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Abstract: Gas turbine is a widely-used propulsion device for power convection in marine dynamical system. Conventional coolants such as impingement cooling and thermal 
protection material have lower convective heat transfer efficiency on the target surface which can hinder the development of marine gas turbine combustor. In this paper, 
impact cooling simplification models are established, which have simulated the function of the transition segment of marine gas turbine combustor to be protected from high 
temperature. Being enlightened by the butterfly scale, four types of bionic ribs are designed on the simplification models. During the analysis, conservation equations for 
mass, momentum and energy are solved by using finite volume method with Realizable k−ε turbulence model. By comparing the four types bionic ribs models, the surface 
with Type 3 rib structure has the best cooling efficiency. The results show that the sharp corner and unequal length fins of bionic rib could affect the cooling efficiency. The 
inspire application of the bionic structures will provide a reference for new cooling structure design in marine gas turbine combustor. 
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1 INTRODUCTION 

 
Gas turbine is a power machinery which is widely used 

in ships, especially warships, because of its light weight per 
unit power, compact size, high speed, high flexibility and 
fast start-up time [1]. However, the gas turbine’s thermal 
efficiency is low owing to the fact that it exhausts high-
grade heat to the atmosphere. In order to improve the 
thermal efficiency of the gas turbine, the inlet temperature 
need to increase, which depends on advancements in 
material and cooling technology [2, 3]. The researchers 
found that improved heat resistance of material cannot 
meet the requirement of the thermal protection of gas 
turbine components, both external and internal cooling 
strategies are supposed to be used to dissipate heat from the 
gas turbine effectively [4]. 

In the past few decades, many researchers had 
conducted in-depth studies in cooling methods, 
impingement cooling and rib/groove turbulated cooling 
were typical methods for external and internal cooling 
methods, respectively. For internal cooling method, a 
comprehensive experimental had been carried out on 
ribbed ducts [5-7]. Xie [8] designed six cases with different 
ribbed channels to study the influence of the rectangular 
ribs arrangement. All cases were simulated with v2 − f 
model, ribs with different sizes were staggered and the 
distance between ribs was various in different cases. The 
results exhibited that the downstream ribs play an 
important role in enhancing heat transfer at high Reynolds 
number range, and certain arrangements had distinct 
influence on their thermal enhancement factor. Using the 
Reynolds-averaged Navier–Stokes (RANS) and k − ω SST 
turbulence model, Saha and Prabhudharwadkar [9] studied 
the hemispherical groove, teardrop groove and teardrop 
groove-angled broken groove which were applied to gas 
turbine blade. Through the comparative analysis of the 
averaged Nusselt number values Nu/Nu0, teardrop shaped 
groove presented better heat transfer performance than 
other groove geometries. In addition, all the geometries had 
almost the same friction factor ratio f/f0, which means that 
three kinds of grooves produce the same range of pressure 
drop. With the development of bionics, some researchers 
applied creature micro-structures to surface. Cui [10] 

simplified four typical non-smooth surfaces (inspired by 
the sharks’ skin, the jaegers’ wings, the seals’ shin and the 
shells’ stripes, respectively). According to the inspirations, 
placoid-shaped grooves, V-shaped grooves, riblet-shaped 
grooves and ridge-shaped grooves were studied, 
respectively. The simulation results revealed that ridge-
shaped grooved-surface had the best performance in drag 
reduction.  

Similarly, natural creatures can provide inspiration for 
cooling methods of the gas turbine. Butterfly is widely 
present in the nature of the Lepidoptera animals, their 
wings generally show a rich colour. It has been found that 
most of the colours of the butterfly wings are caused by a 
special flake structure on the wings. Butterfly scale 
structure is shown in Fig. 1 which likes tower-shaped [11]. 
The nanostructures have the effect of interference, 
scattering on the incident light, so that the light incident on 
the surface of the scale is reflected or scattered back at a 
large angle. The different colours are seen at different 
angles [12]. 
 

 
Figure 1 Butterfly scale structure by SME [13] 

 
In the natural world, the sun radiates the energy by the 

radiation of the electromagnetic wave. Since the heat rays 
and the optical characteristics are the same, the rules of 
projection, reflection and refraction of light are also 
applicable to the heat rays. Koon [14] found that the 
butterfly through the scales of micro-nano surface to 
capture the sun, thus forming a ‘super black’ surface. By 
using electron microscopy and transition electron 
microscopy, Wu [15] analyzed the butterfly scale structure, 
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simulation of its structure to create biomimetic materials to 
promote solar thermal utilization. Scientists had found that 
the butterflies regulate the amplitude of sunlight by 
opening and closing scales, thus having a self-regulating 
body temperature function. These studies have surface 
butterfly flake structures that have an effect on heat 
radiation. 

As the connection structure, the transition segment of 
the marine gas turbine combustor connects the combustion 
chamber flare tube and turbine, and the temperature of the 
combustion products is 1800 K to 2000 K. This seriously 
restricts the ship maneuverability. So it is necessary to 
consider the cooling of the high-temperature components. 
In the work presented here, a bionic surface which is 
inspired from the butterfly scale structure is established to 
improve the surface heat transfer capacity, and consider the 
radiation factor, analyses the effect of butterfly scale rib on 
surface heat transfer. The bionic structure has a large 
effective surface heat transfer area and a better influence 
on the radiation ability. The results presented in this paper 
can be used as a reference for future experimental 
verification and technical implementation of practical 
marine gas turbine applications. 

 
2 METHOD OF MUMERICAL ANALYSIS 
2.1 Physical Model  

 
There are about 1400 kinds of butterflies all over the 

world. Among the different kinds of butterflies, the tropical 
Morpho butterfly is the most widely studied for its special 
optical behaviour.  

 
Table 1 Parameters of four types of bionic ribs (mm) 

Type Fin1. L Fin2. L Fin3. L Fin4. L Fin5. L t s If has 
fillet 

1 3.2 3.2 3.2 3.2 3.2 1.6 1.6 No 
2 3.2 3.2 3.2 3.2 3.2 1.6 1.6 Yes 
3 1.0 1.55 2.1 2.65 3.2 1.6 1.6 No 
4 1.0 1.55 2.1 2.65 3.2 1.6 1.6 Yes 

 
Inspired by the photonic nanoarchitecture of Morpho 

butterfly scales in Tab. 1, this paper designs four types of 
bionic rib applied to the high-temperature surface of the 
simplified rectangular marine gas turbine transition 
segment. The detailed parameter and sectional shape are 
depicted in Fig. 2 and described as follows. 

Type 1: the side with three pins faces which have the 
same length and without fillet. 

Type 2: the size is the same as the type 1, except for 
the fins that are with fillet. 

Type 3: the side with three pins faces which have 
different lengths and are without fillet. 

Type 4: the size is the same as the type 3, except for 
the fins that are with fillet.  

The new transition piece (TP) of marine gas turbine 
combustor features a rounded body shape that balances the 
heat transfer loading both internally and externally and 
eliminates resonant frequency concerns, which consists of 
heavier walls, single-piece aft ends, ribs, seal 
arrangements, and selective cooling. It has an upstream 
aperture for the gas flow and it is used to receive the gas 
flow directly from the corresponding combustion liners 
with a high level of enthalpy; they are conjured in a 
longitudinal direction so that their downstream ends 

comprise arched segments to form a ring-type 
configuration which opens toward the first stage of the gas 
turbine. 

 

 

 
Figure 2 Sectional shape of bionic ribs 

 
The discrete coolant jets, forming a protective film 

chamber on the side of transition piece, are drawn from the 
upstream compressor in an operational gas turbine engine. 
The coolant flows fed through internal passages with 
surface holes. From the supply plenum, the coolants 
ejected through several rows of discrete-holes over the 
external boundary layer against the local high thermal 
conduction on the other side of the TP. 

A simplified double chamber model is established in 
this work. A schematic of the flow domain along with 
boundary conditions and dimensions is given in Fig. 3. By 
using the bionic structure, the surfaces could be highlighted 
by the ribs spoiler structure on the impact of the 
strengthening effect of shock. The inner surface of the 
bionic spoiler model, taking into account the convenience 
of processing, can use rectangular approximation ribs to 
achieve the simulation of the impact of cooling process. 
The size of the model is: axial (X) length 1050 mm, internal 
gas chamber height of 162 mm, heat transfer surface 
thickness of 6.8 mm, cooling medium cavity height of 38 
mm, diversion lining wall thickness of 3.2 mm. The 
diversion lined with three cold air inlets, the center of 
model is located at 400 mm from the outer wall (at the 
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negative end of the X-axis), distributed radially on the 
baffled surface and 10.26 mm in diameter. 

Figure 3 The structure of simplified rectangular marine gas turbine transition 
segment 

2.2 Governing Equations 

In order to simplify the computation models in the 
precondition of the comparative results and select a 
suitable model for CFD simulation, some assumptions are 
considered as: 
(1) Nativer-Stokes and energy equations are applicable; 
(2) Steady, incompressible flows; 
(3) Gravitational ambient and buoyancy force is 

neglected; 
(4) DTRM model is used to simulate radiative heat 

transfer; 
(5) Realizable k – ε model is used to simulate the turbulent 

flow and heat transfer. 

Continuity equation [16]: 

( ) 0u v wdiv U
x y z
∂ ∂ ∂

= + + =
∂ ∂ ∂

 (1) 

In Eq. (1): u - the velocity vectors in x directions, m/s; v - 
the velocity vectors in y directions, m/s; w - the velocity 
vectors in z directions, m/s. 

Momentum equation: 

( )j i j i
t

j i j i j

u u u up
x x x x x

ρ
µ µ

  ∂ ∂ ∂∂ ∂
= − + + +   ∂ ∂ ∂ ∂ ∂   

(2) 

Energy equation: 

Pr Pr
j t

j j t i

u T T
x x x

µµ ∂  ∂ ∂
= +  ∂ ∂ ∂   

 (3) 

Stevens - Boltzmann’s Law: 

4
4

0 100b
TE T Cσ  = =  

 
 (4) 

In Eq. (4): σ - blackbody radiation constant, 5.67×10−8 
W/(m2∙K4); C0 - blackbody radiation coefficient and b 
represents blackbody, 5.67 W/(m2∙K4). 

2.3 Mesh and Numerical Simulation 

The commercial software CATIA is used to build the 
simplified geometric model of the transition segment of the 
gas turbine combustor. ICEM CFD is used to divide the 
grid by orthogonal hexahedron meshes. There is a large 
gradient in normal velocity near the boundary layer; the 
grid of the area directly affects the calculation accuracy. 
One method normally applied is using the dimensionless 
value known as y+, which is used to calculate the height of 
the first layer grid. 

Re uLρ
µ

=  (5) 

In Eq. (5): Re - the Reynolds number; ρ - the fluid density; 
u - the flow velocity; L - the feature length; μ - the dynamic 
viscosity. 

0.20.058 RefC −= ⋅  (6) 

In Eq. (6): Cf - the wall friction coefficient. 

21
2w fC uτ ρ=              (7) 

In Eq. (7): τw - the wall shear stress. 

wUτ
τ
ρ

=  (8) 

In Eq. (8): Uτ - the friction velocity. 

yy
Uτ

µ
ρ

+

=  (9) 

In Eq. (9): y - the wall distance. 
Fig. 4 shows the grid information about the whole 

computational domain. The meshes are generated as 
HEXA type by ICEM/CFD. The grid systems of 
mainstream and the cooling chambers are both H-type. For 
the accuracy and validity of the numerical results, the grid 
sensitivity has been checked carefully. Four sets of mesh 
specifications have been adopted. The refinement of a 
mesh with about 2.5 times of the initial cells was chosen 
for the analysis. In Tab. 2, the calculated results of the 
transition segment of the gas turbine combustor with 
smooth surface are given. Different mesh specifications 
yield similar results. The differences of the weighted 
average temperature are smaller than 5%. The mesh 
density does not change the weighted average temperature 
in any appreciable way. The size of the mesh is 0.05. The 
total numbers of the cells for the four models are 
2,252,456, 2,369,027, 2,044,248, 2,146,701. For the four 
models, all nodes on the inner wall surface have the y plus 
vale smaller than 200. 
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Table 2 Validity of the grid number for air weighted average temperature 

Case Global max element seed 
size (mm) 

Weighted average 
temperature (K) 

1 10 1230 
2 8 1204 
3 6 1182 
4 4 1180 

 

 
Figure 1 The mesh image of the main flow field 

 
2.4 Boundary Conditions 

 
The top surface and the mid surface are made of nickel 

and Nickel 263 respectively, their thermo physic characters 
are given in Tab. 3 [5]. 

 
Table 3 Boundary conditions of the simulation 

Position Boundary condition value 

Mainstream inlet 

Mass flux rate 32.72 kg/s 
Gas temperature 1300 K 
Turbulent intensity 5 % 
Hydraulic diameter 0.324 m 

Mainstream outlet 
Turbulent intensity 5 % 
Convection coefficient 10 W/(m2∙K)  
Hydraulic diameter 0.324 m 

Coolant chamber 
Air temperature 300 K 
Turbulent intensity 10 % 
Hydraulic diameter 0.01026 m 

 
3 RESULTS AND DISCUSSION 
3.1 Parameter Definition 

 
To understand the coolant flow behaviour and 

convective heat transfer characteristics in the rectangular 
channels, some equations are defined as below. 

In order to intuitively acquire the quantity of heat that 
is taken away in the process of heat exchange in the cooling 
chamber, the flow rate temperature λ, which provided as an 
indicator is computed by the product of flow rate and 
defined. 
 

1
d

n

i i i i
i

T v A T v Aλ ρ ρ
=

= ⋅ = ⋅∑∫
 

                                           (10) 

 
In Eq. (10): ρ - the density of the coolant; v  - the facet 
velocity on the selected field. 

The heat transfer coefficient can be defined as 

i s

s

β β
η

β
−

=                                                                     (11) 

 
where it serves as an indicator to value the performance of 
impinging cooling. In Eq. (11): i - the number of group; s - 
the group of smooth thermal surface. 
Where β is defined as 
 

out inβ λ λ= −                                                                   (12) 
 
The friction factor f  is introduced by: 

 

22
h

i

Dpf
Luρ

∆
= ⋅                                                               (13) 

 
In Eq. (13): Δp - the pressure difference of drops from inlet 
to outlet; L - the length of overall channel; Dh - the diameter 
of the channel; ui - the velocity of the flow. 
 
3.1 Comparison of Cooling Efficiency 

 
To explore the effect of different shapes of rib structure 

on cooling efficiency of the transitional double chamber 
model, some numerical simulation results related to 
temperature are shown in Tab. 4 and Fig. 5. The 
temperature distribution on thermal surface is shown in 
Fig. 6.  
 
Table 4 Flow rate temperature and cooling efficiency for different ribs on thermal 

surface 
Case Type λin (K·kg/s) λout (K·kg/s) Tv (K) η (%) 

1 Smooth  −83.61 1180.72 12.00 
2 Square rib 49.67 −112.00 1146.63 15.34 
3 Type1 rib 50.36 −127.88 1094.64 20.54 
4 Type2 rib 50.42 −116.20 1112.30 18.77 
5 Type3 rib 50.38 −131.22 1089.23 21.08 
6 Type4 rib 50.65 −125.25 1105.81 19.42 

 

 
Figure 5 The curves of heat transfer coefficient and minimum temperature on 

the thermal surface 
 

The flow rate temperature of the coolant inlet and 
outlet is represented by λin and λout, respectively. λin floats 
slightly around 50 K∙kg/s, which can be considered as a 
constant value. The value of λout varies from −83.61 to 
−131.22 K∙kg/s. Positive values indicate inflow cooling 
direction. The negative values mean coolant flows out of 
the cooling chamber. Since the calculation results are 
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obtained under steady state conditions, the flow rate in 
outlet is fixed. The λout with larger absolute value means 
coolant takes more heat out of the chamber. In all models, 
the absolute value of λout is ranked as: Type 3 rib>Type 1 
rib>Type 4 rib>Type 2 rib>square rib>smooth, which is 
the same order as cooling efficiency. The results show that 
four types of ribs designed in this study inspired on 
butterfly scale have higher cooling efficiency than the 
traditional square rib and smooth surface. In detail, Type 3 
and 1 ribs without fillet are surrounded by sharp corners, 
and their cooling efficiency is higher than Type 4 and 2 
which have fillet in the fins. In addition, the lengths of fins 
could also affect the cooling efficiency. In the Type 3 and 
4 ribs, their fins’ lengths decrease gradually from bottom 
to top, they exhibit better cooling efficiency than Type 1 
and 2, respectively. Therefore, the sharp corner and 
unequal length fins can improve the cooling performance. 
Compared with the other types, the Type 3 rib has both 
features, and has better cooling efficiency than the others 
have. 
 

 
Figure 6 Comparisons of temperature distribution on the thermal surfaces 

 

 
Figure 7 The flow streamlines and temperature contours around 1st and 2nd 

streamwise row of ribs 
 

When the coolant flows through the thermal surface, 
boundary layer will be formed in the contact facets with the 
wall surface. The velocity of the coolant flow near the wall 
surface is almost zero. The heat transfer is mainly 
conducted by heat conduction. The thermal conductivity of 
the coolant is very low, which makes the heat transfer 
efficiency reduced. The formation of the boundary layer is 
not conducive to the improvement of the convective heat 
transfer on the wall surface. Bionic ribs can obstruct and 
change the flow direction of the streamline, destroy the 
boundary layer and increase the cooling capacity. In order 
to visualize how ribs influence temperature distribution by 
changing the flow feature. Fig. 7 shows the streamlines and 
temperature contours around the ribs at stream wise-

normal planes. The direction of the arrow in the figure 
represents the flow direction, the 1st row represents the rib 
near the impact hole, and the 2nd row represents the rib far 
from the impact hole. Near the ribs at the impingement 
hole, the velocity of the fluid is large, and there are three 
fins with sharp corners in the upwind direction. Each of the 
acute angles affects the direction of movement of a part of 
the fluid. When the fluid receives a sharp angle, there is 
room above it to make it small. The small swirling structure 
accelerates the heat exchange between the coolant and the 
rib surface. 
 
4 CONCLUSIONS 

 
In this study, four types of bionic ribs are designed 

based on the wings of butterflies, used on the thermal 
surface of the transitional double chamber model. Through 
the simulation of the marine gas turbine working condition, 
the heat transfer of the biomimetic thermal surface has 
been investigated by CFD. The main conclusions drawn 
from the study are concluded as follows: 

(1) Compared with the smooth model, the surface with 
bionic ribs structure gives better cooling efficiency than the 
smooth model at the same conditions which could improve 
jet impingement destabilization. 

(2) The bionic ribs with sharp corner and unequal 
length fins could improve the cooling performance. By 
comparing the four type models, the cooling efficiency of 
Type 3 is 21.08%, which has both two features and best 
cooling performance. 

It is significant to consider the effect of heat 
conduction within the metal on the predictions of an 
accurate surface temperature and hence impingement 
cooling effectiveness. In the future, the structure 
parameters of the bionic ribs could be optimized, such as 
length, width, height and other ribs’ size parameters, 
number and shape of the fins, the distance between the ribs, 
et al, which could affect the cooling efficiency directly. We 
expect this work will be employed in designing heat 
component of Marine Gas Turbine Combustor. 
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