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Abstract

In this paper, the investigation of the heating efficiency
in forced convection reflow ovens which apply nozzle-matrix
blower system is discussed. In these ovens the forced convection
heat transfer coefficient (o) determines manly the efficiency of
heating. Therefore we present here a method where the 3D dis-
tribution of a is determined from temperature distribution mea-
surements in each heater zone of the reflow oven. The method
has two steps: first, the temperature distribution in the oven is
measured as a function of distance from the circuit board un-
der chosen reference nozzle-line; in the second step, the heating
efficiency of the neighbouring nozzle-lines is compared - at a
dedicated measuring height - to the reference nozzle-line. From
these data the distribution of « is calculated by the heat equa-
tion of the measurement system and extrapolated to the whole
oven. The result is a 3D distribution map of a which is very im-
portant to the effective thermal modelling of the reflow soldering
process and to the calibration of the reflow oven.
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1 Introduction

Nowadays, the reflow soldering process is the most widely
used soldering technology in the electronics industry. The ho-
mogeneity and the efficiency of the heat transport have strong
influence on the temperature profile of the reflow ovens. The in-
homogeneous temperature profile causes reflow soldering fail-
ures.

The first reflow models dealt with the infra radiation (IR)
ovens [10, 14, 15]. These were based on simplified expressions
of heat radiation and conduction, and used only 2 dimensions.
The mapping of IR ovens’ capability started with simple temper-
ature distribution measurements. These types of measurement
systems had low resolution and accuracy [9, 14], therefore these
are dated. The models in the “next generation” examined the
reflow ovens which applied mixed heating (radiation & convec-
tion) [1, 11, 12]. These were still 2D, and sometimes applied the
expression of convection heat transfer with wrong derivations
(see in [1]). Actually, the latest reflow ovens use pure forced
convection heating.

In this type of heater system, the efficiency is described by the
forced convection heat transfer coefficient («), [W/m?K]. Gen-
erally in a convection heat transport process the convection heat
flow rate is calculated:

Fe®) =a-S-[T2(t) - Ta®)]  [W] o)

where, S is the heated surface [m?] and To(t) — Tu(t) is the
temperature difference [K] between the heater gas and the heated
surface. The convection heat is calculated by the integration of
(1) over the time of the heating.

Useful simulations and numerical analysis of the forced con-
vection [7, 8, 17] exist but not for reflow soldering environ-
ment. Although, a method for optimizing the heating capability
of forced convection reflow ovens was published in [16], but it
was based on a wrong correlation between « and the heater tem-
perature. Several newer thermal models of the reflow soldering
process [6, 13] still use an average or some different values of a
for the whole oven, but this is a wrong approach. The value of
o. highly depends on the location in each heater zones. This is
caused by the changes of the gas flow parameters, the inhomo-
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Fig. 1. Measuring position (cross section view)

geneity of the gas circulation system and the different contam-
ination level of the blower system. Therefore the distribution
of o in the reflow oven gives us valuable information about the
capability of the oven.

There are two different methods to determinate «, these are
the measurement or the calculation. Well worked out measure-
ment method for the natural convection heat transfer has been
published recently [2, 3]. The values of « in reflow ovens can
be calculated using the following expression which has been de-
rived from systematic series of experiments:

2 H , H/d 67005 0.42

where G and g are assistant functions depending on the geom-
etry of the oven, 4 is the thermal conductivity of the gas, Re is
the Reynolds number and Pr is the Prandtl number of the gas
[6]. But it is difficult to determine some parameters (e.g. the gas
flow rate and density) which are needed for Re and Pr numbers.

Therefore we have developed a measurement method of
forced convection efficiency in reflow ovens. The measurements
were done in a pure forced convection reflow oven having 8
zones (7 heater zones). The investigated reflow oven applies
the nozzle-matrix blower system. The nozzle-matrix is built up
from parallel nozzle-lines which are also parallel with the mov-
ing direction of the assembly. These generate numerous blow-
ing in heater gas flows. The assembled PCB passes under the
nozzle-matrices during the soldering. Therefore the efficiency
of the nozzle-lines can be studied.

2 Experimental analysis

Primary factors affecting the a are the gas flow parameters:
flow rate, density and pressure of the heater gas. The exact
measurement of these parameters is too complicated because of
the extreme circumstances in the reflow oven (small space, high
temperature, etc). Our alternative solution is the examination
of the heating capability of the oven. We measure temperature
changes and « is then calculated from the heat equation of the
investigated reflow oven:

Qa = Qc + Qg 3)

Test Board ———  Moving Direction

where Qg is the absorbed thermal energy during the solder-
ing, Qc is the convection heat and Qg is the conduction heat.
According to the construction of the forced convection reflow
ovens we neglect the radiation heat.

2.1 Properties of the Measurement System

Point probes are required for the measurements in order to
cause minimal disturbance of the gas flows. We applied K-
Type rigid (steel coat) thermocouples pinned trough the pre-
pared holes of the FR4 test board (Fig. 1). The measurements
were done below the nozzle-lines facing to the blowing in gas
flows. This position of the probes characterize most particularly
the heating capability of the gas flow since we measure in the
middle of them. The probes are parallel with the main flow di-
rection and generate only one obstruction point in the gas flows.
This obstruction point overlaps the measuring point. The dis-
turbance of the gas flows is minimal therefore the measurement
system is accurate for convection measurements.

The test board is 175 mm wide (this is a common size in the
electronics industry), and does not contain any inner layer or
any metallization on the surface, so its conduction behavior did
not affect the measurement. The diameter of the thermo couples
are only 1 mm. The rigid coat ensures that they hold their exact
position during the measurements. The thermo couples are well
insulated from the steel coat decreasing the conduction impact
from the environment. But we should take into account the par-
asite conduction resistance R* between the data recorder (DR)
and the Measuring Point (MP). The conduction model of our
measuring system is in Fig. 2]

F.
-— MP
DR |' | @
Tor R Twmp

Fig. 2. Conduction model of the measuring system (illustration only for one
probe)

The MP is modeled as a sphere and its conduction behavior is
neglected because of the small dimensions. The thermal poten-
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tial difference between the DR and MP (Tpr — Tmp) generates
the parasite conduction heat flow F? on R*. Unfortunately the
exact values of R* and Tpr are unknown and Fis not calcula-
ble. Therefore we used an offset calibration of the system (later
in details) to eliminate the impact of F. The materials of the
thermo couple are NiCr(90:10) — NiAI(95:5). These materials
are well known, so the physical properties of the MPs can be
exactly calculated (see Table[I).

Tab. 1. The physical properties of the MP

Property Value
Equivalent density, p [kg/m3] 8.21x103
Equivalent thermal capacity, C[J/kgK] 4.74%102
Diameter, rypp [m] 0.40x1073
Effective surface, A=4/3-x - rl%/lP [m2] 1.04x106

Volume, V = 4/6- 7 - 135 [m?] 1.31x10~10
Mass, m = p - V [Kg] 1.07x10~6

As we have mentioned, the nozzle-matrix is built up from
parallel nozzle-lines. 12 nozzle-lines of the oven are located
above the test board during the measurements. The common
height of the SMD components are between 1-15 mm. In
our investigation, we divided this range into 6 parts: 1, 3, 6,
9, 12 and 15 mm. To achieve the complete 3D « map of
the oven using a 6 channel data register (6pc. mes. height x
12pc.n.line)/6pc. data chanel = 12 measurementand 6x12 =
72 evaluation steps are needed. We simplified the method with
the following considerations.

First, the temperature was measured under a chosen reference
nozzle-line as a function of the distance from the board in each
heater zones (1 measurement and 6 evaluation steps). Second,
the temperature was measured under the 12 neighboring nozzle-
lines at a dedicated distance from the board in each heater zones
(2 measurements and 12 evaluation steps). The calculated « val-
ues of the reference nozzle-line can be extrapolated to the other
nozzle-lines using the results of the second phase. Hence we
get the 3D a map with only 3 measurements and 18 evaluation
steps.

In the first phase, the nozzle-line NL 6 was chosen to refer-
ence line and the measurements executed below it in the dis-
tances of 1, 3, 6, 9, 12 and 15 mm from the test board (Fig. [4).

Six probes were applied and sent below all nozzles of the ref-
erence nozzle-line (like during the soldering). Hence the same
nozzle-line in each heater zones was measured.

In the second phase, we have measured the temperature un-
der the 12 neighboring nozzle-lines in each heater zones. The
measuring height was 25 mm from the test board. This is the
maximum height where we can measure due to the entrance gate
of the oven. It is close enough to the entrance points of the gas
flows; therefore this height is suitable for the comparison of the
heating efficiency. The nozzle-line position above the board and
the layout of the measurement system can be seen in the Fig. 5|
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Fig. 3. Analytical curve fitting.

2.2 Data Processing and Calculation

A “Datapacq” type data recorder was used for the measure-
ments. It was set to 0.1 s sampling time. The data were pro-
cessed with “Reflow Tracker” and “Matlab 7.0” programs. As
we expected the measured curves (the temperature changes)
show exponential saturation (Fig. 6).

We have to fit analytical curves to the measured curves for
the calculation of a.. The temperature changes is modeled with
exponential saturation:

T®) =Th—Tto) - L—e"7) (4)

where Ty, is the heater temperature, T (tp) is the initial tempera-
ture of the probe, t is the time and 7 is the time coefficient of the
heating:

=t/In(1—(T(t) = T(t))/(Th — T (t0))) (®)

where T (t;) is the maximum temperature reached at the end of
the heating.

The measuring device (just like the assemblies) has a cool-
ing effect on the heater zones. This effect depends on the time
and the location of the measuring device in the oven, because
the oven tries to hold the set temperatures. Therefore, the exact
Th values of the measured curves should be calculated. This is
carried out by an iteration curve fitting method. The Ty, is iter-
ated from the value of T (t;) using a 0.01°C temperature step up.
In each iteration step, the model curves are fitted onto the mea-
sured curve. The iteration stops when the fitting failure reaches
the minimal value.

In Fig. [3] the dashed line curve is calculated with only one
Thvalue (one fitting curve) for the whole curve. But Ty, is chang-
ing during the measurement. If we apply two Ty values (two fit-
ting curves) - one for the first part [to, t1] and one for the second
part [t1, t;] of the curve - the matching is much better (continu-
ous line).

According to the foregoing Eq. (4) should be modified:

T = (Th(t) = T(to)) - 1 —e7/*®) (6)
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Fig. 5. Measuring layout 2 (phase 2, top-view).
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Fig. 6. Measured curves in the 2nd (pre-heater)
zone of the oven.
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where Th(t) = [ Tool
ti—tr

t1lo—t,

T2l —t,

The inner convection heat is calculated with the integration of
(1) to the time interval of the heating [to, t ]:

}, and two time coefficient 7 (t) =

is needed.

t t
Qc =tf Fe(t) dt =tf0r S (Th(H) = T(t) =

=a-S-[(Thi—T(t) 71 (1—eWmn)
+ (T = T(t)) - 2- (L—e7/72)]

Y

Although the absolute measurement inaccuracy of the MP is
+0.5°C, but the expected value of the measurement failure is
converging to zero due to the integration in Eq. (7). The amount
of absorbed thermal energy is calculated:

Qa=C-m-(T(tr)—T(to)) )

where C is the thermal capacity and m is the mass of the mea-
suring point.

As we mentioned above we eliminated the impact of parasite
conduction F7 using a so called offset calibration. Two differ-
ent arrangements for the measurement system should be used

(Fig.[7).

1% arrangement

F.
MP
DR m—m{__}+—@
Tor R Twmp
2" arrangement )
MP F,
@ LI DR
Twp R’ Tor

Moving direction

Fig. 7. Offset calibration of the measuring system.

In the first case the DR is positioned after the MP. This results
in that Typ>Tpr and F; has negative value in the heat equa-
tion . In the second (reverse) case the F has positive value
in (2). Therefore, the addition of the heat equations of the two

different cases eliminates the effect of F". We defined a correc-
tion number in order to avoid the execution of this method for all
measuring points. We compared 2x20 measurement results of
the different arrangements and got the conclusion: o values of
the first arrangement are about 9-11% larger than « values from
the second arrangement. Consequently, we can eliminate the ef-
fect of F with a correction number (k = 0.95), applying it to
the results of the first arrangement. « is calculated according to

Eq. (@, (®) and (7):

o =

K- Qa
&
th- (Th(®) =T (1)
0

[W/m2K] ©)

From the results of the first phase (Fig.[3), o parameters of the
reference nozzle-line «"®' (h, z) is calculated by Eq. @ as a
function of the measuring height (h) and heater zone (z). From
the results of the second phase (Fig.[4), the ratio of the heating
efficiency of the nozzle-lines (n) and the reference nozzle-line is
calculated as a function of the heater zone (2):
an
10,9 = Z0
%25 mm)

(10)

where “Egmm) is the forced convection heat transfer coefficient

of the reference nozzle-line and azgémm) is the forced convection
heat transfer coefficient of the nozzle-line n at 25 mm above the
test board. The forced convection constants can be extrapolated

to the whole oven using the results of 7(n,z) and a" ' (h, 2):

a(n, z, h) = 5(n,2)-a"® (h, 2) (11)

This 3D a(n,z,h) matrix gives the 3D a map of our reflow oven.

3 Results and Discussion

During the measurements, we have applied a widely used
soak thermal profile for leaded solders. The set temperatures
of the heater zones can be seen in Table[2] We could not process
the results of the 7t (2" peak zone) zone, because the temper-
ature changes in this zone were too small, only 1-2°C.

As we discussed, the set temperatures of the heater zones are
not equal to the real heater temperatures. In our case, Ty is mod-
Thilo—t,

Thalt—t
served considerable changes of the Ty, values (Th2 — Th1) during

eled with Th(t) = , where t; = 70 s. We ob-
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Tab. 2. The set temperatures in the heater zones.

Heater zone  Temperature ['C]

1 120
2 150
3 150
4 160
5 180
6 (peak 1) 245
7 (peak 2) 235

the measurement of the reference nozzle-line. It can be seen in
Fig.[8 as a function of the measuring height separately in each
heater zone.

20 T T T T T T T 20
18] * = 1Stdzone | 118
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Fig. 8. (Th2 — Th1) as a function of the measuring height.

As it was expected, we measured the highest changes of Ty
(12-19°C) in those heater zones where the gradient of the heating
was also high (zone 1, 5 and 6). In all heater zones, bigger
changes of T, are located on lower measuring heights (1-3 mm),
the changes of Ty, are smaller on higher positions (on 15 mm it
is only 2-5°C).

The «"f (h, 2) results under the reference nozzle-line can be
seen in Fig. 9 separately in each heater zones and measuring
heights. The changes of "' values follow a similar shape in
each heater zones of the oven. The curves have two breaking-
points; o" €' is considered to be constant from the entrance point
of the gas flows to 12 mm, from 12 mm to 3 mm the decline
starts and follows a linear shape, at 3 mm there is a cut-off
point and the gradient of the decline grows. As we expected
before, the changes of o values are very high as a function of
the measuring height. These results prove our calculated results
from previous studies about the gas flows in forced convection
reflow ovens [4, 5]. Our former calculations have shown that
o. of the heater gas is near constant as a function of the height
(blower phase) until a point where the gas flow direction begins
changing (transition phase). This point is about 12 mm above
the board according to our measurements. It should be also
noted that the efficiency differences between the heater zones

are 15-20%.

0 2 4 6 8 10 12 14 16
100 T T T T T T T 100

) e
. a1

>
(\’\E 60 /// —u— 15 zone 60
= W —e— 2" 70ne
8 50 —a— 3" z0ne 50
'/// —v— 4" zone
40 V 5" z0ne 40
30 —eo— 6™ zone 30
L s
0 2 4 6 8 10 12 14 16
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Fig. 9. aref (h, 2) values of the reference nozzle-line as a function of mea-
suring height.

The result of the heating efficiency comparisons #(n,z) can be
seen in Fig. 10. The efficiency differences between the nozzle-
lines are 20-40% in one zone. It is caused by different effects,
for instance: the variation of the gas flow parameters, the inho-
mogeneities of the gas circulation system, the different contam-
ination level of the gas blower system, etc.

The 3D a map is generated by Eq. (II) from the data of Fig.[9]
and Fig.[I0] The best way for visualization of the 3D o map is
the separation of it into layers according to the measuring height.
The values of the a map at 3 mm measuring height are visual-
ized in Fig. [I1] after a linear interpolation. This visualization
method ensures that we get sufficient view about the changes of
a in the oven.

Considerable heat transfer coefficient differences were ob-
served in the different heater zones and nozzle-lines, the maxi-
mum difference was almost 85%. On the average the convection
efficiency is higher in the middle of the board. This is probably
caused by the gas flow circumstances above the board. These ef-
fects generate inhomogeneous thermal distribution in the oven.

4 Conclusions

In this paper, 3D mapping of the heat transfer coefficient (a)
in a forced convection reflow oven is discussed. We measured
that the assemblies cause high changes of the heater tempera-
ture (Th) in the heater zones during the soldering (Fig. 8). In
all heater zones, bigger changes of Ty (12-15°C) are located
on lower measuring heights, the changes of T, are smaller on
higher measuring points (on 15 mm it is only 2-5°C). Our re-
sults showed that a highly depends on the distance from the
board (Fig. 9.), which shows linear shape sections with different
gradients. High efficiency differences were observed between
the heater zones (15-20%) as well between their nozzle-lines
(20-40%) and accumulated differences in o as high as 85%.
These effects generate inhomogeneous a distribution in the re-
flow oven (Fig. 11). This can cause inhomogeneous thermal
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Fig. 10. Heating efficiency comparison #(n,z) to the reference nozzle-line.
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Fig. 11. a map of the reflow oven at 3 mm above the board.

profile which leads to soldering failures. But in the possession
of the 3D o map of the reflow oven, effective thermal simula-
tions, failure predictions, heating and layout optimization can be
carried out. Therefore our monitoring system is a useful tool for
electronics production. The measurement approach presented
here is also applicable for optimizing other type of heater sys-
tems which apply forced convection heating.
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