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ABSTRACT

This paper presents a numerical analysis on conduction heat transfer through a custom built thin film gauge
(TFG). The authors have developed a custom-built heat transfer gauge to measure the heat flux from 1ISO2685
fire-certification burner under isothermal wall conditions. During the calibration of TFG using a hot air gun,
the heat flux from the hot air gun was not uniform. There was a high heat flux level directly underneath the hot
plume. In order to investigate the effect of the non-uniform distribution of the heat flux, the author conducted a
two-dimensional numerical analysis to confirm that one-dimensional conduction conditions prevailed
throughout the temperature sensing section of the TFG. The numerical results were also compared directly to the
temperature readings from the two thermocouples placed under the enamelled disc. The objective of this paper
is to simulate the conduction heat transfer through the custom built TF'G for fire-certification in aero engine. A
detailed two-dimensional conduction analysis of the gauge is presented to assess the influence of lateral
conduction on the gauge accuracy.
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INTRODUCTION

Establish Heat Flux M easurement Techniques

1S02685 [1] states that the heat flux from the standard burner must be calibrated using either a water-cooled
copper tube calorimeter or an alternative, approved equipment. The specified calibration method requires a three
minute warm-up time in order to obtain stable conditions before the temperature measurements are taken.
During the test the temperature history of the constant flow of water is monitored every 30 seconds for a period
of three minutes. The calibration procedure only provides a single measurement of heat flux averaged over the
length of impingement of the flame onto the copper tube.

There are many methods of measuring heat flux such as those reported in Schultz and Jones [3], Jones [4] and
Ainsworth et a. [5]. However, most of these methods were considered unsuitable for surveying the 1SO2685
standard flame. A gauge for this purpose must be able to accurately measure a heat flux up to approximately
200 kW.m? and be able to withstand prolonged immersion in a 2100°K flame. Thin film gauges (TFGs) were
chosen to measure the surface temperature of an enamel insulating layer to a water-cooled metallic plate. As
well as maintaining the gauges at manageable surface temperature, the water-cooled plate accurately prescribes
the thermal boundary condition and avoids a large step in surface temperature between the gauge and its
surroundings seen for uncooled surrounds [6]. Thin film gauges were selected to measure the surface
temperature due to their fast response and ability to endure elevated surface temperatures.

Thin Film Gauge
Thin film gauge are widely used to measure transient and steady state heat transfer. Since 1970's the technique
has been developed and used in avariety of gas turbine applications. Further application and development of the

traditional TFG are described by Epstein [6], Doorly and Oldfield [8] and [9] and Dunn [10]. The development
of the more recent direct heat transfer gaugeis fully explained by Piccini [11] and Piccini et a. [12].
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The TFG is used in conjunction with an insulating layer to measure surface temperature and local heat flux. In
the steady state one-dimensional conduction, the magnitude of heat flux can be obtained from the solution of

equation given as follows:
k
=-AT| —
! [ij

where £ is the substrate thermal conductivity, Ax is the thickness of the insulator and AT is the temperature
difference across the insulator. The temperature across a sheet, AT of a known therma properties and
dimensions is measured with the traditional platinum resistance sensor and a thermocouple islocated on the rear
face of the insulator.

The TFGs used in the current work consisted of five platinum films (approximately 0.04 xm thick) painted onto
the surface of an enamelled Inconel disc (50 mm diameter and 2 mm thick), (Figure 1). Each platinum TFG is
approximately 5 mm long and 1 mm wide. The enamel is assumed to have properties similar to fused quartz
with thermal conductivity of 1.36 W.m™K™ and a thickness of approximately 50um [13]. Inconel-600
(Nickel/Chromium alloy), which has a good oxidation resistance at high temperature and has a thermal
conductivity of 14.8 W.m™.K™ at room temperature, was used as the base of the enamel. The gauges were
connected using painted gold leads soldered to connecting wires.

Thin film

Platinum gauge

Enamel
substrate

Gold leads

Inconel 600

Figure 1: Enamelled Inconel disc painted with five platinum TFGs [6]

MATERIALSAND METHODS

During the cdlibration of TFG using the hot air gun, the heat flux from the hot air gun was not uniform. There
was a high heat flux level directly underneath the hot plume. The flow field under the hot air guniisillustrated in
Piccini [11]. In order to investigate the effect of the non-uniform distribution of the heat flux on the calibration,
the author conducted a numerical prediction to confirm that one-dimensional conduction conditions prevailed
throughout the temperature sensing section of the TFG. The numerical results were compared directly to the
temperature readings from the two thermocouples placed under the enamelled disc as mentioned earlier in
section (Figure 2). This enabled the author to simulate the low-temperature calibration procedure which
involved the hot air gun.

Front copper plate

TFG enamelled disc

f ‘ Coolina water

Back copper plate Thermocouple (Ty)

Figure 2: Schematic of the location of back surface thermocouple
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The numerical method employed in this study is based on a finite-difference technique [14]. A finite difference
method is used to discretised the transformed diffusion term in energy equation. Smaller spatial increments will
result in reduce numerical errors but proportionately increase the number of equation to be solved. A uniform
structured mesh in a physical domain (model of TFG) with 1 mm x 1 mm was formed. The system is considered
as a two-dimensional body which is divided into equal increments in both x and y directions. The author used
1800 nodes to represent the whole system. The nodal points are designated as shown in Table 1(a), where the m
locations indicate the x increment and » locations indicating the y increment. Laplace’s equation is solved to
determine the temperature at any of these noda points. Assuming constant thermal conductivity and steady
conditions with no heat generation, the temperature field must satisfy Laplace's equation given below;

o°T  9°T _

A 0

The heat flow in the x and y directions may be calculated from the Fourier law of conduction;

q9x = _kAx or (2)
: ox
oT

qy = k4, Py (©)

Using Taylor’s series approximation, the temperature gradients is discretised and neglecting the second order
and higher term;

For x direction:
T -T T -T
a_T:| ~ m+1n m,n and a_T:l ~ m=1n (4)
Ox (m+1)/2.n Ax ox (m=1)12,n Ax
) o
62T ~ ox (m+1)/2,n ox (m-1)/2,n _ Tm+Li1 + Tm—l,n - 2Tm,n (5)
ox? o Ax (Ax)z
For y direction:
T -T T -T
a_T:| ~ mn+1l m,n and a_T:| ~ m,n—1 (6)
N L (ns1y12.n Ay V Ly (n-tyr2 Ay
ﬂ _W}
o°T N VY bz Y douenyr2 _ Tynirt Typa—2T,, @
o Ay (Ay)?
Thus the finite difference approximation for (1) becomes:
Tm+1,n + Tm—l,;z - 2Tm,n 4 Tm,n+1 + Tm,n—21 - 2Tm,n -0 (8)
(Ax) (Ay)
If Ax = Ay, then
Tm+Ln +Tm,n+1+Tm—1,n +Tm,n—1_4Tm,n =0 (9)
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The summary of the nodal equations for equal incrementsin x and y used throughout the analysis are displayed

in Table 1.

Table 1: Summary of nodal formulae for finite-difference calculations [14]

a) Interior node

lm, n+l/
Ay r—---
1 |
m-1.n m, ny m+l,
—@ ] @ I @
|
|
Ay | [
\ m, n-1
N I'N

b) Convection boundary node

0= Tm+1,n + Tm,11+1 + Tm—].n + Tm,n—l - 4Tm,n

T — (Tm+l,)1 + Tm,n+l + Tm—ln + Tm,n—l)

m,n 4

lm, n+l
hAx hAx
0= TTw + %(ZTm—l,n + Tm,n+l + Tm,n—l)_ (T + 2)Tm,n
A ¥ I— _ «
m-11n m, n
_\ ]’l, Too T Tm—l,n +(Tm,n+l+Tm,n—l)/2+BiToo
I m,n = .
’ 2+ Bi
1
A % - «
-1 .
e Biot number, B; = hiAx
PR k
AXx
c)Exterior _corner _with _convection
boundary
0= 2}%@, (T + T )- 2[}’% + 1)Tm,n

(Tm—l,n + Tm,n—l)/2+ BlToc
1+ Bi

T =

m,n

Biot number, B; = h%

Figure 3 shows a two dimensional physical representation of the enamelled inconel disc and copper plate (300
mm X 6 mm). The algebraic is written at each node depending on the position of the node in the system
according to Table 1. Since the aim of this analysis was to assess the influence of heat conduction in the x
direction on the gauge calibration, the numerical model did not include the thin enamel insulator on the front
surface of the inconel disc. The heat flux (¢) and freestream temperature (7.,) data from the heat flux calibration
of TFG were used as the boundary conditions for the computation. The variable hot air gun was set to produce a
hot air flow of 100°C. It was assumed that 7., from the hot air gun was uniform across the area of the inconel
disc. The ambient temperature (7,) was 293°K and the water temperature (7..) Was 283°K. The thermal
conductivity (k) of copper and inconel are assumed to be uniform at 386 W.m*.K™ and 14.8 W.m'K™
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respectively. The system of algebraic equation solved iteratively using Gausidel method on Microsoft Excel and
simulated the temperature distribution over the full copper plate. 7, and 7, are the ambient surrounding
temperature and back temperature respectively. 7}, is taken from the water temperature at equilibrium conditions.

‘% 50mMmmM ——>
1mm Copper, k=386 W.m*K™

9| |é T, = 293°K /

1 mm /
ﬁ 6 mm

|l<

>|

/

Incond, k = 14 W.m™.K? Tyarer = 283°K

300 mm

Figure 3: Two-dimensional physical presentation of the enamelled inconel disc and copper plate

RESULTSAND DISCUSSION

The distributions of ¢ from the heat flux calibration using the hot air gun are shown in Figure 4.
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Figure 4: Distribution of heat flux (q) from the TFG heat flux calibration using a hot air gun

Figure 5 shows a plot of temperature against radial location for various depths in the plate. The computational
data were then compared to data (73..) from thermocouples placed underneath the inconel disc. It was found
that the numerical prediction on the temperature levels at 2 mm depth (shown in red line in Figure 5) were near
to the values measured from the back thermocouple during the calibration. This allowed more confidence in the
temperature readings obtained from the back thermocouple. Figure 6 shows the temperature gradient along the
vertical centreline. The computational result showed that the heat flow is dominant in one direction and the
lateral heat conduction is significantly small. The full temperature distribution in the plate is shown in Figure 7.
It can be summarised that there is a uniform temperature distribution of heat penetration inside the inconel disc
and copper plate during both the calibration processes.
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Figure 5: Numerical analysis result from TFG hot air gun calibration
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Figure 6: Plot of temperature against depth at the centre of the inconel disc
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Figure 7: Temperature distribution from numerical analysis of the TFG hot air gun calibration the effect of different
hydrogen flow rates.
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CONCLUSION

A detailed two-dimensional conduction analysis on the custom built thin film gauge was successfully conducted.
The results obtained from the prediction confirmed that the temperature distribution in the plate was essentialy
one-dimensional during the thin film gauge cdibration of TFG using hot air gun. The contribution of lateral
conduction on the uncertainty of the TFG is considered small.
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NOMENCLATURE

A surface area (m?) T temperature (K)

. . . hAx T, freestream temperature  (K)

Bi Biat number, Bi = © T, ambient temperature (K)

h heat transfer coefficient  (W.m2.K™) Ty back temperature (K)

k thermal conductivity (W.mtK™? Twarer  Water temperature (K)

m x direction increment AT tempaature dlfft_arence (K)

n y direction increment Ax thickness of the insulator (m)

q heat flux or heat load (W.m?)
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