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ABSTRACT 

The specific fuel consumption of aero-engines has been 

reduced successfully through many innovations, but 

meanwhile the cooling strategy applied in aircrafts is facing a 

requirement for an engineering breakthrough. For example in 

geared turbo fan (GTF) engines, larger amount of heat will 

be generated from additional gearbox while less amount of 

fuel being consumed. Since fuel is one of the main coolant in 

aero-engines, heat management system of GTF will need to 

dissipate the engine’s increasing heat output with less 

amount of fuel. Introducing Surface Air Cooled Oil Cooler 

(SACOC) may be an effective measure to cope with this 

problem. In the present study, computational fluid dynamics 

(CFD) analysis was conducted on SACOC utilizing a 

conjugate heat transfer (CHT) method. The temperature field 

around and inside the SACOC was obtained simultaneously 

and the heat transfer characteristics of SACOC were 

discussed based on the simulation results. 

INTRODUCTION 

The reduction of fuel consumption is one of the most 

important issues in the air transport technology from the 

economic and environmental point of view. This motivation 

has led to the development of high-bypass ratio aero-engines 

with lower SFC. However, in exchange for the reduction of 

fuel consumption, the performance required to the heat 

management system of the engines is becoming even more 

technically demanding [1]. The role of the heat management 

system is to cool down the engine components such as 

Integrated Drive Generator (IDG), hydraulic system, and 

lubricant system to keep them at the proper temperature [2]. 

During the engine operation, the heat from these components 

is absorbed by a circulating flow of oil which is distributed 

throughout the main engine structure. After returning to a 

central collection point, heat of the oil is dissipated by oil 

cooler to keep it within its appropriate temperature range. 

Fuel Cooled Oil Cooler (FCOC) uses fuel as a coolant. 

FCOC is widely used in the conventional aero-engines for its 

compact size, lightweight properties, and low accompanying 

pressure losses. With the recent reduction of SFC, the total 

amount of fuel available as a coolant will also be reduced. 

On the other hand, new types of aero-engines such as geared 

turbofan engines will generate larger amount of heat, thus 

additional heat exchanger will be necessary. 

Due to this situation, the Air Cooled Oil Cooler (ACOC) 

is becoming more important. ACOC uses environmental air 

as a coolant. ACOCs are utilized in aero-engines, but only 

for complementary usage. From the perspective of the 

accompanying pressure loss and the penalty in weight, it is 

undesirable to introduce a larger ACOC to compensate the 

lack of FCOC’s heat exchanging capacity. To cope with this 

problem, Surface Air Cooled Oil Cooler (SACOC) is used in 

some aero-engines. SACOC is a heat exchanger equipped on 

the bypass duct wall. As shown in Fig. 2, cooling fins are 

placed on a plate, and lubricant oil flows underneath the 

plate. SACOC is required to effectively exchange heat 

without causing a significant pressure loss in the bypass 

airflow. For analyzing heat exchange characteristics of 

SACOC, the conventional knowledge is not applicable 

because the Reynolds number of the through flow is very 

high. It is thus important to understand the aerodynamic and 

thermodynamic state around the fins exposed to a high 

Reynolds number flow in order to design efficient SACOC. 

Concerning SACOC, several researches have been 

conducted. Sousa et al. performed a wind tunnel experiment 

to obtain the temperature profile and local heat transfer 

coefficient on the wall surface of SACOC [3]. They also 

attempted to express the performance of SACOC as a 

function of Reynolds number and Prandtl number for various 

engine operating conditions. Wang et al. used CFD to 
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Figure 1 Installation Location of SACOC 

 

 

Figure 2 Typical Configuration of SACOC 

 

optimize the shape of plate fin with setting the heat release 

and the friction as objective functions [4]. However, these 

two researches focused merely on either the solid or the air 

flow. The optimum shape of the fin probably differs 

according to the temperature distribution inside the fin. 

Hence, it is important to take both the aerodynamic state and 

the temperature distribution inside the fin into account and 

solve them simultaneously.  

The present research focuses on obtaining the 

temperature distribution around and inside the SACOC fin 

through numerical investigation. Conjugate Heat Transfer 

(CHT) analysis [5] was conducted on a simple SACOC 

consisting of finned plate with straight rectangular fins. Heat 

dissipation characteristics will be discussed based on the 

relationship with the air flow field around the fin. Also, an 

analysis was also conducted on a SACOC with different 

length. By comparing the heat dissipation characteristics of 

two SACOC with different fin length, the guideline for 

designing a more effective SACOC will be shown. 

COMPUTATIONAL SCHEME 

An in-house multi block conjugated CFD code was used 

in the present study. For the fluid phase, the compressible 

Navier-Stokes equations were discretized by a finite volume 

method. The inviscid fluxes were evaluated by the Simple 

High-Resolution Upwind Scheme (SHUS) [6] while the 

viscous stress tensor was evaluated by the 2
nd

 order central 

differential manner. To evaluate the eddy viscosity, the k-ω 

turbulence model was used [7]. The time marching was done 

implicitly and locally by the Gauss-Seidel method. For the 

solid phase, the diffusion equation was also discretized by a  

 

Figure 3 Determination of Interface Temperature 

 

finite volume method while the diffusion terms were 

evaluated by the 2
nd

 order central differential manner. 

Physical quantity of the discretized numerical cell is 

represented at the cell-center, and thus the coupling between 

the fluid and the solid was done by setting a proper boundary 

condition at their interface. The temperature boundary 

condition at the fluid-solid interface was determined 

according to the continuity of the temperature and the 

conservation of the heat flux. Solid walls were treated as a 

nonslip-wall, where the velocity was set to zero. The detail of 

the method employed to determine the interface temperature 

was as follows: 

As shown in Fig.3, the temperatures at the center of 

facing cells are named Tf and Ts for fluid and solid cells, 

respectively. The distances from the cell-interface to the cell-

center of the fluid and solid cells are expressed by Δyf and 

Δys, respectively. Equations (1) and (2) give the heat flux 

passing through the interface from the solid and fluid cells, 

respectively. Equation (3) represents the conservation of heat 

at the interface. Based on these three equations, the wall 

temperature Twall can be derived from Eq. (4) [8]. 
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   fwallfff yTTq    (2) 
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Validation Study 

A validation study was carried out on a thermal 

boundary layer around a flat plate to validate the reliability of 

the developed CHT scheme. The analysis was conducted in 

the same manner as the analysis conducted by Luicov [5] 

which is illustrated in Fig.4. The temperature of the plate’s 

bottom face was fixed as constant. The flow conditions and 

the physical properties were set as summarized in Table 1. 

The necessity of solving problems in a conjugate formulation 

can be evaluated by the Brun number introduced as a 

criterion of conjugation 
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It is assumed that for Br less than 0.1 the problem can be 

solved in a non-conjugate formulation with sufficient 

accuracy. In the present analysis, Br at the trailing edge of 

the plate was 1.77 which indicates that the simulation should 

be done with a CHT solver. 

Fluid Solid
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Figure 4 Problem Settings of Validation Case on 
Thermal Boundary Layer 

 

Table 1 List of Flow Parameters 

Inlet Mach number 0.2 

Inflow total pressure  Ptot 101,325 [Pa] 

Inflow total temperature  Ttot 1,000 [K] 

Temperature of the plate’s bottom face  Tb 900 [K] 

Plate length  L 160 [mm] 

Plate thickness  b 5 [mm] 

Heat conductivity of fluid  κf 0.025 [W/mK] 

Heat conductivity of solid  κs 0.25 [W/mK] 

 

 

 

(a) x/L=0.25 

 

(b) x/L=0.50 

Figure 5 Non-dimensional temperature 

 

Figure 6 Schematic of Analytical Domain 

 

Table 2 Geometry of the Fin 

Fin Length  L1, L2 900, 200 [mm] 

Fin Height  H 25 [mm] 

Fin thickness  t 0.8 [mm] 

Fin Pitch  s 4 [mm] 

 

Figure 5 shows the distribution of non-dimensional 

temperature Φ inside and above the plate at two x-wise 

locations. 
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The vertical axis is the distance from the top face of the plate 

and the horizontal axis is the non-dimensional temperature. 

The red line is the numerical solution obtained by the 

analysis and the white plots are the analytical solution given 

by Luicov. Two results are in good agreement which in turn 

justifies the use of present CHT code to the simulation of 

SACOC.  

Analysis Model 

The numerical investigations were conducted on 

SACOC consisting of finned plate with straight rectangular 

fins. The numerical model used in this study is depicted in 

Fig.6. The present paper focuses on the SACOC which is 

installed on the hub side of the bypass duct in the 

downstream of the fan stator. Therefore we assume that the 

flow incoming to the SACOC fin channel is swirl-free. 

The x-, y-, and z-axis of the coordinate were set along 

the length-wise, height-wise, and pitch-wise direction of the 

fin, respectively. The numerical domain covers half-pitch of 

the fin channel under the assumption that the flow is periodic 

and symmetric in the pitch-wise direction. Inlet and outlet of 

the numerical domain were set one fin length upstream and 

downstream of the fin, respectively. The height of the 

numerical domain was set to 20 times the height of the fin. 

The geometry of the fin is summarized in Table 2. As has 

already been mentioned, analysis was conducted on two 

kinds of fin length: L1=900 mm and L2=200 mm. By 

comparing the results, the effect which fin length has on the 

heat dissipation characteristics will be discussed. 
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The numerical model was discretized spatially with 

structured hexahedral grids. H-grid was applied to both the 

fluid domain and the solid domain. Grid lines of the both 

domain were fully matched at the interface. The minimum 

grid spacing was set to 3.0x10
-6

 [m] which satisfied y
+
 < 1.0 

at the fin surface. The total grid number was about 5.0x10
5
 

for the 900 mm fin and 3.0x10
5
 for the 200 mm fin, 

respectively. 

Analysis Condition 

The harshest condition for SACOC is the aircraft’s take-

off. This is because the heat emission of the engine reaches 

its peak and the temperature of the incoming airflow is high 

at the sea level. In the present study, the analysis was 

conducted on this take-off condition by applying flow and fin 

condition as summarized in Table 3. The total pressure, total 

temperature, and Mach number were specified at the fluid 

domain’s inlet as boundary condition. Non-slip boundary 

condition was applied to the fin surface and the remaining 

solid surfaces were treated as a slip wall. For the solid 

domain, the temperature at the root of the fin and the heated 

surface (Fig.6) were fixed as constant. 

RESULTS AND DISCUSSION 
Values Introduced to Evaluate the Heat Dissipation 
Characteristics 

Following values were introduced in the present study to 

evaluate the heat dissipation characteristics of SACOC. 

Mass Flow Rate inside the Fin Channel 

The mass flow rate inside the fin channel was defined as 

an integral of mass flow rate passing through the y-z plane at 

location x as represented in Fig.7(a). Note that the present 

analysis was conducted on half-pitch of the fin. 
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Heat Flux Dissipated from the Wall 

The heat flux dissipated from the solid wall was derived 

from the product of the local temperature gradient and the 

heat conductivity. Equation (8) and (9) represents the heat 

flux dissipated from the side wall and the bottom wall of the 

fin channel, respectively. 
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Local Heat Dissipation 

The heat flux dissipated from the fin wall was integrated 

along the wall as shown in Fig.7(b) to derive the local heat 

dissipation at location x. Again, note that the present analysis 

was conducted on half-pitch of the fin. 
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Table 3 Analysis Conditions 

Inlet Mach Number  M∞, 0.4 [-] 

Reynolds Number  Re 6.8x10
6
 [-] 

Fin Root Temperature 403 [K] 

Inlet Total Temperature 338 [K] 

 

 

(a) Integration Area for Mass Flow Rate 

 

(b) Integration Area for Local Heat Dissipation 

Figure 7 Integration Area 

 

Total Heat Dissipation 

The total heat dissipation was defined as the total 

amount of heat dissipated from the side wall and the bottom 

wall of the fin. This indicates the total amount of heat 

dissipated from a single-pitch of the fin. 

  
L

tot dxxQQ
0

 (11) 

Analysis Results of 900 mm Fin 

The analysis results of 900 mm fin are presented first in 

this section. 

The Mach number and the temperature distribution 

inside the fin channel at representative flow-wise location is 

shown in Figs.8 and 9, respectively. Also, the side view of 

the temperature distribution at the mid-pitch of the fin 

channel is shown in Fig.10. The location of the slices in 

Figs.8 and 9 is indicated by arrow in Fig.10. It can be seen 

from Fig.8 that the Mach number inside the fin channel 

decreases toward the downstream. This is attributed to the 

development of boundary layer from both the side wall and 

the bottom wall of the fin channel. Due to the blockage effect 

of the boundary layer, large amount of the flow entering the 

fin’s inlet is pushed out from the fin channel before reaching  
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(a) x/L=0.25 (b) x/L=0.50 (c) x/L=0.75  

Fig.8 Mach Number Distribution inside the Fin 
Channel 

 

    
(a) x/L=0.25 (b) x/L=0.50 (c) x/L=0.75  

Fig.9 Temperature Distribution inside the Fin 
Channel 

 

 

 

Fig.10 Side-view of the Temperature Distribution at 
the Mid-pitch of the Fin Channel 

 

 

 

 

Figure 11 Height-wise Distribution of Heat Flux 
Dissipated from the Side Wall 

 

Figure 12 Flow-wise Distribution of Local Heat 
Dissipation 

 

the outlet. The mass flow rate at the inlet was inm =2.62 

[kg/s] while the mass flow rate at the outlet was outm =0.44 

[kg/s], indicating that the loss of mass flow rate reaches up to 

83.1%. Meanwhile, the temperature of the flow inside the fin 

channel increases as advancing toward the downstream as 

shown in Fig.9. Taking a look at the temperature distribution 

inside the fin, one can see that the temperature of the fin is 

greatly reduced from the hub toward the tip at x/L=0.25. The 

flow inside the fin channel is still low, and thus the heat 

exchange between the fin and the air flow is done effectively. 

Therefore, the temperature of the fin tip at x/L=0.25 is much 

lower than that at the x/L=0.50 and x/L=0.70. The height-

wise distribution of the heat flux dissipated from the side 

wall of the fin is shown in Fig.11 for the same length-wise 

location. Here, the qave was defined as follows: 

 HLdydxqq sideave   (12) 

The dissipated heat is low in the hub region due to the 

boundary layer which develops on the bottom wall of the fin 

channel. Dissipated heat flux increases monotonically as 

heading toward the fin tip and eventually converges to a 

certain value in the case with the length-wise location: 
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x/L=0.50 and x/L=0.70. Meanwhile, there exists a height 

where the dissipated heat flux becomes maximum at the 

location x/L=0.25. This is because the fin is being cooled 

down toward the tip as already been explained. In overall, the 

amount of the heat dissipated from the fin decreases toward 

the downstream. The flow-wise distribution of the local heat 

dissipation Q(x) is shown in Fig.12. Again, we can see that 

the heat dissipation performance of the fin deteriorates 

significantly in the downstream region. 

From the discussion above, the deterioration of the heat 

dissipation performance at the downstream region of the fin 

can be attributed to two factors: the increase of the flow 

temperature inside the fin channel and the decrease of the 

mass flow rate. In order to improve the fin performance, we 

need to dissipate the heat from the fin before the channel 

flow’s temperature becomes high and before the boundary 

layer develops. Therefore in the next section, the effect of 

reducing the fin length will be explained by presenting the 

results of 200 mm fin. 

Analysis Results of 200 mm Fin 

Figure 13 compares the local heat dissipation Q(x) 

between the 200 mm fin and the 900 mm fin. It can be seen 

from the figure that the Q(x) decreases along the same curve. 

This implies that the flow in the downstream doesn’t affect 

the flow in the upstream in the present case. 

Table 4 summarizes the typical values which represent 

the characteristics of the fins. As already been mentioned, 

certain amount of the flow entering the fin’s inlet is pushed 

out from the fin channel before reaching the outlet due to the 

blockage effect of the boundary layer. Inlet mass flow rate 

inm  is identical between two fins, but the outlet mass flow 

rate outm  shows a significant difference. While the mass 

flow rate up to 83.1% of the inlet mass flow rate is lost in 

900 mm fin, the lost mass flow rate remains to 32.2 % in 200 

mm fin. Also, in spite of that the 200 mm fin is 2/9 times 

shorter than the 900 mm fin, the total heat dissipation Qtot is 

reduced only by about 50%. This is because the heat 

dissipation of 200 mm fin is done in the region where the 

mass flow rate of the channel flow still remains high and the 

temperature is kept low. However, from the same reason, the 

frictional force acting on the surface of 200 mm fin is 

relatively high. As shown in the table, the frictional force of 

200 mm fin reaches up to 50% of that of 900 mm fin in spite 

of that the fin length is 2/9 times shorter. 

The performance of SACOC can primarily be evaluated 

by the total heat dissipation and the frictional force acting on 

the fin surface. According to Table 4, both the total heat 

dissipation and the frictional force of 200 mm fin is 2/9 times 

of that of the 900 mm fin. In other words, one pitch of 900 

mm fin can be replaced by two pitch of 200 mm fin by 

means of performance (Fig.14). The pitch-wise length is 

doubled, but the length is reduced by 2/9 times and therefore, 

the installation area (or the total fin weight) can be reduced 

by about 50%. Thus we conclude that it is better to extend 

SACOC in the pitch-wise direction rather than to the flow-

wise direction if in need of increasing the amount of heat 

dissipation from the SACOC. 

 

Figure 13 Flow-wise Distribution of Local Heat 
Dissipation (200 mm fin vs. 900 mm fin) 

 

Table 4 Comparison of Evaluation Values 

 L [mm] 200 900 

 inm /s [kg/s/m] 2.62 2.62 

 outm /s [kg/s/m] 1.77 0.44 

  ( inm - outm )/ inm  [%] 32.2 83.1 

 Qtot/s [W/m] 2.74x10
4
 5.32x10

4
 

 Frictional Force f/s [N/m] 93.4 167.5 

 

  

Figure 14 Equivalent Fin Configurations 

 

CONCLUSIONS 

The conjugate heat transfer analysis was carried out on 

SACOC with different fin lengths. From the observation of 

the obtained temperature and flow field, the following 

conclusions were drawn:  

 

1. When flow enters the fins of SACOC, a boundary layer 

develops on the side and the bottom wall of the fin 

channel. The developed boundary layer serves as a 

blockage and pushes out the incoming flow from the 

top side of the channel. Also, while passing through the 

fin channel the temperature of the flow increases due to 

the heat exchange with the fin. Due to the decrease of 

channel mass flow rate and the rise in the channel flow 

temperature, the local heat dissipation of the fin 

decreases toward the downstream. 

2. When the fin length was reduced from 900 mm to 200 

mm, the total heat dissipation Qtot and the frictional 

force acting on the fin surface both was reduced by 

about 50%. Therefore single pitch of 900 mm fin can be 
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replaced by two pitches of 200 mm fin while the heat 

dissipation performance is maintained. This 

replacement can possibly reduce the installation area or 

the total weight of the SACOC by 50%. 

3. In order to dissipate larger amount of heat by SACOC 

with less disadvantages to the engine system, SACOC 

should be extended to the pitch-wise direction rather 

than to the flow-wise direction. 

NOMENCLATURE 

a Thermal diffusivity [m
2
/s] 

Pr Prandtl number [-] 

Re Reynolds number [-] 

T Temperature [K] 

v Velocity [m/s] 

κ Heat conductivity [W/(m·K)] 
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