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a b s t r a c t

A numerical model for simulating the flow of an adhesive during an insertion squeeze flow (ISF) bonding
process for joining composite structures is presented. The model is developed using the commercial CFD
code FLUENT�. The numerical model is validated for a Newtonian fluid by comparing the predicted
insertion forces that act during the insertion process with those obtained both from experiments and cal-
culated using a simplified analytical model. Very good agreement is obtained. The model is then used to
investigate the effect of insertion speed and adhesive viscosity on the ISF bonding process. The findings,
and the further application of the numerical and analytical models, are valuable to ensure the quality of
Pi-slot joints.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction distribution is said to be regarded as challenging and critical, as
The process of adhesive bonding of composite components for
aircraft manufacture is not only a fibre-friendly joining method,
but it also provides significant weight and cost savings potential
compared to the use of mechanical fasteners [1,2]. Matthews [3]
elaborates further on the advantages, in particular, less stress con-
centration around the holes that are provided for fasteners, and
emphasises that during adhesive bonding fibres are not damaged
through the process of hole drilling as they are when mechanical
fasteners are used. Several studies on adhesive bonding of compos-
ite spar to skin applications have been conducted before. A rela-
tively early example where a Pi(p)-shaped joint design was
applied for adhesive bonding of aircraft structures can be found
in Wong [4]. Wong [4] presents the development of sandwich con-
structions for an all composite aircraft. Of specific relevance for the
presented work is the main wing consisting of a top and bottom
sandwich skin, with the bottom skin having an integrated stiffener.
Bonding is realised by utilising a cure paste adhesive. Ritter [1] and
Russel [5] emphasise the cost and weight-saving potential of
adhesive bonding for composite components. Russel [5] further
summarizes the contents and achievements of the Composite
Affordability Initiative (CAI), a program investigating the applica-
tion of adhesive bonding for composite aircraft structures. The
selected joint design was the Pi(p)-joint with the roof of the
Pi(p) being co-bonded or co-cured to the skin. The adhesive
ll rights reserved.
in similar joint-structures out-times are experienced and adhesive
exposure to air is observed. However, neither Wong [4] nor Russel
[5] provide insight or details on the dynamics and kinematics of
the insertion process.

The present paper describes a numerical solution that models
the insertion squeeze flow (ISF) taking place during the adhesive
bonding of modular Pi(p)-shaped composite joints. Using the gen-
eral purpose computational fluid dynamics (CFD) code FLUENT�, a
model was developed for Newtonian fluids initially. The numerical
solution was verified against an analytical solution that was de-
rived for the flow problem investigated. Good agreement was
obtained, indicating the developed numerical solution provides
meaningful results and hence provides confidence that the numer-
ical model could be further modified to simulate the flow of non-
Newtonian fluids.

Five parameter rational models were found to well represent
the non-Newtonian, shear-thinning behaviour of the adhesives
used. After implementing the non-Newtonian stress strain-rate
rheological models into the overall numerical model, simulations
were conducted to study the effect of insertion speed and adhesive
viscosity on insertion forces.
2. Development of the numerical model

2.1. Model description

Fig. 1 shows a typical example of a type of joint considered for
the current research. It is composed of an insertion plate and a
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Fig. 2. Full mesh set-up for modelling of the insertion squeeze flow for adhesive
bonding of composite structures.
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Pi-slot for the simulation of adhesive flow during ISF. For typical
aircraft applications, the joints required are often relatively
long—typically more than 1000 mm in length—and the adhesive
needs pre-applied into the Pi-slot relatively uniformly along the
length. For the purposes of the numerical model, it is assumed that
the adhesive flow can be simplified as a two-dimensional (2D) flow
through a cross-section of the joint. Initially the adhesive is
contained at the bottom of the Pi-slot below the insertion plate
starting position. When the insertion plate moves downwards,
the adhesive is forced to flow upwards into the narrow channels
between the insertion plate and Pi-slot walls. The key dimensions
defining the geometry are: height of the Pi-slot, H1, initial height of
the adhesive, H0, and widths of the insertion plate and Pi-slot, 2a
and 2b, respectively. The flow channel width d results from the
width of the insertion plate and Pi-slot, and is simply b–a in the
case when the insertion plate is perfectly centred between
the Pi-slot walls. The length (into the page) is L.

The numerical work conducted was performed using the com-
mercial computational fluid dynamics software package ANSYS�

FLUENT� 6. Fluent 6 utilises a finite-volume approach to numeri-
cally solve the Navier–Stokes equations. To model the fluid–fluid
interface (air and adhesive), the volume-of-fluid (VOF) incorpo-
rated in Fluent 6 was applied. An important assumption of the
VOF method, which is reasonable in this case, is that the fluids
do not interpenetrate [6]. A dynamic mesh model available in Flu-
ent 6 enables simulations where the domain changes with time
due to motion of domain boundaries. Hence, a moving boundary
script was developed and implemented so that a prescribed trans-
lational motion could be applied to the insertion plate walls. All
other walls were specified as solid wall entities, which were rigid
and impermeable with a no-slip boundary condition applied. The
flow domain was then defined as the space between these wall-
s.The full mesh set-up as well as details of the set-up are presented
in Figs. 2 and 3.

The fluids within the domain were modelled as two phases: air
and adhesive. Initially, to simplify the problem and allow valida-
tion, the adhesive was modelled as a Newtonian fluid. Subse-
quently the adhesive model was changed to a five-parameter
rational model, which relates the adhesive shear viscosity and
the shear rate accurately over the entire shear rate range. In this
Fig. 1. Key dimensions for 2D simulation of Pi-slot joint.
way the effect of the shear thinning nature of the adhesive on out-
put parameters could be predicted. As an example of the numerical
results Fig. 4 illustrates the distribution of the adhesive and air
within the flow channels.

2.2. Development of the analytic model

An analytical model is derived based on a procedure applied for
a similar problem proposed by Smith et al. [7] and considers the
flow of Newtonian fluids only. We developed a model that allows
the calculation of insertion forces and velocity distributions within
the flow channels for the considered geometry. The analytical
model assumes one-dimensional flow in the channels, which pre-
sumably should be a good approximation away from the adhesive
reservoir at the bottom. The remaining terms in the incompressible
Navier–Stokes equations are those representing a balance between
pressure and viscous forces:

dp
dy
þ ld2v

dx2 ¼ 0; ð1Þ

where p is pressure, v is vertical velocity and l is the molecular vis-
cosity. Explicitly, the derivation is based on two assumptions: the
pressure p and velocity v are functions of y and x, respectively, only.
Integrating this equation with regard to x and solving for the inte-
gration constants using the no-slip boundary conditions at x = a



Fig. 3. Mesh detail for modelling of the insertion squeeze flow for adhesive bonding
of composite structures.

Fig. 4. Numerical result showing the flow of adhesive and air within the flow
channels during the insertion squeeze flow bonding process.
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Fig. 5. Insertion force per unit width Fins against non-dimensional time t�. Top
figure: Adhesive viscosity was set to 1000 Pa s, with insertion speed varied. Bottom
figure: insertion speed set to 5 mm/s, with viscosity varied.
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and x = b, gives the following expression for the velocity distribu-
tion as a function of distance across the gap (x)

vðxÞ ¼ 1
l

dp
dy

x2

2
þ � V

a� b
� 1

l
dp
dy

aþ b
2

� �
xþ V

b
a� b

þ 1
l

dp
dy

� ab
2
: ð2Þ
The insertion force consists of two components [7], namely the
pressure force due to pressure built up at the bottom of the moving
insertion plate and a viscous drag force at the contact surface
between the insertion plate and the fluid. This allows the insertion
force per unit width (F/L) to be expressed as

F
L
¼ �2lcV 3

ðaþ bÞ2

ða� bÞ3
þ 1

a� b

" #
: ð3Þ

Here L is the Pi-joint length into the page, c is the flow front height
of the adhesive within the flow channel and V is the insertion speed.
The above equation indicates that for a Newtonian fluid, the inser-
tion force increases linearly with viscosity, insertion speed and flow
front height.

Insertion forces calculated applying Eq. (3) were compared with
numerical predictions of the insertion forces for different insertion
speeds (top of Fig. 5) and different adhesive viscosities (bottom of
Fig. 5). For a variation of the insertion speed between 2 and 10 mm/
min (top figure), the adhesive viscosity was set 1000 Pa s. When
varying the adhesive viscosity (500, 1000, 2000 Pa s, bottom
figure), the insertion speed was fixed at 5 mm/min.

Fig. 5 indicates for both cases that the insertion force increases
linearly with respect to time over the time range considered. Fur-
ther, the insertion force also increases linearly with respect to
insertion speed (top of Fig. 5). For example, increasing the insertion
force by a factor of two (5–10 mm/min) leads to an approximately
doubling of the insertion force (at t� = 1, the numerical predictions
were 4842 N/m and 9782 N/m, respectively, i.e., the higher inser-
tion force is double the lower one to within 2%). Note that the
non-dimensional time, t�, is time divided by the time required
for the adhesive to reach the top of the Pi-slot.

Considering the effect of the viscosity on the insertion force, it is
observed that the insertion force again increases linearly with
respect to viscosity and time.



Table 1
Fitting constants for the five-parameter shear-thinning model for different mixture
ratios.

wt.% EA
9395:EA 9396

c1 c2 c3 c4 c5

100:0 16024.99 13515.67 1080.79 83.276 23.120
85:15 5293.645 6541.795 891.0529 66.909 36.160
70:30 1738.666 2216.062 318.678 38.981 13.796
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In general, good agreement between the analytical and the
numerical models was obtained. The discrepancy was between
4.0% and 5.6% for a variation of the insertion speed, and between
3.6% and 4.0% for a variation of the adhesive viscosity. The numer-
ical model consistently predicted higher insertion forces. The
differences observed between the insertion force predictions are
caused by simplifications in the analytical model. The main source
of error is due to the assumption of one-dimensional flow and
pressure variation, which break down slightly at the bottom of
the Pi-slot.

2.3. Constitutive models for non-Newtonian adhesives

The epoxy adhesives used for the study consisted of different
combinations of two commercially available adhesives EA 9395
and EA 9396. The latter has a lower viscosity, hence adjusting
the combination allows the viscosity to be varied. For the current
research the stress strain-rate relationship was determined using
a Rheometrics Fluid Spectrometer II (RFS II) (Rheometrics Inc.,
New Jersey, USA). Three different mixture ratios were used for
the experiments consisting of 100:0%, 85:15% and 70:30% by
weight mixtures of EA 9395 and EA 9396. Each rheometric test
was conducted four times with the average result used to charac-
teristise the behaviour. Each of the epoxy mixtures showed clear
non-Newtonian shear-thinning behaviour. Thixotropic loop tests
were conducted, which revealed only relatively minor hysteretic
variation, thus it appeared reasonable to neglect time-dependent
history effects at least for the development of the initial model.
Dynamic oscillation tests were also performed to investigate visco-
elasticity. From determined relaxation times, the Deborah number
(De), which relates the relaxation time to the process time [8], was
derived, and was found to be De� 1. Elasticity effects can be as-
sumed to be negligible under this condition (e.g., [9]). Hence, given
that time-dependence and elasticity effects could be ignored, the
model development focussed only on the shear viscosity versus
shear-rate dependence. In Fig. 6, the adhesive shear viscosity is
plotted with respect to shear rate for the 70:30 mixture. A five
parameter rational fit is illustrated.

The shear viscosities calculated from the model agree very well
with the measurements over the whole shear rate range consid-
ered. The equation describing the five parameter rational model is

l ¼
c1 þ c2

dc
dt þ c3

dc
dt

2

1þ c4
dc
dt þ c5

dc
dt

2 ; ð4Þ

with c1, c2, c3, c4 and c5 being the fitting constants. In order to cover
the typical viscosity range used in practice, as indicated above,
three different adhesive combinations were used for the
experiments and numerical simulations. The lower viscosity limit
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Fig. 6. Measured shear viscosity against shear-rate and five parameter rational fit
for the 70:30 wt.% ratio mixture.
acceptable is the one for a weight ratio of 70:30% EA 9395 to EA
9396. The most viscous adhesive considered in this research con-
sisted of EA 9395 only. In each case, the five parameter rational
model fit was obtained, and in each case the model fit agreed very
well with the raw data. Consequently, this rheological model was
used for each mixture to represent the shear-thinning behaviour
in the overall numerical model.

The fitting parameters for the three adhesive mixtures, repre-
sentative of typical high, intermediate and low viscosity adhesives,
are given in Table 1.
3. ISF at constant insertion speed

3.1. Effect of insertion speed

As described in Section 2.1, the ISF process was modelled two-
dimensionally on a cross section through the joint. A constant
speed condition was applied on the wall boundaries that represent
the insertion plate walls. Because of this motion the adhesive was
displaced into the flow channels that form between the insertion
plate side walls and the Pi-slot wall boundaries. The input param-
eters that were varied were the insertion speed and the adhesive
viscosity. The insertion speeds investigated were 2.5, 5 and
10 mm/min. Both flow channel widths were fixed during the
insertion process at d = 0.5 mm, with a = 3 mm and b = 2.5 mm.
The Pi-slot height H1 was 35.5 mm. The material properties of air
were density q = 1.2 kg m�3 and molecular viscosity l = 0.00002
kg m�1 s�1. The initial adhesive amount was 105 vol.% of the
amount necessary to fill the flow channels completely at the final
insertion position. The initial adhesive height H0 could be derived
from this amount. The effect of insertion speed on the insertion
force with respect to dimensionless time is presented in Fig. 7 for
the 70:30 mixture.

As discussed for the Newtonian model, the insertion force pre-
sented in Fig. 7 consists of two components, the pressure force that
acts perpendicular to the insertion plate head and the shear force
acting along the side walls of the insertion plate. The insertion
force acts in the y-direction due to the resistance of the adhesive
movement. For t� greater than one, the adhesive flows out of the
top of the flow channel.
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Fig. 7. Numerically predicted Fins versus t� for various insertion speeds.
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Fig. 9. Measured Fins against t� for two separate experimental test runs.
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From Fig. 7, it can be seen that the insertion force still increases
almost linearly with respect to dimensionless time. Also, but not
surprisingly, for the same insertion position it is observed that with
increasing insertion speed the insertion force also increases. How-
ever, in this case, the functional dependence is not proportional as
it was for a Newtonian fluid. At a dimensionless time of t� = 1, the
insertion force is 9.8 N/m for an insertion speed of 2.5 mm/min.
Doubling the insertion speed results in an insertion force of
12.5 N/m and a further increase of the insertion speed by a factor
of two leads to an insertion force of 15.9 N/m. This is about 20%
lower than direct proportionality would give. This difference is
due to the shear-thinning character of non-Newtonian epoxy adhe-
sive. Indeed Fig. 6 shows that the effective viscosity varies by
approximately a factor of 10 as the shear-rate is varied over two
orders of magnitude between 0.1 and 10 s�1, so this observed var-
iation in insertion force is not surprising.

3.2. Effect of adhesive viscosity

As stated in Section 2.3, the adhesive viscosity could be varied
by adding the lower viscosity adhesive EA 9396 to the more
viscous EA 9395. By examining various mixture ratios, the effect
on viscosity on the transient insertion force was investigated
numerically. The simulations were conducted at constant insertion
speed (vins = 5 mm/min), the insertion plate was again centred be-
tween the Pi-slot walls and the initial adhesive amount was the
same as for the previous study (105%). Adhesive viscosity effects
on the insertion forces with respect to dimensionless time are
illustrated in Fig. 8.

The solid line represents the transient insertion force for the
pure EA 9395 adhesive. The other curves show the considerable
reduction in insertion force obtained from diluting this compound
with the less viscous component. The addition of 15 wt.% of the
lower viscous EA 9396 to the more viscous EA 9395 decreases
the insertion force by more than 50%. For comparison the insertion
force at a dimensionless time of t� = 1 for EA 9395 is 38.9 N/m. The
insertion force at the same time decreases to 16.1 N/m after addi-
tion of the first 15 wt.% EA 9396 (a decrease of 58.6%). Increasing
the amount of EA 9396 within the mixture to 30 wt.% results in
an insertion force at t� = 1 of 12.4 N/m which represents a further
decrease of 23.0%.

3.3. Comparisons between experimentally measured and numerically
predicted insertion forces

One objective of the present research program was to draw a
comparison between the experimentally measured and the
numerically predicted insertion forces. The ISF experiments were
conducted at low insertion speeds, matching the above presented
predictions. The tests were conducted in a 10 kN universal testing
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Fig. 8. Fins versus t� for various adhesive viscosities.
machine using specimens made of carbon epoxy composites that
were 100 mm in length. In terms of the Pi-slot and the flow chan-
nel, all specimens were made to the baseline dimensions defined in
Section 3.1 and Fig. 1. To ensure good alignment between the
insertion plate and the Pi-slot, spacer wires were used. The wire
diameter was adjusted based on the actual flow channel width,
as determined by the insertion plate and Pi-slot dimensions. These
can vary from the nominal values due to manufacturing tolerances.
The initial adhesive amount placed into the Pi-slot before starting
the insertion process was 125 vol.% of the amount necessary to fill
the flow channels completely at the final bonding position. Fig. 9
shows two typical transient insertion force measurements with re-
spect to dimensionless time.

The measurements were taken at an insertion speed of 5 mm/
min for the 70:30 mixture. For the first run, at the start of the inser-
tion, a slower increase in the insertion force was recorded, result-
ing from the compaction of the initially uneven adhesive surface
(specimen 1). For the second specimen, however, this compaction
is not observed due to a more even adhesive surface. For both spec-
imens an approximately linear increase in insertion force with
time is observed until the adhesive starts to flow out of the flow
channels at t� = 1. The insertion force becomes approximately con-
stant after this before increasing significantly when the insertion
plate and the Pi-slot wall become very close and finally touch.
The insertion forces that were used for comparison and which
are presented in the following analysis were taken when the adhe-
sive first flows out of the flow channels, i.e. at t� = 1. They are
referred to as final insertion forces in the following discussion.

In Table 2, the final insertion forces are compared for the pure
EA 9395 adhesive. The input parameter varied was the insertion
speed.

The table includes minimum and maximum measured final
insertion forces, an average final insertion force (from either two
or three experiments) and the numerically predicted forces. Also,
the discrepancy between the averaged measured and the predicted
forces is included. From the documented typical insertion forces it
is evident that there is good agreement between the predicted and
the measured values. The discrepancy is less than 3%. Also the
relatively small range between the minimum and maximum mea-
sured final insertion forces reveals good repeatability of the
experiments.

The effect of adhesive viscosity on the measured and the pre-
dicted final insertion forces is presented in Table 3.
Table 2
Comparison between measured and numerically predicted insertion forces: vins effect.

vins Fins,exp,min Fins,exp,max Fins,exp, ave Fins,num %-Discr.

2 26.5 29.5 28.0 28.8 2.8
5 39.0 41.0 40.0 39.0 2.5
10 49.5 51.0 50.2 51.5 2.6



Table 3
Comparison between measured and numerically predicted insertion forces: l effect.

% EA 9395:EA 9396 Fins,exp,min Fins,exp,max Fins,exp, ave Fins,num % Diff.

70:30 13.5 15.5 14.5 12.5 13.8
85:15 19.5 19.6 19.6 16.0 18.2
100:0 39.0 41.0 40.0 39.0 2.5
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Again reasonably good agreement exists between the measured
and predicted typical insertion forces for each of the adhesives
considered. The final insertion forces measured experimentally
are between 2.5% and 18.9% higher than the predicted ones. The
likely cause of this are differences in specimen dimensions from
the design values resulting from imperfect manufacturing. The
widths (thicknesses) of the insertion plates which were used to
investigate the effect of adhesive viscosity were found to vary be-
tween 5.08 mm and 5.20 mm, which is wider than the model inser-
tion plate (5.00 mm). Consequently, slightly narrower flow channel
widths result for the experiments, hence an increased resistance
against flow of the adhesives in the flow channels exists, and con-
sequently higher typical insertion forces are recorded [10].

In fact, the Newtonian analytical model of Eq. (3) indicates the
force is dominated by the pressure term of Eq. (3) and this varies
approximately as 1/d3. It is be expected that this scaling should
also govern the situation for the non-Newtonian adhesive, at least
approximately, so a fractional change in the gap width (i.e., Dd/d)
should induce a fractional change in the force of 3Dd/d. In turn,
the gap width depends on the slot width and the insertion plate
width. As an example, if the manufactured plate width plate width
is actually 2a = 5.05 mm, i.e., 1% larger than specified, for the nom-
inal slot width of 2b = 6.00 mm, this leads to the gap of d = (b–
a) = 0.475 mm, rather than the nominal 0.5 mm. This is a fractional
error of 5%, which would be expected to cause a 15% change in the
required insertion force. In general, manufacturing errors in the
slot and plate width of Db and Da, will cause a fractional change
from the predicted force of approximately 3(Db–Da)/d. Given that
both the slot and plate widths are subject to manufacturing toler-
ances, the match between the experimentally determined and pre-
dicted insertion forces is extremely good. However, it does indicate
that accurate insertion force predictions are quite sensitive to man-
ufacturing tolerances; which is a point that may need to be consid-
ered during joint manufacture.

4. Conclusions

A numerical model has been developed to simulate adhesive
flow in Pi-joints during a constant speed ISF bonding process.
Rheological measurement reveal that the typical adhesives for
bonding are primarily shear-thinning non-Newtonian fluids. The
five parameter rational model is found to be a very good approxi-
mation to the effective viscosity shear-rate dependence over the
relevant shear-rate range. It has been found that at constant inser-
tion speed the insertion force increases approximately linearly
with the adhesive flow front position. However, because of the
shear-thinning nature of the adhesive, doubling the insertion
speed does not lead to a doubling of the required insertion force.
Overall the numerical prediction of the insertion forces for con-
stant insertion speed runs was within 20% of the experimentally
measured values, and usually very much less. The discrepancies
appears to be mostly due to the component manufacturing toler-
ances, which are especially important since small variations in
dimensions of the insertion plate or slot widths can result in signif-
icant changes to the gap size. The analytical solution for a Newto-
nian fluid indicates that the insertion force should vary
approximately as the reciprocal of the gap ratio to the power of
3. This scaling is also expected to apply approximately to the
non-Newtonian adhesive as well.

In general, the paper provides data that can be extrapolated for
composite joints for aircraft, as well as verifying that a numerical
model based on shear-thinning rheology can accurately predict
the dynamical behaviour during the insertion process.
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