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ABSTRACT

GRAIN drying is an energy intensive operation from
which useful heat is discarded. Recovery and reuse
of part of this heat appears feasible. A heat-pipe heat
exchanger, singly and in combination with a heat pump,
was tested experimentally and by mathematical simula-
tion as an approach to heat recovery and reducing
energy requirements for grain drying.

INTRODUCTION

The rising costs and decreasing availability of fuels
require that process designs incorporate energy economy.
In many processes, useful energy is discarded as waste
heat. One example is high-temperature grain drying.
In the drying of grain, heat is neither gained nor lost, only
a change of state is involved, Since the energy input
for drying is relatively large, the recovery and use of at
least part of the energy should reduce the total energy
requirements of existing drying systems.

Efficiency of heat-energy usage has not been empha-
sized in the design of grain dryers. The performance of
grain dryers has been measured largely in terms of drying
capacity and operational reliability.

The present energy utilization for drying is relatively
inefficient. As much as 25 percent of the energy consumed
may be lost through ineffective practices (Rimberg,
1974). We should, therefore, consider the possibility
that demands for energy may be moderated by improving
the effectiveness of energy utilization without sacrificing
the expected output from existing systems.

In recent studies, modified or optimized designs have
been considered for reduction of energy requirements
for high-temperature grain drying (Bakker-Arkema et al.
1974a; Lerew et al. 1972; Anderson, 1972; Converse,
1972; Morey and Cloud 1973; Roberts and Brooker, 1973;
and Morey et al. 1974). In most of these studies, emphasis
was on improving the efficiency of conventional grain
dryers, rather than on developing new designs and con-
cepts. Exceptions are the studies by Davis (1949), Shove
(1953; 1968) and Flikke et al. (1957). They utilized the
heat pump principle to recover and recycle the heat.

Davis (1949) studied theoretically the adaptability of
the heat pump for continuous drying of shelled corn.
Shove (1953) made a similar investigation on a laboratory
batch grain dryer. Both indicated that the cost of
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operating the heat pump to condition air for grain
drying would compete favorably with the cost of other
methods of supplying energy for drying. However, the
relatively high initial capital cost of the equipment may
limit its applications. Flikke et al. (1957) extended the
above studies to determine some of the economic factors
involved in using this method of conditioning air for
grain drying.

Reclaiming heat from the outlet air by recycling the
air may also improve the energy efficiency of a dryer
(Stephens and Thompson, 1975; Bakker-Arkema et al.
1974a). In the basic technique, which has been very
successful, the drying system is enclosed so that all the
air entering and leaving the dryer can be regulated. In
comparing a conventional crossflow dryer with a modi-
fied recirculating-type crossflow dryer, Bakker-Arkema
et al. (1974a) found that the dryer energy utilization index
(total energy required by a dryer to remove 1 Ib of moisture
from the grain under a set of specified conditions) of a
modified recirculating-type crossflow dryer was as much
as 16 percent lower than that of a conventional cross-
flow dryer. Moreover, recirculation of air may improve
the quality of the grain, since recirculation maintains
higher humidities in the drying air than exist without
recirculation, and the drying rate is reduced. The
drying can also proceed at lower temperatures. High
drying rate and excessive drying temperatures cause both
physical and chemical damage to the grain (Brooker
et al. 1974), '

In this work, we used two heat recovery methods to
reclaim the energy from the exhaust air of laboratory
scale batch grain dryer. One had a heat-pipe heat
exchanger and a heat pump, and one had a heat-pipe
heat exchanger only. Tests with no heat recovery were
used as a check or control. Two air-circulation modes
of operation were used, open-loop and closed-loop. In
the open-loop operating mode, the air used in the drying
system was not recirculated and was released into the
atmosphere. In the closed-loop operating mode, the air
was recirculated inside the system. We also developed
a simulation model to describe the heat recovery process.
Although the present study was restricted to a batch grain
dryer, the approach is equally applicable to continuous
flow dryers. More specifically, the objectives of this study
were: (a) To determine the amount of dryer heat that
can be recovered and recycled and the related reduction
in energy required for drying grain and (b} to determine
the relative effectiveness of the two heat recovery methods
tested.

EQUIPMENT COMPONENTS OF
HEAT RECOVERY SYSTEM

The heat recovery system for the batch grain dryer con-
sidered in this study consisted of the following five sub-
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FIG. 1 Plan view of a grain dryer with heat recovery systems.

systems (Fig. 1):

1 Grain dryer

2 Heat-pipe heat exchanger

3 Evaporator

4 Condenser

5 Electric heater
The operating principle of the heat-pipe heat exchanger
is described below. Other subsystems have been pre-
viously described in principle (Brooker et al. 1974,
Shove, 1953), and additional details are given in con-
junction with the description of the experimental
equipment.

A heat-pipe heat exchanger is a closed evaporation-
condensation system consisting of several rows of heat
pipes capable of transferring thermal energy at a high
rate. A working fluid and a capillary wick are perma-
nently sealed inside the heat pipe, thereby setting up
a liquid-to-vapor-to-liquid circulation cycle. Thermal
energy applied to one end of the pipe causes the fluid to
vaporize. The vapor then travels to the other end of the
pipe where thermal energy is removed. This removal
causes the vapor to condense. The condensed liquid then
returns through the capillary wick. The evaporation-
condensation cycle is continuous as long as one end of
the pipe has a heat source and the other end has a
medium into which the heat can be dissipated.

Fig. 2 (a) shows a schematic of a heat-pipe heat
exchanger for cooling the exhaust air and heating the
supply air. Fig. 2 (b) shows the process on the psychro-
metric chart. The amount of energy tecovered can be
shown to be

kW = 1.23 x SCMS, x (T5-Ty)

where
kW = heat recovered, kW
SCMSs = standard air volumetric flow rate, m¥/s
Ts = temperature of supply air leaving, °C
Ts = temperature of supplv air entering, °C

THEORETICAL AND SIMULATED EVALUATION
OF HEAT RECOVERY POTENTIAL

Fig. 3 shows schematicaily the energy flow in a grain
dryer with heat recovery provisions. Suppose that the
compressor of the heat pumyp and the fan used for recircu-
lation of air are driven by electric motors. The motors
are supplied with electric energy at rates of w; and w, for
the compressor and fan motors, respectively. The motors
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FIG, 2 Heat-pipe heat exchanger subsystem.

deliver work to the compressor and the fan at rate
we and wf, and reject heat at rates of qc and
respectively. Since the compressor is completely enclc
inside the air duct, the rejected heat, qe, is comple
recovered. A portion of the rejected heat from the
motor, kqfl0<k<l}, is recovered in the system.
electric heater is supplied with energy, w,. The sy:
has a rate of overall heat loss, Qloss, to the surrou
ings. Condensed water of r kg per hour is discha
from the system.

Any fixed-bed grain drying model such as
developed by Bakker-Arkema et al. (1974b) can
applied to drying systems with heat-recovery
sions. Alternately, a simpler model can be used.
grain dryer is assumed to be operated with a relati
constant input temperature with a given sensible
utilization efficiency (SHUE), which is defined as the
centage of the available sensible heat utilized
evaporation of water. In other words, SHUE is
expression of the degree of saturation of the outg
drying air and is the moisture removed as the fractio
the maximum removal moisture. The energy requirec
evaporation of 1 kg of water with a given sensible
utilization efficiency is called Sensible Heat Utiliza
Index (SHUI). According to the definition. we have

where Q is the sensible heat utilized. The total sens
heat available to the system is given by the follov
expression;
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TABLE 1. CONDITIONS FOR GRAIN DRYER HEAT RECOVERY SIMULATION.

Ambient air

relative Airflow Drying air Grain moisture (w.b.)
Alr- humidity, rate tempgerar.ure. -
Simulation circulation . Ambient air percent (m3/sec/m3I) C Initial, Final,
no. mode temperature, °C percent percent
I Open loop 21.1 70 0.67 51.7 25 15
I Open loop 4.44 70 0.67 51.7 25 15
111 Closed loop - — 0.67 51.7 25 15
TABLE 2. RESULTS OF DRYER HEAT RECOVERY SIMULATION.
Sensible heat util, index (SHUI) Energy itransferred
: No Heat Heat pipe Heat Heat Heat recovered
Air- heat re- pipe and absorbed at rejected at at heat-pipe
Simulation circulation covery, only, heat pump, evaporator, condenser, heat exchanger,
no, mode kWh/kg kWh/kg kWh kg kW kW kW
I Open loop 1.18 0.861 0.242 0.674 0.903 0.226
1 Open loop 1.25 0.910 0.252 0.733 0.988 0.378
il Closed loop - — 0.261 0.457 0.988 0.277

Q* = w3 +[1-{1-k) (1-np)] wotwa-digsgtmihy-ho)-th,

where
nf = efficiency of the fan electric motor, dimensionless
m = air mass flow rate, kg/hr
h, = enthalpy of the intake air, I/kg
h, = enthalpy of the outlet air, J/kg
hy = enthalpy of condensed water, J/kg
r = condensed water flow rate, kg/hr

Equation [3] is a total energy balance but does not
necessarily reflect the actual cost of energy. The actual
cost of energy is the sum of w,, w;, and w,. For a fixed
requirement of energy Q, we can reduce w,, w,, and
wy by minimizing energy losses.

To determine the amount of heat that can be recovered
and recycled and the related reduction in energy require-
ment for drying grain, we ran several simulations. At
first, the Michigan State University fixed-bed simu-
lation model {Bakker-Arkema et al. 1974b) was used.
However, the model consumed more computer time than
was feasible for this simulation; so a simplified model
was used with which a sensible heat utilization effi-
ciency of 50 percent was assumed.

For a system with an electric-motor-driven compressor,
it can be shown that the coefficient of performance
(C.0.P.) is given by

4.19 ngR
GO P = ——— i £4]
H
where

ng = efficiency of the electric motor, dimensionless
R = ratio of the heat rejected in the condenser to the
heat absorbed in the evaporator, dimensionless
H = kilowatts input to the compressor required per

kg-cal/s of refrigeration in the evaporator,
dimensionless
In simulating the heat pump, we assumed that the
efficiency of both the compressor and the electric motor
was at 80 percent. Additional assumptions were made
about the single-stage refrigeration cycle:

R = 1.35

H = 1.24
Hence, by equation [4]

C.O.P. = l.64

The conditions simulated are listed in Table 1. Ambi
air temperatures of 21.1 °C (70 °F) and 4.44 °C (40
were considered in the simulation of the open-l
operating mode, representing respectively, the tempe
tures in early September and in November in Kans
The results of simulations are shown in Table 2
Figs. 4 and 5. Fig. 4 shows the air state with the open-Ic
operating mode on the psychrometric chart, and Fig
shows the closed-loop operating mode. In Fig. 4,
ambient air is at state 4'. It reaches state 5 after pass
through the heat-pipe heat exchanger. From the h
exchanger through the condenser or heater, or both.
reaches state 1. State 2 represents air from the dr
exhaust. State 3 is at the exiting side of the h
exchanger, and state 4 is at the outlet of the evaporat
In Fig. 5, state 4" and 4 coincide, since the air-circulat:
loop is closed.

We effected as much as 30 percent reduction in SH
by utilizing the heat-pipe heat exchanger alone (Table
The SHUI reduction is similar for ambient temperatu
of both 21.1 and 4.44 °C, even though 67 percent m«
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energy was recovered by the heat-pipe heat exchanger
operation at low ambient. This apparent inconsistency
results from the assumption of a SHUE of 50 percent
in both cases. Normally, the utilization efficiency is
increased at higher ambient temperatures. When the
heat-pipe heat exchanger and the heat pump were used in
combination, the reduction in SHUI was 80 percent
for the open-loop operating mode at both ambient tem-
peratures. The only energy requirement in the closed-
loop operating mode was the energy needed to drive the
heat pump and to circulate the air, because the system
was simulated under the assumption of no heat losses.
These results will be compared with the experimental
results in the next section.

STUDY OF EXPERIMENTAL HEAT RECOVERY
SYSTEM ON A BATCH GRAIN DRYER

Description of the Experimental System

The arrangement of the experimental grain dryer
with heat recovery is identical to that of the theoretical
heat recovery system shown in Fig. 1. The heat-pipe
heat exchanger transfers a substantial amount of sensible
heat from the dryer exhaust air to the low-temperature
side of the heat-pipe heat exchanger, thereby reducing
the load on the heat pump. The air then passes through
the evaporator of the heat pump, where it is cooled below
the dew point, Some of the moisture is condensed from
the air and discharged from the system. The air then
leaves the evaporator and either is released into the
atmosphere or reintroduced into the supply side of the
heat-pipe heat enchanger and recycled. The air picks up
the heat transferred to the low-temperature side of
the heat-pipe heat exchanger on its way to the fan on
the dryer. Air from the fan is forced over the condensing
unit—picking up heat taken from the exhaust air by the
evaporator, then over the electric-resistance heaters, and
finally through the corn in the dryer. We insulated the
metal air duct, grain dryer, heat-pipe heat exchanger,
evaporator, and compressor enclosure with 2.54 cm of
blanket-type insulation to reduce heat loss from the

system. The components of the system are described mot
fully below.

The batch grain dryer was a cylindrical bin that wr
76.2 em (30 in.) in diameter and 1.22 m (4 ft} high. .
false perforated floor above a solid floor formed a plenw
where the air entered. The drying container was fille
to a depth of about 38.1 cm (15 in.) with 127 kg (5 b
of corn. Thermocouples were installed in the plenn
at 15-em (6-in.) intervais above the perforated floc
along the center axis of the bin.

The heat pump was a modified 0.559 kW (3/4-hy
37/4-ton) refrigerator with its evaporator and condense
separated (Fig. 1).

The heat-pipe heat exchanger was a custom bui
Iso-Fin* coil unit. The face area was about 30.5 x76.2cr
{12 x 30 in.), half on the high-temperature side an
half on the low-temperature side. The coil was of si»
row aluminum construction. The unit was an air-to-ai
type that transferred heat between outgoing and incomin
air streams in a counterflow arrangement. The operabl
temperature range of the unit was from -0 °C to 93.3°C
The tube core was 1.59 cm (5/8 in.}) 0.D. seamles
copper tubing expanded into fin collars so that
permanent, tight metal-to-metal bond was formed. Th
secondary surface was made of plate-type aluminur
fins (0.0254 cm). The fins had die-formed collars tha
completely covered the tubes, and they had a corrugate.
surface for efficiency of heat-transfer. We provided
partition at the center of the unit to separate the out
going and incoming air streams.

A fan puiled air through a 25.4-cm (10-in.) diamete
metal duct that conmected the dryer exhaust to the
heat-pipe heat exchanger, the evaporator, and the fan
The fan was a 30.5-cm (12-in.}, backward-curved centrifu.
gal blower that was powered by a 1/ 2-hp motor. We used :
variable-speed drive arrangement to provide a range o
air volumes,

We used thermocouples to measure air temperature:
throughout the system, and recorded temperature:
continuously during tests. We used a Pitot tube with hook
gage and a velometer to determine the air velocity through:
a long-radius nozzle of known diameter. The electrica.
current to the fan and compressor motors was measured.
and the total energy input was calculated from the
measurements. The energy usage, weight of grain,
water condensed, and operating time were recorded. The
grain was sampled and the moisture content was measured
on an electronic moisture tester.

Experimental Procedure

For closed-loop operating mode, gate valves a and
c (Fig. 1) were closed and b was open. The valves were
in the opposite position for the open-loop operating mode.
The heat-pump system was turned off when only the
heat-pipe heat exchanger was used. The corn used was
harvested in 1975 at moisture contents of about 20 to
25 percent (w.b.) and stored in a cooler at about 4.44 °C
{40 °F). All the tests were conducted on naturally wet
grain. During the test the water condensed from the
cvaporator was collected and measured. At the end of
the experiment, the moisture content and the final weight
of the corn were measured and recorded.

Tests were conducted at two airflow rates. The maxi-
mum drying air temperature entering the grain dryer
averaged 51.7 °C (125 °F). The corn was dried to about
15 percent (w.b.).




-

TABLE 3. CONDITIONS FOR DRYER HEAT RECOVERY TESTS.

Corm weight Moisture — w.b, Outdoor air Drying Air-flow Drying
- air rate¥* time,
Initial, kg Final, kg [nitial, Final, Temp., C R.H., percent temp., C m3,'s hr
Test no. percent percent

1 127 116.1 20.7 13.9 — — 37.7 0.142 1
2 127 115.2 20.7 12.6 — — 51.7 0.142 7
3 127 116.1 20.7 13.3 — — 51.7 0.142 T
4 127 112.5 25.5 15.9 21.1 60 51.7 0.142 5
5 127 1125 25.6 15.8 23.9 5b 51.7 L0142 5
6 127 112.9 24.0 13.9 23.9 52 51.7 0.142 5
i 127 112,9 24.5 15.0 21.1 40 51.7 0.0944 5
8 127 112.5 24.3 14.5 21.1 40 B51.7 0.0944 5
9 127 113.4 24.5 15.4 21.1 35 51.7 0.0944 5

*Airflow is approximate - system was not totally airtight,

Nine tests were conducted. The conditions for dryer
heat recovery tests are given in Table 3. We conducted
three tests (Nos. 1-3} in the closed operating mode, using
both the heat-pipe heat exchanger and the heat-pump.
Two tests (Nos. 4 and 7) were conducted in the open
operating mode but with the same heat recovery com-
ponents in operation. We conducted two tests (Nos. 5
and 8) in the open-loop operating mode, using the heat-
pipe heat exchanger. Two tests (Nos. 6 and 9) were con-
ducted without heat recovery and were used as checks
or controls.

RESULTS AND DISCUSSION

Table 4 summarizes results of the heat recovery tests.
The energy requirements for drying were expressed
by the previously defined Sensible Heat Utilization
Index (SHUI).

The amount of water removed (next to the last column
in Table 4) was calculated from the difference between
the initial and final weights of the grain. In the open-
loop operating mode, the water collected from the evapor-
ator was not equal to the total water removed, because a
substantial amount of moisture was released into the
atmosphere. In the closed-loop operating mode, about
9 percent of the' water removed from the grain was
recovered at the condensate drain. The other 9 percent
was lost, probably in air that leaked from the system.

Part of the energy was not recovered in the experi-
mental system. The amount of sensible energy required
to heat the grain from the room temperature (21.1 °C)
to the drying temperature (51.7 °C) in test No. 1
accounted for about 25 percent of the total energy
required for drying. About 20 percent of the heat
went into warming the grain with the same heat-recovery
method (heat pump and heat-pipe heat exchanger in
combination} in the open-loop operating mode. In tests

with the heat-pipe heat exchanger heat recovery only,
and in those with no heat recovery, only about 10 percent
of the input energy was required to heat the grain.

Now we will compare the experimental results with
those from the simulation. For the open-loop operating
mode, let us consider tests Nos. 4-6. The simulated
conditions of simulation No. 1 (Table 1) and the actual
operating condition of these three tests (Table 3} were
nearly the same. With no heat recovery (test No. 6,
Table 4), the energy required per kg of water removed
was 1.48 kWh/kg in the experiment and 1.18 kWh/kg
(Table 2) in the simulation. For heat-pipe heat-exchanger
heat recovery only in the same operating mode, the
SHUI was 1.33 and 0.861 kWh/kg for the experimental
(Table 4) and simulated {Table 2) results, respectively.
For the heat pump and heat-pipe heat exchanger
combinations in open-loop operating mode, the SHUI
was 0.853 and 0.242 kWh/kg for the experimental
{Table 4} and simulated (Table 2} results, respectively.
The SHUI from the simulation results was less than
that from the experimental results for all tests in which
heat recovery was used. This result was due in part to
heat or other losses in the experiments. In general,
the simulation model predicted the SHUI reasonably weil.

Heat recovered by the heat-pipe heat exchanger was
greater when the ambient air temperature was low during
operation in open mode. A comparison of the results
of simulations Nos. I and II (see Table 1) shows that
heat recovery by the heat-pipe heat exchanger under
simulation No. I (21.1 °C, 70 percent RH} was l[ower
than that under simulation No. II (4.44 °C, 70 per-
cent). At 4.44 °C (40 °F) ambient temperature, the
heat recovered by the heat-pipe heat exchanger was
40 percent greater than that at 21.1 °C (70 °F) ambient;
however, this advantage was partiaily offset by the greater
amount of heat required to warm the grain from the

TABLE 4. RESULTS OF DRYER HEAT RECOVERY TESTS.

Sensible heat (SH) inputs

Air- Ambient Heat SH gain  SH for Water

Test circulation Heat recovery air, Fan, rump, Heater, in grain, drying, removed, SHUI*
No. mode method(s) used kWh kWh kWh kwWh kwh kWh kg kWh/kg
1 Closed loop Heat pipe + heat pump — 0.5627 6.15 3.66 2.05 8.29 9.98 0.830
2 Closed loap Heat pipe + heat pump — 0.527 6.15 7.41 4.10 9.98 11.8 0.846
3 Closed loop Heat pipe + heat pump — 0.527 +.74 .41 4.10 8.56 10.9 0.788
4 Open loop Heat pipe + heat pump 1.26 0.381 4.22 8,56 2.06 12.4 14.5 0.853
5 Open loop Heat pipe only 1.44 0.381 - 19.9 2.05 19.6 14.7 1.33
6 Openloop  None 1.93 0.381 — 20.6 2.05 20.9 14.1 1.48

7 Open loop Heat pipe + heat pump 1.96 a.176 2.17 7.35 2.05 2.60 14.1 0.683
8 Open loop Heat pipe only 1.96 0.176 — 19.6 2,05 21.3 14.5 1.46
9 Open loop None 2.28 0.176 — 20.9 2.056 21.3 13.6 1.56

*Sensible heat utilization index - sensible heat in drying air - kWh/kg of water removed.




lower temperature.

In the closed-loop operating mode, the only energy
losses were by conduction through walls and air exchange
due to leaks. For the ideal case, the energy require-
ment of heaters for drying was zero. The SHUI from the
simulation result in the closed-loop operating mode was
0.261 kWh/kg. The conditions of the air inside the
system were independent of the ambient conditions.
Hence, the dryer can be operated at almost any selected
air temperature and humidity levels. Under such con-
ditions, the insulation of the drying system becomes
important. In the experiments, SHUI was about
0.788 kWh/kg, which indicated a substantial energy loss.

In the open-loop operating mode, the effectiveness of
each of the two heat-recovery methods can be compared
with normal dryer operation without heat recovery. From
the experiments, the SHUI when operating with both
the heat-pipe heat exchanger and heat pump was about
42 to 56 percent less than that when operating without
heat recovery. In the simulated results, the reduction in
SHUI was 80 percent. The use of the heat-pipe heat
exchanger alone in the experiment reduced SHUI about
6 to 10 percent. In the simulated results, an advantage
of about 30 percent was gained in energy utilization from
use of the heat-pipe heat exchanger.

A decision concerning the recirculation of the air
should be made based on ambient atmosphere condi-
tions as well as on grain quality considerations.

The drying of 1 kg of grain from 20 to 15 percent
moisture content requires the removal of 0.0625 kg of
water. If we assume that 1.29 kWh of sensible heat must
be supplied for each kg of water removed, then for each
kg of grain dried, 0.0806 kWh must be transferred from
the dryer exhaust air to the intake air. Assuming also
that 1.127 kg-cal/s of refrigeration can be supplied
per kW of energy input, 17.1 kW would be required per
ton of hourly dryer capacity. The first cost of the heat
pump would probably be about twice the cost of the
dryer. If one-third of the heat can be recovered by the
heat exchanger, the heat pump requirement would be
reduced to about 11.4 kW for a 1 ton-per-hr dryer, If
fuel prices increase to the extent that dryer operating
costs significantly "exceed ownership costs, then such
investment in heat recovery systems may be justified.

CONCLUDING REMARKS

The analysis and synthesis of a grain-dryer heat
recovery system presented here were made for deter-
mination of some of the factors related to the recovery
of waste heat for saving energy in drying. These include:
(a) The amount of dryer heat energy that can be recovered
and recycled and the related reduction in energy required
for drying grain and (b) the relative effectiveness of the
two proposed heat recovery methods.

The analysis and test results reported indicate that
it is possible fo recover and recycle heat from a con-
vection dryer under the conditions assumed or used in
these experimental tests. In fact, under ideal conditions—
no heat transfer into or out of system—it is theoretically
possible to reduce the energy input to the energy required
to drive the heat pump. However, the heat recovery
equipment cost will exceed the cost of the dryer.

The heat pipe used in this study is a recently developed
heat transfer device. Although more expensive than other

types of heat exchangers, it will transfer heat efficiently
over a sufficient distance that intake and exhaust ducts
can be arranged side by side. It is essentially main-
tenance free, requires no power input, and should have
a long life,

The performance of the heat-pipe heat exchanger
depends directly on the temperature difference between
the hot and cold sections. During warm weather, the
temperature of the dryer exhaust air and that of the
intake air may differ only slightly. Thus, in the open-loop
operating mode the heat pipe works most effectively
either during cold weather or when drying is almost
complete and the temperature of the dryer exhaust air
is near that of the intake air. Of course, the heat-
pipe heat exchanger will not work by itseif in the closed-
loop operating mode since there is no temperature dif-
ference to effect heat transfer.

A combination of a heat-pipe heat exchanger and a
heat pump offers considerable advantage in recovering
dryer heat and makes a heat-pipe heat exchanger
effective in a closed system. The evaporator of the heat
pump, located between the hot and cold sides of the
heat-pipe heat exchanger, lowers the temperature of the
air to provide the gradient required to make the heat
pipe device function. The heat-pipe heat exchanger
extracts the sensible heat from the exhaust air and
leaves the latent heat to be condensed and removed by
the evaporator.
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