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ABSTRACT

A typical transient heat transfer experiment for an impingement cooling configuration requires usually a temperature step in
the flow. A moving isotherm of the liquid crystal surface coating is then monitored using a video camera. However, for small
impingement configurations, when only a small number of holes is used, the massflow rates are relatively low, leading to very
small plenum velocities. Therefore, a step change in the power settings does not cause a temperature step in the mainstream flow.
Many researchers approximated the real hot gas temperature evolution by a number of ideal temperature steps (Duhamel’s
superposition principle). However, thermocouple acquisition measurements are influenced by the size of the thermocouple due to
thermal inertia and therefore direct evaluation of the heat transfer coefficient with these data may be in error. This paper suggests
that the hot gas temperature which drives the transient experiment and is measured in the plenum can be corrected according to
the time constant of the thermocouples. Several experiments were carried out in order to evaluate the time response of fine
thermocouples with exposed junction. For the impingement configuration, a single row of five inline impingement holes is used
at in a narrow passage configuration over a range of Reynolds numbers (/5000-55000). The liquid crystal signal is evaluated
with three different hot gas temperature approaches: (1) Perfect temperature step, (2) Duhamel’s principle in the acquired
temperature data and (3) Correction of hot gas temperature for thermal inertia prior to Duhamel’s principle. The experimental
data are analyzed by means of various post-processing procedures and aim to clarify and quantify the effect of thermocouple
thermal inertia on the final results.

INTRODUCTION

Turbine blade impingement cooling finds great applicability in modern gas turbine engines providing enhanced heat transfer
capabilities compared to traditional convective cooling passages while the continuously injected coolant flow ensures very high
heat fluxes in the stagnation region of the jets. A detailed review for multi-jet impingement configurations can be found e.g. in
the review paper of Weigand and Spring (2011) [1].

One of the most famous measurement techniques which is used to evaluate the heat transfer characteristics of impingement
cooling systems is the transient liquid crystal technique which finds great applicability in turbomachinery applications over the
last 20 years. Detailed reviews of the applied method and its applications can be found e.g. Baughn (1995) [2], Ireland (1999)
[3], Ireland and Jones (2000) [4] and Poser and von Wolfersdorf (2011) [S]. The main advantages of this technique are the direct
local temperature measurement over the test surface with high resolution and the non-intrusive measurement. With other words,
this technique uses the full surface temperature history derived from the color of the liquid crystals in order to obtain full surface
heat transfer coefficient distributions on the examined surfaces.

Van Treuren et al. (1994) [6] developed the first test rig capable for a transient liquid crystal experiment measuring both the
local adiabatic wall temperature and the local heat transfer coefficient under an array of impinging jets. The idea in this work was
to create a sudden temperature step in the flow using a heat exchanger. The temperature step was achieved by switching properly
valves and bypass flow so that hot air from an introductory plenum chamber was then introduced inside the impingement array
forcing the color change of the liquid crystals. A similar test rig was used by Huang and El-Genk (1994) [7]. They supplied
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compressed air in an electric heater and a three-way ball diverted valve was used in order to isolate the main flow from the
plenum chamber of the test rig. Once the conditions were stabilized, switching off the valve allowed hot gas to enter the plenum
chamber and initiated the transient experiment. However, the main disadvantage of fast acting valves is the complexity of the
design and that the mainstream temperature rise cannot be represented as a real step. Other approaches include rapidly inserting a
model into a wind tunnel of a constant mainstream temperature which is higher than the initial model temperature, as for
example in the studies of Falcoz et al. (2006) [8] and Wagner ef al. (2007) [9]. However, the performance of any mechanical
injection system is highly dependent on the size of the test rig and hence the inertia forces of the test model. Obviously, the large
scale impingement test models which are usually required for higher resolution and increased Reynolds numbers cannot be
assumed suitable for pneumatic insertion mechanisms.

The mechanical complexities of fast acting valves or model positioning activators can be avoided using the concept of a
heater mesh, originally developed by Gillespie ef al. (1995) [10]. The heater mesh is used in order to increase the temperature of
the mainstream flow taking advantage of Joule Heating. Additionally, the temperature step achieved with a heater grid
configuration is relatively quick and thus ideal for a transient heat transfer experiment (Esposito et al. (2009) [11]). However, in
many experiments, and especially for small impingement configurations where the number of holes is low, the massflow rates
are relatively small leading to very low plenum velocities (</m/s). As a result, a step change in the power settings does not cause
a step change in the flow temperature. Many researchers used Duhamel’s superposition principle assuming a series of step
changes in the mainstream temperature, although the accuracy of this method requires a relatively small time step and thus high
acquisition rate, as shown by Kwak (2008) [12]. An additional concern at this velocity level is that the thermocouple
measurements are influenced by their response time. In such cases, it is quite difficult to determine the hot gas temperature which
drives the transient experiment and a correction based on their response time should be applied in order to increase the accuracy
of the results. Most of the attempts made to measure experimentally response time of thermocouples involve submersion of the
thermocouple inside a liquid bath and the time required to reach 63.2% of the steady state bath temperature was considered as the
response time for the given thermocouple (Wormser (1960) [13], Murdock et al. (1963) [14]). However, these methods appear to
be inappropriate when the thermocouples are subjected to a gas stream. On the other hand, attempts to measure the response time
of fine thermocouples in air are limited in the open literature. Farahmand and Kaufman (2001) [15] carried out experiments in
order to evaluate thermocouple response time applying velocities above 2m/s and small temperature changes (/0-15°C) which
are not consistent with the requirements of many transient heat transfer experiments in impingement cooling applications when
the jets are fed from the same plenum chamber.

In this study, the time constant of various K-type thermocouples with exposed junction was experimentally evaluated.
Thermocouple thermal inertia characteristics are discussed in details as well as their effect on the calculation of the heat transfer
coefficient. For the evaluation of the heat transfer distributions three different scenarios have been considered: (1) Perfect
temperature step in the flow (2) Series of step changes (Duhamel’s superposition principle) on the acquired thermocouple
measurements (3) Series of step changes on the corrected hot gas temperature considering thermocouple thermal inertia
characteristics. The results indicate that the calculated heat transfer level is highly affected by the evolution of the hot gas
temperature.

NOMENCLATURE
D _ o t hole diamet Greek symbols
7 tmpmgement ho'e rameter m) 0 = temperature ratio = (T-T,)/(T,-To)
d = thermocouple wire diameter (m) u _ dynamic viscosity [kg/ (ms)]
c = specific heat (J/(kgK)) _ YRamie vis yleg 2
_ . 2 v = kinematic viscosity (m*/s)
h = heat transfer coefficient (W /(m*K)) _ . 3
.. p = density (kg/m®)
k = thermal conductivity (W /(mK)) _ .
.. Tc = time constant (sec)
L = impingement hole length (m)
m = mass flow rate (kg/s) Subscripts
Nu = Nusselt number avg = average
n = number of holes D = hole diameter
Pr = Prandtl number d = junction diameter
Re = Reynolds number g = gas
T = temperature ( °C) 0 = initial
t = time (s) i = time step index
U = velocity (m/s) J = jet
|4 = volume (m?) p = plenum
X,z = coordinate system SSs = steady state
X = axial jet-to-jet spacing TC = thermocouple
Y = channel width w = wall
Z = separation distance (channel height) jet = thermocouple junction
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Fig. 1 Test facility and thermocouple characteristics

EXPERIMENTAL SETUP

The general arrangement comprises an open circuit wind tunnel operated in suction mode. An overall schematic
representation of the wind tunnel is shown in Fig. 1. The low speed wind tunnel consists of the inlet flare, based on McKenzie
(1966) [16], a straight section of square ducting that contains the heater grid configuration, the working section which includes
the large-scale test models sprayed with liquid crystals, the exhaust pipe and the driving pump. The stainless steel mesh used in
this study, is of woven construction, where the wire diameter and the aperture are 25um and 40um respectively, resulting in an
open area (mesh porosity) of 38%. The heater mesh covers the whole flow path of the plenum upstream of the impingement plate
composing an effective heating area of 520 x 150mm’ relating to one of the largest mesh heaters (Neely et al. (1997) [17]).
Power to the mesh is supplied through a 30 kW DC-Power supply whose response time needed to reach steady state conditions
has been measured less than 80ms and hence is adequate for the creation of the temperature step in the flow.

Experiments were carried out using two different narrow impingement channels. Both of them include a single row of five
inline impingement holes drilled on the impingement plate of the passage so that L/D=1, while a single exit mode has been
chosen in order to investigate the effect of crossflow generated by the spent air of the jets, representing a realistic situation. All
the impingement jets are supplied from the same plenum chamber and therefore have the same total pressure. The axial jet-to-jet
spacing and the passage width remained constant at X/D=Y/D=5 at a low separation distance of Z/D=1. The experimental test
models have been manufactured by transparent acrylic material so that the observation of the liquid crystals is performed on the
back side of the target plate.

The air exits the impingement channel to a plenum chamber (not shown here) and then to a vacuum pump. The flow rate
was adjusted by an inlet vane placed at the suction port of the pump while the mass flow rate was controlled via a laminar flow
element mounted in a long duct upstream of the vane pump. This configuration provided the flexibility of very fine regulation of
the main stream velocity inside the open circuit wind tunnel. The jet average Reynolds number, based on hole diameter, can be
calculated from the total massflow divided by the number of jets used as follows:
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Eq.1

where, n, is the number of holes, D [m], is the jet diameter and p [kg/ (ms)] is the dynamic viscosity of the air calculated on the
liquid crystal temperature. Several Rep were investigated in the range of /5000 and 55000, representing realistic engine flow
conditions. The uncertainty in the determination of massflow rate was always below 5%.

MEASUREMENT TECHNIQUE AND INSTRUMENTATION

The experiments were carried out using the transient liquid crystal technique. In a typical transient heat transfer experiment,
the flow temperature is subjected to a sudden temperature step and the optical response of the liquid crystal surface coating is
monitored using a digital video camera at the back of the target plate. Liquid crystals are sprayed on the surface of the target



plate using an air brush while black paint is applied above them in order to create a black background providing brilliant colors.
If the thermal conductivity of the model is sufficiently low, the wall temperature response is limited to a thin layer near the wall
surface while the lateral conduction is assumed relatively small and hence negligible (Kingsley-Rowe et al. (2005) [18]).
Therefore, the heat conduction into the model can be assumed to be one-dimensional and a semi-infinite medium approach is
used. Numerical and analytical techniques can be used to solve the 1-D transient conduction equation. The relation between the
wall surface (liquid crystal) temperature, 7, and the heat transfer coefficient, h, for the semi-infinite case is then described in
many heat transfer textbooks by (Incropera et al. (2006) [19]):
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However, in a typical impingement experiment the ratio between the total flow areas of the jets to the flow path of the
plenum feeding the jets is far below unity resulting in very low plenum velocities, usually less than 1m/s. According to Ireland
and Jones (2000) [4] this is the limit where flow switching needs to be performed for higher heater mesh efficiencies while a step
change in the power settings does not cause a step change in the flow. In this case, Duhamel’s superposition theorem can be
applied to Eq. 1, similar to Poser and von Wolfersdorf (2011) [5], approximating the real temperature evolution by a number of
ideal temperature steps as follows:

N
T, —T, = 2[1 —eFerfc(B)] x AT,y Eq.3
i=1

The I-D transient conduction equation is then solved numerically evaluating the heat transfer coefficient. A narrow
bandwidth type of TLCs was used for all experiments (38.5°C-39.8°C). Liquid crystals were calibrated in-situ using a surface
thermocouple glued on the target plate of the channel. Dark green and light blue colors were considered for the post-processing.
The evolution of the liquid crystal color was recorded with a high definition RGB camera (AVT Pike F210C) connected with a
frame grabber of 800Mbit/s to the tower of an 8GB-RAM PC. The recorded video data were digitized at a frame rate of 25fps.
Uniform and strong illumination throughout the length of the test rig was provided by a pair of two white fluorescent lights
(color temperature - 6000K) mounted on both sides of the test rig in order to avoid shadows and reflections.

The hot gas temperature was measured by a set of five K-type thermocouples with exposed junction from OMEGA and
equally distributed inside the plenum, as shown in Fig. 1. Each thermocouple had a different wire diameter while the plenum
temperature was acquired with a data acquisition system via LabVIEW at a rate of 25Hz in order to minimize the time step
effect on Eq.3 (Kwak (2008) [12]). Thermocouple characteristics are indicated in Table 1.

THERMOCOUPLE TIME CONSTANT AND CORRECTION FOR THERMAL INERTIA
Thermocouple response time

The ratio between the total flow areas of the jets to the flow path of the plenum feeding the jets is approximately 0.02 in the
case of this study. Subsequently, the velocities in the plenum are in the order of 1m/s or even less and therefore the time response
of the thermocouples is sufficient for causing an extra delay missing the capture of the real gas temperature evolution.

Fig. 2(a) indicates the evolution of different thermocouples over a range of various temperature steps at a plenum velocity of
0.5m/s. As expected, the smaller the wire diameter, and hence the connection junction, the quicker is the thermocouple response
at a given temperature step. Steady state conditions are reached after approximately /0sec for a very fine thermocouple with a
wire diameter of 0.08mm, while the indication temperature of a relatively thick thermocouple (0.8/mm) does not perfectly reach
the asymptotic value even if the time after the initiation of the heating step is /00s. Additionally, the non-dimensional
temperature rise (®) is independent of the heating step suggesting a negligible effect of temperature level on the response of the
thermocouples. The duration of a transient heat transfer experiment may last between 20s and 80s and therefore a relatively fine
thermocouple is required in the plenum so that to provide information about the steady state hot gas temperature which drives the
transient experiment.

In such a case, the lumped capacitance method can be used where the real hot gas temperature evolution of the plenum can
be extracted from the thermocouple acquisition measurements as follows:
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Fig. 2 (a) Temperature steps of various thermocouples. Plenum velocity, 0.5m/s (b) Comparison of 1., and 1 ., at various temperature steps
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where prc=8730kg/m® and c;c=550J/(KgK) are the density and the specific heat of the junction material, calculated for a
thermocouple wire pair as the average of the thermocouple wire (Chromel-Alumel) properties and 7., is the theoretical time
constant of the thermocouple based on the junction diameter (taken equal to approximately 2.5 times the wire diameter):
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Finally, hgjc is the heat transfer coefficient (W/m?* K) calculated by the well-known Whitaker (1972) [20] correlation:
o hjeed 05 0.66 0 ()%
Wiy, = 22— =2+ (0.4ReS, +0.06Re$SE) Pro: (M—) Eq.6

Several experiments were carried out evaluating the behavior and the time constant of various thermocouples at different
temperature steps and plenum velocities. The theoretical time constant was calculated by Eq. 5 and 6. Physically, this number
represents the it time takes for a system’s step response to reach 63.2% of its final asymptotic value (Incropera et al. (2006) [19])
and therefore the theoretical time constant (7. ) was compared with the experimental time constant (T, cx,) Which was assumed to
be the time required to reach the 63.2% of the steady state hot gas temperature for a given thermocouple size and temperature
step.

Fig. 2(b) shows a comparison of the theoretical thermocouple time constant, calculated from Whitaker’s correlation [20]
assuming that the thermocouple junction approaches a spherical profile, and the experimental one. Generally, good agreement is
observed over the entire range of plenum velocities, wire diameters and different temperature steps. However, at very low
plenum velocities (U,=0.25 and 0.5m/s) and very fine thermocouples (0.08mm and 0.13mm wire diameter) a deviation from the
y=x line appears. This could be attributed to the very low Re,;, based on junction diameter, and the inapplicability of
Whitaker’s equation, which is usually applied for Re,>3.5. At each wire diameter group in the chart, a reduction of time constant
with the plenum velocity is observed, however, the impact of thermocouple size is greater than the airstream velocity in the
response of each thermocouple. This is better visible in Fig. 3(a) where the time constant is plotted as a function of plenum
velocity for various thermocouples and temperature steps. At a given thermocouple size the time constant is reduced by
approximately 50% as the plenum velocity is increased from 0.25m/s to 2m/s. On the other hand, at a given plenum velocity, the
time constant can be reduced by a factor of 25 if the wire diameter of the thermocouple is reduced from 0.8 Imm to 0.08mm. Fig.
3(b) indicates that as the temperature step increases the time constant remains at the same level for all tested thermocouples. This
is similar to the results of Farahmand and Kaufman (2006) [21], although a small reduction is observed at small wire diameters.

Calculation of hot gas temperature

Fig. 4 indicates the hot gas temperature, which drives the transient experiment, extracted from Eq.4. For the calculation of
the real plenum temperature, the experimental time constant was used thanks to the good agreement with the theoretical one
although it has been proven very little difference on the final results. Fig. 4(a) indicates that the extracted plenum temperature is
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independent on the size of thermocouple which means that the series of the five thermocouples (TC1 to TCS) experience the
same plenum temperature evolution. However, a noisy behavior can be observed where the noise fluctuations depend in a very
great extent on the thermocouple size. As shown earlier, for a given type of thermocouple, the diameter of the junction is the
most important parameter which affects the time constant. Obviously, the smaller the junction diameter (and hence the time
constant), the smaller is the denominator of Eq.4 resulting in a more stable extraction of the plenum temperature. On the other
hand, plenum velocity has a smaller impact on the denominator of Eq.4 and therefore the level of fluctuations in the extracted
temperature is independent on the freestream velocity as shown in Fig. 4(b).

In all the examined cases, an overshooting of the plenum temperature can be observed directly after the initiation of the
heating step. This is attributed to the transient response of the DC-Power supply where an overshooting of the supplied power is
observed followed by small oscillations which are however within the experimental uncertainties. Fig. 5(a) shows the power
supplied in the heater mesh for the case of Z/D=1 normalized with the power required to heat a flow of Rep=55000 at AT=30°C,
approximately 2.4kW. The duration of power overshoot is relatively small, in the order of 0.05s, however affects unavoidable the
temperature of the heater mesh, the only source of resistance in the circuit, and subsequently a thermal shock is generated inside
the plenum approaching the impingement plate. Note also that the temperature step is reduced with increasing Reynolds number
so that to achieve a relatively constant liquid crystal first appearance time for all the experiments in the order of 7.5-2s.

Fig. 5(b) indicates the evolution of the hot gas temperature, T, (t) during the transient experiment. In this figure the three
different approaches are presented: (1) the ideal temperature step, (2) the acquired temperature data of a thermocouple

AT=40°C and U\=1m/s AT=40°C and d=0.25mm
T T T T T T T T T
12+ 12+
1t 1T
E:u.a- Fos- |
a =
1 06
04 e U=0.50m/s [
U=0.75mis
i ——— U=1.00m/s
: ———U=1.30m/s
i : i U=2.00m's
1 i L L 1 0.2 1 Il 1 T
5 10 15 20 25 -10 Q 10 20 30 40 50 60
(a) Time [s] (b) Time [s]

Fig. 4 Unsmoothed hot gas temperature calculated for (a) different thermocouple size and (b) plenum velocities



Power Overshooting Hot Gas Temperature Evolution

“ 12 T T T
Duhamel's principle
H // ; R
1
1k
Y3 AU S 0.9F i
-
; 08} i .
E 0.6 ;
| Zorp / J
& = :
= 0.6 . Duhamel's principle i
041 / :
il 0.5} 4
AT=60°C - R:D=15000
02 AT=45°C - Re,=25000 o4r i 1
AT=35°C - Re;=40000 03l Ideal Step
i P ! AT=30°C - Re,;=55000 Thclnlcpouplc measurements ‘
0 il | T : T Correction of Tg with Whitaker Correlation
i I : ;
10° 10" 10" 10' 10° 02 ) 2 4 [5 3 10
Time [s Time [s
(2) I+l (b) 1

Fig. 5 (a) Power supplied in the heater mesh, Z/D=1 (b) Hot gas temperature evolution, AT=35°C

(d=0.13mm) placed in the middle of the plenum and (3) the hot gas temperature calculated from Eq.4-6. According to the
thermocouple measurements, steady state conditions are reached after approximately 8sec, however, the thermal inertia of the
thermocouple junction affects the acquisition of the real gas temperature evolution. The blue line in Fig. 5(b) corresponds to the
corrected gas temperature smoothed with the Savitzky-Golay smoothing method. As expected, the temperature increase is much
sharper and the overshooting of T,is still observed after the initiation of the heating step due to the overshooting of the
achievable power supplied during the adjustment of the desirable electrical energy according to the heater mesh resistance.

EVALUATION OF HEAT TRANSFER COEFFICIENT
Heat transfer surface contours

Fig. 6 indicates full surface heat transfer coefficient distributions on the target plate of the narrow impingement channel at
Rep=25000 and 55000. These data was calculated with three different hot gas temperature evolution cases: (1) Perfect
temperature step in the flow (2) Series of step changes (Duhamel’s superposition theorem) on the acquired thermocouple
measurements (3) Series of step changes on the corrected hot gas temperature considering thermocouple thermal inertia
characteristics. The heat transfer coefficient values are normalized with the maximum value appeared on the data in the case of
an ideal temperature step, which were approximately 205W/(m’K) and 370W/(m°K) for a Rep, of 25000 and 55000 respectively.

Re =25106 - U —l} 390m/s - Perfect Step Z/D=1 - ReD=5529[l - Up=l}.861mfs - Perfect Step
15 15
1 1
. 1 0.5
. 0
0 5 10 15 20 25
D
Z/D=1 - ReD=25106 - Up=0.39l]mls - Duhamel's principle ZiD=1 - ReD=55290 - Up=0.861m.fs - Duhamel's principle
15 25 &
i 1
' 2 o -
: 0s = )
; 0 2.5
0 5 10 15 20 25 0 5 10 15 20 25
x/D XD
ZD=1 - ReD=25 106 - Up=l].390mfs - Correction for Tg and Duhamel ZD=1 - ReD=5529[l - Up=l].861mfs - Correction for Tg and Duhamel

25 15 25 .
1
g a
= 05 ™ .
25 0 25 0
0 5 10 15 20 25 0 5 10 15 20 25
x/D x/D
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The heat transfer rate distribution is symmetrical along the x —centerline. As the flow accelerates to the exit of the channel
the effect of crossflow generated by the spent air of the upstream jet(s) becomes visible. The pattern of the heat transfer
coefficient is progressively converted from a circular distribution (Jet 1) to a horseshoe vortex shape distribution (Jet 5).
Secondary peaks around the stagnation region of the upstream jets appear similar to single impingement patterns (Baughn and
Shimizu (1989) [22]). At Jets 2 and 3 the formation of the horseshoe vortex due to the continuously increased crossflow
momentum destroys the circular pattern of the ring. However, the secondary peak is always visible in the wake region
downstream of each jet since it is protected somehow from the fluid of the jet. At the last hole (Jet 5) the momentum of the jet is
still relatively high compared to the momentum of the crossflow and therefore a similarity with a flow over a cylinder can be
observed. Note also that the stagnation point heat transfer coefficient increases for the downstream jets due to the lower static
pressure and hence higher local Reynolds numbers.

Although the general flow patterns is similar for the three different cases of hot gas temperature history, the level of heat
transfer coefficient is different especially in the stagnation region of the jets where the appearance of liquid crystals is rather
quick (1.5-2s). This time of appearance is shorter than the time the thermocouple needs to reach steady state conditions due to its
thermal inertia and therefore a relatively lower T, is considered in the solution of Eq.4. At Rep=25000, where the plenum
velocity is 0.39m/s, the overestimation of the heat transfer coefficient is far above 50% if Duhamel’s superposition principle is
applied directly on the thermocouple measurements. On the other hand, a perfect temperature step may result in an
underestimation of the heat transfer coefficient since the plenum velocity is low and a step change in the power settings do not
cause a step change in the mainstream temperature as well as the temperature overshooting due to the transient response of the
DC-Power supply is not considered. For these reasons, Eq.4 5 and 6 was used to calculate the real plenum temperature evolution
based on the thermocouple measurements. The level of heat transfer coefficient lies between the aforementioned cases but it is
closer to the ideal temperature step assumption. The authors believe that this is not very far from reality since the time needed for
DC-Power supply to reach steady state conditions is in the order of 60-100m which is still rather quick. At Rep=55000 similar
trends are observed, however the plenum velocity is higher (0.86m/s) resulting to lower thermocouple time constant. Therefore,
the green line in Fig. 5(b) approaches more the ideal step situation and subsequently the differences in the heat transfer level
between the three cases are smaller compared to Rep=25000.

Local Nup distributions

Fig. 7 indicates the local Nup distributions in the centerline of the channel at the same flow conditions from Fig. 6. For both
Rep and a given hot gas temperature evolution approach, at the upstream jets of the channel, a donut shape distribution of Nup, is
observed. However, as the crossflow generated from the spent air of Jets 1 and 2 is developed, the distribution of the heat
transfer coefficient is rearranged and slightly shifted in the direction of the flow due to the deflection of the jets. Additionally, the
stagnation point heat transfer coefficient increases along the length of the channel due to the decreasing static pressure and hence
increasing local Rep. Regarding the heat transfer level similar trends are observed. An overestimation of the heat transfer
coefficient in the stagnation point regions is obtained when Duhamel’s superposition principle is applied directly on the
thermocouple data. In this case the level of heat transfer can be more than double compared to the ideal temperature step
situation, as for example in the stagnation point of Jet 5 at Rep=25000 which lies at the same level of Rep=55000 and of course
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represent a non-realistic situation. As discussed earlier, the difference with the ideal temperature step situation is reduced with
increasing Rep (and hence plenum velocity). This is visible at the high Reynolds number of Fig. 7 where the local heat transfer
coefficients are apparently closer compared to Rep=25000. However, the Nup overestimation compared to the data for the heat
transfer rate for the ideal temperature step is 25% for the stagnation region of Jet 1 and approximately 38% for Jet 5. When T, is
corrected prior to Duhamel’s superposition principle, the evaluation of heat transfer coefficient results in values in between the
above cases. Lower Nusselt numbers agree better as TLC indications appear later in time and therefore the fluid temperature

history has a smaller influence on the evaluated data.

Spanwise averaged Nup, distributions
Fig. 8 indicates the spanwise averaged Nup at the target plate of the narrow impingement passage. The increase of stagnation

heat transfer from Jet 1 to Jet 5 observed in Fig. 7 is somewhat smoothed out in the spanwise averaged results. The lower
stagnation heat transfer of the first jets is compensated by a better lateral coverage of the wall jet due to lower interaction with
the crossflow. For the downstream jets, the displacement of the peak heat transfer coefficient values compared to the jet exit
positions (black lines) observed in Fig. 7 are also visible in the spanwised averaged results. This was also observed by Bouchez
and Goldstein (1975) [23] in a single impingement jet experiment.

Contrary to the local heat transfer distribution of Fig. 7, the Nup, evaluated with the three different approaches for T, lie at
the same level in the case of spanwise averaged data. This is because the spanwise averaged appearance time of the liquid crystal
is larger than the appearance time at the stagnation regions and hence the effect of thermocouple thermal inertia is less intense. In
particular, the Nup values coincidence at the wall jet regions indicating that the results are nearly independent from the hot gas
temperature approach. Maximum difference is in the order of 50% for the stagnation point of Jet 5 and Rep=25000 which is still
below the differences observed in the local heat transfer data of Fig. 7. At the higher plenum velocity of 0.86m/s the differences
are much less and the data seem to agree relatively well also for the stagnation regions of the jets. However, there are still some
differences in the order of /0% and 20% from the ideal step for the corrected 7, considering thermocouple thermal inertia and

the direct application of Duhamel’s superposition principle to the thermocouple measurements.

Area averaged heat transfer data
This section discusses the average heat transfer coefficient obtained on the target plate of the examined test models. In the

majority of experiments, a liquid crystal signal could be recorded over 95% or more of the target plate area and therefore, the
data are assumed adequate for statistical analysis providing a fairly good representation of the average heat transfer rate. The
experimental results of this study have been compared also with various literature data obtained from multi-jet configurations
with maximum crossflow orientation and similar geometrical factors (X/D, Y/D and Z/D) and hence open area (Metzger et al.
(1979) [24], Florschuetz et al. (1980) [25], El-Gabry and Kaminski (2005) [26], Xing et al. (2010) [27]), Son et al. (2001) [28],
Ricklick et al. (2010) [29]). As expected, Fig. 9 indicates that Nup, is increased with Reynolds number following a power law of
Nup~Re®. Exponent, a, was estimated to be 0.72 which is a typical value for turbulent boundary layers as expected. More details
about the exponent, a, can be found in the study of Terzis et al. (2012) [30]. The large scatter in the chart can be attributed to the
different geometrical details of the above studies including also nozzle shapes and design, jet turbulence, region of averaging
area, mass flow rate determination or even differences of the applied measurement techniques. Nevertheless, good agreement
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with previous researchers can be observed indicating that the cooling performance of narrow impingement channels in terms of
average heat transfer rate on the target plate is comparable with multi-array configurations.

Regarding the optimum hot gas temperature evolution, direct application of Duhamel’s principle on the thermocouple
measurements without any correction overestimates the heat transfer coefficient as expected; however, the differences in this
chart are relatively small compared to the local and spanwise averaged data of Fig. 7 and Fig. 8, due to the fact that the target
plate includes also the wall jets regions apart from the stagnation zones where the final results are relatively independent from
the hot gas temperature approach, as shown also by the surface contours of Fig. 6. Correction of T, prior to Duhamel’s principle
as well as an ideal temperature step are closer to the literature data indicating possibly a more realistic approach to the
distribution of the heat transfer coefficient in the stagnation regions and hence have a better approach in the calculation of the
average heat transfer rate. In particular, the corrected hot gas temperature data seem to agree relatively well with the results of
Florschuetz et al. (1980) [21] for Z/D=1 over the entire range of Reynolnds number.

UNCERTAINTY ANALYSIS

The estimation of the uncertainties associated with the heat transfer results of the current investigation is based on the
method of small perturbations, outlined by Moffat (1998) [31], which has been applied in transient heat transfer experiments by
Terzis et al. (2012) [30] and Chambers et al. (2010) [32]. For the calculation of heat transfer coefficient the temperature in the
plenum was measured at a sampling rate of 25Hz in order to minimize the effect of time step level in Eq.3, as discussed by Kwak
(2008) [12]. The flow temperature measurements indicate a slight increased uncertainty level of thermocouples for the heated
flow, which is in agreement with the data of Schueren ef al. (2011) [33]. The time required for the liquid crystals to reach their
calibrated temperature level was evaluated from the recorded video with a frame rate of 25Hz. An extra error, that for the
determination of the initiation of the heating step and hence the transient test was estimated in the order of 0.02s while the
uncertainty in the thermal properties of Perspex (p,, ¢, k., )" has been assumed to be 5% according to Ireland (1987) [34]. The
effect of each type of measurement error on the heat transfer coefficient is considered alone while the error analysis is performed
by applying small perturbations in the test case of Z/D=1 and Rep=40000. Table 2 indicates typical values and the uncertainty
levels for the heat transfer results and their effect when propagated, in the calculation of the average heat transfer coefficient
(typical value 166W/m’ K). The maximum error can be estimated in the order of /2.6% which is a fairly good value for a
transient heat transfer experiment.

Table 2 Experimental uncertainties for the heat transfer results

Parameters Units Values Error Error in HTC [%]
T; [°C] 229 +0.12 0.99
T, [°C] 68.6 +0.25 1.51
Ty [°C] 39.3 +0.2 3.18
Jpck [Wvs/(m2K)] 569 +29 535
t [sec] 8.84 +0.1 1.61
HTC,, [W/(m2K]) 166 max error ~12.6
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SUMMARY AND CONCLUSIONS
In this study, the distribution of the heat transfer coefficients on the target plate of a narrow impingement passage was

experimentally measured using the transient liquid crystal technique. The results were evaluated using three different approaches
for the hot gas temperature evolution which drives the transient experiment: (1) Perfect temperature step, (2) Duhamel’s
superposition theorem in the acquired temperature data and (3) Correction of hot gas temperature for thermocouple thermal
inertia prior to superposition principle. For the correction of 7, the time constant of thermocouples, which was experimentally
measured using various wire diameters and flow conditions, was considered. An uncertainty analysis showed a fairly good
repeatability of the measurement technique. The findings of this investigation can be summarized as follows:

1. Thermocouple time constant decreases with reducing the wire diameter and increasing the freestream (plenum) velocity. A
negligible effect of the temperature level was observed on the response of thermocouples.

2. Direct application of Duhamel’s superposition principle overestimates the local heat transfer coefficients. The faster the
appearance time the bigger is the overestimation in the final results which can be more than double, as for example in the
local distribution of the stagnation regions of the jets and low Reynolds numbers.

3. Direct application of Duhamel’s superposition principle overestimates the area averaged heat transfer coefficient values. The
difference from the ideal temperature is 30% and /3% for a Rep=15000 and 55000 respectively. The higher the Rep the
smaller difference between the two assumptions since the plenum velocity is higher and therefore the thermocouple time
constant as well.

4. The effect of thermocouple thermal inertia is less intense as the results are averaged in spanwise direction or in the whole
target plate area.

5. Lower Nusselt numbers agree better as TLC indications appear later in time and therefore the fluid temperature history has a
smaller influence on the evaluated data.

In transient liquid crystal experiments where the thermocouples measuring the driving fluid temperature are located in a low
velocity region, it is therefore recommended to correct 7, with the thermocouple thermal inertia prior to Duhamel's superposition
principle. This is the case in an impingement configuration where the jets are fed from a common plenum.
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