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Thermal Investigation of  an Infrared Ref low Oven 
with a Convect ion  Fan 
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A two-d imens iona l  numerical rnodel for an infrared reflow soldering with a convect ion fan 

is used by modifying the Efiychiou's  numerical  modeling.  The two-d imens iona l  tunnel model  

which predicts convective condi t ions  within the reflow oven are solved using the finite volume 

method with the S I M P L E R  algori thm. The card model solves the transient two dimensional  

heat conduct ion equat ion in conjunct ion with a radiative heat transfer analysis;. We also 

performed an experiment to validate the numerical  modeling.  The numerical result shows 

,excellent agreement with experimental  data. Based on time capabil i ty of  this model,  parametric  

:dmulations are performed to determine the thermal response of  time solder to variat ions in the 

oven operat ing condi t ions  and heat transfer condit ions.  This study shows that radiation and 

conveyor  velocity are important  ['actors in the preheat region. 
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N o m e n c l a t u r e  

A : Area 

k : Convect ive  heat transfer coefficient 

k : Thermal  conduct ivi ty  

T : Tempera ture  

q" : Energy per unit area 

zt, z,' : x and y velocity components  

1' : Diffusion coefficient 

p : Density 

q5 : General  variable 

I. Introduct ion  

In recent years, reliable soldering methods have 

becc, me a big issue in the area of  surface mount  

technology (SMT) .  Reflow soldering methods 
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such as infrared heating, vapor  phase soldering 

and infrared heating with a convect ion fan are 

used in high density surface mount  technology.  

Infrared reflow solder ing with a series o[" panel 

heaters is a common technique used in the printed 

circuit assembly due to its instantaneous heating. 

Several types of  infrared reflow soldering have 

been proposed and tested. Infrared reflow solder- 

ing with a convect ion tan can cover the weakness 

of  local excessive heating of  the infrared healer 

with hot air [low by the convect ion fan. To  design 

the reflow solder ing equipment  and its operat ing 

condit ions,  the heat transfer mechanism in the 

fel low oven has to be identified and time thermal 

response of  the card assembly has to be obtained 

ti)r the oven operat ing condit ions.  

Lichtenherg and Brown(1987) performed an 

experimental  study to determine the components  

thermal response to variat ions in oven operat ing 

condi t ions  and heat transfer conditions.  Fernan- 

des el al. (1992) measured the thermal response 

for a simulated card assembly and proposed a 

simple numerical model  to identit!/ and quantify 

the heat transfer mechanism. Eftychiou et al. 
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(1992) proposed a numerical model to divide the 

reflow furnace into a tunnel model and a card 

model. They assumed the air flow was fully 

developed and laminar in the tunnel model and 

used these conditions, along with radiative heat 

transfer analysis and a two-dimensional conduc- 

tion analysis, to predict the thermal response of a 

card assembly as its components are soldered. 

Also they solved a simplified 2 D model which 

accounted for coupled radiation, mixed convec- 

tion arid conduction analysis using the finite 

volume method (Eflychiou et al., 1993). 

in this paper, a two-dimensional numerical 

model for the infrared reflow soldering with a 

convection fan is developed by modifying the 

Eftychiou numerical modeling(Eftychiou el al., 

1992). go reduce the computational expense, the 

heat transfer mechanism is separated inio large 

(tunnel) and srnall(card) scale processes. The 

tunnel model predicts the two-dimensional 

convective condition within the reflow oven using 

the finite volume method with the SIMPLER 

algorithm(Patankar, 1980). The card model 

solves the transient two dimensional heat conduc- 

tion eqaation in conjunction with a radiative heat 

transfer analysis. We also perform the experi- 

ments to validate the numerical modeling. 

a]x 
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where J:~, Jy are the total(convection plus 

diffusion) fluxes defined by 
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2.2 The governing equations of the card 
model 

The heat diffusion equalion is applied to the 

card model 

at  o r \  & /  8 y t  a_~,/ 

where the source term includes the radiative 

exchange, lhe convective heating from the tunnel 

model and the energy associated with the phase 

change. 

3. Numerical  Method 

3.1 Grid system 
Figure l shows the schematics of the infrared 

reflow oven with the conveclion fitn considered. 

2. Governing Equations 

2.1 Governing equations of the tunnel model 
Eflychiou et al. (1992) assumed the air flow 

was fully developed laminar flow in the tunnel 

model and local convection coefficients were 

obtained from an empirical correlation. In our 

case with the convection fan, this fully developed 

assumption is not appropriate. In our numerical 

modeling for the tunnel model, a set of elliptic 

partial differential equations governing mass, 

momentum, energy conservation Ii)r the two 

dimensional laminar unsteady Navier Stokes 

equations are solved to get the velocity and tem- 

perature profiles. 

The general differential equation can be written 

as follows(Patankar, 1980). Fig. 1 

(a) 

(b) 
(a) Schematics of the infrared retlow oven 
(b) Position of each heater and fan inside the 

oven. 
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line method. To speed up the numerical conver- 

gence, the SIMPLER algorithm(Patankar, 1980) 

is applied to solve the pressure and the momen- 

tum equations. The simulations were performed 

on a SUN axil 311 workstation and required 30 

hours to (0.1s time step) the card model and 40 

hours to the two-dimensional tunnel model. 

(a) 

3.2.1 The tunnel model 
The hot air circulation fan at zone 4 (see 

Figure I) is treated as a momentum source. The 

heater at zone 4 is also treated as a heat source. 

We neglect thermal stratification because mean 

air velocity is very small. Volumetric radiative 

absorption, emission and scattering within the air 

are also negligible. Properties of air such as k, c, 

/z and p are treated as functions of temperature. 

Fig. 2 
(b) 

(a) Grid system of the tunnel model and 
(b) grid system of the card model. 

Due to its simple geometry, the Cartesian coordi- 

nate system is used and the variables are arranged 

as staggered. We performed the calculation using 

three different grid systems such as 72x24, 143• 

48 and 286x96 grids to check the grid depen- 

dency. The calculated results showed grid inde- 

pendency for over 143• grids. Figure 2 shows 

the 143x48 grid system used for the tunnel model 

and the 91 X44 grid system for the card model. 

Grids are concentrated near the solder and the die 

pad. 

3.2 Numerical analysis 
Algebraic equations are obtained by the finite 

volume approach. The power law scheme 

(Patankar, 1980) lbr the convection and the 

central difference scheme for the diffusion are 

used. 

To solve the discretized equation, TDMA al- 

gorithm is used in conjunction with a line-by 

3.2.2 The card model 
The card model needs a convective condition, 

which is obtained from the tunnel model and 

radiative heat transfer energy. First of all, we 

calculate the view factor by using the Hottel's 

Crossed String Method(Siegel, 1981). Then the 

radiative heat transfer energy is found from the 

diffuse gray radiation enclosure analysis (ln- 

cropera, 1990). Reradiation from the card is 

neglected because the length of the card is 

extremely short compared with the length of the 

tunnel. 

3.3 Boundary conditions 
In the tunnel model, velocity conditions are 

given from the mass balance. At the wall, no-slip 

conditions are applied. 

The temperature condition of the panel is given 

by measurements. The symmetry condition is 

applied between each panel heater. 

In the card model, the temperature boundary 

condition is applied as 

at x = 0 ,  1" ~ : - 0  & (4) 

�9 k 3 T  . . . . .  elsewhere Oy (l  r o d t q  . . . .  (5) 

where, q"c .... - - h ( T ,  ..... r T ( x ,  y, t))  (6) 

and the solders solid liquid phase change is con- 

sidered from the following equation. 
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~'.~ozhs,~ozV~o,=k A 3 7 " .  

4. R e s u l t s  and D i s c u s s i o n  

(7) 

We analyze a far infrared reflow system named 

RF-447.  The size and weight of  this machine are 

(W) 1 8 0 0 m m •  ( D ) 6 8 0 m m •  ( H ) 4 3 0 m m  and 

160kg, respectively. It can solder more than 1500 

PCB's, sized 100mm•  per day. Figure 1 

shows the schematics in the infrared reflow oven. 

The size of  the heating zone is (W)300mm • (L) 

1200ram. Size of  the card is 28mm X 28mm ~< 6ram 

and velocity of  the conveyor  is 6mm/s .  Heater in 

the preheat zone is constructed by far- infrared 

ceramic plates and the heater in the reflow zone is 

Table 1 Control condition of the tunnel model. 

Temperature of each heater 

6 : 302~ 

7 : 357~ 

8 : 238~ 

9 : 218~ 

10 : 224~ 

II : 195~ 

12 : 275~ 

13 : 274~ 

14: 276~ 

15 : 262~ 

16 : 254~ 

17 : 575~ ̀  

I8 : 589~ 

19 : 485~ 

20 : 479~ 

1 : 36952 

2 : 416~ 

3 : 38952 

4 : 38252 

5 : 268~ 

Temperature of outer controller 

Region 3 

180~ 

Region 4 

245~ 

Region I Region 2 

225~ 195=(_" 

Velocity of fan (Zone 4) 

1.25m/s 

constructed by far infrared ceramic rod heater. 

The  soldering region (zone 4) is heated by the hot 

air c irculat ion using the forced convect ion fan. 

Each heater can be control led by the external 

temperature  controller .  Table  1 indicates the 

experimenlal  temperature condit ions.  

4.1 Result of the tunnel model 
Figure  3 shows numerical  results of  the center- 

line air temperature profile compared  with the 

experimental  data. This compar ison shows better 

agreement  be tween  our  two d i m e n s i o n a l  

approach and the experimental  data than the fully 

developed air flow approach.  Overall  temperature 

profile shows excellent agreement except in the 

inlet region. 

Figures 4 and 5 illustrate the air temperature 

distr ibut ion and the air velocity profile inside the 

(a) 

Fig. 3 Numerical results of the centerline air temper- 
ature profile compare with the experimental 
result. 

Fig. 4 
(b) 

Air temperature profile inside the tunnel 
(a) the whole region (b) the soldering zone. 
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(a) 
ia) 

(b) 

Fig. 5 
(c) 

Air velocity profile inside the tunnel (a) the 
whole region (b) inlet region (c) the solder- 
ing zone. 

tunnel, respectively. The air is introduced to the 

inlet by the convection fan; with a minimal veloc- 

ity. Therefore the radiative heat transfer is domi- 

nant in this region. As the chip goes further, the 

temperature becomes uniform inside the tunnel. 

Fig. 6 
(b) 

Radiative transfer to the card assembly (a) 
top (b) bottom. 

Finally the temperature reaches over the melting 

point at the soldering zone by radiation and 

convection. The convection tan can improve the 

quality of the soldering by uniform heating. 

4.2 Result  of  the card model 

The radiative heat fluxes, obtained from the 

diffuse gray radiation enclosure analysis, at the 

top and bottom of the card are shown in Figure 

6. They show the highest heat flux at x--O.5m at 

the bottom. That result compared with the experi- 

mental result is also shown in Fig. 7. This result 

shows excellent agreement with the experimental 

data. Figure 8 shows the predicted thermal 

response of the solder compared with the air 

temperature of the tunnel as the card assembly 

undergoes. In the entrance region, air and solder 

temperatures show no difference. The radiative 
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heat transfer is the dominant factor in this region. 

As the card goes further, the air temperature 

becomes higher than the card temperature and the 

energy is transferred by convection. At middle 

section heated by the ceramic rod heater, the air 

temperature becomes uniform and the solder tem- 

perature is adjusted. At the soldering zone, tbe 

solder temperature reaches over the melting point 

mainly by convection. Although we consider 

phase change effect as a source term, its influence 

is minimal. Figure 9 shows the temperature his- 

tory inside the card assembly as the card assembly 

passes the preheat region. 

Parametric study is performed to determine the 

sensitivity of the components thermal response to 

radiative or convective heat transfer conditions 

Fig. 7 Solder temperature profile compared with the 
experimental results. 

Fig. 8 Solder temperature profile compared with the 
air temperature profile by the tunnel model. 

(a) x 100ram (b) x--200mm 

(c) x:-900mm (d) x=:1400mm 
Fig. 9 Temperature distribution inside the card assembly. 
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Fig. 10 Sensitivity of the solder temperature to varia- 
tions in convective coefficients (doubled base 
case values and half of the base values). 

and conveyor velocity. 

Figure 10 shows the influence of the convective 

heat transfer coefficient. Although the baseline 

predictions are compared to those using doubled 

value and half of the baseline value, it shows no 

difference except in the soldering zone. The solder 

temperatures for three different emissivity, e = l ,  

0.95, 0.85 respectively, are shown in Figure 11. 

This figure shows that the radiation is an impor- 

tant factor in the preheat region. Figure 12 shows 

the sensitivity of the solder temperature due to the 

conveyor velocity. The different solder tempera- 

ture histories in Figure 12 occur primarily 

because of the decrease in heating time associated 

with increased conveyor velocity. 

5. Conc lus ion  

Fig. 11 Sensitivity of the solder temperature to varia- 
tions in emissivity (1, 0.95 and 0.85). 

A two dimensional numerical model is used to 

simulate the infrared reflow soldering with a 

convection fan and is compared with experimen- 

tal results. The numerical results on the air tem- 

perature inside the tunnel show a good agreement 

with the experimental data except for the inlet 

region. The solder temperature profile also shows 

a good agreement with experimental data. There- 

fore this model can be used to find the optimal 

design condition for the infrared reflow soldering 

oven. From the parametric study, the influence of 

convection and radiation is identified. It is also 

found that the air velocity is an important factor 

on the solder temperature. 
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