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Effect of Thermal Barrier Coating on the 
performance of the active cooling channel 

Siva Karthik C V S S, Santhosh Kumar N, T Kishen Kumar Reddy 

Abstract — Actively cooled high speed combustion chamber using hydrocarbon fuel as a coolant, must be designed to cool the liner 
without exceeding the stoichiometric limit of the fuel required for combustion. Use of high temperature materials such as Nickle and 
Niobium alloys to sustain the high heat loads, cannot alone achieve the targeted coolant flow rates. Therefore the use of thermal barrier 
coatings is being investigated by many researchers. In this paper, a comparative performance study was carried out for rectangular and 
trapezoidal cooling channel configurations using three channel materials viz., Inconel X-750, Nb-Cb-752 and GRCop-84 and three thermal 
barrier coatings viz., Yittria Stabilized Zirconia (YSZ), La2Zr2O7 and La2Ce2O7. For this purpose a 1-D analytical model was developed in 
MATLAB for calculating the temperatures and stresses of the active cooling channel. A 2-D numerical simulation was carried out in ANSYS 
14.5 to validate the analytical model. Then, using Matlab program the temperatures and stresses were calculated for a range of geometric 
parameters, in conjunction with various channel materials and TBC materials, for a given set of flow and thermal boundary conditions to 
bring out the most suitable combination for the application. It was observed that the use of TBCs satisfied the requirement of reduction of 
the coolant requirements and overall weight per unit area. 

Index Terms— Active Cooling Panel, Channel Cross Section, Fins, High Speed Combustion Chamber, High Temperature Materials, Heat 
Exchanger, Thermal Barrier Coating. 

——————————      —————————— 

1 INTRODUCTION                                                                     
igh speed combustion chamber used in aero-space do-
main has to be designed to withstand the temperatures 
and thermo-structural stresses prevailing due to the 

thermal gradients and pressure forces. Without sufficient cool-
ing no material can withstand such high temperatures. So, to 
cool the structure, active cooling, using the fuel as coolant, is 
seen as a viable option. In this process the fuel will be re-
formed due to pre-heated, which helps in better combustion. 
The preheating also has the advantage of augmenting heat 
sink capacity of the fuel due to endothermicity. The challenge 
in such active cooling system is availability of the fuel on 
board that can be used as coolant. Though the cooling efficien-
cy is a function of geometric parameters and thermo-physical 
properties of materials, the manufacturing constraints and the 
material choices, keeps the fuel flow rate required about 3 
times in excess of stoichiometric combustion requirements. 
Carrying excess fuel on board adds up to the weight penalty. 
In order to reduce the coolant flow rate, the use of Thermal 
Barrier Coatings (TBCs) has been pursued by many research-
ers. But there are wide variety of TBC coatings available based 
on the application. For the application to the liners of high 
speed combustion chamber, the TBC coatings must possess 
low thermal conductivity, high phase stability, the thermal 
expansion must match the metallic substrate, high melting 
point. Based on the above requirements Lanthanum Zirconi-
um Oxide (La2Zr2O7) [1], Lanthanum Cerium Oxide 
(La2Ce2O7) [2], Yittria stabilized zirconia (YSZ) [2] were se-
lected for investigation. Also, the coolant channel materials 
selected were Inconel X-750[3] [4], Nb-Cb752 [7] and GRCop-

84 [5], which have high temperature limits and high yield 
strength at elevated temperatures. 

2 METHODOLOGY 
The actively cooled combustor liner as shown in the Fig.1 has 
channels running along the length of the panel. The fuel used 
as coolant flows through these channels to absorb the heat flux 
impinging on the panel. In the current paper, comparative 
performance of the active cooling channel was studied for a 
combination of different coolant channel materials, TBC mate-
rials and channel cross sections. Table 1 and Table 2 provide 
the thermo-physical properties of the TBC materials and the 
metal alloys used for the investigation. Fig.2 shows the two 
channel cross sections used for the investigation. This study 
helps to identify the appropriate combination of the TBC ma-
terial, coolant channel material and the shape suitable for the 
application. For the investigation, various researchers pro-
posed different analytical models. Youn and Mills [6] pro-
posed an analytical by considering 3 fins, the face (tf) and two 
cores (tc), with two corners for a single channel. Valdevit et al. 
[7] proposed an analytical model by considering cores (tc) as 
fins considering critical points across the cross section, to cal-
culate temperatures and stresses at these points. For the inves-
tigation, 1-D analytical model was developed by following the 
approach of Valdevit et al. [7] for rectangular cross section. For 
trapezoidal cross section the analytical model was derived and 
presented. MATLAB program was used for calculating the 
temperature and stresses experienced for the cooling channel. 
2D thermo-structural analysis was carried out in ANSYS 14.5 
to verify the 1-D calculation. MATLAB program was used 
subsequently to verify several rectangular and trapezoidal 
cross sections by varying geometric parameters based on the 
manufacturing feasible dimensions provided in Table 3. Final-
ly the graphs were generated based for minimum weight per 
unit area for a given mass flow rate of coolant. 
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Fig.1. Active Cooling Panel 
 

Table 1. TBC material properties 
 

 

Table 2. Material Properties 

 
 

 

 

 

  Table 3. Range of geometric parameters 
 

 

 

 

 

 

In case of trapezoidal cross section tc1 is maintained such that tc-tc1 = 0.0005 m 
 

 

Fig.2 Different channel shapes used in the investigation 
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2.1 Analytical Model 
Fig. 3 shows the flow chart for the MATLAB program used for 
making the calculation. For the rectangular channel the tem-
peratures and stresses were calculated at the 18 critical points 
as shown in Fig.4. For the trapezoidal channel they have been 
derived and are shown in the following sections.  
Temperature model: The temperatures along the channel were 
calculated based on the thermal resistance network shown in 
Fig.5.  In order to incorporate the different shapes of the chan-
nel in to the program, following changes were made to the 
original program (a) Fuel mass flow rate per unit width, di-
rectly mass flow rate of the coolant per channel was provided 

as an input. (b) The thermal resistances [7] of rectangular and 
trapezoidal fin shapes given in Table 4 were incorporated.  
The length of the channel was taken as 0.7 m. The inputs re-
quired are the realistic adiabatic wall temperature (Taw), heat 
transfer coefficient on combustion side (hG), coolant mass 
flow rate (mf), inlet temperature of the coolant (𝑇𝑓0) as encoun-
tered in experimental test conditions. The hydrocarbon fuel 
JP-7 is used as a coolant throughout this investigation. The 
heat transfer coefficient (hG) was calculated as per the refer-
ence enthalpy method [8] [9]. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.3: Flow chart for the methodology followed 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4. Critical points identified on the panel for evaluating the stresses and temperature 
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Table 4. Fin Resistances of different shapes 

 
Temperatures for a Trapezoidal cross section: 
The temperatures formulae at the 18 critical points for the rectangular channel were taken as per [6] and for the 
trapezoidal channel they differ from that of the rectangular channel only at the points 3, 4, 7, 8, 9, 12, 13, 16, 17 
and 18 and are given as follows. 
 

𝑇(𝑖) = 𝑇𝑓 + �𝑇(2) −𝑇𝑓0�.
𝐼0�2𝑚�𝑙𝑥𝑒� 𝐾1�2𝑚�𝑙𝑥𝑒�+  𝐾0�2𝑚�𝑙𝑥𝑒� 𝐼1�2𝑚�𝑙𝑥𝑒�

𝐼0(2𝑚𝑙) 𝐾1�2𝑚�𝑙𝑥𝑒�+  𝐾0(2𝑚𝑙) 𝐼1�2𝑚�𝑙𝑥𝑒�
𝑎𝑎 points 3,4,7,8,12,13,16,and 17 

𝑇(𝑖) = 𝑇𝑓 + �𝑇(2) − 𝑇𝑓0�.
𝐼0�2𝑚�𝑙𝑙 2⁄ � 𝐾1�2𝑚�𝑙𝑥𝑒�+ 𝐾0�2𝑚�𝑙𝑙 2⁄ � 𝐼1�2𝑚�𝑙𝑥𝑒�

𝐼0(2𝑚𝑙) 𝐾1�2𝑚�𝑙𝑥𝑒�+ 𝐾0(2𝑚𝑙) 𝐼1�2𝑚�𝑙𝑥𝑒�
𝑎𝑎 points 9 and 18  

Where m = (2*hC / (kfin*tc)) ^0.5       --------------- (B1) 
Fuel temperature 
The fuel temperature is obtained by the energy balance equation given below. The amount of the heat emery 
absorbed by the fuel is equal to amount of energy given by the channel material. 
 
𝑑�𝑇𝑎𝑤 − 𝑇𝑓�

𝑑𝑧 +
1

𝑅1𝑚𝑓𝑐𝑝𝑓
�

𝑤
𝑤 + 𝑎𝑐

𝑅𝑤∗ +
𝑎𝑐

𝑤 + 𝑎𝑐
𝑅𝑐∗� �𝑇𝑎𝑤 − 𝑇𝑓� = 0 

𝑚𝑓𝐶𝑝𝑓
𝑑𝑇𝑓
𝑑𝑧 =

𝑤𝑞𝑤(𝑧) + 𝑎𝑐𝑞𝑐(𝑧)
𝑤 + 𝑎𝑐

 

The solution for the above differential equation is 
𝑇𝑎𝑤−𝑇𝑓
𝑇𝑎𝑤−𝑇𝑓

0 = exp (−𝛽𝑧)Where, 𝛽 = 1
𝑅1𝑚𝑓𝑐𝑝𝑓

� 𝑤
𝑤+𝑡𝑐

𝑅𝑤∗ + 𝑡𝑐
𝑤+𝑡𝑐

𝑅𝑐∗� ---------------------------- (B2) 
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2.2 Thermo-Structural stresses Model 
 To obtain analytical estimates of the stresses fol-
lowing assumptions are made 

a. Uniform thermal expansion is permit-
ted in all directions. 

b. The combustion pressure does not 
cause panel-level bending. 

c. The coolant pressure Pf induces uni-
form tensile stresses in the core mem-
bers. 

d. The temperature variation along the 
panel length has been neglected. This 
assumption, combined with the im-
posed boundary conditions, ensures 
that generalized plane strain condi-
tions are attained along the z-direction. 

e. The stress due to the pressure of the 
combustion gases is ignored as the bot-
tom of the channel is supported against 
bending and since the 𝑃𝑐𝑜𝑚𝑏  « 𝑃𝑓 the 
stresses are neglected. The load is tak-
en by the face members and the stress 
on the core member can be neglected. 

Based on these assumptions analytical expres-
sions are derived for calculating stresses at 18 
critical points of the channel. 

Mechanical Analytical Model 
For the trapezoidal cross-section, the mechanical 
stresses were derived as follows. Due to the cool-
ant pressure tensile stresses are induced at points 
9, 18. 
 
𝜎𝑐𝑜𝑟𝑒,𝑦
𝑃𝑓

𝑃𝑓
= 2𝑤

(𝑡𝑐+𝑡𝑐1)
,
𝜎𝑐𝑜𝑟𝑒,𝑧
𝑃𝑓

𝑃𝑓
= 𝜈

𝜎𝑐𝑜𝑟𝑒,𝑦
𝑃𝑓

𝑃𝑓
  

θ = tan−1(2𝑙 (𝑎𝑐 −⁄ 𝑎𝑐1))   

L1 = �(𝐿2 + 𝑎𝑐12) 

𝜎face,x
𝑃𝑓

𝑃𝑓
= ((𝐿1 𝑠𝑖𝑛(𝜃)) �2𝑎𝑓� − (0.5 ∗ (𝑤 𝑎𝑓)⁄ 2)⁄   at 

points 1,10 

  
𝜎face,x
𝑃𝑓

𝑃𝑓
= ((𝐿1 𝑠𝑖𝑛(𝜃)) �2𝑎𝑓�+ (0.5 ∗ (𝑤 𝑎𝑓)⁄ 2)⁄  at 

points 2, 11     

 
𝜎face,x
𝑃𝑓

𝑃𝑓
= ((𝐿1 𝑠𝑖𝑛(𝜃)) �2𝑎𝑓� − (0.25 ∗ (𝑤 𝑎𝑓)⁄ 2)⁄  at 

points 6, 15     

𝜎face,x
𝑃𝑓

𝑃𝑓
= ((𝐿1 𝑠𝑖𝑛(𝜃)) �2𝑎𝑓�+ (0.25 ∗ (𝑤 𝑎𝑓)⁄ 2)⁄   at 

points 5, 14 

𝜎face,x
𝑃𝑓

𝑃𝑓
= ((𝐿1 𝑠𝑖𝑛(𝜃)) �2𝑎𝑓�)  ⁄  at points 3, 12 

𝜎face,x
𝑃𝑓

𝑃𝑓
= ((𝐿1 𝑠𝑖𝑛(𝜃)) �2𝑎𝑓�)  ⁄  at points 4, 13 

𝜎face,x
𝑃𝑓

𝑃𝑓
= ((𝐿 𝑠𝑖𝑛(𝜃)) �2𝑎𝑓�)  ⁄  at points 7, 16 

𝜎face,x
𝑃𝑓

𝑃𝑓
= ((𝐿1 𝑠𝑖𝑛(𝜃)) �2𝑎𝑓�)  ⁄  at points 8, 17

 -------------------------- (B3) 

Thermal Stresses 
The temperature difference across the top face 
causes compression along its top surface and 
tension along its bottom surface (at the bounda-
ry with the coolant).  These stresses are: 
𝜎face,x
∆𝑇𝑡𝑓 = 𝜎face,z

∆𝑇𝑡𝑓 = −
𝐸𝛼∆𝑇𝑡𝑓
2(1−𝜈)

  at points 1, 5, 10, and 
14 

𝜎face,x
∆𝑇𝑡𝑓 = 𝜎face,z

∆𝑇𝑡𝑓 =
𝐸𝛼∆𝑇𝑡𝑓
2(1−𝜈)

  at points 2, 6, 11, and 
15  ------------------------- (B4) 

With E and 𝛼the Young modulus and the coef-
ficient of thermal expansion of the material, re-
spectively. Additionally, the average tempera-
ture difference between the top and bottom fac-
es,   
𝛥𝑇𝑝𝑎𝑛𝑒𝑙 = (𝛥𝑇𝑝𝑎𝑛𝑒𝑙𝑤 + 𝛥𝑇𝑝𝑎𝑛𝑒𝑙𝑐 )/2 ------------ (B5) 
causes the panel to deform uniformly in each of 
the x- and z-directions, inducing compression 
in the top face and tension in the bottom face. 
Accounting for the stretching stiffness of the 
core members along the z-direction and assum-
ing that the temperatures of the core and the 
bottom face are the same at steady state, the re-
sulting additional stresses are 
 
𝜎face,z
∆𝑇Panel = −

𝐸𝛼∆𝑇Panel(𝐴𝑓+𝐴𝑐)

2(1−𝜈)(2𝐴𝑓+𝐴𝑐)
  at Points 1, 2, 5, 6, 

10, 11, 14, and 15 

𝜎face,z
∆𝑇Panel =

𝐸𝛼∆𝑇Panel𝐴𝑓
2(1−𝜈)(2𝐴𝑓+𝐴𝑐)

 at Points 3, 4, 7, 8, 12, 

13, 16, and 17  --------------------- (B6) 
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Where 𝐴f = 𝑎f(𝑤 + 𝑎c)𝑎𝑛𝑑𝐴c = 𝑎c(𝐻 − 2𝑎f)are 
the cross-sectional areas of the face and the core 
in a unit cell, respectively.  For both rectangular 
and trapezoidal cross sections, the B4 and B5 
are applicable to calculate the thermal stresses. 
 

2.4 Failure Criteria 
For metals, failure is defined by the onset of yield-
ing. The Von-Mises stress criterion is used which is 

 
Max.   

i=1-18   ��
𝜎𝑚,𝑥

(𝑖)

𝜎𝑌�𝑇(𝑖)�
+

𝜎𝑇,𝑥
(𝑖)

𝜎𝑌�𝑇(𝑖)�
−

𝜎𝑚,𝑧
(𝑖)

𝜎𝑌�𝑇(𝑖)�
−

𝜎𝑇,𝑍
(𝑖)

𝜎𝑌�𝑇(𝑖)�
�
2

+

� 𝜎𝑚,𝑥
(𝑖)

𝜎𝑌�𝑇(𝑖)�
+

𝜎𝑇,𝑥
(𝑖)

𝜎𝑌�𝑇(𝑖)�
�
2

+ � 𝜎𝑚,𝑧
(𝑖)

𝜎𝑌�𝑇(𝑖)�
+

𝜎𝑇,𝑍
(𝑖)

𝜎𝑌�𝑇(𝑖)�
�
2

�  =2   

 
 
With the stress components and the tempera-
tures at each location 'i' given by equations B1 
B2 B3 B4, B5,B6 respectively. The above criteri-
on is applicable for both rectangular and trape-
zoidal cross sections. 

3 ANALYTICAL VS NUMERICAL MODEL 
In order to verify the results from the analytical 
model above, 2D thermo-structural analysis is car-
ried out in ANSYS 14.5. Fig.6 provides the steps 
followed for the thermo-structural analysis. The 
analysis was carried out for both rectangular and 
trapezoidal configurations. The simulations are 
carried out for Nb-Cb752 material. 
Boundary Conditions: 

• Mechanical: 

– Pressure on the channel wall – 3 
MPa 

• Thermal: 
– Heat Transfer coefficient on the 

coolant side (derived from the 
Gnielinski Correlation)  

– Temperature of the coolant (de-
rived from the energy balance 
equation B2) 

– Heat Transfer coefficient on the 
combustion side of the wall (de-
rived from Eckert’s Enthalpy 
condition) 697.5 W/m2K 

– Adiabatic wall temperature 3297 
K 
 

• Supports: 
The bottom portion is assumed to be on 
a bed rollers permitting expansion in all 
the directions. The panel level bending 
is restricted. 

- The bottom wall is constrained 
against the movement in Y - 
Direction 

- The left side wall is constrained 
against the movement in X - 
Direction 

- In order to allow for the ther-
mal expansion, the right side 
wall is allowed displace uni-
formly in X - Direction 

 
• Channel Material - Nb-Cb752  

 

 

 

Fig.6. Thermo-structural analysis for rectangular channel 
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Fig.7. MATLAB and ANSYS Temperature and Stress results comparison at the critical points along the profile of the rectangular 

channel  

 
The graphs in Fig.7 show the variation of temperatures and 
stresses for the rectangular channel configuration. It was ob-
served that the temperatures obtained from the numerical 
model were 40% lower than the analytical model at the high 
temperature points. This could be mainly due to the 1-
Dimensional formulation of the analytical model differing 
with that of the 2-Dimensional numerical model. Surya-
narayana [11], reported a difference of 80% between 1-
Dimensional and 2-Dimensional heat transfer rates. Hence the 
variation is within the acceptable range.  
Also, the stresses from the numerical model are lower than 
predicted. This could be due to the lower temperatures in the 
numerical model resulting in lower stresses and the underly-
ing assumptions of the analytical model. Hence the variations 
were within the predictable range. The trend observed for 
both temperatures and stresses was similar between MATLAB 
and Analytical results. Therefore the analytical model was 
used for further investigation over a range of geometric and 
material parameters. Similar trends were observed for the 
trapezoidal channel as well for both temperatures and stress-
es. 

 
2.5 MATLAB Results 
Using the MATLAB program, the results are obtained for a 
range of geometric parameters as listed below in Table 5.  The 
thickness of the TBC considered was varied between 0.0001 to 
0.0005 m. Analytical results using MATLAB program are ob-
tained for the inlet temperature of the coolant  (𝑇𝑓0) of 300 K, 
heat transfer coefficient on the combustion side (hG),  697.5 
W/m2/K, adiabatic wall temperature (Taw) 3297 K and the 
length of the channel 0.7 m. The width of the panel ‘B’ was 
considered as 0.772 as shown in Fig.1. The coolant flow rate is 
varied between 0.001 Kg/s to 0.006 Kg/s. The graphs in Fig.8 
show the minimum metal weight per unit area (metal weight 
alone) and minimum overall weight per unit area (metal and 
fuel consumed for a given flow time) against a given coolant 
flow rate. Here, the width of the panel is chosen a 0.772 m. The 
flow time considered for the calculation of the fuel weight is 
30 seconds. 

3 RESULTS AND DISCUSSION 
Effect of TBC: From the above results it can be observed 
that the TBC helps to reduce the coolant mass flow rate 
required. 
• For the material Inconel X-750, without TBC the min-
imum amount of coolant flow rate required was 0.0045 
Kg/s for a single channel, whereas the coolant flow rate 
was 0.0015 Kg/s with TBC.  
• Without TBC the minimum overall weight per unit 
for panel for the starting configuration was found to be 
150 Kg/m2 whereas the minimum overall weight with 
TBC was found to be 70 Kg/m2 due to decrease in the 
amount of coolant flow rate for a given width of the panel. 
• For all the combinations with TBC, both Inconel X-750 
and Nb-Cb752 did not show any appreciable difference in 
terms of weight per unit area, whereas for GRCop-84 in 
combination with Lanthanum Cerium Oxide (La2Ce2O7) 
has the lowest weight per unit area followed by Lantha-
num Zirconium Oxide (La2Zr2O7), and Yittria stabilized 
zirconia (YSZ). This is probably due to the lowest thermal 
conductivity of Lanthanum Cerium Oxide (La2Ce2O7). 
Both Inconel X-750 and Nb-Cb752 were observed to have 
lowest weight per unit area in combination with TBC than 
without TBC. GRCop-84 was not able to withstand the 
thermo-structural stresses without TBC. 
• Also, the combination of GRCop-84 with YSZ requires 
higher coolant flow rate among all the combinations in-
vestigated. 
Effect of Channel Material: 
• Among of channel materials considered, Inconel X-
750 and Nb-Cb752 were found to have lower weight per 
unit area compared to the GRCop-84. 
• Also, for GRCop-84 the minimum coolant flow rate 
required for an acceptable configuration was found to be 
0.0035 Kg/s, which is higher than coolant channel flow 
rate for other two materials. 
• At lower coolant flow rate the weight per unit area 
(metal weight alone) is high. This could be due to the 
thicker cross sections required to counter the higher ther-
mal gradient at lower coolant flow rates. 
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• In case of Inconel X-750 and Nb-Cb752, the overall 
weight per unit area (metal and fuel) first decreases and 
then increases monotonically, whereas for GRCop-48, the 
trend showed very minimum variation compared to other 
two materials. 
Effect of shape of the channel: 
• The trapezoidal cross section, when compared to the 

rectangular cross section was observed to have lowest 
weight per unit area but in terms of overall weight per 
unit area, no appreciable difference was observed.  
• In all the combinations investigated, minimum cool-
ant required for the trapezoidal was slightly higher than 
the rectangular ones. 

 
 

Table 5. Graphs showing the minimum weight per unit area (Kg/m2) and overall weight per unit area 
(Kg/m2) Vs flow rate (Kg/s)

 

Legend:    
 
 

   

 Weight per unit area (Kg/m2) (Metal 
Weight only) 

Weight per unit area (Kg/m2) (Metal + Fuel) 
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4 CONCLUSION: 
• The analytical model was established for checking the 
feasibility of rectangular and trapezoidal cross sections. 
• TBC has the effect of decreasing the coolant flow rate 
and reduced the weight per unit area. In case of Inconel X-
750, the minimum coolant flow rate was 66% lower for the 
channel with TBC than for the channel without TBC. 
• GRCop-84 was found to be viable only in combina-
tion with TBC only. 
• In terms of weight per unit area, trapezoidal was 
found to be slightly lower than the rectangular channel for 
a given mass flow rate. 
• In terms of overall weight per unit area, the starting 
configuration with TBC was found to be 50% lower than 
the configuration without TBC. 
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NOMENCLATURE 
hG – Heat Transfer coefficient of the hot gases  
hC – Heat Transfer Coefficient of the coolant inside the channel 
𝑘𝑠 – Thermal Conductivity of the metal 
𝑘𝑓 – Thermal Conductivity of the fuel / coolant 
𝑤 – width of the channel 
𝑎𝑐 – core thickness 
𝑎𝑓 -  face thickness 
l – height of the channel 
𝐴𝑓 – Area of the face 
𝐴𝑐 – Area of the core 
L1 – Angular length of the trapezoidal fin 
Ɵ – Angle 
𝑎𝑐1 – Thickness of the trapezoidal fin at the tip 
𝑥𝑒 – distance of the tip of the fin from origin 
𝐼0 – Bessel function of first kind and first order 
𝐼1 – Bessel function of first kind and second order 
𝐾0 – Bessel function of second kind and first order 
𝐾1 – Bessel function of second kind and second order 
Nu – Nusselt Number 
Dh – Hydraulic Diameter 
A – Flow area of the channel 
P – Flow perimeter of the channel 
f – friction factor 
Pr – Prandtl number 
𝑢  – flow velocity 
vf – Coolant dynamic viscosity 
b – width of the channel 
B – width of the panel 
W – Weight  
t – time in seconds 
N – Number of channels 
P – Pressure  
T – Temperature 
q – heat flux W/m2 

𝑚𝑓 – mass of the fuel 
𝑐𝑝𝑓  – Specific heat of the fuel 
E – Young’s Modulus 
α – Thermal coefficient of expansion 
ʋ - Poisson ration  
𝑃𝑐𝑜𝑚𝑏  – Combustion gas pressure 
 𝛥𝑇𝑝𝑎𝑛𝑒𝑙 – Temperature gradient across the wall 
𝛥𝑇𝑝𝑎𝑛𝑒𝑙𝑤  – Temperature gradient across the web of the panel 
𝛥𝑇𝑝𝑎𝑛𝑒𝑙𝑐  – Temperature gradient across the core of the panel 
∆𝑇𝑡𝑓 – Temperature gradient across the tope face 
σ – Stress 
Subscript 
P – Panel 
T - Thermal 
m - Mechanical 
aw – adiabatic wall temperature 
fuel – fuel 
w – Web 
c – Core 
tf – mid of top face 
Y – Yield 
h – Combustion gases 
f – Fuel 
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