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INTRODUCTION

In 1978, Georgia produced 57.6 million kg of tobacco on 24.7

.
-~

thousand ﬁectares. Approximately 707% was cured In more than 9,000
bulk curing barns.

Mobile style bulk curing barns are presently maﬁufactured as
complete units much like mobile homes. At the farm site, they are
placed on concrete slabs, installed with fuel énd eleétric power and
are ready for operation. Two basic designs are available. The down-
draft barn and the updraft barn (See Fig. 1). 1In the down-draft barn,
the fornance delivers heated air into the attic épace or top plenum.
It passes down the tobacco and is returned to the furnace in a bottom
plenum formed by the barn floor and the concrete slab.. In the updraft

barn, the flow is reversed from the bottom plenum to the top plenum.

In current practice, the concrete slab is not insulated. The time
integral temperature difference between the airstream in the bottom
plenum and ambient soil is relatively high (3500 - 4000 C h for a six
day cure). It is desirable then to measure the reduction in heat loss
which can be achieved through the use of insulation under the concrete
slab.

In the past little attention was paid to energy conservation in
tobacco curing. Today, however, energy is a major cost factor. Some
equipment manufacturers are insulating the mobile style units, and
recommend that the concrete slab be insulated. However, the preparation
of the foundation slab is the responsibility of the farmer, and there is
need for research to determine the return on investment he can expect

from insulation used under the concrete.



Chang et. al. (1978) measured the temperature in the soil under an

existing bulk barn with 2.5 cm of polyurethane insulation board (R =1.1)

ar
on top of

the concrete. By adjusting assumed soil moisture percentages
he reduced the sum of squares between the measured temperatures and those
calculated with finite difference techniques. His calculated heat loss
was 45.6 MJ/mz/cure with insulation, and 9.7 MJ/mZ/cure with insulation.
Cundiff and Sumner (1978) measured the temperature difference
between the curing environment and ambient air during a six day cure in:
a factory insulated up-draft barn. They calculated heat loss through the
roof and side walls using the composite thermal resistance for each
surface and found total losses to be equivalent to 39.1 MJ/m2 of slab

area. It is evident then that the heat loss through an uninsulated slab

can be greater than all the remaining conduction heat losses.



EXPERIMENTAL METHODS

Three curing units (30 bulk rack capacity) were built to be installed
with a sbiar energy system. Thermocouples (Type T, ANSI tolerance + C)
were placed under thé foundation slabs before the concrete was poured, -
and in the soil between the units (fig. 2). Units 1 and 3 had 5 cm of
polystyrene board insulation (R = 1.5) and Unit 2 had 5 cm of polyurethane
board insulation (R = 2.2). The insuldtion was sealed between two sheets
of polyethylene film and'the concrete was poured directly on it. Electric
resistance blocks (Delmhorst Instrument Company) were used to measure
the moisture content in the sand layer, and 20 cm below the soil surfacg.

A stepping switch scanner (fig. 3) was built as described by Stansell
and Cundiff (1976). The copper leads from the thermocouples under thé
‘units were connected to the 24 poles of each of four wafers on steppiné'
switch SR2. All of the constantan leads were made common and joined |
to a copper lead to form a reference jﬁnction maintained at O C in an ice
bath. The thermocouple voltage was amplified (1000 x) and recorded with
the minicomputer data acquisition system used for the main solar experiment.
The computer was programmed to operate the stepping switch sScanner and
" record the voltage from each thermocouple once each hour. The sequence
of operation was as follows. The program recorded thermocouple 1 (pole
1 of wafer 1 on SR2) and then closed a relay on the minicomputer - relay
board which shorted SS1 and SS2 to supply + 12 VDC to the coil of relay
Rl. This relay closed and supplied + 12 VDC to stepping switch SR1 and
stepped it to pole 2. SRl nhas two wafers, a control wafer and signal
wafer with four poles each (fig. 3). The signal wafer has the output from
wafers 1 - 4 of SR2 connected to poles 1 — 4 respectively. When SR1

stepped to pole 2, pole 1 of wafer 2 on SR2 was switched into the circuit.



Pole 1 of SR2 wafers 3 and 4 were read as SRl was stepped by the program
to poles 3 and 4 respectively. The control wafer of SRl was used to

charge capacitor C

1 which discharges through the coil of relay R2 and
steps SR2 when SRl steps from pole 4 back to pole 1. This insures proper
séquencing of SR1 and SR2. The voltages from the thermocouples connected
to pole 2 of the SR2 wafers were then recorded, and the process repeated
until all 96 voltages were recorded.

The program converted voItage, V (mV) to temperature, T (C) using
the relation

T = 25.66V - 6.195 x 10 'v% + 2.218 x 10°°V° - 3.55 x 1071V (1)
National Bureau of Standards (1974). The data was then plotted using a

digital plotter. Time average temperature over the total cure hours, nh,

was calculated for each thermocouple location.

o
T = nh

T
X =1 "xj



ANAYTICAL METHODS

Assuming one dimensional heat flow, the transient temperature

profile in a solid is given by

¥ _ 2 37
_ sz . @ (}—‘2:
where T = tempe;ature (C)
x = distance from surface (m)
t = time (h)
o = thermal diffusivity (mz/h).

The boundary conditions are

T = to at x > o0, t =o0

T = tx at x =0, t > o0

(3)

)
(5) -

Here To is the ambient soil temperature and is a constant. TS is the

measured temperature function at the surface of the concrete. At any

given plane in the profile an energy conservation boundary condition

must be satisfied. For example, consider the interface between the ith

and (i + 1)th layers,

in _ ,out
Qi - Qi » t >0 R (6)
where Qin = heat flux entering the interface between the ith and (i + 1)th
layers,
qut = heat flux leaving the interface between the ith and

(i + 1) th layers.

As shown in fig. 2 there are four layers of material in the profile under

the tobacco curing units, concrete (i = 1), insulation (i = 2), sand



(i - 3), and soil (i - 4).

Finite Difference Method

Krieth (1975) gives a finite difference procedure to obtain a
numerical solution to Egn. (3). The entire profile composed of the
four layers is divided into sublayers of equal thickness Ax. Within the

ith layer, the temperature at the center of any sublayer n is given by

At o,
T(n, t + At) = ; (Tt +1, t) + T(a - 1, t)}
Ax
v {1° %gﬁi} T(n, t) %)

and boundary conditions are rewritten

T(n, o)

Il

o

T (8) .
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T(o, t) s

At the interface between the ith and (i +-l)th layers the heat flux
out of the interface equals the heat stored in the first sublayer of the
(i + 1)th layer plus the heat flux out of the sublayer. Let n denote the
first sublayer of the (i + 1)th layer, then the energy balance in

equation form 1is

out out

Qp =9, F IGO0 | (10)
At
where qzut = heat flux leaving the nth sublayer (MJ/m2 - h)
Gi+1 = heat capacity of the material in the (i + 1)th layer
(MI/m> - C)
AT = temperature change across the nth sublayer during time interval

At (C).



Using Egn. (6),

AT

in _ out
QG = q, *M6 5 (11)

The finite difference form for this equation (Kreith (1975), Schenck
(1963)) is,

T(n, t + 8t) = (k, (T(n - 1, t) - T(n, t))

(T(n,t) — T(n + 1, t)))/Ax Gi+ + T(n, t) (12)

- k1+1 1

where ki = thermal conductivity of ith layer (MJ/m + C * h)

Heat Loss Through Concrete Slab

Heat flow through a unit area of the concrete slab during any time
interval At is given by :

h = -kl At(A T/A%). (13)

The gradient, (AT/Ax), for each At interval is defined by the soluﬁion
of Egn. (7) with the boundary condiéions given by Egns. (8), (9), and

(12). Total heat loss was computed by summing the losses for each time

interval in the total cure time.

Definition of Effective Diffusivity

Complete information on the thermal properties of the different
materials in the profile was not found.» The decision was made to use the
measured temperature profile to calculate "effective' thermal properties
which would yield calculated temperature values equal to the measured
values at the interface between the various layers. Gawande (1978)
suggests a search procedure which selects a diffisivity value in a given

interval which minimizes the following sum of squares,



nh

} 2
ss = I, (T, - T D% (14)

where ij = measured temperature at bottom of layer at the jth hour,

ch =Lca1culated temperature at bottom of layer at the jth hour.
His procedure uses the Golden Section Method (Wagner, 1969) to select
sucessive diffusivity values.

The effective soil diffusivigy (aé) was determined first. The
'measu;ed teﬁéerétﬁre at thé fop of the séil layer was uéed for TS; and
To.was the constant ambient soil temperature measured at a dépth of 95

cm. Egn. (7) was used to calculate Tc at a depth of 70 cm and ss was

3

computed using the ij measured at this point. To find the effective

sand diffusivity (a3), the measured temperature at the top of the sand
layer was used for Ts’ and T0 was unchanged. Egns. (7) and (12) were

used to compute ch at the bottom of the sand layer, and ss was computé@
using the ij measured at this point. The effective insulation diffusivity
(az) and éoncrete diffusivity (al) were determined in like manner.

Conductivity or heat capacity were calculated from the effective diffusivity

values by substituting the known value into the relation, o = k/G.



RESULTS AND DISCUSSION

The ambient soil temperature measurements showed that the soil

-

~ i

temperaturé was uniform throughout the profile at a given location.

An average value of 30 C was used for To in the computations. Ambient
implies initial soil temperature and temperature at an infinite depth‘

of soil. _The temperature measured neér the edge of the concrete slab

was equal to that measured at the center, within the limits of experimental
error. This result verifies the assuﬁption of one dimensional heat flow.
All temperatures measured at a given depth were averaged to obtain the
experimental temperature (Tx) at that depth.

The Tx values computed at each thermocouple location are given in
fig. 5. Note the higher temperatures in the soil under Unit 3 indic§Fing
a greater heat flow into this profile, or a higher ambient temperature. .
The insulation under Unit 2 had the highest thermal resistance, thus,
the temperature rise due to heat flow should have been lowest under this
unit. In fact the temperature rise was lowest under Unit 1. This may
be due to experimental error in the temperature measurement resulting
from moisture penetration- into the insulation at the point the thermo-
couples were placed. Care was taken during installation to seal the holes
in the polyethylene film which covered the insulation, after the thefmo—
couples were placed. The higher temperatures under Uﬁit 2 probably indicate
a reduction in the effectiveness of polyurethane when it is installed
as it was here.

The higher temperatures under Unit 3 were due to higher ambient tem-

peratures in this profile. Unit 3 was on the south side of the three



unit complex, and the ground beside it was exposed to the sun during the
entire day. The experimental test was conducted during August and the

sun anglgxwas such that the ground between Units 2 and 3 and Units 1

and 2 were shaded most of the day, as was the ground to the immediate

north of Unit 1. Lower ambient temperatures were measured where the ground
was shaded. It is possible that lateral heat flow from ambient soil did
warm the profile under Unit 3. There was one feature in the construcﬁion
which did effect lateral flow. Sheet metal covered insulation panels were
placed around the edge of the concrete slabs for Units 1 and 2. They
covered the lower plenum side wall, the edge of the foundation slab,

and extended 20 cm into the soil beneath the concrete. These panels
probably reduced lateral heat flow below the slabs and caused the lower
ambient temperatures under Units 1 and 2. Comparison of the time

average AT across the insuiation shows that it was 11 C Unit 1 (polystygene),
10 C Unit 2 (polyurethane) and 9 C Unit 3 (polystyrene). The time average
AT across the concrete was quite small, only 1 C.

The effective thermal properties of each layer under each unit are
given in Table 1. Using a Ax of 0.025 m and a At of 0.0l h the tempera-
ture profiles under all three units were calculated. A comparison of
the measured and calculated profiles under Units 1 - 3 are given in Figs.
4 - 6 respectively. Note that the TS function is shown on each plot
as the temperature profile at the n = 0 sublayer. The maximum observed
AT across the insulation was 22 C and the maximum across the concrete was
2 C. The values of ss for the various layers indicated the best overall
agreement between the measufed and calculated profiles for Unit 3 and

the poorest agreement for Unit 2.



Heat loss calculated using the effective thermal properties is given
in Table 2; Comparison with the heat loss calculated by replacing the
insulatiom with 5 cm of soil shows an energy savings of 21.8 MJ/mz/cure
Unit 1, 24.8 MJ/mZ/cure Unit 2, and 22.0 MJ/mZ/cure Unit 3 resulting from
the use of insulation under the concrete slab. The calculated losses with
and without insulation were approximately equal for Units 1 and 3 as
expected. When compared with Units 1 and 3, the calculated losses for
Unit 2 were 97 higher with insulation, and 137 higher without insulation.
These results do not indicate an advantage for the higher quality insulatiorm.
The calculated losses with insulation do agree with Chang et. al.

(1978), 11 as compared to 10 MJ/mZ/cure. Chang et. al. calculated higher
losses without insulation; 45.6 as compared to 32.6 MJ/mz/cure, thus,
they report a 407 greater energy savings. The use of the effective )
thermal properties to calculate heat loss does give a better indication

of the benefit derived from the insulation.



SUMMARY AND CONCLUSIONS

Thermocouples were used to measure the temperature profile underneath
three tobégéo curing structures during a six-day cure. The concrete foun-
dation slab for Units 1 and 3 was insulated from the ground with 5 cm of
polystyrene (R =1.5), and Unit 2 had 5 cm of polyurethane (R =2_2). Finite
- differencg techniques were used to calculate temperature profiles for
éomparisbn with the méasured profiles} The thermal proﬁerties of the
various layers, concrete, insulation, sand and soil, were adjusted with
a search procedure to select those which minimized the sum of squares
between the measured and calculated.temperature at each layer interface.
These "effective' thermal properties were used to calculate heat loss
through the concrete slab. N

The calculated heat loss was 10.8, 11.9 and 10.6 MJ/mZ/cure for Units
1 - 3 respectively. Without insulation, the calculated heat loss .was 3é.6,
36.7 and 32.6 MJ/mz/cure. This indicates an energy savings of 22 MJ/mz/cure

through the use of insulation under the foundation slab of a tobacco curing

structure.
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" TABLE 1. Effective thermal properties of various layers under curing

structures.
Diffusivity Conductivity Heat Capacity
Layer o mz/s X 107 W/m.OC _ MJ/m3'C
2
Concrete 5.794 1.21 2.09
Insulation 3
- (polystyrene-Unit-1&3) - - ---29.842- --- - - . 0.104 - ~ - <035
InsulationA 3
(polyurethane-Unit 2) 24,156 0.111 .046
Sand 6.608 1.039 1.2703
Soil 7.842 2.903 3.700

1/ Assuming porosity of 50% and moisture content of 50% and using equation
presented by Chang et al (1978).

2/ Xrieth (1975)

3/ ASHRAE handbook of fundamentals (1974).

TABLE 2. Heat loss through floor with and without insulation for a 140
hour cure. :

Heat loss MJ/mz/cure
Unit Insulation With Insulation Without Insulation

L Polystyrene 10.8 32.6
(sides of concrete
slab insulated)

2 Polyurethane 11.9 36.7
(sides of concrete
slab insulated)

3 Polystyrene 10.6 32.6
(sides of concrete
slab not insulated)
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