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Introduction

Physical environmental conditions
are one of some factors that can give
a major influence on human perform-
ances. Human body has adaptive physi-
ological mechanism that allows us to tol-
erate a range of physical environmental
conditions, but it is often at a cost to the
body (Stanton, Hedge, Brookhuis, Salas
& Hendrick, 2005). When physical en-
vironmental conditions give impact to
human body, it also can affect human
performance. It is necessary to adjust
physical environmental conditions with
the type of work performed by human. If
physical environmental conditions match
with the type of work performed, human
performance will be stable or even in-
crease. As one of physical environmental
conditions, thermal can have significant
impact to human performance. Thermal

comfort can be defined as a condition of
mind which expresses satisfaction with
the thermal environment and is assessed
by subjective evaluation (ASHRAE,
2004). Several factors that affect thermal
conditions include humidity, air velocity,
and air temperature. If the air tempera-
ture of the environment is too high, heat
disorders like heat stroke, heat exhaus-
tion, heat syncope, and heat rash may oc-
cur (OSHA, 2012).

This study is taking place on one
of plastics manufacturing company that
mainly produce blown plastic film in
Indonesia. According to the research be-
fore, comfort thermal for Indonesian is
around temperature 22.8-25.8°C with
relative humidity 70% (Yayi, 2012).
Generally, people will get sweating at
temperature 26°C. Human endurance
and human productivity starts decline at
temperature 26—-30°C. Really hard situa-
tion will happen for people in tempera-
ture 33.5-35.5°C. Environment temper-
ature more than 36°C is not acceptable
for people’s productivity.
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There are three main processes in
order to produce blown plastic film,
namely extrusion, printing, and con-
verting. In the extrusion process, plastic
resin is melted and converted into plas-
tic sheet that called blown plastic film.
Furthermore, the blown plastic film will
be given a pattern image on a printing
process. In the final process, blown plas-
tic film rolls will be cut to the desired
shape and packaged. This study focused
on converting process on a building that
called G Building. Although G Building
have 14 air ventilators inside that are ar-
ranged lengthwise, the air temperature
inside that building is still quite high
(more than 36°C).

Results of early observations indi-
cate that the effects due to heat exposure
felt by worker in converting process de-
crease the performance of workers and
increasing the mistakes made by work-
ers. Based on the results of early ob-
servations, further research on thermal
comfort experienced by workers in the
converting process and prevention ef-
forts are needed.

Heat is a form of energy that flows
through in medium (solid, gas, fluid)
from a point at one temperature to an-
other point at a lower temperature. There
are two forms of heat of concern in
processing for comfort: sensible heat and
latent heat (Koch-Neilsen, 2002). Sensi-
ble heat is the energy needed to increase
a substance temperature with no change
phase. On the other hand, latent heat is
the amount of energy needed to change a
substance phase, as example fluid to be-
come steam. There are several methods
that can be used to analyze the thermal
comfort, some of which are predicted
mean vote (PMV) model and predicted

percentage of dissatisfied model (PPD).
The PMV method is an index that rep-
resents the predicted mean vote (on
the thermal sensation scale) of a large
population exposed to a given environ-
ment, and is acknowledged as a stand-
ard international thermal environment
indicator. The PMV index contents the
combination and interdependencies of
the following factors of thermal comfort:
metabolic activity (met), clothing insula-
tion (clo), air temperature, mean radiant
temperature, air movement and humidity
(ISO 7730, 1994).

The key six factors are combined
together on the thermal sensation scale
which called a predicted mean vote
(PMV) index. The PMYV index is derived
from the physics of heat transfer com-
bined with an empirical fit to human sen-
sation and it establishes a thermal strain
based on steady-state heat transfer be-
tween the body and the environment and
assigns a comfort vote to that amount of
heat stress. The table shows nine scales
of PMV correlated to thermal perception
and grade of physiological stress. The
highest and lowest PMV index value
will disturb worker’s performance and
their health condition. The disorder can
include fatigue, cramps, loss of concen-
tration and heat stroke (OSHS, 1997).
Value of PMV under 3.5 is categorized
as very cold in thermal perception with
impact of extreme cold stress, PMV
between —0.5 and 0.5 is categorized as
comfortable perception with no thermal
stress and PMV above 3.5 is categorized
as very hot in thermal perception with
the impact of extreme heat stress.

The PPD index is a derivative of the
PMYV index which it is used to determine
the percentage of a person’s discom-
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TABLE. Scales of PMV with thermal perception and grade off physical stress (Stanton et al., 2005)

PMV PET [°C] Thermal perception Grande of physiological stress
>-3.5 >4 very cold extreme cold stress
-3.5 4 cold strong cold stress
-2.5 cool moderate cold stress
-1.5 13 slightly cool slight cold stress
-0.5 18 comfortable no thermal stress
0.5 23 slightly warm slight heat stress
1.5 29 warm moderate heat stress
gg i? hot strong heat stress
>3.5 >41 very hot extreme heat stress

fort against the thermal environment.
Predicted percentage dissatisfied is the
number of people (in percentage) who
are not satisfied against the state of en-
vironment thermal. The greater percent-
age of PPD is the more residents who
are dissatisfied. The maximum number
of people dissatisfied with their comfort
conditions is 100% and the recommend-
ed acceptable PPD range for thermal
comfort from ASHRAE 55 is less than
15% of dissatisfied persons for an inte-
rior space (Stanton et al., 2005).
Computational  fluid  dynamics
(CFD) simulation (Chung, 2002) is used
to evaluate the existing thermal comfort
of converting building based on PMV
and PPD calculation. The CFD simula-
tion can help to identify the flow of fluid
inside the building to search the areas
that need improvement. Moreover CFD
was employed to do a simulation test
for looking for the best modification of
building model. Human comfort can be
expressed in good condition with PMV
index is targeted at = 0 and the value
of PPD close to 5%. When the thermal
comfort of workers is achieved, labor

productivity in the converting process
will be increased automatically.

Research method

In order to determine the human
thermal comfort (PMV index and PPD
index) for workers in converting process,
environment data and physiology data
are collected. Converting process in this
research is named the G Building and
has are 22 DB machines, 10 tables for
plastic sheet recount, 5 punch machines,
5 press machines, 12 tables for packag-
ing process, 5 SHF machines, 4 tables
for finished good, 16 COSMO machines,
and 14 air ventilators. The technical data
of G Building can be described as:

e area door 1-36 m2, door 2-7.5 mz,
door 3-24 mz, and door 4-12.5 mz;
« total area of glass — 63 m” (2.25 m?

x 28);

* total number of workers — 22 em-
ployees.

First step of the design action is cre-
ating all 3D CAD machinery and equip-
ment model for G Building. Next step is
assembling for all the CAD models into
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the same position and same condition
with existing model. The assembly step
is a final preparation process before sim-
ulation is started in improvement human
thermal comfort. Figure 1 shows the final
CAD model of G Building in the convert-
ing process of plastic manufacturing.

The next process is defining bound-
ary conditions of G Building. The input
value of air velocity is varies depend
on the location of the door toward wind
speed direction around the building. It
will be defined on the boundary condi-
tions include the air inlet path and the air

doora

FIGURE 1. The 3D CAD model of G Building in the converting process of plastic manufacturing

In general, CFD simulation process
consists of three main parts: the pre-
processor, processor and post-processor.
Preprocessor phase starts with the initial
setting of the general settings. Analysis
used is a type of internal analysis. Con-
sideration of the Earth’s gravity based on
the Y-axis from 3D CAD models. Fluids
or type of fluid being analyzed is the air
with luminar and turbulent flow type. In
this study, humidity levels are also taken
into calculation. Wall conditions or the
condition of the walls is assumed as adi-
abatic wall or walls that can not transfer
heat and air from both sides. Initial con-
ditions of environment condition is de-
fined in existing condition with average
air temperature 33°C and average rela-
tive humidity 80%.

outlet path in G Building. The boundary

conditions at the entrance and exit of air

in the G Building are defined as follows:

1. Inlet velocity 0.121 m-s™', 28°C,
with 70% relative humidity from
front door.

2. Inlet velocity 0.007 m-s™!, 34°C,
with 50% relative humidity from
right door.

3. Inlet velocity 0.064 m-s~', 28°C,
with 70% relative humidity from left
door.

4. TInlet velocity 0.013 m-s™', 33°C,
with 52% relative humidity from
rear door.

5. Outlet volume flow 680,400 cm’s™!
from each air ventilator.

After defining boundary conditions,
the next process is defining a heat source
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in G Building. There are five heat sourc-
es in G Building, that are:
1. Heat power of 1,800 W of each DB

machine.

2. Heat power of 7,000 W of each press
machine.

3. Heat power of 800 W of each SHF
machine.

4. Heat power of 5,100 W of each COS-
MO machine.

5. Heat power of 491,348.7 W of sun-
light through each glass on G Build-
ing roof.

Result and discussion

Thermal comfort calculation
of existing conditions

Interpretation of CFD simulation in
this study is described by a plot or cut
pieces of a flat surface. Cut plot that used
a cut plot with a height of 1.5 m from the
Y-axis or as high as the human respirato-
ry area. Figure 2a shows the distribution
of air temperature at a height of 1.5 m
in G Building. The distribution of air
temperature shown is in the range of dark
blue for air temperature 28°C until the
red color to the air temperature 34°C.

From Figure 2 the distribution of air
temperature in the area below the glass
ceiling is at G Building has a high enough
air temperature distribution. The loca-
tion of workers with the lowest air tem-
perature is 16™ worker’s location with
an air temperature of 29.46°C. While
the worker’s location with the highest
air temperature is 13" worker’s location
with an air temperature of 33.86°C. Fig-
ure 2b shows the distribution of relative
humidity at a height of 1.5 m in G Build-
ing. The distribution of relative humidity

are shown in dark blue color range for
relative humidity of 0% to red to 80%
relative humidity. From the figure, it can
be seen that the location of the worker
with the lowest relative humidity is
13" worker’s locations with relative hu-
midity of 35.16%. While the location of
the worker’s with the highest relative
humidity is 16™ worker’s locations with
relative humidity of 45.11%.

Figure 2c¢ shows the distribution
of air velocity at a height of 1.5 m in
G Building. The distribution of air ve-
locity is displayed in the range of dark
blue air velocity of 0 m's™ up to a red
color to the air velocity of 1 m's™!. From
the figure, it can be seen that the loca-
tion of the worker’s location with the
lowest air velocity is the location of gth
worker’s location with a air velocity of
0.146 m's~!. While the location of the
worker with the highest air velocity is
the location of 18" worker with air ve-
locity of 0.539 m-s™".

Thermal comfort of workers in con-
verting process is defined using predict-
ed mean vote index (PMV). First step of
the assessment of PMV index is to assess
the clothing insulation and metabolic
rate workers based on reference (Stan-
ton et al., 2005). Clothing insulation of
workers is based on any item of cloth-
ing used by workers and metabolic rate
of workers based on activities performed
by workers. Result of observations show
that worker’s clothing insulation value
is 0.42 clo. Workers metabolic rate val-
ue are 2.1 met for workers performing
packing activities and 2.4 met for work-
ers that operating machine. After assess-
ing the clothing insulation and metabolic
rate workers, the next step is to enter the
value of clothing insulation, metabolic
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FIGURE 3. (a) Value of PMV, (b) value of PPD of existing conditions for 21 locations of workers in

G Building

rate, and environmental data obtained
from CFD simulation results into the
equation PMV and PPD.

Figure 3a shows that the highest
PMYV value is perceived by 13" worker
that has value of 2.82. When viewed as a
whole, based on Figure 3 the PMV value
is at range from 1.83 to 2.82. This means
that thermal sensations experienced by
workers is vary from slightly warm to
warm. Figure 3b shows that PPD value is
range between 68.9 and 98%. This means
that less than 2% of workers in G Build-
ing will be thermally satisfied. It is far
away from ASHRAE recommendation
to provide thermal comfort in PPD 20%
(ASHRAE, 2004). As consequence, the
factory management needs to modify the
G Building or modify the workstation.

Thermal comfort calculation
of modification conditions

The main factors of contributing
PMV index for workers at converting
process is the high value of air tempera-
ture. High air temperature value pro-
duced by glass ceiling in G Building and
also from heat machine during manu-
facturing plastic. The CFD simulation is
employed to configure the environment

factors of air temperature, wind veloc-
ity and relative humidity. The simula-
tion results are used as basic reference
to do modification condition. According
to Figure 2, it can be explained that heat
configuration is dominated at near glass
ceiling comparing to heat sources from
machine or from manufacturing process.

Figure 4a shows the distribution of
air temperature at a height of 1.5 m in
G Building after improvement recom-
mendation are implemented. The loca-
tion of workers with the lowest air tem-
perature is 18™ worker’s location with
an air temperature of 27.81°C. While the
worker’s location with the highest air
temperature is the location of 19" work-
er with a air temperature of 29.93°C.
The highest air temperature values on
the simulation results show a decrease
of about 4°C comparing to the highest
air temperature values in existing mod-
els. Figure 4b shows the distribution of
relative humidity at a height of 1.5 m in
G Building after improvement recom-
mendation are given. From the figure,
it can be seen that the location of the
worker with the lowest relative humidity
is 19 worker’s locations with relative
humidity of 44.05%. While the location
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of the worker with the highest relative
humidity is 16" worker’s locations with
relative humidity of 49.86%. Figure 4c
shows the distribution of air velocity at
a height of 1.5 m in G Building after im-
provement recommendation are given.
From the figure, it can be seen that the
location of the worker with the lowest air
velocity is the location of 7" worker with
a air velocity of 0.097 m's™'. While the
location of the worker with the highest
air velocity is the location of 2" worker
with air velocity of 0.266 m-s.

Figure S5a shows that the highest
PMV value perceived by 9™ worker
that has value of 2.18. When viewed as
a whole, based on Figure 5a the PMV
value is range between 1.63 and 2.18.
This means that the highest PMV values
on the simulation results show a decrease
of about 0.64 point than the highest
PMV values in existing models. Fig-
ure 5b shows that PPD value is range be-
tween 58.2 and 84.2%. This means that
less than 15% of workers in G Building
will be thermally satisfied and it shows
13.8% increasement from existing mod-

25
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els. In sort, the modification of building
material, especially replace glass ceiling
to reflective clear glass 6 mm with trans-
mittance 23% (Chaiyapinunt, Phueak-
phongsuriya, Mongkornsaksit & Khom-
porn, 2004) was successfully reduce

PPD level.

According to the simulation test, it
gives some recommendation to reduce
the heat stress in indoor factory workers,
there are:

— looking for the best building direc-
tion to wind direction and sunrays
intensity;

— plant more trees surrounding the fac-
tory building to reduce direct sun-
rays;

— provide more air circulation inside
the building;

— selecting the best materials for buil-
ding with reducing sunrays intensi-
ty e.g. ceiling, roof, floor, wall and
door;

— installing fan, exhaust or air condi-
tioning (AC) for reducing heat stress
inside the building.

PPD 40
20
0 3

9 1113151719241
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FIGURE 5. (a) Value of PMYV, (b) value of PPD of modification conditions for 21 locations of workers

in G Building
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Conclusion

Human thermal comfort of workers
is successfully defined based on the pre-
dicted mean vote (PMV) scale and pre-
dicted percentage of dissatisfied (PPD)
for converting process of plastic manu-
facturing. The existing measurement
indicated that the highest PMV scale is
2.82 (hot condition) for 13™ worker’s
position. And the lowest PMV scale for
existin% model is 1.83 (warm condition)
for 16™ worker’s position. In average,
the PMV for existing model equals 2.49
(warm to hot condition). Proportionally,
the existing condition has PPD range be-
tween 68.9 and 98%. It shows that = 85%
of occupants complain the thermal com-
fort in G Building of converting process
of plastic manufacturing.

The research proposed to improve
the human thermal comfort by reducing
heat sources from clear glass ceiling. The
ceiling glass replaced by reflective clear
glass ceiling and it was implemented in
CAD model also in CFD simulation. Ac-
cording to the simulation, the new aver-
age PMV equals 1.78 (warm condition)
and PPD range between 58.2 and 84.2%.
Overall the 60% of workers will feel not
comfort according to air quality condi-
tion correlated with thermal comfort.
Further action should be done to increase
thermal comfort at around 15% of PPD
level by modified air circulation, plant-
ing more trees, modified water pool,
looking for the best material building, air
conditioning, etc.
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Summary

Thermal comfort study of plastics
manufacturing industry in converting
process. Thermal comfort is one of ergo-
nomics factors that can create a significant
impact to workers performance. For a better
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thermal comfort, several environment fac-
tors (air temperature, wind speed and rela-
tive humidity) should be considered in this
research. The object of the study is a build-
ing for converting process of plastics manu-
facturing industry located in Malang, Indo-
nesia. The maximum air temperature inside
the building can reach as high as 36°C. The
result of this study shows that heat stress is
dominantly caused by heat source from ma-
chine and wall building. The computational
fluid dynamics (CFD) simulation is used to
show the air characteristic through inside
the building. By using the CFD simulation,
some scenarios of solution are successfully
presented. Employees thermal comfort was
investigated based on predicted mean vote
model (PMV) and predicted percentage of
dissatisfied model (PPD). Existing condition

gives PMV in range from 1.83 to 2.82 and
PPD in range from 68.9 to 98%. Meanwhile,
modification of ventilation and replacing
ceiling material from clear glass into reflec-
tive clear glass gave significant impact to re-
duce PMV into range from 1.63 to 2.18 and
PPD into range from 58.2 to 84.2%. In sort,
new design converting building process has
more comfortable for workers.
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