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CONTACT ANALYSIS AND SIMULATION OF ROLLED
PLASTIC FILM USED FOR ROOF VENTILATION
IN JAPANESE GREENHOUSES

N. A. Noda, L. Wang, H. Nagatomo, Y. Sano, Y. Takase

ABSTRACT. Greenhouses are capable of producing a variety of high-value crops year-round. A novel Japanese greenhouse
design is gaining popularity because of its automated roll-up ventilation system that is integrated into the roof. However,
due to the frequent movement of the roll-up system, the plastic film deteriorates rapidly and typically lasts for only three or
four months. In order to better understand the film deterioration, we studied the mechanics involved at the point of contact
between the film and the metal greenhouse frame. We found that film deformation and failure were closely related to stretch-
ing and creasing, and these processes were observed at the microscopic level. An experimental device was developed to
further study the damage to greenhouse film due to the roll-up movement. We concluded that the reduction in film thickness

due to static loading or rolling contact was the best predictor of future film damage.

Keywords. Compression, Finite element method analysis, Friction and wear, Polymer materials.

ully controlled plant production systems offer the

possibility of providing a large number of high-

quality crops with greater predictability. High crop

quality can be achieved by an efficient structure
such as a well-designed greenhouse, and covering materials
for greenhouses can have a great impact on crop production.
In the U.S., polyethylene (PE) film is the most common cov-
ering material for greenhouses, and in Europe, glass is typi-
cally used as covering material. In Japan, polyvinyl chloride
(PVC) film is typically used as a single-layer covering ma-
terial, and in 1985 a total area of 84,000 acres was covered
this way (Giacomelli and Roberts, 1993; Takakura, 1988).
However, in recent years, agricultural polyolefin (PO) film
started to be used in Japan. Agricultural PO film is often used
as a single multi-layered film laminated with PE and eth-
ylene vinyl acetate copolymer (EVA) and coated with an
anti-condensation drip layer that can prevent water droplets
from forming on the film. These water droplets can fall onto
the crop and cause tissue damage. Because agricultural PO
film has high tensile strength, heat retention capabilities
(blocking infrared radiation), and can be manufactured with
an anti-condensation drip layer, agricultural PO films are
quickly replacing PVC films in Japan (Sakaya et al., 2005).
However, agricultural PO film still tears easily after repeated
stress applications, e.g., from rubbing against the greenhouse
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structure (Nihon Nougyou System, 2014).

Traditional Japanese greenhouse designs are not always
capable of adequately controlling summer temperatures, re-
sulting in reduced flowering in strawberries and shorter har-
vest windows for cucumbers (Miyazaki, 2012). To solve
these challenges, open-roof greenhouses are being devel-
oped, and some Japanese manufacturers have designed roofs
that open and close with rolling plastic film. For these types
of open-roof greenhouses, full or partial openings and auto-
matic ventilation systems have been proposed. However,
among these designs, the fully opening, automatically venti-
lated greenhouse, as shown in figure 1, has proven the most
effective design that can adjust the inside temperature by au-
tomatically opening and closing the roof.

Figure 1 shows that the plastic film can be rolled up from
the gutter toward the ridge. This ventilation system has been
adopted in a large number of Japanese greenhouses. The roof
typically opens partially so that the natural ventilation capac-
ity is limited but sufficient for most crops. Holding straps
can be used to control film flapping due to wind (fig. 2). In
these greenhouses, the roof opens and closes frequently to
adjust the greenhouse temperature automatically. Over time,
this causes tearing of the film, resulting in a maximum
lifespan of three to four months. Because plastic film can
typically be used for two years in regular greenhouses, it is
desirable to prolong the film life.

In this article, we examine film damage as a result of fre-
quent movement for temperature control. We used the finite
element method (FEM) to evaluate the stress and defor-
mation of the plastic film. In addition, contact experiments
were conducted to evaluate the damage of the film. Finally,
results from the contact experiments and the FEM simula-
tions were compared for four different agricultural PO films.
Few previous studies are available that examine the damage
of plastic films under rolling contact loading, and observa-
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Figure 1. (a) Greenhouse with fully opening roof to control the inside temperature automatically and (b) illustration of an automatic roll-up system

that uses a pipe and motor to roll the roof covering film.
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Figure 2. (a) Greenhouse with fully opening roof and (b) straps used to hold the plastic film and roll-up system in place.

tions are typically reported for actual greenhouse installa-
tions (fig. 3).

ASSUMED DAMAGE PROCESS
OBSERVATIONS OF DAMAGED PLASTIC FILM

Figure 3 shows damaged plastic film (type B) after three
months of use. The film was installed at the gutter side of the
roof. The pressure on the film was largest when a small
amount of film was rolled onto the pipe. Therefore, the film
was most easily damaged at the gutter side of the roof, where
the rolling pipe begins to roll the film up. Figures 3b and 3¢
show the top part of a tear with many creases and a line scar.
The line scar develops at a crease and is the initial stage of
damage. These line scars later merge into more significant
damage. Figure 3d shows a close-up of serious film damage
at the bottom of a significant tear that developed in the di-
rection of movement of the roll-up pipe. We inferred that the
line scar shown in figure 3¢ was formed due to compressive
deformation and friction from the roll-up pipe. The for-
mation of a scar is typical of initial film damage.

Figure 4 shows scanning electron microscope (SEM) im-
ages of the outside and inside surfaces of the film. No sig-
nificant damage can be observed in figures 4a and 4b, but

1422

relatively rough surfaces are shown in figures 4c and 4d.

Figure 5 shows a roughness testing machine that can
measure the surface roughness along a direction perpendic-
ular to the rolling direction. Figure 5b shows the roughness
measured on the outside surface of the film, and figure 5c
shows the roughness measured on the inside surface of the
film (Japanese Industrial Standards, 1994). It was found that
the maximum roughness, as defined in JIS-B0601 (Japanese
Industrial Standards, 1994), on the inside film surface (R, =
11.6 um) was approximately twice as large as the maximum
roughness on the outside film surface (R, = 5.1 um). From
figures 4 and 5, it can be concluded that film damage first
occurs on the inside film surface due to contact between the
film and the pipes of the greenhouse frame.

ASSUMED DAMAGE PROCESS FROM OBSERVATIONS
Figure 6 illustrates the damage process assumed from the
observations shown in figures 3, 4, and 5. Figure 6a shows
an intact film. After being subjected to compressive rolling,
rolling indentations and stretched zones are formed. These
stretched zones lead to several creases (fig. 6b). Next, the
creases are folded over and develop into line scars (fig. 6¢).
The damage first occurs on the film surface that is in contact
with the pipes of the greenhouse frame. Moreover, line scars

TRANSACTIONS OF THE ASABE



Rolling direction

Figure 3. Damage observed on the inside surface of plastic film (type B) using a microscope: (a) torn film, (b) line scar development, (c) close-up
of line scar, and (d) damage at the bottom of the tear.
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Figure 4. Film (type B) damage observed by scanning electron microscope: (a) and (b) outside film surface; (c) and (d) inside film surface.

develop perpendicular to the rolling direction (fig. 6d). Fi- deformation of the plastic film, the temperature of the frame
nally, the plastic film breaks and splits, as shown in figure pipes, and the roughness of the frame pipes, all affect the
6e. We believe that several factors, such as the amount of amount of damage to the plastic film.
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Figure 5. (a) Roughness testing machine used to measure surface
roughness of film (type B) after 300 cycles of pipe rolling perpendicular
to the rolling direction, (b) maximum roughness (R, = 5.1 um) meas-
ured on the outside surface of the film, and (c) maximum roughness
(Ry= 11.6 pm) measured on the inside surface of the film (Japanese
Industrial Standards, 1994).

STRESS-STRAIN RELATIONSHIPS

TENSILE TEST METHOD
The tensile tests and rolling contact experiments were

conducted on plastic films and pipes. These materials are
commonly used in greenhouse construction and were pro-
vided by the Miyazaki Agricultural Research Institute. The
plastic film, which is made from low-density polyethylene
(LDPE) or ethylene-vinyl acetate (EVA) copolymer, was
produced by the inflation molding method. Tensile tests
were conducted on four typical agricultural PO films made
by different companies, herein referred to as types A, B, C,
and D. All four films have the same thickness (= 0.15 mm)
and consist of multiple laminated layers. The manufacturing
details of the film were not provided by the manufacturers,
so they are not listed. As an example, the results for film type
B, which is used in the greenhouses of the Miyazaki Agri-
cultural Research Institute, are presented in table 2, tables 4
through 6, figures 3 through 5, figures 11 through 14, figures
16 through 20, and figures 25 through 28. The pipes are hot-
dip galvanized pipes corresponding to JIS-G3314 (Japanese
Industrial Standards, 2010).

To analyze the deformation and stress of the film between
the pipes, the stress-strain relationship of the plastic film was
tested at two temperatures: 20°C £1.5°C (ambient tempera-
ture) and 70°C (the maximum measured summer tempera-
ture of greenhouse pipe surfaces in Miyazaki Prefecture, Ja-
pan). The tensile test was conducted at 70°C using a heating
lamp. Stress-strain curves were obtained over the 0% to
100% strain range. The dimensions of the plastic film used
for the tensile test are prescribed in JIS-K7127 (Japanese In-
dustrial Standards, 1999); however, to maintain a uniform
temperature of 70°C +2°C over the entire test piece, the
length was shortened to 60 mm (fig. 7a). Breakage and slip-
page of the test piece from the chuck was suppressed by hard
rubber inserted into the chuck, which exerted almost uniform
pressure on the test piece. Although the strain rate in the ten-
sile test (€ =0.05 s™!) differed from that at the rolling contact
(& = 5 s, the stress-strain relationships in the two situa-
tions should vary by less than 10% (Tanimura et al., 2011).

PV TR
(a) (b) (c) (d) (e)

Figure 6. Predicted damage progression in greenhouse film. The damage first occurs on the inside surface of the film that is in contact with the
pipes of the greenhouse frame. In this illustration, the film is rolled in the horizontal direction: (a) intact plastic film, (b) crease formation, (c) line

scar formation, (d) line scar development, and (e) broken and split.

12 12
I F =0 = TypeA
=10 | | = TypeB
ﬁ & % —  TypeC
s S 8f F8F —— Typen
E—1 [7] 1723
8’ § 6 g 6+
<2 oo » F %
)| O ©
87 .g 4t — TypeA £4}
g g —— TypeB g
o Zz 2 —— TypeC Z2¢f
= TypeD
F 0 N 2 N 2 i 0 L L N N N
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Nominal strain(%) Nominal strain(%)
(a) (b) (c)

Figure 7. (a) Test piece geometry and stress-strain diagrams for different agricultural PO films at (b) 7= 20°C, and (c) and 7'=70°C.
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Table 1. 60% offset yield strength obtained from figure 7.

C60% C60%
at 7=20°C at T=70°C Geoy at 70°C/
Film (MPa) (MPa) Geov at 20°C
Type A 6.2 32 0.52
Type B 6.8 43 0.62
Type C 9.2 5.4 0.58
Type D 7.3 5.0 0.68

TENSILE TEST RESULTS

Stress-strain diagrams collected at room temperature
(20°C) and 70°C are shown in figures 7b and 7c, respectively.
For materials such as aluminum alloys, which exhibit no
clear yield point, an offset yield strength (co.2), set to 0.2%
of the strain, is applied. In this study, because the film strain
appears in the range 50% to 60% (see fig. 29a), Gy is re-
placed with a similarly defined quantity called the 60% off-
set yield strength (0e0%). Table 1 shows the 60% offset yield
strength (Geo%) and the ratio of Geoe, at 70°C and 20°C. Ac-
cording to table 1, increasing the temperature from 20°C to
70°C reduces the Gso, by approximately 60%. When the
temperature rises to 80°C, the tensile strength of some plas-
tic materials decreases to approximately 50% of the room-
temperature strength (Hiroe and Motoyoshi, 1996). A simi-
lar trend was found for the plastic film used in greenhouses.

CONTACT ANALYSIS AND ROLLING

CONTACT EXPERIMENTS
ANALYSIS MODEL

The contact analysis and rolling contact experiment were
first conducted at room temperature (7= 20°C). The various
contact stresses, and the rolling contact problems of elastic
film sandwiched between two parallel cylinders, were pro-
vided by Johnson (1985). However, results for plastic film
sandwiched between two orthogonal pipes have not been re-
ported. Therefore, this study investigated the deformation
and stress of plastic film by elastic-plastic contact analysis.
Figure 8 shows the FEM mesh for the static contact model.
Both pipes and the film were constructed from hexahedron
elements with eight nodes. The modeled film and pipe
meshes (with dimensions of 0.1 mm X 0.1 mm X 0.375 mm
and 0.1 mm x 0.1 mm x 0.08 mm, respectively) contained
approximately 1.5 x 10° elements. To confirm the accuracy
of the mesh, the orthogonal contact of two elastic pipes was
initially compared with the Hertzian contact stress. The two
results coincided within 1% error. The analysis was encoded
in Marc (2012, MSC Software Corp., Newport Beach, Cal.)
using the sparse solver of the MultiFrontal method. The pipe
and plastic film were assumed as an elastic body and an
elasto-plastic body, respectively. The model dimensions in

©

Figure 8. FEM mesh for static contact model of a single support pipe subjected to a load P: (a) 3D model for the plastic film between the two pipes.
(b) mesh for FEM simulation of plastic film, and (c) dimensions of the film element are 0.1 mm X 0.1 mm X 0.0375 mm.

59(5): 1421-1437
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figure 8 are consistent with the actual dimensions of the
open-roof greenhouse. The support and rolling pipes have
the same outside diameter, d; = d> = 38 mm (inside diame-
ter = 34 mm), and the plastic film is 0.15 mm thick (% =
0.15 mm). Assuming that the rolling pipe weight is uni-
formly distributed over each support pipe, the average load
on each support pipe is P = 15 N. Young’s modulus and
Poisson’s ratio of the pipe are 210 GPa and 0.3, respectively.
From the stress-strain diagrams in figures 7b and 7c,
Young’s modulus and Poisson’s ratio of the plastic film
(type A, B, C, and D) in the FEM analysis were derived as
450 MPa and 0.45, respectively. The boundary conditions
are fixed displacements of the rolling pipe cross-section in
the x and y directions and fixed displacements of the support
pipe cross-section in the x, y, and z directions (fig. 8). The x,
¥, and z displacements are constrained at the origin (x, y, z)
= (0, 0, 0) (fig. 8c).

CONTACT STRESS AND DEFORMATION
AT ROOM TEMPERATURE

Figure 9 explains the contact state of type B film when
P=15N,u=0, 7=20°C, and d; = d» = 38 mm. Figures 9a
and 9b show the contact stress distribution. The contact
stress (pmax = 7.14 MPa) is maximized at the center of the

[MPa]

0.53

-3.30

-7.14

TV L Ty Ve [ S B L

z[mm]

P T I 1}

05 |

x[mm]
©

Table 2. Stress and deformation of type B film at different
temperatures 7(P=15N, u=0, and di = ¢» = 38 mm.

T=20°C T=170°C
Maximum contact stress (Pmax, MPa) 7.14 3.90
Contact length a (mm) 0.88 1.18
Contact length b (mm) 0.88 1.18
Contact area (Aconaer = Tab, mm?) 243 437
Maximum thickness reduction 0.020 0.038

( Al.\'mtic’ mm)

contact area. Figure 9c shows the boundary nodes between
the contact and non-contact areas. The contact area is de-
scribed by a circle (within the 5.1% error of the boundary
nodes) where the radius of 0.88 mm is the average length
from the origin. Figure 9d shows the profile of the thickness
reduction. The contact area is circular when the support and
rolling pipes have the same diameter.

Table 2 compares the stress and deformation in type B
film at 7= 20°C and T = 70°C. Other parameters were fixed
as P=15N,u=0, and d = d, = 38 mm. At 70° C, the
maximum thickness reduction was twice that at 20°C, and
the contact area was increased by 1.8. The results in table 2
were acquired for the same pipe diameters. The contact
stress may be reduced by using a larger-diameter rolling pipe
(Noda et al., 2015).

P=15N

(b)

(d)

Figure 9. Stress and deformation of the film when P=15N, u=0, 7= 20°C, and di = ¢> = 38 mm: (a) stress G, at the contact area on the x-zplane,
(b) maximum stress in the x-zplane is pmax = 7.14 MPa at the center of the plastic film, (c) contact area with dimensions 2= b= 0.88 (dotted line),
and (d) thickness is maximally reduced at the center of the plastic film (A¢= 0.02 mm).
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ROLLING CONTACT MACHINE FOR
INVESTIGATING FILM DAMAGE

The damage to greenhouse films caused by the roll-up
movement was investigated with the apparatus shown in fig-
ure 10. Results were acquired for different plastic films, load
magnitudes, temperatures, and pipe roughness. Each support
pipe was subjected to a rolling contact load (P) within a
stroke length of 25 cm. The plastic film was fixed at both
ends of the support pipe. The speed of the rolling pipe was
controlled from 30 to 750 mm min"! by a brushless drive mo-
tor. In figure 10, the pipe that rolls over the film is pulled

across and turns under the friction between itself and the film.

The testing device in figure 10 differs from the greenhouse
design in figure 1, where the film rolls around the moving
pipe. In the testing device, a bare pipe is rolled over film that
is laid over a support pipe. Therefore, unlike the greenhouse
in figure 1, the rolling pipe rolls over the film and presses it
onto the pipe beneath. The difference between figure 10 and
figure 1 was investigated by comparing preliminary FEM re-
sults of a bare pipe and a film-wrapped rolling pipe. The film
deformation was reduced in the latter case. It should be noted
that in both figure 1 and figure 10, the line scar damage al-
ways occurred at the support pipe side of the film surface.
Therefore, the line scars are similar for the bare pipe and
film-wrapped pipe. By using the bare pipe, the appearance
of line scars can be accelerated without changing the mech-
anism. Therefore, to prevent damage to the film, the rolling
pipe or support pipe could be covered by a material with low
elastic modulus.

ROLLING CONTACT EXPERIMENTS
AT ROOM TEMPERATURE

The rolling contact experiment was conducted in the roll-
ing contact machine at room temperature. Fixing the stroke
length at 20 cm, the numbers of line scars and creases were
investigated while varying the load (P) and number of roll-
ing cycles (). The temperature was set to 7= 20°C or 7' =
70°C, and d, = d> = 38 mm for plastic films of type A, B, C,
and D. The load magnitude (P) ranged from 15 to 75 N. Alt-
hough each support pipe carries an average load of 15 N, the

59(5): 1421-1437
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Figure 10. (a) Rolling contact machine for investigating plastic film damage and (b) heated portion of support pipe with insulating box.

actual load increases when the support pipe deflects. Green-
house roofs are also subject to additional forces imposed by
hard wind and rain and exerted by the holding strap (fig. 2).
Therefore, we assumed that loads up to 75 N could be ap-
plied to the support pipe.

Table 3 lists the numbers of creases and line scars per
centimeter in film type A examined at 7' = 20°C, N = 300,
and d; = d> =38 mm. A crease was determined in the follow-
ing way. After the experiment, the film was placed on a black
board and illuminated from above by a light source. The
wave-like deformation captured by the reflected light was
regarded as a crease. Results for other film types are ex-
cluded from table 3 because film type A exhibited the largest
strain under the same stress (i.e., the lowest deformation re-
sistance; fig. 7) among the tested films. The early stages of
the study focused on film type B, which is used in the green-
houses of the Miyazaki Agricultural Research Institute.
However, no line scars were detected on film type A at 7=
20°C, as shown in table 3. Therefore, film type A, with the
largest deformation, was adopted in later experiments. The
Results and Discussion section will confirm that film type A
has the largest thickness reduction Af and the largest number
of line scars (#jinescar in table 8). Increasing the load on film
type A increased the number of creases but induced no line
scars at 7'=20°C.

Table 4 shows the numbers of line scars and creases per
centimeter in film type B when P=15N, T=20°C, and d; =
d> =38 mm. As the number of rolling cycles increased from

Table 3. Number of creases and line scars per centimeter on film type
A under different loads P (7= 20°C, N= 300, and di = ¢> = 38 mm).

P=30N P=60N P=75N
Number of creases per 0.5 1.05 1.35
centimeter (Mereqse)
Number of line scars per 0 0 0

centimeter (Miescar)

Table 4. Number of creases and line scars per centimeter on film type
B under different numbers of rolling cycles NV (P=15N, 7'=20°C, and
di = db =38 mm).

N=300 N=1000
Number of creases per centimeter (Aeqse) 0.7 0.95
Number of line scars per centimeter (#iescar) 0 0
1427
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Figure 11. Plastic film (type B) after rolling contact experiment. The white band is a stretched zone containing many creases but no line scars.
Conditions are P=15 N, 7= 20°C, N=300, and di = ¢> = 38 mm: (a) rolling test piece and (b) enlarged view of test piece in the most severely

damaged area.

N =300 cycles to N = 1000 cycles, the number of creases
(Merease) Increased by approximately 30%, but #jinescar Was 0
at T'=20°C.

Figure 11 shows the results of the rolling contact experi-
ment. The white band shows the rolling indentation, where
many creases occur. As shown in figure 11b, the largest
damage appears at the center of the crease. This damage is
due to the rough surface of the support pipe, but line scars,
which should be perpendicular to the rolling direction, were
not found. This result verifies that, despite the many creases,
no line scars appear at 20°C.

CONTACT STRESS AND DEFORMATION AT 7'=70°C
Although no line scars appeared at 7' = 20°C despite the
many creases, they commonly occur in automatic ventilation
greenhouses, where the temperature of the support pipe
reaches 70°C in the summer. In other words, the damage is
largely temperature-dependent. Therefore, the contact stress
and deformation were investigated in detail at 7= 70°C.
Table 5 shows the stress and deformation of film type B
under different loads (P). Other parameters were fixed as |L =
0, T="70°C, and d;, = d» = 38 mm. Increasing the load by a
factor of 5 (from P =15 N to P =75 N) increased the maxi-

Table 5. Stress and deformation in film type B under different loads P
(L=0, 7=70°C, and di = ¢h = 38 mm).

P=15N P=75N
Maximum contact stress (Pmax, MPa) 3.90 6.98
Contact length ¢ (mm) 1.18 2.14
Contact length b (mm) 1.18 2.14
Contact area (4cone: = Tab, mm?) 437 14.3
Maximum thickness reduction 0.038 0.086

(Atstatic, mm)

mum contact stress (Pmax) and contact area (Aconiae: = Tab) by
factors of 1.8 and 2.3, respectively, and doubled the maxi-
mum thickness reduction. As shown in table 5, the maximum
thickness reduction (A£%) at P =15 N was only 44% of that
at P =75 N. Therefore, when investigating the effect of the
friction coefficient (1) on the stress and deformation of film
type B, P was set to 75 N. The results (with 7= 70°C and
di = d» =38 mm) are summarized in table 6.

The friction coefficient () between plastic and metal ma-
terials ranges from 0.15 to 0.3 (Yamakuchi, 1981). To inves-
tigate its wide-range effects, the friction coefficient was var-
ied from 0.15 to 0.6 in the present study. Figures 12a and
12b plot the maximum stress (pmax) and maximum thickness
reduction (A#"), respectively, as functions of [l. As [ in-
creased, pmax Was found to increase while A decreased.
The larger friction between the plastic film and pipe sup-
pressed the slippage of the plastic film and constrained the
contact area. Therefore, increasing the friction coefficient
(w) reduced the contact area and increased the contact stress.

ROLLING CONTACT EXPERIMENTS AT 7'=70°C

To investigate the rolling contact phenomena at 70°C us-
ing the apparatus shown in figure 10a, the support pipe was
heated to 70°C with a heating lamp, similar to the sunlight
that heats a real greenhouse. The lamp irradiated the bottom
surface of the support pipe, and the heated portion of the sup-
port pipe was covered with an insulating box, as shown in
figure 10b. The temperature of the support pipe was con-
firmed to vary within £2°C along the 25 cm stroke length.
The temperature was controlled by adjusting the distance be-
tween the support pipe and the heating lamp.

Table 6. Effect of friction coefficient (i) on the deformation of film type B (P=75N, 7'=70°C, and di = d» = 38 mm).

n=0.15 n=0.2 n=0.3 u=04 u=0.5 n=0.6
Maximum contact stress (Pmax, MPa) 17.54 19.84 23.64 26.98 30.03 32.71
Contact length a (mm) 1.769 1.74 1.621 1.594 1.491 1.475
Contact length b (mm) 1.769 1.74 1.621 1.594 1.491 1.475
Contact area (A eone = Tab, mm?) 9.831 9.511 8.255 7.982 6.984 6.835
Maximum thickness reduction (A#", mm) 0.0803 0.0749 0.0671 0.0615 0.0575 0.0539

1428

TRANSACTIONS OF THE ASABE



w
(&)
T

30
25

20

0.3

04

05 06 0.7

Friction coefficient i for plastic film (type B)
(@)

15-IIAI|III
0.1 0.2

The maximum contact pressure p,,., [MPa]

0.085 ——rrrrrrrr

008 |
0.075 F

007 F

Maximum thickness reduction At [mm]

01. . .02. i losl i l04‘ i .osl i .o.sA m ‘0.7
Friction coefficient i for plastic fim (type B)
(b)
Figure 12. (a) Maximum contact pressure (Pmsx) and (b) maximum

thickness reduction (A9 as functions of the friction coefficient (1). As u
increases, pmax increases while Az decreases.

During the rolling contact experiments, the number of
rolling cycles, pipe temperature, and load were set to 300,
70°C, and 75 N, respectively. Figure 13 shows the stretching
zone of film type B by optical microscopy. Figure 14 is an
SEM image of the inside of the damaged plastic (type B)
film. Damage occurred at the support pipe side of the plastic
film, mimicking the real damage in greenhouses (fig. 3b). In
the close-up view (fig. 14b), a line scar is seen to have de-
veloped from creases that have folded over.

RESULTS AND DISCUSSION
ANALYSIS MODEL OF ROLLING CONTACT

The preceding sections presented the static contact anal-
ysis and discussed the maximum contact stress and maxi-
mum thickness reduction between the pipes. This section is
devoted to the rolling action of the pipe, which occurs in ac-
tual automatically controlled greenhouse roofs. Therefore, it
is necessary to compare the results of the static and rolling
contact analyses.

Figure 15 illustrates the FEM mesh in the rolling contact
analysis. Different from figure 8, the origin is situated on the
support pipe side of the film surface. At the end of the film
(x = -3.6 mm), the support pipe and all displacements in the
X, ¥, and z directions are constrained. The pipe then rolls in
the x direction, as shown in figure 15. In the perpendicular
contact model, the support and rolling pipes have the same
diameter (d\ = d>» = 38 mm). The number of elements is ap-
proximately 6.2 X 10, and the smallest mesh is 0.09 mm x
0.09 mm x 0.375 mm. Because Young’s modulus of iron is
approximately 420 times that of plastic film, the pipes were
regarded as rigid bodies to simplify the model. The rolling
speed and rolling time of the pipe in the FEM simulations
were set to 8.38 rad min™!' and 1.3 s, respectively. As in the
static contact analysis, the load magnitude was assumed as
P=75N.

RESULTS OF ROLLING CONTACT ANALYSIS

Figure 16 shows the compressive strain distribution (g,)
of film type B as the pipe rolls from its original point a to the
finishing point d. Figure 17a shows the film thickness at x =
0, before the pipe started rolling. The initial film thickness
(1) was 0.07 mm. The film thickness was minimized at x =
2.46 mm (#, = 0.04 mm); in other words, the maximum thick-
ness reduction was A, = 0.15 — 0.04 = 0.11 mm at x =
2.46 mm. The film thickness was steady (#3 = 0.06 mm) be-
tween x = 11.6 mm and x = 21.7 mm (fig. 17c). At x =
21.7 mm (the end of the rolling process), the film thickness
(t4) was 0.06 mm. In summary, the thickness reduction (Az, =
0.11 mm) was maximized close to the start point of the roll-
ing pipe, and thereafter became steady (Af; = Aty = 0.15 —
0.06 = 0.09 mm). Figure 18 schematizes the deformation of

Rolling direction

1mm

Figure 13. Microscopic white band indicates a stretching zone of film type B after V=300 rolling cycles (P=75N, 7="70°C, and di = d> =38 mm).

All four line scars are perpendicular to the rolling direction.
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Rolling direction

()

200pum

(b)

Figure 14. SEM images of damaged plastic film (type B) after V= 300 rolling cycles (P=75 N, T'=70°C, and di = d» = 38 mm): (a) line scars

observed on the inside surface of the film and (b) close-up of a line scar.

Center symmetry line for rolling contact

Figure 15. FEM mesh under rolling contact analysis.

The range of rolling

2.663e-001

a
Original point

> .
T gl
o -2.028e-002
-4.641e-002
-6.719e-002
d
Finishing point
-9.846e-002
-1.297e-001

Figure 16. Strain distribution (€,) on film type B under rolling contact (P=75 N, u=0.15, 7= 70°C, and di =d: = 38 mm).

film type B after the rolling pipe movement. The final thick-
ness at most positions was 0.06 mm. Note that at the end of
the film, the thickness increased to 0.18 mm due to the film
extrusion by the rolling pipe. Figure 19 shows the defor-
mation of film type B at different locations as the pipe rolled
along the x direction. Deformations other than thickness re-
duction, such as frontal creases, are evident in this figure.
The height of the frontal crease increased as the rolling pipe

1430

advanced. At x = 11.6 mm, the height became steady at 4 =
0.06 (that is, the thickness reduction stabilized at Atz = Aty =
0.09 mm). Under these steady-state conditions, the front of
the rolling pipe was always preceded by two frontal creases,
which might be largely responsible for the film damage. Fig-
ure 20 shows the thickness reduction, A#(x)"¢, of film type
B under rolling contact along the length direction (x). Ini-
tially, the film was 0.15 mm thick. Here, the notations

TRANSACTIONS OF THE ASABE



x=11.6-21.7mm _ "y
© > t,20.06mm ISR
B X=21.7mm  ¢,=0.06mm

Figure 17. Thickness of film type B when P=75N, u=0.15, 7="70°C, and di = ¢ = 38 mm: (a) static compression at x= 0, (b) maximum thickness
reduction at x = 2.46 mm, (c) steady thickness reduction from x=11.6 to x=21.7 mm, and (d) final thickness reduction at x=21.7 mm.

/ Rolling pipe
i Rolling direction
—
\\‘
\\
t=0.15mm \‘\
\‘\
.
\ \ 0 v T
0, A\ Y 1
N / ” 1‘
b: t=0.04 :t=0.06 d: t=0.06
m ¢ m ™M t=0.18mm > t=0.15mm
y Plastic film (Thickness increases due to
) extrusion of the rolling pipe)
Support pipe
||||||||||$$||||||||||I|||||||||
0 5 15 20 25 30
x(mm)
Figure 18. Schematic of deformation of film type B after rolling pipe movement.
-0.9 T T T 7T T 7 T T T T | G | T T T T i T T T
I~ P=75N 1 x=18mm  x=21.7mm 7
L p=0.15 =
70C L x=8.2mm \ \
_ " d,=d,=38mm gl
E -05 x=2.46mm \ | \
é - x=Omm X=1.3mm |
| |h=0.55
O —
+ 0.1 IR T TR W W — TN (N T T S T — L | I T T | T TN S T T —
0 5 10 15 20 25 30
x(mm)

Figure 19. Growth of frontal crease height 4(x) of film type B at different x locations of the rolling pipe.
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0.05 I el rolling
A(\lrndy

AtToling 4 ¢ = ¢, = 0.15mm
= Film (type B)
-0.05
-10 0 10 20 30

Plastic film thickness reduction At (x)" "™ [mm]

x(mm)
Position along the length direction of film

Figure 20. Plastic film thickness reduction (A#vmg) along the length di-
rection of film type B (P=75 N, p =0.15, 7= 70°C, and di = &> =
38 mm).

At(x)°Ming ong At(x)ﬁ?éﬁi"g denote the steady-state and

steady

maximum thickness reductions, respectively, under the roll-
ing contact, and #(x) denotes the thickness of the plastic film.

Note that the thickness reduction At(x)gfelgsf and the thick-

ness #(x) of the plastic film under rolling contact are related

by At(x)gfelgsf + #(x) = tp = 0.15 mm. Figure 21 shows the

rolling

thickness reduction A#(x),,, dy

in the four kinds of plastic

film. The thickness reduction was largest in film type A. The
maximum contact stress on the film is plotted as a function
of x in figure 22.

The rolling contact induced elongation and frontal creas-
ing of the films. Figure 23 shows the deformations of the
four films (type A, B, C, and D). The notations / and Al(x)

o
-
(4

o
S

o
o
L4

o

daaadaaaa daaaa i aaa daaaa dadaa dadd )l a2l

$ 0 5 10 15 20 25 30 35
Position along the length direction of film [mm)

o
o
o

Plastic film thicknessreduction At (x)*"™ [mm]

Figure 21. Thickness reduction (At.ug) of four kinds of plastic film
along the length direction (P=75 N, u=0.15, 7=70°C, and d = d> =
38 mm).
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T T

[MPa]

—Type A ]
TypeB
——TypeC |

max
T

P=75N ]
#=0.15

70°C ]
d,=d =38mm]

15 1 1 1 1 1 1 1
-5 0 5 10 15 20 25 30 35
x(mm)

Pasition along the length direction of film

The maximum contact stress AP(x)

Figure 22. Maximum contact stress (pmax) on four kinds of plastic film
along the length direction (P=75 N, u=0.15, 7=70°C, and d = d> =
38 mm).

denote the original length and the elongation in the x direc-
tion, respectively, and & denotes the frontal crease height.

The obtained Al(x), k, and thickness reduction Af(x)]eugs

are summarized in table 7. Figures 24a and 24b plot the
frontal crease height (%) and thickness reduction, respec-
tively, as functions of the elongation in the rolling contact
analysis with the approximate equation: # = 0.11A/ + 7.0 X

10 (R?=0.79) and Atgfe’éi}’f =0.015A +0.031 (R = 1.0).

The frontal crease height (%) increased with increasing elon-
gation Al(x), while the thickness decreased. Only the central
part of the rolling indentation elongated under the rolling;
both sides of the rolling indentation were constrained. There-
fore, the creases might develop from the stretched central
portion of the film. Because crease formation is closely re-
lated to the elongation A/(x) and thickness reduction

At(x)rolling

steady » CTeases are considered as early damage preced-

ing the formation of line scars.

COMPARISON BETWEEN STATIC AND ROLLING
CONTACT ANALYSES

Figure 25 illustrates the three-dimensional deformation of
film type B when P=75 N, u=0.15, T=70°C, and d, = d>
=38 mm. The frontal crease is accompanied by other creases
at both sides of the stretched zone. The thickness reductions
of film type B at z = 0 under static and rolling contact are
compared in figure 26. Here, the notation Ar* denotes the
maximum thickness reduction under static contact, and

Atsrfelé?yg and Atﬁ?j,’j"g denote the steady-state and maxi-

mum thicknesses, respectively, under rolling contact. In both
analyses, the thickness reduction was highest just after the
original contact point.
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Figure 23. Strain distribution (€,) and deformation of (a) original plastic film and films of (b) type A, (c) type B, (d) type C, and (e) type D. Other

parameters are P=75 N, p=0.15, 7="70°C, and dh = d> =38 mm.

Table 7. Elongation, thickness reduction, and frontal crease height of
plastic films under rolling contact.

Plastic Film Type
A B C D
Elongation (Al, mm) 5.2 371 264 283
Thickness reduction ( Atsrfezzlf ,mm) 0.109 0.089 0.070 0.075
The frontal crease height (4, mm) 0.57 044 022 040

Next, the effect of the friction coefficient (1) on the thick-
ness reduction Az(x)""2 was investigated under rolling con-
tact. Figure 27 plots the thickness reduction of film type B
obtained in the rolling contact analysis. The thickness reduc-
tion was a decreasing function of the friction coefficient. For
six different friction coefficients, the thickness reductions

Aptatic Atrolling Atrolling

steady > and Afpax

under static and rolling con-

tact are plotted in figure 28. Again, in both static and rolling
analyses, the thickness reduction decreased with increasing
friction coefficient (LL).

Table 8 tabulates the thickness reductions in the four
tested films. Comparing the results of the static and rolling

contacts, we find that Ats’f‘fﬂf

equal to As‘ic for the four films.

was larger than or nearly

COMPARISON BETWEEN ROLLING CONTACT
EXPERIMENT AND CONTACT ANALYSIS

Table 8 presents the numbers of line scars (Minescar) Per
centimeter observed during the rolling contact experiments
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Figure 24. Relationship between (a) frontal crease height (4) and elon-

i
gation (Aly) and (b) thickness reduction ( At;toeald';‘,g) and elongation (Al,).
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Atrvlling

Figure 25. Deformation of plastic film (type B) when P=75 N, u=0.15, 7= 70°C, and di = ¢> = 38 mm. Shown are the thickness reductions of the
plastic film under (a) rolling contact analysis and (b) static contact analysis.

and the thickness reductions Af(x)*/¢ obtained in the con-  9.33 (R? = 0.849). The relationships between these two sets
tact analysis with the approximate equation: 7yuescor = Of Tesults are plotted in figure 29. The number of line scars

202461 — 13.9 (R? = 0.913) and njmeseer = 108 Afsrfelézlf _ (Miinescar) Was controlled by the two thickness reductions:
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Figure 26. Thickness reduction of film type B along z= 0 in figure 25a.
Red and black lines indicate the results of the static and rolling contact
analyses, respectively.
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Figure 27. Thickness reduction of film type B versus friction coefficient
w(P=75N, T=70°C, and di = d» = 38 mm).

tati rolling
Artic and Atsteady

ness increased the number of line scars per centimeter.

. In other words, reducing the film thick-

" Ui
Table 8. Thickness reductions A#“", At:feazlf,

analyses (P=75 N, u=0.15, 7= 70°C, and di = ¢ = 38 mm).
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Figure 28. Effect of friction coefficient | on Ar“*, At:,omldrf, and

1l
At ™ defined in figure 26.

CONCLUSIONS

This study investigated the rolling contact damage in four

types of plastic film used to cover automatically ventilated

greenhouses. The mechanical damage under static and roll-
ing contact was evaluated by finite element method (FEM)
analysis. In addition, creases and line scars in the plastic film
were generated by a newly designed rolling contact machine.

The damage was also examined by microscopy techniques.

The results of the FEM analysis and rolling contact ex-

periment are summarized below:

1. Microscopic observations of the outside and inside
surfaces of real-world damaged films revealed that
damage begins on the inside surface, which contacts
the pipes of the greenhouse frame. The maximum
roughness on the inside surface, as defined in JIS-
B0601 (R, = 11.6 pm), was approximately twice that
on the outside surface (R, = 5.1 um).

. The damage process can be summarized from these
observations. Compressive rolling induces stretching
zones that lead to creases. Eventually, the creases fold
over and develop line scars perpendicular to the rolling

1l
At:noa;"g and numbers of line scars per centimeter of plastic film under static and rolling contact

Plastic Film

Type A Type B Type C Type D
Maximum thickness reduction under static contact analysis (A#*“", mm) 0.0897 0.0804 0.0744 0.0719
. Lo . . Ui
Thickness reduction in steady state under rolling contact analysis ( At;oea;lf , mm) 0.108 0.0889 0.0708 0.0748
1li
Maximum thickness reduction under rolling contact analysis ( Af,, " , mm) 0.125 0.107 0.0949 0.0947
rolling tatic
ALy AP 1.20 1.10 0.95 1.04
Number of line scars per centimeter (Mi,esca,) 3.85 2.95 1.2 0.15
59(5): 1421-1437 1435
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Figure 29. Number of line scars (#inescar) per centimeter on four kinds of plastic films as an increasing function of (a) maximum thickness reduction

rolling

Af™ and (b) maximum thickness reduction Atsteady .
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direction. Finally, the plastic film breaks and splits.

. In addition to reducing the film thickness, rolling con-

tact caused elongation and creasing of the film. These
deformations were closely related to film damage. The
thickness was reduced the most just after the original
contact point. The frontal crease height (%) increased
as the rolling pipe progressed and stabilized at
11.6 mm from the start point (4 = 0.06 mm), where the
thickness reduction also became steady. The increased
frontal crease height was associated with elongation
and thinning of the film.

. Friction between the plastic film and the pipe sup-

pressed slippage of the film and prevented expansion
of the contact area. Both effects contributed to main-
taining the film’s thickness. In other words, the fric-
tion coefficient largely affected the thickness reduc-
tion under both static loading and rolling contact.

. The film damage was investigated with a novel rolling

contact machine. The film supported by the pipes was
repeatedly subjected to a rolling contact load. The type
of plastic film, load magnitude, temperature, and num-
ber of rolling cycles were varied in these experiments.
At room temperature, creases but no line scars were
observed under any load or number of rolling cycles.

. At 70°C (the measured maximum temperature of

greenhouse pipes during the summer), the rolling con-
tact experiment inflicted line scars on the plastic film.
Thus, temperature severely influences the damage to
plastic films. Creases and line scars are important
damage processes, as described in conclusion 2.

. The number of line scars was controlled by the thick-

ness reduction under both static loading and rolling
contact. The number of line scars on all films types in-
creased with increasing thickness reduction.

. It was found that film type D was the most suitable

because line scars seldom appeared at temperatures
under 70°C.

To maintain the film thickness under rolling contact, the
pipe surfaces could be coated by a material with low elastic
modulus. However, selecting the appropriate film and piping
would increase the cost to greenhouse growers. Alterna-
tively, the temperature damage could be reduced by select-
ing pipe materials that result in the lowest temperature rise
under summertime sunlight heating.
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