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Researcher: Asst. Prof. Dr.Jatuporn Thongsri
Address: College of Advanced Manufacturing Innovation, King Mongkut's Institute of

Technology Ladkrabang
Abstract

This article was intended as an article of a practical solution. The settings of a ventilation
system for a production line in an.HDD.factory-were.inappropriate leading to a condensation
problem in the work area causing the finished products to be defective and unsalable. This
paper describes an attempt to-solve this problem-and the outcome. CFD was used to
simulate the airflow from a ventilation system in an HDD factory. The simulation results
were validated with actual values measured with -instruments readily available at the
factory. The simulation results: showed  that' the airflow ‘patterns and temperature
distribution of the air above and around some areas in the production line were not proper.
The old temperature setting of the system for the air coming out of the inlet caused the
temperature of the air above the said areas to be in the range of 13-20.5 C which was lower
than the dew point temperature thus causing a condensation problem. From the results of
the simulation, we recommended the factory to increase the inlet air temperature to be

around16.5-22 °C so that the temperature of the air above-and around the work areas
would be higher than the dew . point temperature’ and more wniform. The factory
implemented our. recommendation and found that it not only solved the problem

satisfactorily but also saved the air-conditioning cost.

Keywords: Airflow, computational fluid dynamics, CFD simulation; laminar flow hood, ventilation
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2.1 daun3aysny (Conservation Equation)

sULLUUmslwaﬁuaqmmmlwma“mmmawamams‘uaﬂv]ammmm WIAIINNIIWATZUURNNT
L“UGSUWUﬁ“UE]QﬂNﬂ’I'iEJU‘SﬂW (conservation  equations) Wag gaunisautulau (turbulence
equations) szm'uLLUUﬁuaqaumiausﬂwmmmmaulmmaumsw (1-(3)

dp/dt + d(pu;)/dx; = 0, (1)

8(puy)/dt + 3(pua;)/dx; = — 0P /0x; + Fy+olry}fox, + 0(—pui) /ox; + 0 (—pu?) /3xi + S ()
9(pE) /ot + o[ (pE + P)]/0x; = 0 (()eps (3T/3%)) + wi(1yy),, f) /0x; + Sn (3)

do p Aemnuvunuiiuteternie tAelaan Ty; AewmulypiananAu (Stress, Tenson) S fowmauves

wriaariiln (Source Term) p-Aemusuadag (Static Pressure) Was E Aanwdeu

2.2 dun1saududau (Turbulence Equation)

LuUsaeeafinaansnatsuuus U isaunisdudaulddeudtymduimnssuuasiand
Uselnnange) U k-€, k-0 (anuduuurin k-W), nstvasuUaves kkl-Ww, maaelouniny
- deu (5sT) TnentsAnsiadsilfdenuuusiaesnisansleuasiudy - ey (5ST) ilesenni
mnumnzaufudnsaresigmanoiiae talisunistensuegnnineinain iesu inn1siae
grindanlasiluagiesufoRnisidevnegramnssaudu 9 wuudaesnisanglounduidy - ey
(SST) Usznaugie 4 nisfiwed teun waseueandudiu (K, specific dissipation rate (W),
intermittency (Y), and transmon momentum thickness Reynotds number (R.) ﬁazﬁaqﬁmsg’q
A1DENYNABY iULL‘U‘ULG\lI‘UEN‘VN 4 ammsmwwswLmaimmummsawdé‘lummfummaq (31)

NS Fluent mmimmaumiw (1) 84 (3) smn‘uaumsm a ?lllﬂ’]iﬂ\‘iﬂa’l’l‘U’NmmWE)WﬁULLUU
LLasqmmmaammﬂlm

2.3 gun15AuUNIlANas91U (Energy Source Equation)

T,anﬂaLLé’ﬂumsﬁwaaagﬂLwUﬂisLLaanﬁu grmmazgndraadbiivailululuveuiuanis
va Buandesmadnlvaluseniitemisesn Fenreluveuiunvesnisinasiailuvasiningieg
Tngundssdnannsodiudrluluaunisnseuan fMegagu e S, luaunisi (2 vie S, lu
aunsii (3), Awmardiamuindesiuluaudiuargamgd mudidu luanuddeilldld taminar
flow hoods (LFHs) luansnsuandugunavesnszuaauunuinziduniadn el laminar flow
hoods (LFHSs) Lﬂuﬁwmﬁmmﬂmmmaﬁqﬁ 1) Hoods ﬂﬂmmﬂﬁ'aa'mﬂaﬁuua%{hmmﬂaaﬂm
mammvsaaam']mamaunumamwmmﬁluamulmamqaai“mm‘uaumm 2) Anrauiidingn
T4 Hoods lslasiiauouazA1uIanveInTELaauLUy laminar waﬂnaﬂwawsamuwan Hoods
argunnitnszuaanlugnduiieglnasenly (FeitlafinsTalilun1snsanasviineunti) Tae
A1509eN S, leanaunisi 4 tiesiaes laminar flow hoods (LFHs) [30]
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2.4 aun139n51Nsinaliania (Mass flow rate equation)

TuaeMsHan TveamadIuaz1eav9eanTeaNgIININY 1A8ANUDULURVDIT BNV
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A15laLTeNna AIAaNNIS

m = pAu (5)

dle A fie WufidaiiaaniAlaniu _
ANUBULYAYBIYBINBBNTAIANANRMINAIMTaNIAlan | RTC,  RTS,  uaw
pseudowalls 901y TngAnmanuazgrunnAw N nslnasantesa N Wageamiuds Fluent
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2.5 dun1saunausiauna (Particle Force Balance Equation)

d1uspisatuetoyn A (particle  trace) AUINIINANNITANATUIIOUYNIA (Particle force
balance equation) @3 uladisaunisi (4)

duy/dt = Fp(ug —up) + 9(pp = pg) /Py + Fs (6)

dlednydnualsavies p UNLBYAIA ¢ UUTRIVAL O Foruvunuiil u wuanusa Fp e
w3981n (Drag Force) F ﬂE]LLi\i’e]u‘]‘V\ﬁﬂﬂ‘iquUaUﬂ’lﬂL‘Z!'u useshalaieau (virtual mass force) w9
un (lift force) LLiammsumNaumﬂ (attractive force between particles) 18+ uensawanii Ll
waﬂuaqmmmmLaﬂmwmmﬂmm’maumaqmﬁ P, >> P,

Tumuié’aﬁ 1579419 CFD $1assmslvavesemailewdoulafivinzay Toun mmaqmﬂ‘fvﬁu
YDALATBIINT sULmeiammawm wayse ‘UUi‘"‘U’]EJE)’]ﬂ’]ﬂV]iJ‘Ui“’ﬁ‘Vlﬁ.ﬂWwaﬂﬂ’liﬂumau%a\‘i
symaldluesazendodis isagldzuuuunsdnasmiaied (One  way simulation) dufe
mmmmamsﬂqumﬂwamaqmmmau s1udenlduvusiassainuduliuuuy Shear  Stress
Transport Turbulence Faduwuuaesiiléuniseeuiulunngnaimnssy Luamwumaaul‘uw
ufunsuiiu reufunesazul 3 aun1seusny wag 4 aunsautlutau saustmun 7 aunis lag
anfenannisvessudoudsusuinssin (Finite Volume Method, FYM) nédsaintaguwuunisiva
UDIDINALLA? %qai’ﬂammsﬂdaaagmﬂLﬁ'aﬁwmmmifaﬁasmim?{auﬁmmamms (4) LA23937891Y
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3.1 @1en15wan (Production Line)

anenisuaniinanislusuited Wuresarenvuialugeata 1,000 Tulsaunan
grinnanias luaeniswdniindasdnsnainvateuvy dwanddunindisuas solid model luguil
2l

B Machine !

B \achine 2

I Desk

& Laminar Flow liood

gtl N 3.1 @WNISHER

TooanzoseBuasasing 1 wag 2 vantiilsyneuiudruddnnsaindviindndaiu Head Stack
Assemnbly (HSA) “Fadudiudfyreserinnadias yenanagillfzdmiuninau el
WazAsI9Ea UL (HSAS) luduves LFH 5uaw?wﬁwavaﬁﬂw éﬁ’wuumvtﬂu‘umﬁmauﬁ%a%a
ﬂ'svuaammmmLsaumvmmmmﬂmaamuauumammﬂmmulﬂammuﬂsaammﬂLmemmmmn
IwaLLUUﬁULsEmemmLsaauaﬂmmnmmﬂmvmwaawumu Hudisesnne LFH waglfvnsivasy
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3.2 s¥uUssureaInd (Ventilation System)
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a) Simulation Way

b) Smoke visualization test.
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4.1 N15UTHANANTIOULVDITIUUTZU18DINTA (Assessment of the performance of the
ventilation system)
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Simulation of Airflow in a Cleanroom to Solve
Contamination Problem in an HDD Production
Line
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Abstract— Contamination that exceeds the specification is
one of many causes that contributed to a poor quality
product in HDD cleanroom manufacturing process. The
purpose of this research was to utilize CFD simulation to
study the airflow in a clean room to find out the cause(s) of
high contamination and to propose a remedy. The results of
the simulation show that some areas in the production line
had vortex flow and collected a large number of particles
which were similar to the results of actual measurement in
that clean room. A particular area, which was a long
rectangular area near the middle of the clean room,
stretching from one side of the room to the other, showed
high particle concentration compared to other areas. To
solve this problem, we closed one of the ULPA filters which
was an inlet of that area. Subsequent simulation showed
that there was less vortex flow and a significant reduction of
particle concentration. Our method proved to be able to
improve contamination control in a manufacturing clean
room.

Index Terms— CFD simulation, Clean room, Computational
fluid dynamics, Contamination, Particle concentration,
ULPA Filter

I. INTRODUCTION

Clean room is a controlled environment, typically used
for housing a manufacturing line. It needs to be
controlled to stringent levels of cleanliness, temperature,
and humidity in order to ensure good quality products
manufactured in industries such as aerospace,
microelectronics, pharmaceuticals, medical devices,
healthcare and food. Contamination control is a critical
aspect that must be kept reliable in order to ensure that
the quality of the products is up to the specifications and
for scrap prevention. The building structure, design and
layout that houses a clean room as well as the
temperature, pressure, humidity and ventilation system in
a clean room must be well defined & controlled.
Computational fluid dynamics (CFD) has been
successfully used to simulate and validate particle
concentration in clean rooms. For example, Noh et al. [1]
have used CFD analysis based on particle concentration
measurement and airflow to improve yield in LCD
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manufacturing. Thongsri et al. [2-3] have used CFD to
simulate airflow and particle trace over and around a
piece of HDD machinery in an HDD factory in order to
determine the best airflow setup later which was later
adopted by the factory. CFD was also applied to rooms in
a hospital to reduce contamination in operating room and
to optimize rooms for efficient ventilation as opening and
closing doors can transfer contamination into other rooms
in a hospital [4-6]. Lui et al. [7]. have used CFD to
investigate the effects of medial lamp and thermal plume
on the airflow in a medical operating room and were able
to apply the results to reduce the number of infection
incidents. CFD is a fluid mechanics software that uses
numerical analysis and algorithms to solve problems that
involve fluid flows and display the solution data in color
graphics which makes it easy to analyze the model. The
advantages of using CFD mainly are less time consumed
and cost saving compared to conventional experiment
that may be difficult to perform and the accuracy of the
results may be questionable. Our research study was
conducted in an HDD Manufacturing clean room at
Seagate Technology, Thailand (Korat plant), which
manufactured HDD reader head. The big clean room
environment needed to be under strict contamination
control, and the reason we selected this particular clean
room was mainly because it had never been studied in
this way since its establishment. The scope of this study
covered air flow pattern, contamination concentration,
and the way to reduce contamination based on the
experimental results.

II. THEORETICAL BACKGROUND

Airflow pattern was determined by solving a set of
partial differential equations that consist of mass,
momentum and energy conservations, written in (1), (2),
and (3), below respectively:
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This study used a standard k- model [8]. It is a model
based on model transport equations of turbulence kinetic



energy (k) and its dissipation rate (g). The model
transport equation for k was derived from the exact
equation, while the model transport equation for £ was
derived from physical reasoning and bears little
resemblance to its exact mathematical counterpart. The
standard k-¢ model in ANSYS Fluent [9] falls within this
class of models and has become the workhorse of
practical engineering flow calculations in the time since it
as proposed by Launder and Spalding [8].

This airflow study used the standard k—e turbulence
model that consisted of the following Navier-Stokes
equations:

0(pk)+6(pku,.):_c_ H+E1— fk Ty 4)
ox; 0ox; Ox; o, ) Ox;
B, B B [p+i)c_8 +Cu2G=Cop™=. (3)
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—— Ou; # &
where G, = —pulu’' . —L Wil ;= Reynolds stress
k =y »

linier of Boussinesq [10].

u, =p.Cuk?., C,=0.09,C,; =144C,=1920; =1.0,0,=1.33

ANSYS Fluent solved a set of partial differential
equations of (1) - (5) to determine the airflow pattern and
other parameters.

Inlet and outlet airflow conditions are according to the
following mass flow rate equation,

Mass Flow rate (kg/s) = pA4v. (6)

where A is the cross-sectional area that the air flows
through and v is the velocity perpendicular to that area.

III. RESEARCH METHOD

A. Model Description

This clean room was class 6 that it had particles of size
0.3 um < 102,000 part/m* and particles of size 0.5 um <
35,200 part/m® [11]. It was used for manufacturing very
small reader head of hard disk drive called “slider”.
When particle counts exceeded the specification, the
product quality would be poor. It was crucial to keep
contamination level under control and as mentioned
earlier, no similar studies had been conducted before.
That was the reason that this clean room was selected to
be studied. The schematic illustration in Fig.1 shows the
environment that was in operation at the time of the
study. The dimensions of this clean room were 26.81 m
(L) x 27.1 m (W) x 3 m (H). Two walls were built across
the clean room but there were openings to the spaces next
to them. These spaces held machines of different types. A
worker could walk through to all of the spaces. There
were 3 smaller rooms inside the clean room. They were
called ‘service room” which held maintenance machines.
The air inside the clean room would be vented into these
service rooms. On the clean room wall, there were 25
return grilles of outlets and on the ceiling were 55 ULPA

Filter inlets with the size of 0.6 m x 1.21 m.

Outlets and Inlets in the fluid model are shown in
Fig.1 We constructed 4 mesh models with different
numbers of Tetrahedron elements (6-38 millions) and
nodes (1-7 millions). All of these mesh models were put
through a mesh analysis, and it was found that the mesh
model shown in Fig.2 that was constructed with 10.36
million elements and 1.99 million nodes were the best
model in terms of the quality of the results and
computation time.

B - e b :
& T = Marhing

= Quith
Qutiet SO

Figure 1. Schematic illustration of the environment in the clean
room

Figure 2. Mesh odel.

B. Fluent Settings

There were 55 inlets (ULPA Filters) that were mass
flow inlets of which boundary conditions were around
0.1-1.4 kg/s and 47 outlets of which boundary conditions
were 0.3% - 5.2%. All air velocity measurements were
done with an airflow meter under actual operating
conditions. The inlet velocities were measured under the
ULPA filters at the center of each filter, and the outlet
velocities were measured at the center of the return grille
and the measuring time at each position was at least 10 s.
Approximately 10 measurements were averaged at each
point. The flow in the cleanroom was assumed to be
consistent. The standard k- ¢ turbulence model was used
for the simulation. Fluent settings were as shown in Table
L

IV. RESULTS AND DISCUSSION

C. Validation

We considered the air velocities at points P1~P21 as
shown in Fig.3. The positions along the x-axis of P1~P8
was X=17.45 m, of P9~ P15 was X=8.49 m, and of P16~
P21 was X=7.50 m. The air velocities at these positions
are shown in Table II, III, and IV respectively. The height



Z from the ground to the point where the airflow velocity
was measured was 0.82 m for each point. We selected
those points because those were in the area where the
production parts were placed. During the measurements,
the operators and the machine were operating normally in
the clean room. The air flow meter was activated for 1
minute for each single measurement. We verified the
model by comparing the velocities of airflow at these
points from CFD simulation to the measured velocities.
The comparison result shows that the percentage error
(%) of every point was less than 13% as shown in Table
II, 11, and IV respectively, and so it was concluded that
our model (CFD) was able to accurately reproduce the air
velocities in the clean room.

P = Measuring point

r..mj = Maching

Figure 3. Measuring points P1-P21.

TABLE 1. ANSYS FLUENT SETTINGS
Parameters Settings
Solver Pressure based
Velocity Formulation Absolute
" Time Steady
Model k-epsilon
k-epsilon model Standard
Pressure-Velocity Coupling Coupled
Algorithm Pseudo Transient
Solution Initialization Hybrid Initialization
Convergence Criterion 1.00E-06
TABLE Il. SHOWS THE VELOCITIES OF AIRFLOW AT P1~P7.
X=1745m
s Y(m) velocity (mv/s)

Point % Ei
o Experiment CFD . o
P1 21.30 0.22 0.21 5.89
P2 18.73 0.07 0.06 10.87
P3 16.20 0.13 0.14 7.03
P4 13.60 0.13 0.14 9.88
P5 11.10 0.03 0.03 5.19
P6 8.43 0.25 0.28 12.09
Bl 5.77 0.34 0.34 1.78

TABLE Ill. SHOWS THE VELOCITIES OF AIRFLOW AT P7~P14.

X=849m
. Y(m) velocity (m/s) =

Pt Experiment CFD R

P9 4.80 0.08 0.07 8.54
P10 725 0.09 0.08 6.31
P11 9.90 0.08 0.07 10.99
P12 12.45 0.07 0.06 9.66
P13 15.00 0.06 0.06 6.32
P14 16.90 0.06 0.06 5.55

TABLE IV. SHOWS THE VELOCITIES OF AIRFLOW AT P15~P21

x=7.50m
] Y(m) velocity (m/s) o
ans Experiment CFD e
P16 19.00 0.08 0.08 6.18
PLY 16.30 0.07 0.07 1.39
P18 13.75 0.09 0.10 8.45
P19 11.20 0.26 0.24 8.02
P20 8.70 0.10 0.09 11.30
P21 6.20 0.09 0.10 9.37

For validation, we considered the graphic vectors of
velocities in range of 0-7 m/s. Fig. 4 shows the airflow
velocities at Plane z=0.82m and at Plane y=15.3 m. It can
be seen that the area near P9-P15 (service room 1 and 2)
didn’t have turbulence or vortex flow. However, there
was some vortex flow at P3-P4 where there were blue
bands of higher velocity vectors (service room 3). This
was probably the result of higher air velocities coming
out of the ULPA Filter at the ceiling above colliding into
a cabinet at that location and causing vortices.

Figure 4. Velocity of Air flow at Plane z= 0.82 m and Plane y = 15.3 m
(Actual condition of production line)

D. Measurement of particle concentration

An optical particle counter (Lighthouse, Soliar 3100+)
was used to measure particle concentrations for
investigation of contaminant spatial distribution, the
sources of contamination, and their movement routes in
the clean room. All measurements were carried out under
normal operating conditions. Twenty-one measurement
points were selected as shown in Fig. 3 as same as
measurement velocity in the previous section. The
particle counter was activated for 1 minute and 3
measurements were averaged at each point. We observed
that the concentration at every point was within the
specification except the concentrations near P3 and P4
were higher than those at other points which related with
the velocity data as shows in the previous section. To
solve this problem, we considered to reduce the
contamination at P3 and P4 in the next section.

E. Improvement

We observed the existence of vortex flow at P3 and P4
from the simulation. The air velocity coming out of the
ULPA Filter at the ceiling above P3 and P4 was very high



and the airflow was not smooth because there was a
cabinet obstructing the flow at that location. Considering
the particle concentration and the velocity distribution,
we were able to understand that the main contamination
source near P3 and P4 was a vortex flow.

At first, we tried to reduce the vortex flow by adjusting
the airflow rate coming out of the UPLA filter but it
could not be done because the flow rate of all ULPA
filters were centrally controlled and could not be adjusted
individually. Moreover, the cabinet that obstructed the
flow could not be moved away to another location.
Therefore, we decided to close the ULPA filter (flow rate
= 0 kg/s) at the ceiling over these positions, and the
vortex flow and particle concentration were reduced. We
compared the pre and post-action from CFD simulation in
Fig.4 and Fig.5 as well as Fig.6 and Fig.7. They showed
that the particle contamination at point P3 and P4
improved significantly after the improvement, as shown
in Fig.8.

— L —

Figure 5. Velocity of Air flow at Plan z= 0.82 m and Plan y = 15.3 m
(Post-Action).

“

Figure 6. Velocities of air flow by CFD at Plane Z= 0.82 m and
Y= 15.3 m (Zoom Pre —Action).

| ——
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Figure 7. Velocities of air flow by CFD at Plane Z=0.82 m and Y=
15.3 m (Zoom Post —Action).
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Figure 8. Particle concentrations at P1-P21Pre and Post
improvement.

1. CONCLUSION

This study accurately simulated (CFD) the airflow pattern
of a clean room in a hard disk drive production line in
order to investigate the particle concentrations and
airflow distribution in the room and compare them with
the actual measured values. An area of high particle
concentration of which vortex flow collected the particles
was found near the observed positions P3 and P4. After
improvement action was performed by closing an ULPA
Filter (flow rate = 0 kg/s) at the ceiling over these
positions, the vortex flow and particle concentration were
reduced. This study showed that CFD methodology can
be utilized to predict the distribution of contaminated
particles whenever an environmental change take place.
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* ABSTRACT This paper was intended as an-article of a practical solution. The settings of a ventilation

system for a production line in a hard disk drive (HDD) factory were inappropriate leading to a condensation
problem in a work area causing the finished products to be defective and unsalable. This paper describes an
attempt to solve this problem and the outcome. Computational fluid dynamics (CFD) was used to simulate the
airflow from a ventilation system in an HDD factory. The simulation results were validated with actual values
measured with instruments readily available at the factory. The simulation results showed that the airflow
patterns and temperature distribution of the air above and around some areas in the production line were not
proper. The old temperature setting of the system for the air coming out of the inlet caused the temperature of
the air above the said areas to be in the range of 13-20.5 °C, which was lower than the dew point temperature
thus causing a condensation problem. From the results of the simulation, we recommended the factory to
increase the inlet air temperature to be around 16.5-22 °C, so that the temperature of the air above and around
the work areas would be higher than the dew point temperature and more uniform. The factory implemented
our recommendation and found that it not only solved the problem satisfactorily but also saved the
air-conditioning cost.

z INDEX TERMS Airflow. computational fluid dynamics, CFD simulation, laminar flow hood, ventilation.

NOMENCLATURE m  mass flow rate
i.j 1, 2, 3 correspond to the components of x, y, Ojj  stress tensor

and z, respectively

E internal energy
Sy, Sp source terms of momentum and energy, I. INTRODUCTION

respectively Hard disk drive (HDD) is a data storage device for com-
P fluid density puter. Each year, the largest proportion of HDDs imported
u velocity to countries around the world is manufactured in Thailand,
P pressure generating over 16,000 million US dollars of revenue for
t time the country. HDD is composed of more than 2,000 pieces of
F external force small electronics parts. Each part needs to be fabricated under
k thermal conductivity controlled humidity in a clean room virtually free of small
T temperature particles. If any part is contaminated with microparticles
Tp dew point temperature or contains too much moisture, the HDD will not function
Rh relative humidity properly and become unsalable.
FEU fan filter unit A clean room in an HDD factory where various pieces of
UPF ulpa filter HDD production line machinery were installed had been built
RTS return shaft more than 20 years ago. Over the years, these machines were
LFH laminar flow hood replaced with more modern ones for manufacturing more
RTC  return ceiling technologically. advanced and higher capacity HDDs. The

2169-3536 © 2017 IEEE. Translations and content mining are permitted for academic research only.
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layout of these new machines in the clean room was different
from the original layout, but the layout of the ventilation
equipment (i.e., FFU, UPE, RTC, RTS) and the ventilation
conditions have been kept strictly to the original because any
changes to them might result in a worse-than-standard airflow
and particle count which, consequently, might cause a large
number of defective products as well as incalculable loss of
business opportunity. Therefore, when a ventilation-related
problem occurred, a stop-gap measure was devised to handle
it. For example, an excessive particle contamination problem
in a particular area was handled by using a vacuum cleaner to
suck out those particles and an excessive humidity problem
in a single area was handled by placing a dehumidifier in that
area. This kind of measure was able to overcome the problem
at hand but it could not remain a sustainable substitute for a
long-term solution. To find the root cause of these problems,
the engineers at the factory had once employed the compu-
tational fluid dynamics (CFD) to simulate airflow and find
an effective way to deal with them, but the attempt was not
successful-the simulated and measured airflow results were
not in agreement, which might be due to their inexperience
with CED. Therefore, they came to the institute and asked for
assistance, specifically requesting the author to validate CFD
simulation results with actual measurements that could be
done with the measuring instruments already available at the
factory (so that the measurement procedures could be easily
understood and performed by the technicians at the factory).
This paper reported the author’s attempt in his response to
that request and the ensuing outcome.

CFD has been used to investigate airflow from ventilation
systems in buildings and factories for over 50 years [1].
For example, it has been used to improve the airflow in
an operating room in order to reduce the risk of surgical
complication [2]-[6]. It has been used to assist in the design
of the layout of rooms in residential and environmentally
friendly buildings [7]-[12], aircraft cabins [13], [14] and
airlift reactor [15] in order to improve the air quality in
it. Yan er al. [16] employed CFD to investigate heating,
ventilation, and air-conditioning to achieve high energy sav-
ing for customized HVAC systems. Tung e al. [17] and
Villafruela er al. [18] used CFD in the design of a ventilation
system for a room to maintain good air quality no matter
whether the door is open or closed. Their work was interesting
because these conditions were more complicated than the
typical conditions imposed in a regular CFD simulation.
Mohammadshahi e al. [19] and Zhao et al. [20] used CFD
for improving the ventilation of an environment in a way that
took into account the heat transfer in and out of it in order to
conserve energy. Hajdukiewicz er al. [21] proposed a useful
methodology for using CFD to simulate the ventilation of
an indoor environment that proved to be beneficial for many
later research studies. CFD has been applied to problems in
many industries. For example, it was successfully used to find
a suitable air speed for a clean room ventilation system in an
HDD factory in order to reduce particulate contamination on
an HDD assembly machine [22], [23]. It was also used to
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check the airflow and temperature in an HDD tester in order
to reduce HDD test failure [24]. In addition, it was used in
a process of airflow regulation in an industrial building [25].
Regarding moisture level and temperature in a building or
an environment, there have been numerous research studies
reporting that the air quality, comfort and cnergy conserva-
tion of an environment were highly affected by them. For
example, Li er al. [26], Kong and Wang [27], Eldeeb ef al. [28]
and Matinez-Ibernén et al. [29] successfully improved the
ventilation system of a building and controlled the level
of moisture and temperature to suitable ones. All of these
studies supported the use of CFD for improving and con-
trolling a ventilation system to a suitable moisture level and
temperature. This study has tremendously benefited from
the information reported from all of the studies mentioned
above.

The challenge of this study was that the object of the study
was a real production line in a factory: hence, all of the
environmental factors could affect the outcome. In order to
make computational time manageable, we could not take into
account all of them, we could only take into account those that
directly and significantly affected the outcome. Moreover, in
the production line, some areas were equipped with laminar
hoods that produced laminar airflow which had not been
taken into account in previous studies, i.e., the airflow pattern
was too different from the ones under those studies. On top
of that, we needed to use the real ambient conditions of the
production line in our simulation in order to find out how
water vapor condensed into droplets in some areas but not
in others and in order to be able to formulate a solution for
improving the ventilation system. However, these constraints
and variability are the challenge of the study.

ii. THEORETICAL BACKGROUND

A. CONSERVATION EQUATIONS

Airflow pattern and temperature at every point in a space
can be determined by solving a set of partial differential
equations that consist of conservation equations and turbu-
lence equations. The mass (1), momentum (2), and energy
(3) conservation equations are shown below [22], [32],

dp/dt + 9 (pu;)/0x; =0 (1)
d (pu;) /0t + d(puju;)/dx;
= —3P/dxi + F; + 8[1;]/0x;
+9 (—p@})/axj IS a(—pu_;?)/ax,» +S., Q)
d(pE) /3t + 9 [u; (pE + P)]/0x;
= 9 (e (9T /03) + i (53) ) /03 + Sh 3)

B. TURBULENCE EQUATIONS

Several mathematical models incorporate turbulence equa-
tions for solving various types of engineering and physics
problems—models such as k-¢ family, k- family, transi-
tion k-k;-w, and transition shear-stress transport (SST). The
transition SST model was chosen for this study because of
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its perfect match to the nature of our problem and its wide
acceptance by many HDD research laboratories and other
industrial research laboratories [31]. The transition SST has
4 parameters: turbulence kinetic energy (k), specific dissi-
pation rate (), intermittency (y), and transition momentum
thickness Reynolds number (R¢) that have to be set properly.
The full forms of the 4 equations containing these parameters
can be found in [32]. The Fluent CFD software solves (1)-(3)
together with the 4 equations mentioned above in a process
to determine the airflow pattern and temperature.

€. MOMENTUM AND ENERGY SOURCE EQUATIONS
Normally, in a simulation of regular airflow pattern, air is
simulated to flow into a fluid domain through inlets and out
through outlets. Inside a fluid domain, there can be a source.
A source term can be added into the defining equations, for
example, the S,, term in (2) or the S, in (3), those are related
to momentum and temperature, respectively. In this study, we
represented the laminar flow hoods (LFHs) in the production
line as a source instead of an inlet. We defined it as a source
because of the following reasons: (1) the hoods sucked in the
air above it and blew it out at a higher velocity as opposed
to an inlet that the air flowed in freely across a boundary;
(2) the air velocities coming into the hood were not uniform
and the velocities of the laminar air flowing near the edges or
the walls of the hoods were higher than those that flowed far
away from them (as measured earlier on in this investigation).
The S,, was defined as in (4) to simulate the LFHs as done
in [30],

S\= ’huj/vs 4)

where V is the volume of an element. As the 71 term of the
mass flow rate was fixed, the S, term increased as the velocity
of the laminar airflow increased.

As for the energy source term (Sp), the Fluent man-
ual [30], [32] did not show an equation explicitly. It only
stated that, “As S, was set higher than the default zero, the
temperature of each element would be higher” (S, = 300
caused the outflow air temperature from the hood to be around
0.5 °C higher than that of the inflow one which was in good
agreement with the measured values). A user can specify
the values of S,, and S, to fit some particular conditions.
These values were very important in this study. Setting them
inappropriately could render the invalid simulation results.
Choices of these values and calculation steps are explained
in the pre-simulation section.

D. MASS FLOW RATE EQUATION
In the production line, there were several inlets and outlets.
The values at the boundary of the inlets were set to mimic
the real values measured at the factory. The inlet bound-
ary equation was chosen to be the mass flow rate equation
below,

m = pAu, (5)

where A is the cross-sectional area that the air flowed through.
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FIGURE 1. Production line.

The outlet boundary values were calculated from the air
speeds measured at the RTC, RTS, and pseudowalls at the
factory. They were used to calculate “outflow”, a Fluent
software technical term which denoted the percentage of
conserved air mass flowing through an outlet.

. METHODOLOGY

A. PRODUCTION LINE

Production line mentioned in this paper is in a big class
1,000 clean room in an HDD factory. In the line were various
machineries as shown in the photo and shown as a solid
model in Fig. 1. Specifically, Machines 1 and 2 functioned
as assemblers of small electronics parts into a head stack
assembly (HSA) which is an essential part of an HDD. The
desk is for a factory technician to place HSAs on and inspect
them. An LFH was held in an aluminium frame. On the top
was a set of fans producing laminar airflow that sucked in
the air above it, passed the air through an air filter and blew
high velocity laminar air down to the desk. The area between
the LFHs and the desks was called the work area where the
airflow needed to be strictly controlled.

B. VENTILATION SYSTEM

Fig. 2 shows a photo of the ventilation system for this pro-
duction line. It consisted of 5 kinds of ventilation equipment:
a) LFH, b) RTS on the wall behind the production line, and
¢) FFU, UPF and RTC mounted on the ceiling of the clean
room. Air from the outside was sucked in and conditioned
by the ventilation system then flowed out to the production
line through the FFU and UPE. It left the line via RTS and
RTC to the outside. Some of the air passed into and out of
the LFHs. The air that passed through an LFH was filtered
out of small particles. It also blew away any particles from
the surrounding; hence the work area on the top of the desk
was exceptionally free of particles that could contaminate the
HSA under inspection. The air in the room then flowed out
to the outside via RTS and RTC. It should be observed that
the FFU and UPF functioned as inlets, the RTS and RTC
functioned as outlets, and the LFHs functioned as sources in
the fluid domain of the simulation.
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FIGURE 2. Ventilation system showing the actual ventilation equipment:
a) laminar flow hood (LFH), b) return shaft (RTS), and c) fan filter unit
(FFU), ulpa filter (UPF) and return ceiling (RTC).

Adr-from the ceiling flowing into an LFH
,«Mﬂéy« .. B

LHF

FIGURE 3. Results from previous work of the engineers at the factory:
a) simulation and b) smoke visualization test.

C. PREVIOUS WORK

Prior to this study, the engineers at the factory had already
attempted to use CFD to simulate the airflow around the
production line. They used real ambient conditions in. the
factory in their simulation. They modeled the LFHs as a
rectangular box as shown in Fig. 3. Their simulation gave
results that showed that the air from the ceiling would not
flow through the LFHs but flow away along their sides while
the laminar flow air would flow with uniform high velocities
at most locations, as shown in Fig. 3a) However, from an
actual smoke visualization test, shown in Fig. 3b) it was found
that the air above the LFHs would be sucked into them and
flowed out into the work area. They also found that the actual
laminar air velocity at each different location was not the
same while their simulation showed that they would be the
same. Hence their simulation was not able to mimic the actual
flow with sufficient accuracy. When the engineers discussed
their attempt with the author, we pointed out to them that
the LFHs had to be simulated as sources not inlets. They
then asked the author to make a model and devise a valida-
tion procedure that could confirm that the simulation model
could represent the airflow above and around the production
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line accurately enough for this purpose. They also required
that any measurement procedures should employ only sim-
ple measuring instruments that were readily available at the
factory so that the technicians there could perform measure-
ments by themselves at that time and later on in the future.

D. PRE-SIMULATION

As mentioned in section of momentum and energy source
equations, it was very important to set the values of S, and Sy,
appropriately since the LFHs drastically changed the airflow
pattern and velocities as well as the temperature of the air.
These parameters depended on the size of each LFH and the
airflow environment near it. There have been no reports in the
literature that dealt with this issue; therefore, we conducted
pre-simulation runs and varied these values. We hope that
our work may benefit some researchers in their effort on
this subject. The way we did the pre-simulation runs was as
follows. First, we constructed a fluid model and a mesh model
of the airflow environment above and around the LFHs, using
the actual dimensions of each LFH. Over the LFH, an inlet
was placed. The other four sides of the environment were
sct as outlets. We obtained the actual airflow parameters by
taking a spare LFH and placing it in an environment com-
parably to the one in the production line. Next, we adjusted
the velocity of the laminar air flow blowing out from the
LFH which was equivalent to adjusting the S, value in the
simulation and measured the air velocity coming down from
the inlet on the ceiling 15 ¢cm above the LFH and found it to
be 0.5 m/s. We also measured the air velocities at three other
points 15 cm below the LEH for the purpose of validating the
simulation. The airflow conditions at the outlet were specified
as follows: ““pressure gate = 07, “S, = 300 w/m>”, and
various Sy, from0.2-1.2 N/m?>. Fig. 4 shows the results from a
pre-simulation run. Fig. 4a) shows the velocity vectors of the
air flowing through a plane at the middle part of the model for
S,, = 0.4 N/m> and Fig. 4b) shows a comparison between the
air velocities along the z-axis from a pre-simulation run and
those from actual measurements. It can be seen in the plot that
they are comparable when S,, = 0.4 N/m*. We found this
kind of approximate values of S, for each LFH in the pro-
duction line and divided all of them into 4 groups (LFHs 1-4)
according to their corresponding S,, found from the" pre-
simulation run, as shown in Fig. 5. By this same procedure,
we determined the S, value for each LFH. It was found
that for every LFH, the temperature of the air above it and
below it differed by only 0.5 °C; therefore, we assumed
that an S, value of 300 W/m? was satisfactory. The cause
of this increase in temperature could be attributed to heat
radiation from operators and machines. When the directions
of airflow in Fig. 4a) was compared to those from smoke
visualization test that the factory had already performed as
shown in Fig. 3b). They were close to each other, i.e., the
air flowed down from the ceiling and most of it got sucked
into the LFHs then flowed down and away from the LFHs.
Therefore, it was concluded that our simulation was validated
to be sufficiently accurate.
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FIGURE 4. Results from pre-simulation a) air velocity vectors and
b) comparison between the simulated and measured results at a few
points 15 cm below an LFH.

E

FIGURE 5. Fluid model and schematic diagram showing the layout
of LFHs.

E. SIMULATION AND VALIDATION

This section describes the procedures of our simulation up
to the step where it yielded satisfactory results. In order to
ensure that the si<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>