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Abstract- This paper describes 3D numerical simulation of matrix cooling configuration having two and three layered 
Rectangular sub-channels. The computational study has been conducted over the Reynolds number range of 24000-60000. 
The Nusselt number, friction factor and overall thermal performance have been evaluated and compared with smooth 
channel. The present work shows the enhancement in heat transfer of matrix configuration and this is due to increased heat 
transfer area, impinging and swirling flow in the sub-channels. The Nusselt number ratios (Nu/Nu0) for the whole matrix 
structure under stationary conditions are approximately 4-5 times higher than those of smooth channel.  
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I. INTRODUCTION  
 
Gas turbines are used to convert thermal energy into 
mechanical energy. The thermal efficiency of the gas 
turbine is directly related to the turbine inlet 
temperature (TIT). The material technology limits the 
maximum permissible TITs. With internal and 
external blade cooling, higher TITs are being used. 
Several internal cooling techniques have been 
evolved over the years. Some of the most commonly 
used techniques are rib turbulators, pin-fins, dimples 
and impingement jet, etc. The matrix cooling also 
known as latticework or vortex cooling provides good 
blade strength by the layers of ribs which intersect 
each other from opposite wall. Significant increase in 
heat transfer is obtained due to the increased heat 
transfer area, impinging and swirling flows (which 
promotes turbulence), induced by the geometry of 
matrix cooling channel.  
 
Sundberg briefed the matrix cooling technique and 
did an exhaustive survey of works done in the 
matrix/lattice cooling and summarized. Nakamata et 
al. Measured the pressure drop and heat transfer 
distribution in a converging matrix structure. The 
author found that heat transfer enhancement is about 
4 to 5 times the smooth circular pipe. However the 
dimples also increase the pressure losses. Su et al. 
Have studied numerically the heat transfer and flow 
in a realistic blade configuration.  
 
They reported better cooling performance with a 
lower width to height ratio. Also because of the 
matrix configuration, the temperatures in the mid 
chord region of the blade are found to be uniform and 
reduced cooling near trailing edge. Goreloff et al. 
Used Zinc metal technique and measured the overall 
cooling effectiveness of latticework cooling channel 
and given optimum angle between ribs. Maximum 
heat transfer rates are observed to occur for rib 
included angles from 60 to 90 degrees.  
 

 
The objective of the present study is to estimate the 
local heat transfer distribution and friction loss in a 
matrix cooling channel under stationary condition. 
The heat transfer rates on the leading and the trailing 
surfaces are estimated using computational method.  
 
II. COMPUTATIONAL ANALYSIS 
  
In order to get the physical understandings about the 
fluid flow and heat transfer characteristics in the 
matrix cooling channel, three-dimensional and 
steady-state numerical computations were done for 
the matrix cooling configuration  

 
Fig. 1 Geometric Parameters of the matrix cooling sub-

channels 
  
Fig.1 shows a schematic of the geometric Parameters 
of the matrix cooling sub-channels. For the present 
work rib angle α=450 is considered, because the 
maximum value of average Nusselt number can be 
obtained at α=450. 

 

 
Fig. 2 Schematic Representation of two and three layered 

matrix configurations. 
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Fig.2 shows matrix cooling model with two and three 
layered rectangular sub-channel. The structured grid 
shown in Fig. 3 has been developed using ANSYS 
software. The grid independence check has been done 
for the grid systems with number of elements ranging 
from 1.2×105 to 5.12×105. By observing 1% changes 
in the computed fluid outlet temperature, average 
Nusselt number, and friction factor, around 2×105 
grid system was chosen for all computations. 
 

 
Fig. 3 Structured grid for fluid volume. 

 

 
Fig. 4: Schematic boundary conditions in the computations 

 
The computations for the fluid flow and heat transfer 
in the matrix cooling channel were performed using 
the commercial solver ANSYS FLUENT 14.5.The 
computations were done by using realizable k-ε 
turbulence model combined with scalable wall 
function.  
 
The scalable wall function approach overcomes the 
drawbacks of the standard wall function approach. 
Fig.4 shows a schematic of the boundary conditions 
in the computation model having rectangular channel. 
 
 The constant heat flux is applied on top and bottom 
surfaces of the matrix cooling channel, whereas the 
sidewalls of the channel are insulated. The surfaces of 
sub-channel are treated as no slip boundaries the 
material of the ribs is taken as aluminium.  
 
For all computations, the first layer height is within a 
y+ range of 0-30.Throughout the study, the fluid is 
considered to be incompressible and to reduce the 
numerical errors, a second order volume 
discretization scheme was used and the SIMPLEC 
algorithm was used for pressure-velocity coupling in 
the computations.  
 
All predicted quantities were steady state. The 
minimum convergence criteria for the mass, 
momentum and turbulence quantities are 10–4 and 
10–6 for the energy equation. The data were carefully 
taken after the computations converged.  

III. METHODOLOGY  
 
For the fluid volume, steady state heat transfer 
analyses were done for Re=24000, 40000 and 60000. 
A constant heat flux is applied on leading and trailing 
surfaces. From the converged values data were 
extracted and following calculations were made based 
on the hydraulic diameter of the duct. The area–
averaged convective heat transfer coefficient of the 
matrix channel is defined by  

 
From the local heat transfer coefficient, the Nusselt 
number is calculated as, 

 
The heat transfer results are presented as the Nusselt 
number ratios (Nu/Nu0) to estimate the heat transfer 
enhancement effectively, where Nu0 is the Nusselt 
number for a fully developed turbulent flow in a 
stationary smooth circular tube given by Dittus-
Boelter. 

 
The friction factor of the flow across the matrix 
cooling channel is defined as follows [2] 

 
Here, ΔP is the pressure drop of the airflow across the 
sub-channels; U is the mean velocity of the flow. The 
friction loss results are presented as friction factor 
ratios, f/f0 where f0 represents the friction factor for a 
fully developed turbulent flow in a stationary smooth 
circular tube. The factor can be normalized by the 
Karman-Nikuradse equation. 

 
The thermal performance, η, which is obtained by 
considering both heat transfer enhancement and the 
friction loss increment, is defined as a parameter 
which describes the overall cooling efficiency. It is a 
measure of enhancement in heat transfer per unit of 
frictional drop compared to a smooth channel duct. 

 
 
IV. FLOW STRUCTURE 
 

 
a) Predicted flow in two layered matrix sub-channels 
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b) Predicted flow in three layered matrix sub-channels 
Fig. 5 Predicted flow in layered matrix sub-channels 

  
Fig. 5 shows the predicted vector plot in the 
intersecting top and bottom sub-channels. The linear 
fluid motion of each of the bottom channel induces 
vortices in all the crossing top channels due to shear 
force at the intersection. Similarly each of the top 
channel flow induces vortices in intersecting bottom 
channels. Thus each of the top and bottom channels 
will have one linear component and swirling 
component. This leads to a thorough mixing, 
increased turbulence and hence increased heat 
transfer by convection. The turbulence is further 
increased as the channel flow take turn after reaching 
the end of the channel and impinges on the pressure 
surface wall before turning and entering the upper 
channel. And similar flow turning and impingement 
occurs (on to the suction surface) for the top channel 
flow.  
 
Fig. 6 shows the contours of local Nusselt number 
ratios on the leading and trailing surfaces. As shown 
in Fig. 6(a) the leading surface is divided in to three 
regions such as inlet, middle and outlet region. The 
impingement and trailing regions are shown in Fig. 
6(b). As the flow enters it is divided in to two parts 
on both surfaces and is travelling in opposite 
direction. The flow must take turn as it reaches the 
end of the channel and results in impinging and 
turning regions. 

 
V. RESULTS AND DISCUSSION 
 

 
Fig. 6 Contour plots of Nu/Nu0 for two layered rectangular 

sub-channel matrix at Re=40000. 

The Nusselt number ratio is comparatively low at the 
inlet region; this is because of less turbulence 
involved over there. However, Nu/Nu0 ratio 
increased in the middle region due to increased 
turbulence resulting in vortex formation. The heat 
transfer enhancement on impingement region is 
nearly 43% higher than turning region. For a 
particular channel Nu/Nu0 decreases as we move 
along the channel after the impingement region, this 
is because of the development of thermal boundary 
layer .Finally, Nu/Nu0 increases slightly on the 
turning region as the sub-channel flow reaches the 
end of sub-channel (side wall) and takes turn. 
 

 

 
 
a) Leading surface(suction side)  
 

 
b) Trailing surfaces(pressure side) 

Fig. 7 Line-averaged Nu/Nu0 in the middle region At 
Re=40,000 

 
Fig. 7 represents the line-averaged Nu/Nu0 values in 
the middle region (corresponding from 7th sub-
channel to 11th sub-channel, the channel numbers are 
shown Figure 6(a)) of the rectangular sub-channels. 
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a) Leading surface(suction side)  

 
b) Trailing surfaces(pressure side) 

Fig. 8 Line-averaged Nu/Nu0 in the middle region For various 
Reynolds numbers 

 
Fig.8 shows the line-averaged Nu/Nu0 for various 
Reynolds numbers of two layered rectangular sub-
channel matrix. The Nu/Nu0 distributions show 
similar trends between various Reynolds numbers 
although absolute value differs slightly. The line-
averaged Nu/Nu0 in the impingement and turning 
regions decreases linearly as the Reynolds number 
increases and this is due to the reduced impinging 
effects comparing with the turning effects.  
 
Fig.9 shows a comparison of the average friction 
factor ratios obtained from computational 
calculations at Re=40000. The comparison of f/f0 
ratios of matrix two and three layered rectangular 
subchannels with smooth channels shows the higher 
pressure loss involved in the Latticework channel 
having. This is mainly due to increased flow 
restrictions in three layered rectangular subchannels 
than two layered one. 

 
Fig. 9 Comparison of friction factor ratios (f/f0) of two and 
three layered matrix configuration for different Reynolds 

numbers 
 

 
Fig. 10 Overall thermal performances of matrix configurations 
 
To know the efficiency and suitability of matrix 
cooling channel, the thermal performance factor (η) is 
used as an indication of heat transfer enhancement 
per unit pressure drop. The two layered matrix 
configuration shows good performance than three 
layered one as is shown in Fig.10. 
 
CONCLUSIONS  
 
From the numerical study of the matrix cooling 
configuration having two and three layered 
rectangular sub-channels, the flow and heat transfer 
computations have been done for Reynolds number 
range of 24000-60000. The f/f0, Nu/Nu0 and η are 
evaluated and compared with smooth channel. The 
relative increase in heat transfer enhancement in the 
sub-channels is mainly due the effect of increased 
heat transfer area, impinging and swirling flow in the 
sub-channels. The average Nusselt number ratios 
(Nu/Nu0) on the impingement region are in the range 
4-5 and on the turning region it is around 2-3.0. 
However, the friction factor ratios (f/f0) increases 
with Re. The overall thermal performance of the 
matrix cooling configurations studied lies in the range 
of 1-1.28. 
 
A. ABBREVIATIONS AND ACRONYMS  
A - Area, m2  
Dh - Hydraulic Diameter of Duct, m  
f - Friction factor  
f0 - Friction factor of smooth duct  
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H - Channel height, m  
k - Thermal conductivity, w/mK  
L - Length of Duct, m  
Ls - Length of sub-channel, m  
Nu- Nusselt Number  
Nu0- Nusselt Number of smooth duct  
Pr - Prandtl number  
Q - Heat input, w  
Re- Reynolds number  
Ro- Rotation number  
t - Rib width, m  
ρ - Density of air, kg/m3  
U - Mean velocity of flow, m/s  
W - Width of sub-channel, m  
ΔL - Distance between two pressure tapping, m  
ΔP- Pressure drop across ducts, N/m2  
ΔT- temperature difference between wall and fluid, K  
η - Thermal performance factor  
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