumulation of experimental data that would otherwise be unobtainable or require long periods of time to compile.



REFERENCES

10
11
12
13

14
15

16

17

18
19

20

21
22
23

24

Klein E.J., AIAA Paper 68-376 (1968)
Klein E.J., Astronautics and Aeronautics, 6, 70 (1968)

Klein E.J. and Margozzi A.P., NASA Report TM-X-1774
(1969)

Klein E.J. and Margozzi A.P., Rev. Sci. Instrum., 41, 238
(1970)

McElderry E.D., Air Force Flight Dynamics Lab., FDMG
TM70-3 (1970)

Raad T. and Myer J.E., AIChEJ, 17, 1260 (1971)

Cooper T.E. and Petrovic W.K., J. Heat Trans., 96, 415
1974)

Maple R.D., Naval Underwater Systems Center, TR 4235
(May 30, 1972)

Cooper T.E. and Groff J.P., J. Heat Trans., 95, 250
(1973)

Lemberg R., AFOSR, TR71-2622 (1971)
Kuhn A., FTD-ID(KS)I-1623-76 (1976)
Champa R.A., US-NTIS AD Report 755831 (1972)

Zharkova G.M. and Kapustin A.P., Izv. Sib. Otd. Akad.
Nauk SSSR, Ser. Tekh. Nauk, 13, 65 (1970)

Szymanski A., Post. Astronaut., 5, 27 (1971)

Vennemann D. and buetefisch K.A., DLR-FB73-121
(1973)

Cooper T.E., Field R.J. and Meyer J.F., US-NTIS Ad
Report A-002458 (1974)

Cooper T.E., Field R.J. and Meyer J.F., J. Heat Trans.,
97, 442 (1975)

Den Ouden C., Delft Progr. Rep., ser. A, 1, 33 (1973)

Den Ouden C. and Hoogendoorn c.J., Proc. Int. Heat
Transfer Conf. 5", 293, AIChE, New York (1974)

Jinescu G. and lordache O., Rev. Chim. (Bucharest), 35,
864 (1984)

Vennemann D. and Buetefisch K.A., ESRO-TT-77
Buetefisch K.A., DLR-MITT 75-11, pp.48-68 (1976)

Hoogendoorn D.J., Int. J. Heat Mass Transfer, 20, 1333
(1977)

Ardasheva M.M. and Ryzhkova M.V., Fluid Mech. Sov.
Res., 6, 128 (1977)

25

26

27

28

29

30

31
32

33

34

36
37

38

39

40

41

42

43

44

45

46

Brown A. and Saluja C.L., J. Phys. E., 11, 1068 (1978)

Hippensteele S.A., Russell L.M. and Stepka F.S., ASME
Paper 81-GT-93 (1981), J. Heat Trans., 105, 184 (1983)

Do Carmo Durao M., MS Thesis, Naval Postgraduate
School, Monterey, CA, June 1977 (AD-A045131)

Simonich J.D. and Moffat R.J., Rev. Sci. Instrum., 53, 678
(1982)

Davies R.M., Rhines J.M. and sidhu B.S., First UK Nat.
Conf. Heat Transfer, IchE Symp. Ser. No. 86, 907 (1984)

Goldstein R.J. and Timmers J.F., Int. J. Heat Mass
Transfer, 25, 1857 (1982)

Kasagi N., stanford Univ. Report IL-27 (Nov. 1980)

Hirata M., Kasagi N. and Kumada M., Paper presented at
Us-Jap. JT Heat Trans. Conf., Tokyo, 1980

Brennon R.L., Naval Postgraduate School, Monterey, CA,
Report (Sept. 1980), Order No. AD-A097289

Zharkova V.M., Fluid Mech. Sov. Res., 9, 51 (1980)

Zharkova V.M., Khachaturyan V.M., Vostokov L.A. and
Alekseev N.M., “Study of Liquid Crystal Thermoindicators’
in Advances in Liquid Crystal Research Applications, pp.
1221-13\239, Ed. Bata L., Pergamon Press, Oxford,
Akademiai Kaido, Budapest (1980)

Scholer H. and Banerji A., ICIASE, sept. 18\983, 15-22

Baughn J.W., Hoffman M.A. and Makel D.B., Rev. Sci.
Instrum., 57, 650 (1986)

Abuaf N., Urbaetis s.P. and Palmer O.D., General Electric
Tech. Info. Ser. Rep. No. 85 CRD 168 (Sept. 1985)

Simonich J.C. and Moffat R.J., 1983 Tokyo Int. Gas
Turbine Congress Paper 83TOKYO-IGTC-1

Hippensteele S.A., Russell L.M. and Stepka F.S., ASME
Paper 85-GT-59 (1985)

Kuriyama M., Ohta M., Yanagawa K., Arai K. and Saito
S., J. Chem. Eng. Jpn., 14, 323 (1981)

Rhee H.S., Koseff J.R. and Street R.L., Experiments in
Fluids, 2, 57 (1984); 4™ Int. Symp. Flow Visn., Paris, Aug.
1986, pp. 659-64 (pub. 1987, ed. Veret C., Hemisphere,
Washington DC)

Ogden T.R. and Hendricks E.W., Experiments in Fluids,
2,65 (1984)

Besch P.K., Jones T.B. and Sikora J.P., DTNSRDC-
86/046 (Sept. 1986)

Hillder W.J. and Kowalewski T.A., 4" Int. Symp. On Flow
Visn., Paris, Aug. 1986 (pub. 1987, ed. Veret C.,
Hemisphere, Washington DC), pp. 617-22

Zharkova G.M. and Lokotko A.V., Coll., Rep., All-Union
Sci. conf. Liq. Cryst. Akad. Sci. USSR, ond 1972, 271
(1973)



47

48
49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

Holmes B.J., Gall P.D., Croom C.D., Manuel G.S. and
Kelkher W.C., NASA Tech. Memo 87666 (1986)

Holmes B.J. and Gall P.D., AIAA Report 86-2592 (1986)

Holmes BIJ., Croom C.C., Gall P.D., Manuel G.S. and
Carraway D.L., AIAA Report 86-9786 (1986)

Holmes B.J. and Obara C.J., SAE Tech. Paper 871017
(1987)

Ireland P.T. and Jones T.V., AGARD Conf. Proc. No. 390,
Paper 28, Bergen (1985)

Ireland P.T. and Jones T.V., Proc. 8" Int. Heat Trans.
Conf., San Francisco, 1986, p. 975

Jones T.V. and Ireland P.T., J. Phys. E., 20, 1995 (1987)
Parker R., Mol. Cryst. Lig. Cryst., 20, 99 (1973)
Fergason J.L., Appl. Optics, 7, 1729 (1968)

Stinebring D.R., Naval Systems Sea Command (NSEA-

63R61), Rep. No. 81-232 (Nov. 1981)

Hippensteele S.A., Russell L.M. and Torres F.J., NASA
Technical Memo 86900 (1985); J. Eng. For Gas Turbines
and Power, 107, 953 (1985)

Byerley A.R., Ireland P.T., Jones T.V. and Ashton S.A.,
ASME Paper 88-GT-155 (1988)

Jones T.V. and Hippensteele S.A., NASA Technical
Memo 89855 (1988)

Hippensteele S.A., Russell L.M. and Torres F.J., NASA
Technical Memo 87355 (1986)

Hippensteele S.A. and Russell L.M., NASA Technical
Memo 100827 (1988)

Byerley A.R., Ireland P.T., Jones T.V. and Graham C.G,,
Proc. 2™ UK Nat. Heat Transfer Conf., Sept. 1988,
Glasgow, paper C164, pp. 1029-40 (MEP, London, 1988)

Baughn J.W., Ireland P.T., Jones T.V. and Saniei N., J.
Heat Trans., 111, 877-81 (1989)

Bonnett P., Jones T.V. and McDonnell D.G., Liquid
Crystals, 6, 271-280 (1989)

Goldstein R.J. and Franchett M.E., J. Heat Trans., 110,
84-90 (1988)

Cheng K.C., Obata T. and Gilpin R.R., J. Heat Trans.,
110, 596-603 (1988); Proc. ASME 1988 Nat. Heat Trans.
Conf., Vol. 2, pp.9-18 (1988)

Rojas J., Whitelaw J.H. and Yianneskis M., J. Heat
Trans., 109, 866-71 (1987)

Akino N., Kunugi T., Ichimiva K., Mitsushio K. and Ueda
M., J. Heat Trans., 111, 558-65 (1989)

Inagaki T. and Kitamura K., Nippon Kikai Gakkai
Ronbunshu, B-hen, 54 (505), 2508-14 (1988)

Ichimiya K., Akino N., Kunugi T., Mitsushiro K., Int. J.
Heat Mass Trans., 31, 2215-25 (1988)

Ichimiya K.k Akino N., Kunugi T. and Mitsushiro K.,

72

73

74
75
76

77

78
79
80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

Nippon Kikai Gakkai Ronbunshu, B-hen, 54 (500), 925-33
(1988)

Morita K., Miki Y., Nakamura Y., Kondoh T., Fukuda K.,
Hasegawa S. and Rao Y.F., ibid, 55 (509), 146-51 (1989)

Akino N., Kunugi T., Shiina Y., Seki M. and Okamoto Y.,
ibid, 55 (509), 152-8 (1989)

Koch S., Ber. Max Planck Inst. Storemungsforsch, 1989
(6) 58 pp

Maughan J.R. and Incropera F.P., Exp. Fluids, 5, 334-43
(1987)

Wilcox N.A., Watson A.T. and Tatterson G., Chem. Eng.
Sci., 41, 2137 (1986)

Kimura R., 2" Symp. On flow Visn., 1974
Akino N. et al, J. flow Visn. Soc. Japan, 6 (22), (1986)

Tanaka T., 2" Int. symp. Fluid Control, Flow Visn., Sept.
1988, Sheffield, UK, pp.212-5 (1988)

Bonnett P., Jones T.V. and McDonnell D.G., Brit. Patent
Appl. 2,218,215 (8 Nov 89)

Ciliberti D.F., Dixon G.D. and Scala L.C., Mol. Cryst. Liq.
Cryst., 20, 27 (1973)

Erhardt P.F., Pochan J.M. and Richards W.C., J. Chem.
Phys., 57, 3596 (1977)

Barbero G., Barberi R., Simoni F. and Bartolino R., Z.
Naturf. (a), 39, 1195 (1984)

Scaramuzza N., Barberi R., Simoni F., Xu F., Barbero G.
and Bartolino R., Phys. Rev. A, 32, 1134 (1985)

Kasagi N., Hirata M. and Kumada M., Nippon Kikai
Gakkai Ronbunshu, B-hen, 48 (430), 1146-55 (1982)

Kumada M., Hirata M. and Kasagi N., ibid, 48 9430),
1156-64 (1982)

Reda D.C., AIAA/ASME/SIAM/APS, Proc. 1% Nat. Fluid
Dyanmics Congress, July 25-28 1988 (paper 88-3481-
CP), pp.1069-72 (1988)

Van Fossen G.J. and Simoneau R.J., J. Heat Trans., 109,
10-15 (1987)

Butcher M.R., button B.L., Wilcock D. and Wright C.C.,
report, 1985, order No. N86-22730/3/GAR, 7 pp., Avail.
NTIS, from Gov. Rep Annound Index (US), 1986, 86 916),
Abs. No. 636,401

Yianneskis M., Proc. 2" UK Nat. Heat Transfer Conf.,
Sept. 1988, Glasgow, paper C151, pp.725-734 (MEP,
London, 1988)

Crane R.l. and Sabzvari |., Proc. 2" UK Nat. Heat
Transfer Conf., Sept. 1988, Glasgow, paper C101, pp.
687-700 (MEP, London, 1988)

Qiu K. and Saito S., Huazue Fanying gongcheng Yu
Gongyi, 2, 208\-8 (1986)

Monti R. and Fortezza R., Adv. Space Res., 6, 69-80
(1986)

Shadid J.N. and Goldstein R.J., J. Fluid Mech., 215, 61-

4



96

97

98

99

100
101

102

103
104

84 (1990)

Nishimura T., Fujiwara M. and Miyashita H., J. Chem.
Eng. Jap., 23, 241-4 (1990)

Sato T., Saito A. and Tanahashi T., Nippon Kikai Gakkai
Ronbunshu, B-hen, 56 (256), 1571-82 (1990)

Konugi T., Akino N., Ichimiya K., and Takagi |., ibid, 56
(257), 2073-6 (1990)

Davenport C.J., HTD, 106 (Heat Transfer Phenom.
Radiat. Combust. Firest), 531-6 (1989)

Moffat R.J., Exp. Therm. Fluid Sci., 3, 14-32 (1990)

Reda D.C. and Butterfield C.P., Proc. Symp. Flow Visn.,
ASME Winter Meeting, 1989

Reda D.C. and Aeschliman D.P., AIAA Paper 90-1513
(1990)

Smith S.C., AIAA Paper 90-1382 (1990)

Anderson B.T., Meyer R.R. and Chiles H.R., NASA
Technical Memo 100444 (1988)

RTO003



