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ABSTRACT 

In this paper, a modification of the widely used 

transient liquid crystal heat transfer measurement 

technique for impingement cooling is presented, in 

which a constant heat flux at the surface is used to 

drive the experiment, instead of a step change in 

the flow temperature. This method, already em-

ployed for film cooling, is used for the first time in 

a narrow impingement channel of an impingement 

cooling cascade which is characterized by complex 

and three dimensional vortical structures. The re-

sults are compared to the traditional heater mesh 

method (i.e. a temperature step in the flow drives 

the experiment). With both methods similar results 

are obtained, with the associated differences that 

can be attributed to entrainment effects or different 

surface roughness. An uncertainty analysis shows 

also that a transient experiment with constant sur-

face heat flux improves the accuracy in the high 

heat transfer regions, e.g. stagnation points, which 

are the most uncertain regions in the heater mesh 

method.  

NOMENCLATURE 
DC direct current 

Nu Nusselt number [-] 

PMMA Poly(methyl methacrylate) 

Pr Prandtl number [-] 

Re Reynolds number [-] 

 

A target plate surface area [m
2
] 

D jet diameter [m] 

h heat transfer coefficient [W/(m
2
K)] 

q heat flux [W/m
2
] 

Q power [W] 

T temperature [K] 

T0 initial/ambient temperature [K] 

Tg hot gas temperature [K] 

TLC liquid crystal event temperature [K] 

X jet spacing [m] 

Y channel width [m] 

z depth coordinate [m] 

 

Z channel height [m] 

α thermal diffusivity [m
2
/s] 

 

INTRODUCTION 
Impingement channels are widely used for the 

cooling of gas turbine vanes and blades, due to the 

very high local heat transfer coefficients that can be 

achieved in the stagnation zones. In modern inte-

grally cast turbine airfoils, narrow impingement 

cooling channels [1] can be created where the cool-

ant is injected within the wall rather than the hol-

low of the airfoil. This generates a double-wall 

cooling arrangement [2], as shown in the left part 

of Figure 1. In-wall cooling technologies, which 

may also include small pre-film impingement 

chambers [3], are able to reduce metal temperatures 

by as much as 100K. 

Narrow impingement cooling channels consist 

of single or double rows of several cooling jets (see 

right part of Figure 1), while the small wall thick-

ness of a typical airfoil (~2mm) dictates significant 

heat transfer for all the internal surfaces of the cavi-

ty. These integrally cast impingement channels are 

radially oriented in the turbine airfoil which can 

include a plurality of similar cavities ensuring a 

homogeneous distribution of the material tempera-

ture. Due to the small passage areas, crossflow ef-

fects are of great importance for the optimization of 

narrow impingement schemes because the spent air 

of the jets interferes with the other walls of the 

channel providing complex flow structures and a 

degradation of the heat transfer performance for the 

downstream jets. Attempts to regulate the generated 

crossflow in narrow impingement channels include 

jet hole staggering positions [4], varying jet diame-

ters in the streamwise direction [5] as well as di-

vergent channel geometries [6]. 

In order to gain additional efficiency, the nar-

row channels can be used in a cascade impinge-

ment scheme where the air from one cavity could 

be used for impingement in the following channel 

through an intermediate plenum chamber, as shown 

in Figure 3. 
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Experimental tests on impingement channels 

are generally carried out using the transient liquid 

crystal technique [7]: starting at ambient tempera-

ture, the flow is suddenly heated to a higher tem-

perature, and the temperature evolution of the sur-

face is determined by watching the color change of 

a thermochromic liquid crystal coating. The con-

vective heat transfer coefficient is then derived by 

using the one-dimensional heat conduction equa-

tion with a semi-infinite wall assumption. 

In a cascade impingement scheme, however, 

the determination of the gas temperature, needed 

for the derivation of the heat transfer coefficient, is 

problematic: on one hand, the flow temperature can 

be non-uniform between the various jets of the 

downstream array; on the other hand complex 

schemes can include bypasses from one chamber to 

the other, so that the actual local hot gas 

temperature depends on the mixing of 2 or more 

flows, which can be at different temperatures. 

Additionally, whereas the temperature increase can 

be considered an ideal step in the first channel, it is 

slower for the jets of the second impingement: the 

post-processing of the results would be more 

complex and involves either using Duhamel’s 

principle or relying on analytical solutions for 

different gas temperature evolutions. 

To overcome these issues, the experimental 

technique has been modified by including a surface 

heat flux generated by a heater foil attached on the 

target plate; the flow is kept at ambient temperature 

and the heat equation modified by adding a source 

term in the boundary condition. This method has 

already been successfully applied for the evaluation 

of film cooling ([8]-[9]). 

In the present work, the modified technique is 

validated in the first impingement channel, where it 

can reliably be compared to the standard measure-

ment technique. In the future, the technique will be 

used to assess the thermal performances of the 

complete cascading impingement channel. 

 

TOOLS AND METHODS 

Test facility 
EPFL’s heat transfer test facility (see [7]) has 

been adapted in order to evaluate the heat transfer 

performances of an impingement cascade system. It 

consists of a bell mouth inlet which leads air into a 

plenum, on top of which is located the cascading 

impingement test geometry. The outlet of the test 

geometry is connected to the driving vacuum pump 

via a plastic, vacuum resistant tubing. 

Upstream of the plenum, a stainless steel mesh 

is used to heat the passing air via Joule heating; 

electrical power is provided by two DC power sup-

plies which can achieve 30 kW (60V, 500 A).  

For the new technique with a surface energy 

source, an aluminum tape is attached to the target 

surface, and is clamped on both ends using copper 

bars to connect the electrical power, which is pro-

vided by a 50V, 128A DC power supply. Being a 

good electricity conductor, aluminum is not a priori 

the best candidate for a heater foil, because it re-

quires high current to deliver the required power. 

However, it comes in tape form and is thus much 

easier to install than e.g. a stainless steel foil. In-

deed, a non-perfect attachment of the foil on the 

target surface will result in a noticeable error in the 

evaluation of the heat transfer coefficient h. 

The mass flow is measured via a laminar flow 

element located upstream of the pump. Type K 

thermocouples are mounted in the plenum, up-

stream of each jet, to evaluate the jet temperature. 

Pressure taps in the plenum and at the channel out-

let allow for the evaluation of the channel’s dis-

charge factor. 

The target surfaces are made of PMMA and 

painted with thermochromic liquid crystals (Hall-

crest SPN100/R35C1W) and black paint. Where 

applicable, the aluminum foil is glued to the plate 

after the two layers of paint. 

The power generated by the foil is computed 

by the relation Q=RI
2
. The current I is read directly 

on the power supply and is constant, while the re-

sistance of the foil is measured prior to the tests at 

ambient temperature and at the liquid crystals event 

temperature; the average of this 2 measurements is 

used for the power computation. 

 

 

Figure 2: Schematics of the test rig, with a single 
narrow impingement channel installed on top 

Transient measurement technique – heater 
mesh 

The transient liquid crystal technique em-

ployed here is described in detail in [7]. Essentially, 

Figure 1: Narrow impingement channels in a double 
wall-cooling configuration 
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the flow and the test geometry are initially at tem-

perature T0. At the time t=0, the air is suddenly 

brought to a higher temperature Tg by circulating 

electrical current in the heater mesh, and the tem-

perature evolution of the target plate can be tracked 

by monitoring the color change of the liquid crystal 

paint, whose color-temperature relationship has 

been previously determined by calibration. In order 

to derive the heat transfer coefficient, one has to 

solve the one-dimensional heat conduction equa-

tion with a semi-infinite wall assumption: 

 

𝜕2𝑇(𝑧, 𝑡)

𝜕𝑧2
=

1

𝛼

𝜕𝑇(𝑧, 𝑡)

𝜕𝑡
 

 

with the initial condition: 

 

𝑇(𝑧, 0) = 𝑇𝑎𝑚𝑏  

 

and the boundary conditions: 

 

−𝑘
𝜕𝑇(0, 𝑡)

𝜕𝑧
= ℎ[𝑇𝑔 − 𝑇(0, 𝑡)] 

𝑇(∞, 𝑡) = 𝑇𝑎𝑚𝑏  
 

In the above α and k are the thermal diffusivity 

and thermal conductivity of the plate, respectively. 

It can be shown [11] that the general solution of 

this problem is: 

 
𝑇(𝑧, 𝑡) − 𝑇0

𝑇𝑔 − 𝑇0

= erfc (
𝑧

2√𝛼𝑡
) − e

(
ℎ𝑧
𝑘

+
ℎ2𝛼𝑡

𝑘2 )
erfc (

𝑧

2√𝛼𝑡
+

ℎ√𝛼𝑡

𝑘
) 

 

If the time tLC required to reach a certain 

temperature TLC at the surface (z = 0) is known, the 

solution becomes 
 

𝑇𝐿𝐶 − 𝑇0

𝑇𝑔 − 𝑇0

= 1 − e
(

ℎ2𝛼𝑡𝐿𝐶
𝑘2 )

erfc (
ℎ√𝛼𝑡𝐿𝐶

𝑘
) 

 

This equation can be solved numerically to 

find h for each pixel of the image. It has to be noted 

that the equation can similarly be solved for z ≠ 0 if 

the thickness of the black paint has to be consid-

ered and its thermal properties are similar to those 

of the plate. 

 

Transient measurement technique – heater 
foil 

The heater foil technique applied here is simi-

lar to the one described in [10]. Instead of perform-

ing a step change in the fluid temperature, at time 

t=0, as in the previous method, an electrical current 

is passed through the heater foil, generating a pow-

er Q, which provides a constant local surface heat 

flux q=Q/A, where A is the foil area. 

The same one-dimensional semi-infinite heat 

equation is considered, but now the boundary con-

dition is modified to include the heat flux q: 

 

−𝑘
𝜕𝑇(0, 𝑡)

𝜕𝑧
= 𝑞 − ℎ[𝑇(0, 𝑡) − 𝑇𝑔] 

 

Considering a constant gas temperature, Tg=T0, the 

differential equation can be solved [11] as follows: 

 

ℎ
𝑇(𝑧, 𝑡) − 𝑇0

𝑞
= erfc (

𝑧

2√𝛼𝑡
) − e

(
ℎ𝑧
𝑘

+
ℎ2𝛼𝑡

𝑘2 )
erfc (

𝑧

2√𝛼𝑡
+

ℎ√𝛼𝑡

𝑘
) 

 

Again, after the determination of the time tLC 

required to reach the temperature TLC, the equation 

can be solved numerically for h at the required 

depth z, consisting of the thickness of the black 

paint plus the thickness of the glue used to attach 

the foil to the surface. 

 

Test geometry 
The geometry under consideration is a cascad-

ing impingement geometry with 2 identical chan-

nels with rectangular section Y/D=5 and Z/D=3. 

Each channel contains five circular impingement 

holes with uniform spacing X/D=5. 

After the first impingement, the air discharges 

through an obround hole in a second plenum where 

it can be used in the second impingement channel. 

All surfaces are made of PMMA to allow for opti-

cal access and to satisfy the one-dimensional ap-

proach. The plates have a thickness of 20 mm in 

order to comply with the semi-infinite hypothesis 

in the resolution of the heat equation for all typical 

measurement durations. 

The target plates have slots to insert copper 

bars, which are used to clamp the heater foils and 

connect them to the power supply. 

 

 

Figure 3: Bottom view and side view of the im-
pingement cooling cascade tested. Blue arrows 
show the main coolant flow, while the red arrow 
shows the bypass flow. Below a sketch (not to 
scale) of the target surface coatings with their re-
spective thicknesses. 

Calibration 
All the thermocouples used are calibrated to-

gether in a thermostatic liquid bath (Lauda E4S) 

with the temperature determined using a precision 

_____________________________________________________________________________________________________
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thermometer (Omega DP 251). The liquid crystal 

indication temperature TLC is determined by recir-

culating constant temperature water from the liquid 

bath in an insulated box with a PMMA top. Inside 

the box, a copper block is instrumented with cali-

brated thermocouples and painted on its top surface 

with a layer of liquid crystals above a layer of 

black paint. A snapshot of the top surface is taken 

when the temperature given by the thermocouples 

is stable, after which the temperature of the recircu-

lating liquid bath is increased and the process re-

peated. 

After analyzing the images, the temperature 

associated with the maximum green intensity can 

be determined, see Figure 4. 

 

 

Figure 4: RGB values of the liquid crystals as a 
function of the temperature. Solid lines are spline 
fittings of the data. 

RESULTS 
An illustrative result of the heater foil method 

is presented in Figure 5, where the heat transfer 

coefficient is visualized with a color scale. The heat 

transfer spatial evolution is quite smooth, and this 

is only possible with a perfect attachment of the 

foil on the surface; even small glitches in the foil 

attachment (waviness, air bubbles) are noticeable in 

the heat transfer distribution. At the downstream 

wall the threaded holes used to fix the copper bars 

to the target plate are clearly noticeable. It is 

unclear what causes the high heat transfer region in 

the right end side. It could be due to the fact that 

some heat generated on the foil is conducted to the 

copper bars clamping the foil. 

 

 
Figure 5: Heat transfer coefficient obtained after 
pros-processing the heater foil test data 
 (Re=32000). 

 

Figure 6: Influence of the presence of the foil on the 
heat transfer. Heater mesh method at Re=18000 
with and without foil attached; crossflow from left to 
right. 

 

Figure 7: Comparison of the heat transfer predicted 
using the heater foil and the heater mesh method. 
Crossflow from left to right. 

To evaluate the suitability of the heater foil 

method, in a first step the influence of the foil on 

the flow and heat transfer is evaluated by 

performing tests using the heater mesh method with 

and without the foil attached; in the latter case, the 

resolution of the heat equation is solved for 

z=40µm, to take into account the thickness of the 

glue used to attach the foil. 

A comparison of the Nusselt number at the 

center line of the first target plate is shown in 

Figure 6. It can be noted that with the foil, the heat 

transfer in the stagnation region is lower than 

without the foil, while it is slightly higher for the 

low heat transfer regions in between the jets (local 

minima). This could be an indication of lateral 

conduction within the aluminum foil, which has 

high thermal conductivity. A discrepancy in the 

stagnation region could also be caused by a 

different surface texture between the black paint 

layer and the aluminum foil.  

Figure 7 shows the Nusselt number over the 

Prandtl number to the power of 1/3, evaluated with 

both experimental methods. The heater foil method 

tends to overestimate the heat transfer levels 

compared to the heater mesh method. This is 

_____________________________________________________________________________________________________
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expected due to the entrainment effect ([12-13]) 

present in the heater mesh method: in this case, the 

jet is at a higher temperature than the fluid initially 

present inside the channel, which is at ambient 

temperature. The entrainment of ambient air 

reduces the heat transfer. Since the heat transfer 

coefficient is defined using the jet temperature as 

the reference hot temperature, the results are lower 

than for the heater foil case, where the entrained air 

is at the same temperature as the jet air. 

The stagnation point Nusselt number evolution 

is different in the two methods. In particular, the 

heater mesh method shows noticeably lower heat 

transfer for the last jet. This could be due to the fact 

that the last impingement hole is very close to the 

border of the plenum, and possibly at the edge of 

the thermal boundary layer of the plenum flow. 

 

Uncertainty analysis 
The overall uncertainty of the experiments can 

be estimated using the root sum square (RSS) 

method [15]. The 95% confidence interval of the 

measured parameters, supposed to be statistically 

independent and normally distributed, can be com-

bined to estimate the uncertainty on the heat trans-

fer coefficient (∆ℎ) as follows: 

∆ℎ2 =  ∑ (
𝜕ℎ

𝜕𝑥𝑖

)
2

∆𝑥𝑖
2

𝑖

 

Where 𝑥𝑖 are the uncertain parameters needed 

for the computation of ℎ. 

A detailed uncertainty analysis for the transient 

heater mesh technique using this setup is available 

in [14].  

 

 

 

Figure 8: 95% confidence interval for the heat trans-
fer coefficient in the center line of the channel at 
Re=32000, expressed as a percentage of the local 
heat transfer coefficient. 

Figure 8 shows the relative uncertainty along 

the channel center line. For the heater mesh tech-

nique the relative error is approximately 14% at the 

stagnation point and drops to 8% in the low heat 

transfer regions, while the heater foil method min-

imizes the error at the stagnation point (around 5%) 

and increases in the low heat transfer regions up to 

15%. 

An increased accuracy in the stagnation region 

has thus to be traded off by having higher uncer-

tainty in the low heat transfer regions. In the transi-

tion zone, characterized by very low heat transfer, 

the relative uncertainty of the heater foil method 

increases noticeably, due to the fact that the liquid 

crystal event temperature is reached very fast, and 

thus the relative uncertainty on the time is high. 

In Figure 9 the contribution, for the heater foil 

method, of each individual term to the overall un-

certainty is shown for two different locations: the 

stagnation region and the wall jet region, in-

between two stagnation points. By far, the biggest 

contributors to the overall uncertainty are the heat 

flux and the material properties (thermal conductiv-

ity, thermal diffusivity). Indeed, the results are very 

sensitive to the heat flux variation, and an accurate 

measurement of the applied power is difficult for 

two reasons: 

1. Due to the low resistivity of the foil mate-

rial, the resistance cannot be measured at 

the power supply, because the resistance 

of the cables is of the same order of mag-

nitude as the resistance of the foil. 

2. The experiment is performed at constant 

current. The resistance of the foil increases 

with the foil temperature, causing the heat 

flux to (slightly) vary over time. 

 

Figure 9: Relative contribution of each parameter to 
the overall uncertainty of the heat transfer coeffi-
cient for 2 locations on the center line of the chan-
nel. 

It has to be noted that the dependence on the 

heat flux value can be avoided if one also considers 

the cooling part of the experiment, i.e. when the 

heat flux is suddenly turned off (or reduced). A pri-

ori, this has the potential to increase the accuracy of 

the experiments. 

CONCLUSIONS AND OUTLOOK 
A modification of the transient liquid crystal 

thermography experiment by using heater foils on 

_____________________________________________________________________________________________________
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the target surface has been presented. It allows for 

an increased accuracy in the stagnation regions of 

narrow impinging jet channels. The method has the 

advantage of being applicable in cases where a 

sharp temperature step in the flow cannot be 

achieved. 

In the future, the accuracy of the method in 

low heat transfer regions has to be increased. Better 

control of the heat flux level (better 

instrumentation, a higher resistivity material for the 

foil), or taking into account the cooling phase of 

the experiment could reduce the uncertainty related 

to the heat flux determination. 
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