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Abstract

Support processes in industrial energy systems, such as heating, ventilation and cooling systems, are
important processes in industrial premises as they are related to energy cost, product quality as well as
the indoor environment.

In the vehicle production process the paint shop is the most energy intensive part, and about 75% of
the energy is used in the ovens and spray booths. The spray booth line, which includes paint
application and the oven, uses large quantities of air in order to keep the air quality in an optimal
range to achieve the desired paint quality. The approach used in paint shops has up to now been to
keep as much of steady state conditions as possible to avoid paint defects due to disturbances in the
balance. This means that these high air flows are used also at low and non production hours. There is
thus a large potential to increase energy efficiency by controlling the air flow and heating without
losing the critical balances. This paper will present an initial post-implementation evaluation of the
energy efficiency potential and experiences after running this type of system. CFD has been used to
investigate the control strategy.
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1 Introduction

Growing concern about global warming resulting from the use of fossil fuels has led to the
implementation of a number of policy instruments, such as CO2 emissions trading. Current and future
policy instruments, together with increased globalization and the opening up of domestic markets
within the European Union, will make the implementation of cost-efficient energy efficiency
measures in industry even more necessary, especially for a country like Sweden where industry has
historically enjoyed low electricity prices. Support processes such as heating, ventilation, and air
conditioning (HVAC) in industrial premises are an important issue as they are related to both energy
cost and indoor climate management as well as to the health of the occupants (Goodfellow et al.,
2001). Furthermore, it has been shown that the implementation of energy efficiency measures are
more easily adopted if they are related to support processes, i.e. HVAC, lighting, and compressed air,
and not to the production process, as the largest technical barriers to energy efficiency are most often
related to the production process. This has been studied in (Rohdin and Thollander, 2006; Rohdin et
al., 2007a).

The technical potential for using Variable Air Volume-flow (VAV) systems in a paint shop in the car
industry is in focus in this paper. The use of VAV systems has been shown to be economically
advantageous in many cases, see e.g. Aktacir et al. (2006). The potential for VAV systems in a large
paint shop are scares. However, several other studies are presented for other types of industries see for
example Rohdin and Moshfegh (2007b,c) and Rohdin and Moshfegh (2011).
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The aim of this paper is to present results and experiences from a research project where
implementation of VAV systems in a paint shop has been used. This will be done by discussing two
research questions:

(1) How large was the energy saving potential in the studied paint shop?
2) What is the minimum time before the next car enters a zone, when ventilation needs to
speed up?

Research question (1) will be based on field measurements and is presented in Section 3.1.
Question (2) will be discussed based on results from CFD simulations of a typical section in the paint
shop.

2  Object description
2.1 Paint shop

The paint shop consists of a number of different consecutive steps. The parts to be painted are
moved from right to left as shown in figure 1. The parts first enter into a pre-step followed by a series
of different paint booths, both manual and automated. This is followed by the oven, left in figure 1,
where the paint is heated. The different booths are ventilated by several HVAC units as marked in the
figure, where supply air is treated and supplied at the top of the room where the paint is applied. The
exhaust air is removed through the floor, creating a piston flow like field in the room. The
requirements vary but most of the zones have temperature and humidity requirements in the range of
20-25°C and RH 60%. However, for example the convective zone (80°C), IR zone (60°C) and cooling
zone (20°C) have different requirements. The piston velocities in the zones vary from between 0.5 m/s
down to 0.05 m/s depending on what they are used for. The conditions in the paint shops have
historically been steady-state and no changes have been made even when the paint booths have been
empty. The support systems have been on 24h every day of the week. In figure 2 a picture of the
inside of an empty paint booth is shown.
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Figure 1. Overview of part of the paint shop. The overview includes the different zones, and installations such
as HVAC and burner.

2.2 The implemented VAV system
The aim of the project has been to evaluate and optimize the effect of introducing a variable air
volume (VAV) system in these facilities. The main idea has been to be able to control the airflows

depending on if they are used or not and when they will be used the next time. The production in a
facility like this is not constant, as there will be production hours with less or no cars. It thus exists a
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large energy saving potential if the air flow and heating "i’
could be controlled without losing the critical balances, and
thereby allowing for a higher degree of flexibility. The paint
process is depending on numerous parameters and the ooy B M
general approach is to keep a stable environment concerning WL .

temperatures, humidity and ventilation thus reducing the
number of parameters that influence the quality output. An
adaptation of the ventilation rates to actual capacity usage
would have an impact on a number of the critical

parameters, but it would also mean a significant reduction of
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energy use. The implemented and evaluated approach is

presented in figure 3, where the left figure shows the steady- i8ure 2. A picture of the inside of one
state system before the changes and the right figure the % h¢emply paintbooths at the studied
implemented control. The main feature implemented is plant.

variable speed drivers on fan motors and additional control

and additional logging capabilities.

— & T
Spray booth /H
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Figure 3. Overview of original (left) and current air flow control (right) in the spray booth. The red
marked components in the right part indicate additional sensors, valves and actuators to be controlled.

2.3 Measurements and base line

To prepare for and to be able to evaluate the project a series of sensors where logged at the plant
to follow energy, power, flow, temperature, humidity etc. In addition to this pressure sensors were
installed in the spray booths to be able to monitor, and if needed control, the balance between the
zones. This as the importance of keeping a controlled pressure balance between the zones is needed to
avoid fouling. All this data was sampled every 10 sec for between 2010-12-02 and 2011-04-01, which
results in about 1.05 million data sets for all these parameters. This data was used to evaluate the
energy saving potential for this efficiency measure.

24 Numerical procedure
2.4.1 Physical model

The second research question is related to the time needed to achieve desirable working
conditions before painting is started. This question is based on CFD modelling, which is compared to
the physical measurements in the booths. The numerical model used to predict the response and
simulate the behavior of the flow is the exchange between the zones “struts” and manual zone seen in
figure 4.
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Figure 4. Overview of the CFD model.

The manual zone is 24x5.5x4.5 m, the airlock is 2.0x2.6x2.0 m and the “struts” is 6.0x2.6x4.0m
(Iength, width, height). The airflow in the manual zone is 23 000 m3/h and at max 27 000 m3/h in the
struts. The temperature and humidity requirements are 20-25°C and RH 60%. The model is used for
example to test the effects of changing the airflows according to eq. 1-4. The second research question
is related to find the minimum time, t before changing from low to working air flow, that still results
in steady conditions when painting.

Case I: Down-shift v = _—lt +0.5 m/s fort<30s (eq.l)

inlet 200
Vier = 0.2m/s for t > 30s (eq.2)
Case II: Up-shift Vister = ﬁt +0.2m/sfort<30s  (eq.3)
Vier = 0.5m/s for t > 30s (eq.4)

2.4.2 Governing equations
500
The airflow pattern and temperature s
distribution in the facility is governed by the  “° ol ' '
conservation laws of mass, momentum and ;j;ﬁ
energy. The flow is assumed to be transient, 5 20
three-dimensional, ~ incompressible ~ and &£
turbulent. The air is modelled as an ideal gas 1w
and the RNG turbulence model has been used 20

for the numerical simulations. The transient = casrhonshoNsRoNDRONDBEHMbOHT 0o HE N M
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24.3 Computational grid, wall treatment and ——Power 910 kW) —— Power 911 (kW) ——Power 920 (kW)
boundary conditions = Power 930 (kW) ===Power 931 (kW) ===Power 940 (kW)

Icepak 3.0.16 was used to generate the 3-
D structured grid. The mesh is non-conformal at
the interface between wall and coarse region of
the model. A grid independency study has been
performed.

Figure 5. Total electricity use in the paint shop
after the implementation of the energy efficiency
measures.
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The near-wall treatment used in this
model was the standard wall function. Fluent
12 has been used to make the numerical
simulations. The grid distribution was
effectively controlled by clustering the mesh
towards the walls and edges in such a way that
the wall function can be applied properly. The
wall boundaries were modelled using a no-slip
condition with constant wall temperature. The
inlet boundaries have been modelled using
mass flow inlets with a given profile and the

outlets as pressure outlets. The inlet profiles are
modelled using a UDF to include the transient
effects described in equations 1-4.

3 Results

3.1 Measurements

The energy savings at the studied plants
are related to both control as well as the
spacing between cars in the manufacturing
process. The total electric power use after the
changes is shown in figure 5. The air flow rates
in the studied facilities after the changes are
implemented are shown in figure 6. The figures
are in % of the maximum (previously used
steady state figures), indicating a total
reduction to 19.2, 19.1 and 30.2 % respectively
in terms of flows. The regenerated as well as
added heats to the ventilation units for the same
booths are presented in figure 7.

3.2 Simulations — CFD

In order to discuss the second research
question a CFD model was used to study the
effects when implementing a rapid shift in
flows between the zones. In this paper the
effect on the zones between the struts, airlock
and manual zone is presented. One of the key
parameters is to ensure that the change doesn’t
result in large air movements through the
airlock. The simulated cases are 60, 30, 15
and 7.5 s change time from 0.2 to 0.5 m/s at
the supply opening in the Struts. The measure
of performance presented is the mass flow
exchange between the zones for these cases.
This is shown in figure 8. The average mass
flow between the zones for the 60 s shift is
0.0042 kg/s, this number is increased by 71%
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Figure 6. Air flows in the studied booths, presented in

% of the maximum flows.
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Figure 7. Regenerated and added heat to the
units supplying air to the studied zones.
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Figure 8. Mass flow of air between zones as a
function of time for the different types of control.
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for the 30 s shift, by 172% for the 15 s shift and by 164% for the 7.5 s shift.

A cross section plot for the manual zone, the airlock and the Struts is shown in figure 9. The
velocity profile is uniform in the Struts. However in the manual zone there is a small influence of the
airlock during the shift in control. Figure 8 represents the 30 s shift, 15 s into the process.

4 Concluding discussion

This first evaluation of the implementation at . S%e 0t
the paint shop at Saab Automobile’s factory in :

5.36e-01

Trollhdttan, Sweden, indicates a large energy Py
efficiency potential without any known problems ks
with paint quality. In terms of evaluating the 387601 ,
maximum energy saving potential much work is S am 0t
still needed, however this initial study shows a 2ot ‘l.-
reduction of air flows to 19.2, 19.1 and 30.2 % 238001
respectively. The measured figures for these s
specific fans is not available at this time, but 14501

1.19e-01

estimated based on the laws of affinity the reduction 884002
would be over 90%. The second research question I o000
was related to the down-shift up-shift time spans, 0.00e+00
and we can see a clear increase in mass flow rates

between the zones when trying to force the shift
below 60 s. The factory has been operating using
this 60 s window.

Figure 9. Cross section plot of velocity in the
zones, 30 s shift. The illustration shows the
situation after 15 s.

In the initial part of the project, it was expected that precise closed-loop control would be
necessary to quickly reduce the fan speed without compromising air quality, and thus paint quality,
due to flows between booths. Initial experiments however revealed that a simple open-loop strategy
could control the fans without disturbing the flows too much. This open-loop strategy reduces the fan-
speed in 60 seconds, and it could be, as indicated by the simulations here, that a quicker shift would
require for instance a closed-loop strategy. This is something that needs to be studied further.
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