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Chapter I
INTRODUCTION

In the last two years, we have witnessed a tremendous
outery over the United States' current 'energy crisis'.

We have not witnessed a corresponding out pour of concrete
solutions to the problem, however, and perhaps the time

has come to begin work in the direction of some solution,'!

It seems rare for a day to pass without being confronted with some form
of news about the "energy crisis" such as that presented above. The dis-
heartening fact is that at present there appears to be little hope for
recovery in the immediate future. Society today i1s organized around energy.
Unfortunately, energy management and conservation has been severely lacking
in the past. Today, however, society 1s taking a look back over its shoulder
and re-examining some of its past mistakes in energy use and is attempting
to correct them for the future.

Without a doubt, industry is the United States largest single user of
all forms of energy. Consequently, it is the hardest hit by the energy
pinch [1]%. Recognizing the impending energy shortage, large scale re-
evaluations of energy uses within industry are being made at the present
time.

The evgluation not only examines the future energy needs of industry;

but it also re-examines past and present energy consuming processes, with

the hope of eliminating or reducing the amount of energy they require,

1D. Deyce, "Heat Recovery--How Can the Heat Ripe Help?" ASHRAE Jourmal,
April, 1973, p. 35.

*Numbers in [ ] refer to references in Selected References.



The Fisher Body Division of General Motors Corporation is very much
involved in the re-evaluation process. One plant in particular, Flint
Fisher Body No. 1, is deeply concerned with the predicted.energy shortage.
The plant has three basic manufacturing functions: 1) Metal stamping and
assembly, 2) Body-in-white assembly, 3) Body painting and trim. Due to
the nature of the plant's operations a great deal of energy is required to
maintain its production and to supply the related process equipment. A
typical process, which is representative of many energy consuming processes
being re-evaluated, is body paint drying. Every body that is painted in the
plant requires oven drying to cure and reflow the acrylic paints. The curing
and reflow processes require an air (oxygen) supply and a temperature of
315°F for approximately eleven minutes. The ovens used to dry the bodies
are heated by gas-fired, forced-alr, burners located on the roof of the
plant.

In the past, with unlimited, low-cost energy available, there appeared
to be little need for controlling the ovens' energy consumption to the
fullest extent., Now, however, the situation has drastically changed. The
gas suppliers are cutting back on the amounts of process gas sold and in
some areas are putting industrial users on standby service. Needless to
say, shutdowns are costly and every means available is being employed to
prevent them,

The need for reducing the energy consumption in every phase of plant
operation is what prompted the writing of this thesis. The paint-drying
ovens were chosen as a typical example of an energy consuming operation
which deserves the attention of analysis for purposes of detection and

possible improvement in energy consumption characteristics.



Unfortunately, most of the design work on the ovens has been done by
experiment and experience. Little or no data has been written regarding
their operation or thermal response characteristics. Therefore, much of
the background information for this thesis has been acquired through
observation and personal communications with those directly involved with

the ovens' operation and maintenance,



Chapter II
MINIMIZATION OF ENERGY CONSUMPTION

In the last decade great strides have been made in optimization theory
and technique. Most of this work has been performed by Chemical and
Industrial Engineers and Mathematicians. Only recently has the Mechanical
Engineer become involved (mainly in the aerospace industry), which made it nec-
essary to start this evaluation from basic heat transfer relationships for
the oven and develop a technique suitable for conserving energy in their
operation,

The first part in the evaluation was to determine a relationship
between the energy required to maintain the ovens at steady-gstate and the
energy required to cool and then reheat the ovens. This was done to determine
if any energy savings would result from shutting the ovens down during periods
when the paint lines were not running.

During steady-state operation the losses from the ovens will be at a
maximum. This 1s due to the fact that the energy loss rate is highest when
the driving potential (temperature difference) is at its maximum (which
occurs at steady~state). This can be shown by the following equation:

6 n
B Jo iZl UA, (T, - T )do (1)
In other words the steady-state energy input into an oven is equal to the
summation of all the component losses 1n the system integrated over the
interval being coﬁaidered. This integral has maximum value when the

difference (TA - Tp) is a maximum, i.e.,, when TA is maximum.



Now consider a cooling and heating cycle for the oven of the game time
duration as the steady-state case. The oven will cool during the interval
8 =0 to B = Bl, and then be reheated back to steady-state during the time

period 61 to 6. During the cool down cycle the losses from the oven will

start out at their maximum steady-state rate, but will decrease with time

as TA decreases. This is due to the fact that Tp is almost completely time

independent. This can be expressed by the following relationship:

61 n
) U,A (T, (8) - Tp)dB (2)

. =J
loss 0 i=1

Cool Down
The energy required to heat up the oven is also a function of time
and temperature. The loss rate is at a minimum when the oven is cold

(T, = Tp) and increases to its maximum when the oven reaches steady-state.

A
This relationship can be expressed by the following equation:

] n
Byt ™ Je 121 UjAg(Ty(8) = T )de +Ep (3)

Up 1 Cool Down
The value ESS obtained from equation (1) is the amount of energy
required to make up the losses from the oven during a set time interval.

If the time interval is divided into two phases the equation becomes the

following:

]
1 E 8 ?
E.. = j U A, (T, - T )d8 + J U,A, (T, - T )dse a"
Ss 0 1=1 1"1°A P 81 i=1 i"17A P
How recognizing the fact that EHeat—up is the energy required to

re—-supply the energy lost from thermal, heat storage during cool-down
(6 =0 to b = Bl) plus the energy required to overcome the losses from

the oven during re-heat (8 = el to 8 = 6) it becomes apparent that the



cool-down, reheat cycle requires less energy than is needed for the steady

0
1 n
state operation. This is because [ Z UiAi(TA - T )d8 is always greater
0 i=1 P

0

1 n
than j 121 UiAi(TA(G) - Tp)de; since (TA(B) - TP) is always less than

0

€ n
(TA - Tp) after cool down has been initiated. Also Jel izl UiAi(TA - Tp)de

8 n
L UA(T,(8) - T,)d6; since (T, -~ T ) is always

Gl i=1

is always greater than J

greater than (TA(G) - Tp) until steady state is reached when TA = TA(B).

Therefore the following inequality is obtained:

] )

S5 ? Eheat—up
0 el

(4)

The inequality states that the energy required to hold the ovens at
steady~state, for any time interval, is always greater than the energy
required to reheat them after shut down (for the same time interval). This

can be seen graphically in Figure 1.

Assumed Steady-State Condition
Energy Saved - r1
ey
3 o £51 Egg=Aq+Ay+h,
3 ! b
o R
A ] nexrgy ; Lpgt
8 . #5 Ay i
g { 5 (A
e Energy Lost From | '@, .
e Storage - | £ P
Ap !' C
|i T N
=0 0=0, =0 time-»

Fig. 1. The Energy Inequality



It can be deduced from the above figure that the savings will be greatest
by keeping the interval from Bl to 0 at its minimum possible value. In other
words to minimize the ovens' energy consumption, turn the burner on at the
last possible moment, for the interval belng considered, to its maximum
allowable rate, The above scheme is often referred to as bang-bang control
and is commonly.employed to minimize fuel consumption for rockets and missiles
(2], [3], [4].

Another possible area of energy savings to be considered is the use of
the waste heat from the oven exhausts, Volitile solvents are released during
the paint drying process and if proper exhaust rates are not maintained an
exploéive condition in the ovens can result, At present approximately
twenty-four percent of the total flow is continually exhausted from the
ovens. However, due to the nature of the exhaust system, this flow drops
by approximately one-half when the recirculating air system is shut off
during cool down periods. When the ovens are in operation the exhaust air
quantity results in a load of 2,082,024 Btu/hour per zone on the burner, a
factor which cannot be overloocked.

It is important to note that the exhaust air must be made up by an
equal amount of fresh air to prevent infiltration from the plant and to
supply the necessary oxygen for drying. At present the air is taken from
outside the plant and must be heated before entering the oven. Thus
another avenue openg up for conserving energy: waste heat utilization
for preheating the supply air. This technique is becoming very common in
industry today and will be Investigated in this thesis as a means of

uging the avallable energy from the exhaust alr,



The next sections of this thesis cover the methods used in determining
the proper bang-~bang control sequence, the feasibility of waste heat
utilization from the exhaust gases, and recommendations based on the

findings.



Chapter III
DATA COLLECTION TECHNIQUE

There are two techniques which can be used to obtain the type of data
necessary to evaluate the energy savings resulting from bang-bang control
and waste heat utilization. One method of course is simply to run many
physical tests on the ovens and record the thermal response curves and
energy requirements for varying outdoor conditions. This method 1is very
costly, time consuming, and would be of little value in evaluating future
ovens or similar processes. The second method and the one preferred here
is to develop a mathematical model of the ovens' thermal response and use
a computer to compress the time factor so that the necessary information
can rapidly be obtained. The model will also be useful in evaluating

future processes with only minor modifications.



Chapter IV
MODEL FORMULATION

The first step in the development of any model is to get an understanding
of the physical system the model is to represent. To accomplish this the
blueprints of a typical oven were carefully analyzed. Figure 3 is a schematic
of a typical oven zone, i.e., a segment of the total, continuous oven which
is heated by an individual burner. The number of zones an oven contains
may vary from two to four depending on the period of heating required.

The first zone in the ovens is a heat-up zone. It is within this zone
that the bodies are elevated from their entering temperature to the operating
temperature of the oven, which in this case is 315°F. Due to the transient
nature of the body temperatures in this zone, it will not be considered in
this analysis.

The bodies upon leaving zone one are held at 315°F for approximately
eleven minutes. If the iine were run continually, 24 hours per day, seven
days a week, the burners would, of course, have to be left on full time.
However, due to frequent production and line stoppages this is not the case.
The shut down periods provide the avenue for energy reduction using the
bang-bang control scheme. Due to the non-steady-state conditions developed
by this type control scheme, a transient, thermal model is required for the
evaluation,

The ovens can be modeled by writing a set of linear differential
equations for the temperature changes occurring in the components within

them (see Figure 2 for the total flow circuit schematic). The oven and

10
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its contents were separated into thirteen characteristic temperatures each
with an equation to represent each time rate of change. The equations for
each component are of the form:

dT

X # K
By Cx dé - hx Ax(AT) Ax Ax(AT) (5)
Energy storage rate  Convective heat  Conductive heat
transfer rate transfer rate

For the supporting steel track and track plates within the ovens (see
Figure 3),

dT

§ =
FE hSAS(TA - TS) i (6)

mg Cg
For the bodies in the oven (Figure 3),
o,
my Cp 35 = Pphp(Ty - Tp) - e
For the body trucks which carry the bodies through the oven. (Fig. 3),l

ar,
my Cp g5 = BpAp(Ty = Tp) - (8)

The ductwork connecting air distribution systems to the heater houses
on the roof was divided inte four segments. Segment 1 represents the supply
ductwork inside the oven; segment 2 represents the supply duct from the
heater house to the oven; segment 3 represents the return air ductwork inside
the oven; and segment 4 represents the return ductwork from the oven to the
heater house.

The following equations represent the energy tramsfer for the four

segments:
dTDl - -
v AT & ' &
Segment 1: mpy,Cp) —gg— = hpyApy (T = Tpp) + by apy (T, = Tpyp) ®)
4Ly
oy .. 1 m T ] - i1 [ -
Segment 2: m,Co, —5= hD2AD2(]m IDZ) + hDZADZ(ﬁi TDZ) (10)
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ar,

SRR v Dyelys de = hpghp3(Ty = Tpy) (L
Ty, -

Segment 4. m,Cpy —g— = hpyAp, (T, = Ty + by Ay (T, - Ty, (12)

The equations for the walls, floor, and celling of the oven required
inclusion of internal conduction terms because of spatial temp-variation
through their thickness. The conduction of energy through the wall was
determined by using a finite difference technique. The wall was divided

into five segments as shown in Figure 4.

AX AX AX AX
bl e s 1.

: . -
Ta T thy
e 2‘“’.“""““’“‘“’ 3 ¥ .
h, kN , |
Fiberglass I  f
! Insuﬁation L |
=n apn - BrU=-in.
K=0-30 o ey
Sheet~ | [. -
metal i
. }
i ]
U 74

Fig. 4. Oven Wall Section

Five temperature nodes in the wall were chosen, one at the center of
each segment. The two sheet metal layers were treated as though they had
mass, and thermal capacity, but no resistance (due to their high conductivity

and thin gage).



The electrical analogy shown in Figure 5 illustrates the thermal

characteristics of the above walls more clearly,

obtaining the flux and storage equations for the walls.

It can be utilized in

A \ B

Ry

Using the notation of Figure 5, the analog circult equations are

following:

Cg

dE,y
o

By
a0

dEW3

e

de

dqu

db

s

dé

1
R

1
(B, = B + 37 Gy — By

(B = Eygp) +

(o = Bys)

(Ew3 = Eg) +

(Egg = Bys) +

By letting the electrical values for

2

i

Ry

1
R,

thermal equivalents, the equations become:

(Eys = Eyp)
By = Bys)
(Bys — Eyg)

Bz Eys Eyva
L L -
R2 R3 R4 R5 R6
L 1 1
Cl ‘F" CZ 03 - 04 - CS
1?Ground
Fig. 5. Oven Wall Electrical Analogy

the

(13)

(14)

(15)

(16)

a7

C and R be replaced by their

15



1o

g -+ [ A, - 1o (18)
maGn ae T M Ta T Tt (Exg) e T T
Pua _ (x (T T ) + K | (5, — Tond (19)
™tz Tae - (3] At T Tw2? T (ax] Ates T e
dr r | -
w3 _ (K K
M3ws "d8 \E’}E’] Ag(Tyg = Typ) + [Ei AT = Tys) (20)
dT :
wh (X K
®Cws "8 - LH] ATy = Ty + [E)—q] Ay Tys ~ Ty 2D
e (¢ _
My5Cws de - ~H]‘J Ay (Tygg = Tys) + Bohy(Ty = Tys) (22)

To determine the burner exit air temperature, Tm, an energy and mass

balance was written for the system as drawn in Figure 6.

Recircula;ed Air mRCpTA

| System Boundary

Fresh Air Burner Exit Air
. Burner g

T

Fig. 6. Burner System

E
Burner Energy Input

The mass balance is expressed by the following equation:
iy + hp = @ (23)
The energy balance is written (assuming Cp ~ consat),

Tm ¥ (24)

mOCplo + mRCp'[A + E = mme



17

Solving for Tm yields:

m C T + mRC T + k

T =
B fC
m’p

The fresh air fraction in the ovens is maintained at 24% ﬁm (when the
burners are on) and the recirculated air percent is 76% of ﬁm; with these

substitutions, the expression for Tm becomes

T = 0.24 T +0.76 T, +-£ (26)

m C

For the time rate of change of the alr temperature in the oven an energy
balance was written for the system shown in Figure 7 (assuming complete mixing

and no property gradients in the oven).

’"_m |—— System Boundary

Exit Mixture Alr
. . | &
Entering Mixture Ajir mﬁcpTA

. / mA=const.
meme r\\\\\— ‘ Solvent Evap. Loss

4’,// mtthfg
- -

Heat Gains from Coumponets of the
form: Qx—ﬁxAx (TX—TA)

Fig. 7. Transient Oven System

The transient energy balance is the following:

mCT T S LA [ - h -
A a T Tl Ty PG Ta t Pphp{Ty = Ty) + hgA (T - T))

+ hpyAny (Tpy = Ty + By, (Tpy = To) + Bpaap (T, = 7))
* A (T, = T + RA(T, - T,) + oA (T, -

- m h Q2
tt fg
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The above equations represent the energy transfers occurring in the
ovens during any time period. In addition to this it is necessary to have
an equation from which the steady~state energy rate can be computed for
specific values of plant and outside ailr temperatures.. The form of the
equation was chosen to make dual calculations of ESS’ the steady-state
energy requirements, for comparison to actual operating data.

Figure 8 depicts the steady-state operation of the ovens.

Wall Heat
Loss Rate UWAW(TA“TP)

[ | System Boundary
Duct [Heat
. : “m—-—ki-—a-u (T,~T,)
Eﬁﬁ Loss {Rates D4AD4 AT
Burner Energy Rhte Oven Solent
> h thfg
Evap. |Energy ﬁate
Fresh Air Load ¥ ﬁECp(TA-To)

Fig. 8. Steady~State Oven System

The steady-state energy balance is

Bgg = Upy(Ty = Tp) + Upphpy (T = Tp) + Up A, (T, = T)
+_mtthfg + mECp(TA - TO) z (28)
The values for the masses and areas in the model are given in Appendix A.

The values for the average convective heat transfer coefficients, thermal

capacities, mass flow rates, and resistances are given in Appendix A.

+ _
Finite difference equations of the form %% = E—K%—I were substituted

Into the model equations and a simple, total-step, iteration, procedure for
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calculation was used in the computer program presented in Appendix B. The
results were checked for stability and accuracy by a trial run comparison
to IBM's Subroutine HPCL. The comparisons revealed only a maximum difference
of 3°F.

The next step in the model development was to verify the model results

by comparison to actual measured data. This is done in the next chapter.



Chapter V
VERIFICATION OF THE MODEL

After the basic modeling equations were completed, 1t was necessary to
check the accuracy of its results with real data. To do this a test was
set up at Fisher Body Flint Plant No. 1. The center zone of a typical
reflow oven was selected as the test location to eliminate any end effects
in the oven from the plant. The fresh alr temperature was recorded and
then the burner was shut down simultaneously with the paint line. (Note
the exhaust fans are 1ef§ on to prevent explosive conditions from accumu~—
lation of evaporated solvent in the oven). The oven air temperature then
was recorded agalnst time, on a Honeywell recorder.

After the oven cooled down for approximately four hours it was reheated.
The reheat procedure was to turn the recirculating fans and burners on to
their maximum rates simultanecusly. The outdoor air temperature entering
the burner was recorded and the oven air temperature was again recorded
against time.

With the same conditions for T0 and T, input into the equations re~

P
presenting the cool down operation, results from the modeling routine were
obtained. The measured results and the computed results are presented in
Figure 9. The computed results showed reasonable agreement with the
experimental data. The greatest deviation being about 9.0°F at 2.3 hours.

The model was alsoc tested for the heat-up conditions used in the plant's
test run. The measured and computed results are compared in Figure 10.

Again the comparison of results show reasonable agreement. The greateat

difference between experimental and model data was 15°F.

20
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Because of the close comparison of the model results éo the measured
results, the model and program can now be ugsed with some confidence. The
computer model was used to determine the proper time intervals for burner
firing and shut off to achieve the minimum energy use during paint line
shut down periods. The next chapter of this thesis contains a presentation

of the proper control sequence for various outdoor conditions,



Chapter VI
BANG - BANG CONTROL SAVINGS

The model ﬁas used for the determination of the proper oven firing rates
under a bang-bang control scheme. The first step in the procedure was to
determine the appropriate outdoor temperature ranges to be applied. Reasonable
time intervals to leave the ovens shut down were also specified.

In Flint, Michigan, the plant location, the outdoor design dry-bulb
conditions are -1°F winter and 89°F summer [5]. To effectively cover this
entire range, six values of outdoor temperatures were selected: O0°F, 20°F,
40°F, 60°F, 80°F, 100°F.

The burners, at the present time, are manually shut down and fired,
even though the operating temperature level i1s controlled by a proportional,
burner, control system. Because of this, the minimum time allowable for a
complete shut down was selected as one-half hour. Thie allows time for the
operator to reach the burners from the maintenance shop and have the necessary
time to fire an entire oven.

The program was run for two classes of shut downs. in the first class
the timé duratioﬁ of shut down is less than one shift (8 hrs); in the
second class the shut down period is of sufficient duration for the oven to
come to steady-state equllibrium with plant temperature.

The first class of shut downs are short enough to require that the
exhaust fans remain on during the entire cool down period. The computer
model is applicable exactly as it was written for this type of shut down,

For the second class of shut down a modification was made In the program

to reduce computer time required for solution. Instead of running the cool
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down routine to equilibrium (plant conditions) and then reheating, the plant
equilibrium temperatures were input as initial conditions into the heat-up
routine and it was run separately to the assumed line start-up temperature

of 300°F where the proportional controller takes over.
Class I Shut Downs

For the first class of shut downs, time intervals for burner shutdown
were selected as 0.5, 1,0, 1.5, 2.0, 2.5, and 3.0 hours. The model was run
for the six outdcor temperatures selected and the results are presented in
Figures 11 and 12,

Figure 1l shows the proper burner down times for maximum energy savings
for specified fresh air temperatures. It contains burner shut dowvm time
specifications for production line down-periods of up ﬁo five hours.

Figure 12 represents the dollar savings gained under the same burner
down condition as used in Figure 11. These savings were computed on a
basis of 65.8 cents per million BTU of natural gas [6]. Total savings also
include the savings in electrical power resulting from shutting down the
recirculating fan during periods of burner shut down. This figure can be
utilized by the oven maintenance operator to determine 1f the predicted
savings are great enough to justify the manpower required to kill and

re~fire the burners.
Class I1 Shut Downs

The savings from shutting down the burners are plotted in Figure 13
as a function of outside air temperature and the total time the line is

shut off. The resulting savings are also based on a energy cost of 65.8
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cents per million BTU's and are expressed as dollar savings over leaving
the ovens running at steady-state. The large savings are due to the long

time periods of shut down and short periods of heat-up as shown in Figure 14,

To get some idea of the magnitude of the savings involved, the case of
one eight hour shutdown per day was considered. Using a base of 234 working
days per year and a savings of five dollars per day per burner, the yearly
savings amounts to $1,170. This represents an energy savings of 1,778 million

BTU of fuel.
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Chapter VII
WASTE HEAT RECOVERY

The feasibility of saving energy by using waste heat recovery is
determined primarily by three factors. First, the cost of buying the heat
exchangers, revising the existing ductwork, and increasing fan static pressure
must be evaluated. Secondly, the chemical nature of the exhaust gases and
their condensation properties must be examined to determine if any scrubbing
is necessary. Finally, the yearly energy savings due to recovery must be
computed and compared to the caost of the first two factors to make certain
that an economic benefit results.

Rotary regenerative equipment was chosen for evaluation of the heat
reclaim process. The rotary-equipment generally has a lower initial cost
than a heat pipe system [7] and its operational characteristics are suitable
for the service contemplated here.

Each zone in the oven, when operating at steady-state, has an exhaust
alr rate of approximately 5000 cfm at 315°F. No latent heat transfer was
considered due to the low moisture content of the air at this temperature.
Typically a nonhygroscopic, metallic regenerator for this quantity of air
will be approximately five feet square by two feet deep, and weighs around
2500 pounds [7].

To operate at maximum efficiency, the umits are set-up for counter
flow heat transfer. In the counter flow arrangement, efficiencies usually

fall in the range of 65 to 85% [7]. Regenerator efficiency is defined in

the followlng manner: By Tl
(Tl _ T2) Supply Aif_ﬂ ~
= - ; WhERE Exhaust Air (30)
T T =
4 3
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The pressure drop across the exchanger was also included in the evaluation.
For air velocities of 500 fpm the pressure drop across the units will generally
range from 0.5 to 0.8 inches of water [7].

It was necessary to find average monthly temperature values for use in
computing an average monthly savings gained by using the regenerators. The
data in Table 1 represents the average degree days for the area, per month,

which were used in the calculations [8].

Table 1. Average monthly degree day values.
Jan. Feb. March April May June
1218 1080 861 531 259 73
July Aug. Sept. Oct. Nov. Dec.
73 95 95 337 712 1116

With the information above, the average monthly temperature values were

computed by the following formula and are presented in Table 2.

DD

t avg = 65, - oM (31)
where DD = degree days
DM = days in the month
t avg = average temperature for the month
Using the average outdoor temperature values in equation 28, which gives

the steady-state energy requirements without regeneration, the average

monthly burner energy costs were calculated.

Table 2.

The results are presented in
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Using a regenerator efficiency of 757 and equation 30, the preheated
outdoor air temperatures were calculated for the design temperatures from
Table 2, These are presented in Table 2.

The steady state energy requirements were determined by using the
preheated outdoor air temperatures in equation 28, These are also presented
in Table 2. The difference between the two steady-state energy requirements
represents the savings by using regeneration for each zone in the oven.

Using a value of 65.8 cents per million BTU's the dollar savings were computed
and are presented in Table 2. The total annual savings amounted to $2,012
(3057 million BTU's per year).

Extensive ductwork revision must be undertaken for inclusion of re-
generators in the existing ovens. These revisions are impossible to estimate
without being able to obtain local conditions and local costs. However, for
complete economic justification, these capital costs must be less than the
anticipated fuel savings.

It is important to remember that inclusion of the heat recovery system
will modify the response times calculated earlier for the various outside air
temperatures. Because of regenerator use, the fresh air temperature would
increase at a rate proportional to the increase in oven air temperature. With
the increased fresh air temperature faster rise in oven air temperature would
occur, This would reduce the length of heat—up interval, which according
to equation 4, would cause the system to move to a higher level of energy
savings. Determination of these savings and of the modified oven response

were not treated numerically in this study.



Chapter VIII
RECOMMENDATIONS AND CONCLUSION

It has been shown that substantial energy savings will resultrfrom the
proper use of oven on-off sequences and from waste heat utilization. The
dollar savings based on a single zone, obtained by shutting down the burner
during line shut downs, were found to be rather low, ranging up to $3.50 for
4 hour burner off times, The shut off procedures do, however, provide a
means of reducing the amount of fuel required. This is becoming a critical
factor for an industry faced with fuel rationing.

Application of the waste heat recovery system was shown to result in
significant dollar savings. Again there is a need to emphasize the fact that
the fuel savings by the regenerators may be offset to some extent by the
capital investment to buy and install the equipment, plus a small expenditure
to operate its contrel and power system. These two factors do not, however,
rule out its future potential. As in the case of oven on-off control the
increasing cost of fuel is not the only factor to be considered. The
availability of heating fuel is decreasing rapidly, and all possible measures
should be used to reduce its consumption.

The "energy crisis" is very real and its presence is being felt more
and more everyday. A strong effort needs to be put forth to reduce energy
consumption by all segments of society.

This thesis represents an example of the type of analysis of past
practice which will be required of all energy consuming processes. The
total energy savings are shown to be relatively small because total energy
use is small for this system. The techniques of analysis and modeling,
however, are appropriate to similar systems, regardless of size for future
analysis purposes.
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VALUES OF MODEL PARAMETERS PER 120 FEET OVEN ZONE

The following wvalues for the masses of the oven and its components were

calculated from specificatlons on the construction prints of the ovens. All

values used in the program are based on a typical zone 120 feet long. All
masses were calculated with the following equation:

m = pV ; where = density of component (lb/ftB)

p
V = volume of component (ft3)

For the steel components p = 489, lb/ft3 [9]. For air the density was

calculated as a function of air temperature with a base temperature of 315°F

3 775,

= .075 Ib/ft (m-a—*

A
given by the manufacturer, Pe = 9.0 lb/ft3.

467,261.25

m, = CGra'T e 1P
My = mWS = 7768. 1b
mw2 = mw3 = mW& = 4750, 1b

myy = 2136, 1b
My = 396. 1b
Mhg = 1962. 1b
my, = 234, 1b

m, = 10,702. 1b
m, = 10,469, 1b

my = 5189. 1b

). For the fiberglass in the walls the density was
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The mass flow rate of the outdoor air which is equal to the mass flow
rate of the exhaust air from the oven has a different value for heat-up and
cool-down conditions. This 1s due to the change in system resistance the
exhaust fan experiences when the recirculating fan is on.

The following figure shows the system resistance curves for the two

/

/

Supply Fgl : Supply Fan
Off On

cases mentioned above.

Pressure Drop
™~

Exhaust Air Quantity, Cfm -»

Fig. 15. Exhaust System Resistance Curves

Both curves show the same characteristic parabolic shape. The value for
the exhaust air flow rates are determined by superimposing the proper fan
characteristic curve over the two resistance curves. The ratio of mass flow
rate for outside air can vary from = 1l:1 to 3:1 (supply fan on ho:supply
fan off ﬁo) depending the exact system operating point on the fan curve.

The value selected for this thesis was 2:1. The results obtained agree
reasonably well with experimental data thereby providing some justification
for its use.

The surface areas for the various oven components were taken off the

construction prints from a typical oven and are listed below:
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1) &, = 4902 £t 5) Ay, = 156. £t
2) Ay = 1428 £t 6) Ay = 4790.ft”
3) Ay, = 264 £t 7 Ay = 1098, £’
4) A, = 1308, £t 8) A, = 909, fe”

The values for the specific heats of the oven components were obtained
from reference [10]. The specific heat of the air at constant pressure
Cp = 0.24 Btu/1b-°F. The values of specific heat for the metallic oven
components were found to be C = 0,12 Btu/1b-°F. The value of the specific
heat for the fiberglass layers in the walls of the oven was given by the
manufacturer Cf = 0.24 Btu/1b-°F. Also included from the manufacturer was
the thermal resistance value for the fiberglass rated from 200°F to 400°F
which was Kf = 0.30 Btu—in/hr—°F—ft2.

The average heat transfer coefficients were determined for the
companents exposed to the oven air with recirculating fans on and again
with the recirculating fans turned off. With the fans turned off the
values for the components in the oven were selected at 1.1 Btu/hr—°F¥ft2.
Thig is a value typical for combined forced and free convection from flat
plates for very low velocities [11].

The value selected for the condition when the recirculating fans were
on was 3.3 Btu/hr~ft2~°F. Again in this case an actual value would be
practically impossible to determine because of the complex component shapes
and air flow patterns. This value is however, reasonable when compared to
the value at the lower flow rate and typical values listed in reference [11].

Some justification of the choice is provided by the fact that the chosen

values caused the model to fit the actual data very closely.



The average heat transfer coefficients for the surfaces exposed to
plant air were chosen at the still air value of 1.65 Btu/hr—ft2-°F as given

in reference [11].

42



Appendix B

COMPUTER PROGRAM AND SAMPLE OUTPUT
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ABSTRACT

The energy shortage presently facing this nation has caused a great deal
of alarm and concern to all portions of society. The automobile industry, a
major energy consumer, is attempting to reduce the amount of energy it con-
sumes in an effort to lessen the energy shortage. Large scale energy
evaluations of past and present processes are being conduéted to see 1if any.
reduction in energy consumption can be obtained. One such process, auto-
mobile paint drying, was evaluated in this thesis.

The evaluqtiog was conducted in three segments, The first segment was
concerned with developing various schemes to reduce the energy consumption
in the ovens. Two methods were determined to lower their energy requirements.
The first method involves the shutting down of the ovens during periods when
the‘paint lines are not running. It was found that the use of béng—bang
control would minimize the energy consumed during the down time intervals.
The second method proposed was the use of the waste heat from the ovens!
exhaust gases; The use of rotary.regenerative equipment was selected to
obtain the heat recovery.

The second segment of the evaluation was to develop a transient, thermal
model of the oﬁens. The model was used to obtailn the information necessary
for selecting the proper bang-bang control sequences which minimized the ovens'
energy consumption. The model developed represents the thermal characteristics
of the ovens' compﬁnents with a set of linear first~order differential
equations. A computer program was written which uses a finite difference

technique to obtain the solutions to the model equations.



The final segment of the evaluation was concerned with tﬁe resultant
savings from the two proposed methods for energy reduction. It was found
that the bang-bang control scheme and the regenerative equipment both sub-
stantially reduced the energy-consumption of the ovens; The magnitude of
the monetary savings from the reduction schemes was.small because of the
relatively small size of the burners being evaluated. However, with the
availability of fuel decreasing rapidly, the fuel consumption savings are

sure to increase in their significance.
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