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ABSTRACT 

Observation of flow field characteristics such as flow separation and reattachment are 

important in many industries. Current methods for flow visualization can be difficult to 

implement, expensive, and highly intrusive. The objective of this project is to develop an 

inexpensive, user-friendly, non-intrusive measurement technique useful to engineers 

interested in surface flow visualization. This is accomplished using liquid crystals in 

conjunction with a laser heat source to generate a thermal tuft. The shape and size of the 

thermal tuft is used to characterize the flow field. Wind tunnel experiments are conducted 

to validate this concept and examine flow behavior over a flat plate in a low Reynolds 

number environment. The plate is coated with liquid crystals of one-degree and five-

degree bandwidths. A 150-mW infrared, diode laser provides a constant heat source and 

generates a high temperature thermal spot on the model. The results obtained during the 

wind tunnel experimentation show that an irradiated spot on a liquid crystal coated 

surface will produce a tuft. The shape and size of the thermal tuft is indicative of the 

direction and magnitude of the flow conditions. As the wind speed increases from 2 to 10 

m/s, it was shown that the length of the thermal tuft increases linearly. The tail of the tuft 

was also found to follow the direction of flow. Turbulent and laminar flow conditions can 

be distinguished; however, the angle of attack could not be realized with this technique. 

Developing a technique for generating a matrix of heated spots on the model indicates 

that the results of using this method can be viewed over a large area. Overall, it was 

shown that this is an easy, inexpensive, and non-intrusive technique for visualizing flow 

on the surface of an object. 
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NOMENCLATURE 

q =Power produced by the laser (W) 

£ =Emissivity of the substrate 

a =Stefan Boltzman Constant (5.67 x 10-8 W/m'K'*) 

Ts =Temperature of the projected spot (°C) 

A =Surface area (m"") 

Ti =Initial temperature (°C) 

Too =Ambient temperature (°C) 

q o =Constant heat flux (W/m") 

k =Thermal conductivity (W/m K) 

h =Convect ive heat transfer coefficient (W/m"" K) 

t =Time laser beam has been focused on the plate (s) 

a =Thermal diffusivity (m"^/s) 

P =Coefficient of thermal expansion (K ' ' ) 

V =Kinematic viscosity (m^/s) 

z =Depth into substrate (m) 

Ra =Rayleigh number (defined in Eq. 5) 

Nu =Nusselt number (defined in Eq. 6) 

GrL =Grashof number (defined in Eq. 7) 

R C L =Reynolds number (defined in Eq. 8) 

R =Thermal resistance 

C =Capacitance 



CHAPTER 1 

INTRODUCTION 

The ability to visualize fluid mechanics near the surface of an object has been an 

active area of investigation. Tracer techniques such as buoyant bubbles, and surface 

visualization techniques such as porous oil dispensers, or temperature sensitive paint are 

all methods used to understand fluid behavior [1]. Sometimes seeding the flow using 

these techniques can lead to inaccuracies resulting from the intrusive nature of the tracer 

gas or liquid in the free stream. These methods can also pollute the free-stream and 

damage the model. Although hot-wire anemometry is a common method for measuring 

flow velocities within the boundary layer, surface velocity measurements are not possible 

to obtain. For these reasons, non-intrusive flow visualization techniques are being 

developed that will preserve the test model for future experimentation and allow analysis 

of flow phenomena at the surface of the model. 

The need for surface flow visualization creates opportunities to apply liquid 

crystals to the investigation of important and interesting heat transfer and fluid flow 

problems. Liquid crystals are temperature-sensitive microencapsulated crystals that 

respond to a change in temperature by changing colors [2]. Liquid crystals are a phase of 

matter whose structure is neither liquid nor solid, but exists as an intermediate phase 

between the two. While solid molecules tend to be strict in their orientation, and liquid 

molecules have no apparent orientation, liquid crystals tend to be ordered along a 

common axis [3]. The order of their rod-like molecular structure is temperature-based 

making them ideal for visually observing changes in temperature [4]. 

Understanding flow field characteristics such as flow separation and the transition 

from laminar flow to turbulent flow is an imperative concern to designers of high-speed 

flight vehicles [5]. Computational fluid dynamics tools are used to predict these changes, 

but they must be validated with experimental work [1]. Although liquid crystals have 

been applied to high-speed flow conditions in the past [6,7], this study will focus on low 

speed surface flow visualization techniques using liquid crystals. 



Liquid crystals could be used to gain insight into the fluid physics around gas 

turbine or wind turbine blades. Identifying regions of turbulence will allow wind turbine 

blade designers to reduce drag and improve turbine-component efficiencies particularly at 

low Reynolds number conditions where performance losses have been experienced. 

The technique described in this study utilizes a diode laser to heat a spot on a 

liquid crystal coated surface. The heated spot takes on a teardrop-shaped pattern when air 

advects over the spot. Under certain flow conditions, the size and shape of this teardrop 

are indicative of the direction and magnitude of the oncoming flow. Typically flow 

visualization using liquid crystals is accomplished by heating the entire surface and 

observing isotherms in the flow field as the surface cools. This concept is unique because 

the surface is maintained at a constant ambient temperature while only a spot is heated. 

The radiant heat source is inexpensive, lightweight, and does not disturb the bulk of the 

flow field. 

A recent study by Batchelder and Moffat [8] employed a similar approach to flow 

visualization by heating a series of spots on a panel coated with liquid crystals. A pin fin 

connected to the base of an aluminum heat sink generated the heated spot. The fins were 

mounted to the back of the model so that heating through the model triggered the thermal 

spot. The results demonstrated that a thermal wake is produced from the heated spot and 

the local flow direction can be inferred from the thermal wake. For many applications, the 

incorporation of pin fins behind a test model may be difficult. This study will utilize an 

external radiant heat source (diode laser) to generate heated spots. Also, the magnitude of 

the flow field will be determined based on the length of the thermal wake. 

The objective is to develop a non-intrusive measurement technology by using 

liquid crystals in conjunction with a constant heat source provided by a diode laser. The 

goal is to characterize the flow field, especially in low Reynold's number environments. 

Wind tunnel experiments were conducted for wind speeds ranging from ReL=7.7xlO'* to 

3.8x10''' (2 to 10 m/s). An infrared (830 nm wavelength) diode laser supplied a constant 

heat source to the polystyrene substrate, coated with liquid crystals and mounted in a 

wind tunnel. The long-term objectives of this project are to develop methods for using 



liquid crystals to: (1) characterize a laminar or turbulent flow field; and (2) distinguish the 

magnitude and direction of flow at various locations on a surface. 



CHAPTER 2 

EXPERIMENTAL 

In order to characterize airflow behavior over a flat plate, an experimental method 

that involves creating a thermal spot is developed. This study demonstrates that flow 

visualization can be accomplished in a low cost, highly reliable, and non-intrusive 

manner. The concept involves using a laser to heat a small spot on a surface coated with 

liquid crystals. As flow advects over the heated spot, heat diffuses downstream 

generating a teardrop pattern resulting in a color image of a thermal tuft. The size and 

shape of the teardrop are then related to the flow velocity and direction. 

Fig. 2.1 is a concept sketch of the thermal spot subjected to no flow. When the 

flat plate is placed in a wind tunnel and flow is advected over the spot, the motion of the 

air above the spot causes a temperature variation around the spot and the shape of the spot 

to change. For example, Fig. 2.2 is a concept sketch of how the appearance of the spot is 

altered when exposed to laminar flow. Under this flow condition, the temperature 

advects in the direction of flow causing a teardrop pattern on the surface pointing in the 

direction of the flow. The direction of flow immediately above the surface is determined 

by the direction of the tail. The magnitude of the wind speed can be determined from the 

length of the teardrop pattern. The image is captured and processed using a Sony 

DXC390 camera and imaging software. Any color camera or video camera can be used to 

record the steady state or time dependent heated spot images. Black and white images 

can also be captured. However, the temperature gradient within the heated region will not 

easily be observed due to the absence of the red-green-blue spectrum. It is noted that, in 

Fig. 2.2 darker shades correspond to slightly higher temperatures. Because the laser heat 

source produces a Gaussian distribution of heat, with maximum intensity in the center, 

temperatures in the center are expected to be slightly higher than at the outside diameter. 



Figure 2.1: Thermal spot subjected to no flow 

Flow Direction 

Figure 2.2: Thermal spot subjected to laminar flow 

2.1 Liquid Crvstals 

The liquid crystals that are used in creating the thermal tuft fall into the 

cholesteric form, which means that they are derived from cholesterol. Cholesteric liquid 

crystals can be destroyed by exposure to ultraviolet light and excessively high 

temperatures. These liquid crystals display a wide range of visible colors, which classifies 

them as Thermochromic Liquid Crystals (TLCs) [9]. The pitch of the light that is 

reflected by the crystals is equal to the wavelength of the light. The pitch is dependent on 

temperature as is the color so that the temperature can be determined by a change in color 

[10]. The TLCs used in this study are also encased in a micron-sized capsule providing 

protection from contaminants and air or fluid flow [9]. 



2.2 Theoretical Model 

A flat plate model was constructed using polystyrene foam with a thermal 

conductivity of 0.027W/mK and a thermal diffusivity of 4.06e-7m^/s. Polystyrene foam 

was chosen because it is representative of commonly used materials in wind tunnel 

modeling applications. The degree of radiant heating as the laser beam impinges on the 

polystyrene surface was considered. The liquid crystals take on the properties of the 

substrate. Therefore, the properties of the polystyrene were used for this estimate of 

surface temperature. Also, the liquid crystal layer coating the polystyrene is 

approximately 1 |im thick. Some high-power beams could potentially burn through the 

model. For this reason, it was of interest to determine the temperature distribution 

through the substrate after a specified period of time. In this way, the time required to 

achieve a 35°C surface temperature and the corresponding temperature at the back surface 

was determined. The temperature distribution through the substrate resulting from laser 

heating was calculated assuming transient conduction through a semi-infinite solid [II]. 

Equation (2.1) is a closed-form solution to the one-dimensional heat equation for a semi-

infinite solid with a constant surface heat flux boundary condition. 

T{zJ) = 7^+ , exp(-—) —•—erfc{—^=) 

The results from this analysis (Fig. 2.3) show that the surface of the polystyrene foam 

substrate will hold enough heat to allow the temperature to reach 35°C in 2 seconds. This 

is a reasonable time interval for common flow visualization studies. Also, the thickness of 

the substrate is 0.019 m. In Fig. 2.3, the heating is confined primarily to a thin surface 

layer (0.002 m) and the back surface of the model remains at ambient temperature. 
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Figure 2.3: Temperature distribution through substrate after 2 seconds 

2.3 Laser 

The laser used in this study is a Power Technology, infrared diode laser, consisting 

of a diode module (Model Number PPM (830-150B) G4T11) and a laser diode (Model 

Number LD1362). The laser is powered by a turnkey, stand-alone power source (Model 

Number LDCU12) and controlled by 5 potentiometers, located inside the outer casing. A 

seven-pin connector allows the output parameters to be observed using a voltmeter. The 

laser has two operating modes: constant current mode and constant power mode. The 

constant power mode is used for this study because it provides a constant heat source. 

The laser was calibrated using a voltmeter and a laser power meter. To determine 

the amount of heat produced by the laser, a correlation between the voltage and wattage 

produced was established. Fig. 2.4 shows this correlation as a linear curve fit of wattage 

with respect to voltage. 
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Figure 2.4: Voltage/wattage correlation 

The wattage, or power output of the laser, increases linearly with the voltage used. 

To determine this relationship, a voltmeter was connected to the laser and the laser was 

connected to a laser power meter. The data was then fitted with a linear curve fit. The 

experiment showed that the maximum power that can be obtained from the laser is 150 

milliwatts and this corresponds to a voltage of approximately 400 millivolts. 

It is important to estimate the minimum amount of power required by the laser to 

produce a thermal spot. The temperature required to initiate the red-yellow-green-blue 

liquid crystal color play is 35°C. For this temperature requirement, the necessary power 

from the laser is determined by applying an energy balance at the surface of the substrate. 

9 , . .w = - M ^ % , + M(r. -T^) + £(JA(T:-TJ) (2.2) 

The heat required includes heat absorbed by conduction through the substrate, convective 

cooling, and radiation exchange between the surface and the surroundings. As an upper-

limit for radiant heat exchange, the emissivity is assumed to be 1.0, closely simulating a 

black body. The surface area of the heated spot is based on a 7 mm diameter. For no flow 

conditions, the convective heat transfer coefficient, h, was estimated for natural 

convection from a vertical plate. The following Rayleigh and Nusselt number relations 

were used for this estimate [11]. 
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yVMi= — = 0.59/?fl'^ (2.4) 

"- k 

Using the thermophysical properties for air at 301K, h was determined to be 3.3 W/m~K. 

In Eq. (2.5) the temperature gradient through the model was calculated in order to 

determine the conduction heat transfer (Eq. 2.2). 

- 7 - = , I exp(--—-)go.7--—exp(--—^oZ)(—) --q^erfci—j=) (2.5) 
clz k^ma 4ta kta At a K k t^ta 

In this equation, the thermophysical properties of the polystyrene were used and t was set 

equal to 2 seconds (as in Fig. 2.3). The necessary power from the laser was calculated to 

be 31.6 mW per spot. The actual power required to generate this spot was 28.6 mW. 

which is a reasonable comparison. Therefore, a 150 mW laser is sufficient for this 

application. 

2.4 Proof of Theory 

One important goal was for this diagnostic technique to be developed such that 

the flow field would remain undisturbed. Using an external heat source applied to the 

model could potentially induce temperature gradients significant enough to disturb the 

flow field. Therefore, to establish the non-intrusive nature of this surface flow 

visualizafion technique, two dimensionless parameters that govern free and forced 

convection were studied. The Grashof (Eq. 2.6) and Reynold's (Eq. 2.7) numbers were 

studied. 

R e , = ^ (2.7) 
V 



The Grashof and Reynold's numbers are used to identify the significance of free versus 

forced convection. If the inequality in Eq. 2.8 is satisfied, free convection resulting from 

heating of the air directly above the surface by the hot spot on the substrate can be 

neglected. If the buoyancy effects caused by the heated spot are negligible, then the free 

stream flow above the surface is essentially unaffected by this slightly heated spot and 

this method is classified as non-intrusive. 

Gr, 
— ^ « 1 (2.8) 

Re'. 

The results were calculated assuming that the enfire plate was heated to a temperature of 

35°C instead of the small spot which actually only has a diameter of 7mm. This 

assumption provides an extreme upper estimate of the effects of buoyancy on free stream 

flow. For a free-stream Reynold's number of 1.9x10'̂  (5m/s), the Grashof number divided 

by the square of the Reynolds number has a value of 0.0086, which is less than 10% of 1, 

indicating buoyancy effects are negligible. From this relationship, it is also determined 

that in order for heating of the air by the laser to be intrusive (i.e., impact the flow field), 

the temperature of the surface must be heated to 136°C. 

2.5 Experimental Test Setup 

The substrate used was Owens Corning polystyrene foam cut into a rectangle 

(0.6090 X 0.4572 m) and one edge was tapered to a 4:1 elliptical ratio to ensure laminar 

flow over the plate [12]. Mylar film was adhered to the foam in order to reduce surface 

roughness and create a smooth laminar flow field. A rectangular (0.304 x 0.4572 m) 

portion of the model was designated as the test section and blocked off for the primer 

paint and liquid crystals. The remaining surface was air brushed with typical flat, black 

paint. The black primer paint was then applied to the sectioned off area, using a Badger 

Air-Brush (Model Number 175). The black primer paint used was obtained from Cole-

Parmer Instrument Company and designed specifically for use with liquid crystals. The 

section was then coated with liquid crystals, which were applied using the Badger Air-

Brush. The liquid crystals were purchased from Hallcrest Inc., and a one-degree 
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bandwidth (R35C1W) and a five-degree bandwidth (R30C5W) were used. During the 

application of liquid crystals a hair-dryer test was performed to determine the amount of 

liquid crystals needed. The quality of the color spectrum increases as the thickness of 

liquid crystals increase. A standard hair-dryer was used to heat up the test sections and 

evaluate the color play. Once the section was coated to a satisfactory level (approximately 

1 |im) the substrate was complete. 

Fig. 2.5 illustrates the experimental setup. The laser module was clamped to a 

standard camera tripod for stability. The tripod was placed directly in front of the 

substrate on the outside of the wind tunnel. The power source was located on a cart, along 

with the anemometer. 

<«r-. Substrate 

Wind Tunnel Section 

Wind Flow 

Camera and Laser 

Camerrand Laser Support 

Figure 2.5: Experimental test setup 

The testing was conducted in the Texas Tech University wind tunnel for RCL 

ranging from 7.7x10 to 3.8x10" (2 to 10 m/s). The free stream flow was uniform across 

the wind tunnel with a standard deviation of 0.5% [13]. Outside of the boundary layer, 

the turbulence intensity was measured as 0.1 % with a standard deviation of 0.18% [13]. 

The test section used was 1.8-m wide, 1.2-m high, and 2.1-m in length. Testing was 

conducted using both one and five-degree bandwidth liquid crystals. The one-degree 

bandwidth liquid crystals have a red start temperature at 35°C and exhibit the full red-

blue-green color play in one degree (i.e., from 35-36°C). The five-degree bandwidth 



liquid crystals have a red start temperature of 30°C and exhibit full color play in five 

degrees (i.e., from 30-35°C). 
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CHAPTER 3 

RESULTS 

3.1 Flow Magnitude 

Fig. 3.1 illustrates the thermal spot generated on the one-degree bandwidth liquid 

crystals exposed to no flow. The spot appears violet in the center and transitions to a 

brighter blue around the perimeter. This is consistent with the fact that the laser beam 

intensity actually exhibits a Gaussian distribution with the center intensity greatest and 

decreasing in the radial direction. Therefore, the center is slightly hotter than the 

perimeter of the spot. 

Figure 3.1: Thermal spot subjected to no flow (one-degree band) 

Experiments were conducted to correlate an increase in the tuft length in response 

to a corresponding increase in wind velocity. These tests were performed for both one 

and five-degree bandwidth liquid crystals. All experiments were conducted for a fixed 

locadon 14 cm from the leading edge corresponding to an x/L of 0.23. 

Figs. 3.2-3.4 illustrate the thermal spot when exposed to flow on a surface coated 

with one-degree bandwidth liquid crystals. Figs. 3.1-3.4 were enlarged in order to focus 
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in on details of the liquid crystal color play. The actual diameter of the spot illustrated in 

Fig. 3.1 is 7±0.5 mm. 

Fig. 3.2 illustrates the same thermal spot illustrated in Fig. 3.1 except exposed to a 

wind speed of 2 m/s (Rex= 1.8x10"). The spot takes on a teardrop shaped pattern that will 

be referred to as a tuft. The center of the tuft appears to be darker than the outer edges of 

the tuft. This is consistent with convective cooling across the spot. The inside edge of the 

spot is blue while the outer edge is yellow. These colors correspond to progressively 

cooler temperatures. Therefore, air is convected along the surface, and the spot diameter 

thins and is elongated into a tuft. The outer edges of the tuft are cooler than the center 

resulting from convective cooling from the ambient air (25°C). 

Figure 3.2: Thermal tuft created at a wind speed of 2m/s (one-degree band) 

Fig. 3.3 is a photograph of the same irradiated spot when the wind speed is 

increased to 5m/s (Rex=4.4xl0'*). The tail of the tuft is noticeably longer with the greater 

wind speed. 

14 



Figure 3.3: Thermal tuft created at a wind speed of 5 m/s (one-degree band) 

Fig. 3.4 is the picture of the heated spot at an increased wind speed of 10 m/s 

(Rex=8.8xlO ). The tail of the tuft is elongated more at this wind speed. Higher wind 

speeds produce longer tufts. Quantitatively, the length of the tuft was measured for 

varying Rcx (x/L=0.23) and the results are presented in Fig. 3.5. The length was 

measured from the leading edge to the longest point. As shown in Fig. 3.5, the length of 

the thermal tuft increases linearly with increasing Rcx. The increasing tail length is 

indicative of an increase in the magnitude of the oncoming flow. 

15 



Figure 3.4: Thermal tuft created at a wind speed of 10 m/s (one-degree band) 

O.OOE+OO 2.00E+04 4.00E+04 6.00E+04 

Re, 

8.00E+04 1.00E+05 

Figure 3.5: Tuft length with respect to velocity at minimum power (one-deg. band) 

Fig. 3.6 illustrates the thermal spot generated on the five-degree bandwidth liquid 

crystals exposed to no flow. The five-degree bandwidth liquid crystals show more color 

play than the one-degree bandwidth liquid crystals. This is due to the fact that the five-

16 



degree bandwidth liquid crystals have a greater temperature range in which they are 

visible (30-35°C). 

Figure 3.6: Thermal spot subjected to no flow (five-degree band) 

The spot appears violet in the center and transitions to red around the edges. This 

is consistent with the Gaussian distribution of the laser beam. Figs. 3.7-3.9 are images of 

the five-degree bandwidth liquid crystals exposed to different magnitudes of flow. 

Fig. 3.7 illustrates the same five-degree band thermal spot exposed to a wind 

speed of 2 m/s (Rex=1.8xl0'*). The spot takes on a teardrop shaped pattern similar to that 

of the one-degree liquid crystals. The center of the tuft also appears to be darker than the 

outer edges of the tuft, which is consistent with convective cooling across the spot. 

However, the five-degree bandwidth exhibits a color change from the center of the spot 

being violet with a very apparent change to blue, green, yellow, and finally, red. These 

colors correspond to progressively cooler temperatures. 

17 



Figure 3.7: Thermal tuft created at a wind speed of 2m/s (five-degree band) 

Fig. 3.8 is the same heated spot when subjected to a wind speed of 5 m/s 

(Rex=4.4xl0 ). The tail of the tuft is noticeably longer at this higher wind speed. 

Figure 3.8: Thermal tuft created at a wind speed of 5 m/s (five-degree band) 

Fig. 3.9 illustrates the heated spot at an increased wind speed of 10 m/s 

(Rex=8.8xlO'*). As the wind speed continues to increase, the tail of the tuft continues to 

18 



elongate. The length of the thermal tuft was also measured for varying flow conditions 

and the results are shown in Fig.3.10. The length was measured from the leading edge to 

the longest point. Fig. 3.10 represents the linear relationship between the tuft length and 

Rcx for the five-degree bandwidth liquid crystals. The increasing tail length is indicative 

of an increase in the magnitude of the oncoming flow. 

Figure 3.9: Thermal tuft created at a wind speed of 10 m/s (five-degree band) 

O.OOE+OO 2.00E+04 4.00E+04 6.00E+04 8.00E+04 1.00E+05 

Re, 

Figure 3.10: Tuft length with respect to velocity at minimum power (five-deg. band) 



Based on Figs. 3.2-3.9, the five-degree bandwidth liquid crystals appear optimal 

for this method of flow visualization. Both types of liquid crystals are functional, but the 

five-degree bandwidth produces greater color play and tuft length. This is due to the 

larger temperature range for which the five-degree bandwidth liquid crystals are visible 

and the corresponding temperature gradient that is apparent in the pictures (Figs. 3.2-3.9). 

Because the tuft length is also dependent on laser power, calibration of the tuft 

length with respect to velocity at the specific laser power is imperative. Fig. 3.11 shows 

that regardless of the magnitude of the laser power, the tuft length continues to increase 

linearly with increasing wind speed. 

• 50 mW 190 mW 

O.OOE+OO 2.00E+04 4.00E+04 6.00E+04 8.00E+04 1.00E+05 

Re, 

Figure 3.11: Tuft length with respect to velocity (50 mW and 90 mW) 

3.2 Flow Direction 

Testing was also performed to evaluate a change in flow direction. This was 

accomplished using a cylinder in cross flow. A 4 cm diameter and 6 cm long cardboard 

cylinder was placed on the model and positioned perpendicular to the free stream flow. 

Fig. 3.12 displays the flow direction change around a cylinder using one-degree 

bandwidth liquid crystals. 

20 



Figure 3.12: Direction change of thermal tuft (one-degree band) 

Measurements of the length of the tuft were taken at various angles around the 

cylinder (r/ro=1.2), and the results plotted in Fig. 3.13. 
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Figure 3.13: Tuft length in response to angular position (one-degree band) 

The tuft length increases from 0 to approximately 90°. Also, Figs. 3.5 and 3.10 

establish that an increase in tuft length is due to an increase in the velocity. Fig. 3.14 
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displays the relationship between the velocity around the cylinder and the angular 

position of the thermal tuft. The velocity reaches a maximum at approximately 90"̂  
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Figure 3.14: Velocity/Freestream in response to angular position (one-degree band) 

Therefore, images of the tuft demonstrate that the flow velocity increases around 

the forward portion of the cylinder. This is consistent with previous research done on 

cylinders in cross flow [14]. 

The same testing was performed to visualize the flow using the five-degree band 

liquid crystals. Fig. 3.15 exhibits the change in direction of the thermal tuft when 

exposed to a cylinder in cross flow. 

22 



Figure 3.15: Direction change of thermal tuft (five-degree band) 

Measurements of the tuft length were made at various angular locations around 

the cylinder, and the tuft lengths were plotted in Fig. 3.16. The velocity at each tuft was 

obtained based on the linear relationship between tuft length and velocity and plotted with 

respect to angular position in Fig. 3.17. 
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Figure 3.16: Tuft length in response to angular position (five-degree band) 
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Figure 3.17: Velocity/Freestream in response to angular position (five-degree band) 

The length of the tuft created by the five-degree bandwidth liquid crystals also 

increases in the forward portion of the cylinder. The direction of the tuft in both the one-

degree and five-degree bandwidths follows the direction of the wake at that location 

around the cylinder. 

3.3 Multiple Tufts 

The previous pictures have demonstrated that it is possible to create a thermal tuft 

by heating a single spot on the surface of an object and advecting flow across the spot. It 

was shown that the tuft length and direction represent the flow field. For some 

applications it may be advantageous to view a larger area of flow field by visualizing 

multiple tufts. To create more than one heated spot, the laser beam was split into two 

beams as shown in Fig. 3.18. The two spots are approximately 4 cm apart and positioned 

at different angular locations around the cylinder (for spot 1, r/ro=4 and for spot 2, r/ro=5). 
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Figure 3.18: Two thermal spots exposed to no flow (five-degree band) 

Fig. 3.19 illustrates the tufts when the wind tunnel free steam speed is 5 m/s. As 

the flow approaches the cylinder, streamlines follow the curvature of the cylinder until the 

flow separates at approximately 82°. The two spots illustrated in Fig. 3.19 show the tufts 

produced at 0° and at 45°. It is clear from the appearance of the tufts that the flow field 

speeds up as it advects around the cylinder and the direction of the tail is indicative of the 

flow field at that point. These results suggest that multiple tufts can provide a more 

detailed picture of the flow field and a matrix of tufts can be generated. Due to the power 

of the laser used in this application, it was only possible to produce two spots. However, 

the beam could be split into a larger matrix of spots to view a larger area of flow. 
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Figure 3.19: Two thermal tufts exposed to flow (five-degree band) 

3.4 Flow Condition 

All of these results correspond to laminar flow conditions (i.e., Re<3.8xlO^). 

However, it was also of interest to observe the tuft appearance under turbulent flow 

conditions. A picture was taken of the thermal tuft in the wake region towards the rear of 

the cylinder after the point of separation. Figs. 3.20 and 3.21 represent the tuft undergoing 

turbulent flow. The tail of the tuft was observed to fluctuate significantly and a steady 

state image could not be captured. Several still frames of this tuft indicate a curl to the 

tail. This curl can be associated with the turbulent nature of the flow. 
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Figure 3.20: Thermal tuft exposed to turbulent flow (one-degree band) 

Figure 3.21: Thermal tuft exposed to turbulent flow (five-degree band) 
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3.5 Angle of Attack 

The previous results correspond to situations in which the airflow is parallel to the 

airfoil. However, in many wind tunnel applications, the geometry over which the flow is 

being visualized may have surfaces positioned at varying angles with respect to the laser 

beam and airflow. The angular position of the airfoil with respect to the oncoming flow 

is the angle of attack (a) [15]. Fig. 3.22 is a picture of the tuft at a zero angle of attack 

exposed to a flow of 5 m/s (Rex= 1.9x10^). In this series of pictures, the power from the 

laser was increased from 50 mW to 90 mW (see Fig. 3.11). 

Figure 3.22 Thermal tuft formed at a=0° 

Fig. 3.23 shows the tuft with the velocity held constant at 5 m/s (Rex= 1.9x10"'') 

and the angle of attack increased to 20°. The tuft is longer at this greater angle and 

continues to increase with increasing a. When the angle of attack is changed, no 

distortion is visible when the laser beam impinges the surface. 
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Figure 3.23: Thermal tuft formed at a=20° 

Fig. 3.24 displays the tuft undergoing the same flow conditions but with the angle 

of attack increased to 30°. The length of the tuft is still increasing at this point. 

Figure 3.24: Thermal tuft formed at a=30° 

The tuft continues to increase in length and exhibit laminar flow characteristics 

until a=45°. At this point, the tuft began to fluctuate and exhibit turbulent flow 

characteristics, indicating flow separation occurred upstream of the tuft location (Figs. 

3.25 and 3.26). The length of the thermal tuft was measured for constant flow conditions 
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and varying a, and the results are plotted in Fig. 3.28. The length was measured from the 

leading edge of the tuft to its longest point. Fig. 3.28 represents the relationship between 

the tuft length and a for the five-degree bandwidth liquid crystals. The increasing tail 

length is indicative of an increase in the magnitude of the flow velocity and angle of 

attack. 

Figure 3.25: Thermal tuft formed at ot=45° 

Figure 3.26: Thermal tuft formed at a=50° 
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Experiments were also run for negative angles of attack. The results in Fig. 3.27 

suggest that the flow is already separated at cx= -10° because there is no tuft formed. The 

spot retains the original shape as if no flow is reaching it. 

Figure 3.27: Thermal tuft formed at a= -10° 

Varying angle of attack allows observation of tuft appearance under various flow 

conditions. The only observable change in tuft appearance was the tail length, which can 

be more closely correlated to flow velocity on the surface than angle of attack. Therefore, 

the direction with which the flow hits the surface cannot be distinguished with the 

thermal tuft. Instead, the surface flow velocity associated with the given angle of attack is 

idenfified (Fig. 3.29). Also, the nature of the flow field can be established. For example, 

Figs. 3.25 and 3.26 show that the flow has transidoned from laminar to turbulent. The 

separation point on a surface could be identified using this technique by relocating the 

heated spots until the point at which the tuft appearance changes from laminar to 

turbulent. 
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Figure 3.28: Tuft length with respect to angle of attack 
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Figure 3.29: Velocity/Freestream with respect to angle of attack 

3.6 Numerical Simulation 

To complement experimental observations, the heated spot was modeled using 

conduction through a flat polystyrene plate with a convective boundary condition (Fig. 

3.31). The flat plate was modeled using the thermophysical properties of the polystyrene 

board. The x-direction and y-direction correspond to the chord and the thickness. 
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respecfively. The convective heating coefficient, h was calculated (Eq. 3.1) over the 

surface boundary to account for the thermal boundary layer growth. 

. _ Nu,k 
(3.1) 

To determine h, the Nusselt number used (Eq. 2.6) corresponds to laminar flow 

conditions because the Reynold's number does not exceed 3.8x10"̂  [13]. Fig. 3.30 relates 

the convective heat transfer coefficient to the distance along the plate. The h will 

continue to decrease until turbulent flow conditions appear. 
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Figure 3.30: Convective heat transfer coefficient with respect to distance 

A heated spot was examined just below the convective surface. This was a 

simplified model of the experimental setup. This simulation does not explicitly consider 

the conjugate conduction-convection phenomena. However, the model accounts for the 

development of the thermal boundary layer through the varying h distribution along the 

surface of the plate. Because the thermal spot is positioned slightly beneath the surface, 

the corresponding temperature is less than at the surface (Fig. 2.3). Therefore, the tuft 

lengths generated by the numerical simulation will be an underestimate of the actual 

measurements. This model is useful for estimating the tuft length at various locations 

along the plate under various free stream wind speeds. 
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Figure 3.31: Flat plate model 

A two-dimensional transient conduction model was developed using a spreadsheet 

software package (Microsoft Excel) and an explicit finite difference scheme. The 

governing equations were derived using an energy balance approach in terms of thermal 

resistance and capacitance. An iterative macro was created to solve the governing 

temperature equations subjected to specific stability criteria. The model was used to 

predict the thermal behavior of the tuft and estimate a tuft length. A convective heat flux 

boundary condition was applied and an initial condition was specified. 

The discretized region (Fig. 3.34) is comprised of a network of cells and at the 

center of each cell is a node. Numerical solutions for the temperature are determined for 

a central point associated with each node. Fig. 3.32 illustrates the energy balance method. 

Equation (3.2) represents conservation of energy at the central node. In this equation, Ejn 

is conduction heat transfer into the node (all energy is assumed to be transferred into the 

node of interest). Eg is the energy generated within the node and Es, is the energy stored 

within the node. In terms of symbols, this balance is expressed as: 

E,„+E^=E^,. (3.2) 

As illustrated in Fig. 3.32, the energy flowing into the node is represented in terms of 

thermal resistance (R) and the energy stored within the node is described in terms of 
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capacitance (C). The area (A) is defined to be the area perpendicular to the direction of 

heat transfer. 

(3.3) 

(3.4) 

E,„ =q,+q2 + 

nnP _ Y P 
m-l.« ni.n 

jP _J'P 
^ m+\.n in.n 

''~ R, 

rpP _J'P 
^ m,n-l m.n 

^ 3 

m.n+i nun 

rpP+i 'rP 

93+'?4 

' kA 

' kA 

R -^y 

,C=pC/ 

(3.5) 

(3.6) 

(3.7) 

Ar ' ' " ^'-'^ 

A constant surface heat flux boundary condition was applied to the boundary 

node. The derivation of the temperature equation appropriate for the boundary node 

requires a surface energy balance because the boundary is assumed to have negligible 

volume and therefore can store no energy. Fig. 3.33 illustrates the surface energy balance 

method applied to a boundary node. As an example, assume a constant surface heat flux 

of 10 W/mT, from Fig. 3.33 the surface balance at the boundary becomes: 

^ , , ,=9 ,+^2=10^ + ^2=0. (3.9) 

The temperature (T]'" '̂) can be solved for directly because q: is a function of the 

temperature at the boundary (see Eq. (3.4)). 
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Figure 3.32: Illustration of a nodal network 

Figure 3.33: Dlustration of a boundary node 

For the numerical simulation, a flat plate with the same properties as the 

polystyrene foam was used and the air was forced in the chord-wise direction by setting 

the convective boundary condition. The free stream velocity was set to 5 m/s, and Fig. 

3.34 is an example of the iteration page for running the numerical simulation. 

36 



Temperature, 1(deg C) 

0,0 
1.5 
4.5 
7.5 
10.5 

13.5 

16.5 

19.5 

22.5 
25.5 

28.5 
31.5 

34.5 
37.5 

40.5 
43.5 

45.0 

0 

© 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

A 
1.5 
© 

25 
25 
25 
25 
25 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

4.5 

© 
25 
25 
25 
25 
25 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

7.5 

© 
25 
25 
25 
25 
25 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

10.5 

© 
25 
25 
25 
25 
25 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

R 
13 

2! 

5 

2(r 
45 
25 
25 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

16.5 

© 
25 
25 
25 
25 
25 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

19.5 

© 
25 
25 
25 
25 
25 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

22.5 

© 
25 
25 
25 
25 
25 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

25.5 

© 
25 
25 
25 
25 
25 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

28.5 

© 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

30 

© 
25 
25 
25 
25 
25 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

..'TiVii'Siiiijri'/iT,: 

••nS^^^^H 
1.5 
4.5 
7.5 
10.5 
13.5 
16.5 
19.5 
22.5 
25.5 
28.5 
31.5 
34.5 
37.5 
40.5 
43.5 
45.0 

1 *' ̂  
1 N = 

4.5 
300 

0 1 1.5 1 4.5 1 7.5 1 10.5 | 13.5 | 16.5 | 19.5 

© 63.328 54.843 47.202 44.796 43.818 42.873 42.003 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

s 

1 k = 
rho = 

1 Cp = 

0.027 
55 

1210 

w/m K 
kg/m^ 
J/kg K 

1 """o^ 25 deg C 

1 cly = 
dx = 

0.003 
0.003 

m 
m 

1 dt = 0.015 s 

25 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

A 

B 

C 

E 

E 

25 
25 

25.014 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

25 
25.014 
44.932 
25.027 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

25 
25 

25.014 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

i. Initial conditions 

. Heated Spot 

. Convective boundary 

>. Front Surface 

. Back Surface 

22.5 

41.21 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

cond 

25.5 1 28.5 

40.489 39.832 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

ition 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

30 

© 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

c 
D 

Figure 3.34: Numerical code iteration page 

37 



Fig. 3.35 illustrates the thermal spot before the airflow was started, and Fig. 3.36 

displays the numerical results obtained after 300 iterations (i.e., N=00) were complete. 

The program measured the change in temperature (30-35°C) across the selected area, and 

predicted the tuft length shown in Fig. 3.36. The length of the tail produced using 

numerical methods is 14.3% less than the tail produced using experimental methods (Fig. 

3.10). 
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Figure 3.35: Numerical simulation of a thermal spot with no flow (Ti=45°C) 
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Figure 3.36: Numerical simulation of a thermal tuft exposed to flow of 5 m/s 

The results correspond to heating a spot on the polystyrene flat plate for 4.5 

seconds. The temperature distribution occurs over a length of 7.5 mm based on an initial 

heated spot of 3mm. This relates well to the measured tuft length under the same flow 

conditions of 15 mm based on an initial heated spot of 7mm. The tuft length obtained in 

the experimental results would be expected to be higher than that obtained in the 

numerical simulation. The difference can be attributed to modeling the spot beneath the 

surface. The temperature distribution (Fig. 2.3) shows that the temperatures below the 

surface are lower that those on the surface. 
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CHAPTER 4 

CONCLUSION 

The results obtained during the wind tunnel experimentation show that an 

irradiated spot on a liquid crystal coated surface will produce a tuft. Under certain 

conditions, the shape and size of the thermal tuft is indicative of the direction and 

magnitude of the flow conditions. Self-calibration is important when changing the 

temperature of the environment or the wattage of the laser beam. As the wind speed 

increases from 2 to 10 m/s, it was shown that the length of the thermal tuft increases 

linearly. The tail of the tuft was also found to follow the direction of flow. Turbulent and 

laminar flow conditions can be distinguished, however; the angle of attack could not be 

realized with this technique. Overall, it was shown that this is an easy, inexpensive, and 

non-intrusive technique for visualizing flow on the surface of an object. A specific 

application would include determining the separation point on an airfoil surface. The 

diode laser ($2000), any camera ($500) and liquid crystals ($120) bring the total 

apparatus cost to $2620. Developing a technique for generating a matrix of heated spots 

on the model indicates that the results of using this method can be viewed over a large 

area. The numerical model creates a tuft similar in length and shape to that of the actual 

wind tunnel experimentation, which further validates the use of liquid crystals in 

conjunction with a radiant heat source to produce a new method for flow visualization. 
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