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ABSTRACT

This report presents an experimental study on energy efficient
electrical domestic clothes dryers. A literature survey was performed
and four basic energy saving techniques were identified: (1) reduced air
flow rate and heater input, (2) recirculation of a portion of the
exhaust air back into the clothes dryer, (3) heat recovery, utilizing an
air-to-air heat exchanger, and (4)100% recirculation of air through the
dryer and a heat pump to condense water out of the air. Reduced air flow
rate and heater input leads to energy savings around 8%, while recircu-
lation of exhaust air reduces the energy consumption by approximately
18%. Because of the low cost of these two measures, they should be pur-
sued by the manufacturers. When utilizing an air-to-air heat exchanger
for heat recovery, two modes are considered. The first is to preheat
the inlet air with heat from the exhaust air, which results in 20 to 26%
energy savings depending upon the location of the dryer in the house.
The second more attractive mode is 100% recirculation of air and conden-

sation of water from this air in the heat exchanger (using indoor air as
a heat sink) and represents a 100% heat recovery but leads to a 1 to 6%
increase in energy consumption. The development of a clothes dryer
equipped with an air-to-air heat exchanger and a summer/winter switch
(preheating mode in the summer and recirculation/condensation mode in
the winter) should be pursued by the manufacturers. Recirculation
through a heat pump with condensation again gives a 100% heat recovery
and can save up to 33% in energy consumption but yields long drying
times due to limitations of the condenser temperature. Further research
and development is needed to improve the performance of a heat pump for
this application (i.e.units that operate at higher condenser tempera-
tures are desirable), and to study the feasibility of vacuum drying
(i.e. using a liquid ring pump).

Keywords: air-to-air heat exchanger, clothes dryer, energy conser-
vation, energy consumption, energy efficiency, heat pump,

heat recovery, residential dehumidifier.
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Nomenclature

c capacity rate

Cp specific heat at constant pressure

CPR 02
specific heat of water vapor
at constant pressure

h enthalpy

hfg heat of evaporation

m mass

m mass flow rate

mR 02 water evaporation rate or rate of water

condensation in the heat exchanger

p electric heater power

p pressure

Q

Q

heat

power

RH relative humidity

T temperature

t time

v volume

v air flow rate

x absolute humidity (mass of water vapor/mass of dry air)

€ heat exchanger effectiveness

p density
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Indices

CR cold return

CS cold supply

c cold

f forced

HR hot return

HS hot supply

h hot

in inlet

mix mixture of recirculated and ambient air

out outlet

senSe sensible

spec. specific

tot. total

CD ambient space

(-) average

(. ) time derivative
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1. INTRODUCTION

As energy prices rise and non-renewable energy sources become less

abundant, it becomes more important to decrease energy consumption in

the residential sector. Significant research has been done on energy

efficient buildings, i.e. reducing the air infiltration rate and heat

losses through the building's shell. Another important factor is the

energy consumed by home appliances, which was about 6.8% of the u.S.

energy budget in 1977, water heaters and air conditioning included.

This report contains a literature review of existing research on

clothes dryers and an analytical and experimental assessment of promis-

ing techniques to increase the dryer efficiency and/or to recover heat

from the exhaust air of electrically heated residential clothes dryers.

2. ENERGY CONSUMPTION OF CLOTHES DRYERS

Approximately 9% of the primary energy used in the household sector

is consumed by the laundry process and 30% of that is used in the drying

process. This energy consumption amounted to 0.57% of the total annual

United States primary energy consumption in 1978. The total number of

clothes dryers in 1978 was 45 million and the ratio of electrical

clothes dryers to gas-fired clothes dryers was about 2.5 to 1. The aver-

age service life of a clothes dryer is 13 years.1

Two field studies on residential electric laundry dryer load charac-

teristics were performed by Pacific Gas and Electric Company (PG&E)2 and

Oklahoma Gas and Electric Company (OG&E)3 in 1965 and 1971, respec-

tively. The PG&E survey gives an annual power consumption of 1,400 kWh



for an average family size of 4.5 people. The OG&E load survey measured

1,320 kWh/year for an average family size of 4.8 people. Assuming that

the energy consumption per load is 3.0 kWh, there will be approximately

450 drying loads per year, on the average. At a typical electricity

price of $0.075/kWh, the cost for operating a domestic electric clothes

dryer would then be around $100 a year.

3. LITERATURE REVIEW

Preliminary studies to conserve heat contained in the exhaust air of

laundry dryers originated in the early sixties and proposed the utiliza-

tion of air-to-water heat exchangers to preheat the feedwater of water

heaters.

Early efforts to reduce energy consumption in commercial and indus-

trial clothes dryers were initiated in 1964 by 3.3. Angelone,4 who sug-

gested partial recirculation of exhaust air directli into the rotating

drying chamber, thus retaining part of the heat which would normally be

discharged through the exhaust conduit. Disadvantages of this approach

are recirculation of moisture, lint and, in the case of a gas-fired

dryer, products of combustion.

In 1975; Frank H= Winste15 proposed the utilization of a
~h~11_~_..:J-
i:>llC.L.L-auu-

tube air-to-air heat exchanger to preheat the incoming fresh air with

the waste heat of the exhaust air. This practice would eliminate the

problem of mixing exhaust and fresh air. Savings up to 50% of the

energy requirement of an electrically heated or gas-fired laundry dryer

were predicted. However, it was stated that an additional blower is

needed and that the heat recovery equipment has to be custom-made and is

-2-



therefore expensive.

The Federal Energy Administration prepared a document on technical

background information for clothes dryer efficiency targets in April

1976,6 which proposed a number of technical improvements for residential

clothes dryers~ These include: added insulation to the interior ducts

to prevent heat loss to the surroundings, air flow design changes to

reduce air bypasses, recirculation of part of the exhaust air, preheat-

ing the inlet air by means of a heat exchanger, venting to indoors in

the winter, improving the automatic termination systems, improving seals

at dryer drum and door to reduce air leaks, and using high efficiency

electric motors for blower and drum drive. The range of efficiency

improvement, costs, marketability, and consumer acceptance are briefly

discussed. The efficiency improvements are estimated to be in the range

of 2% to 15%.

Another approach to improve the efficiency of industrial drying was

examined experimentally in 1976 in England by D.L. Hodgett,7 by using a

heat pump to remove moisture from the exhaust air and recirculating the

air. A limitation was the maximum operating temperature of about SOoC

for the condenser of the heat pump. No data on energy savings was given.

Andrew J. Fowel18 presented a paper at the Conference on Major
U "LLV1l1C:

Appliance Technology for Energy Conservation in February/March 1978 and

pointed out the interrelation of a dryer and the indoor environment

(increased infiltration rates during dryer operation). He mentioned a

counterflow coaxial heat exchanger arrangement to preheat the inlet air

which could be drawn from outdoors, thus eliminating the draft on the

house. However, no calculations were performed for energy savings

-3-



estimates.

In 1979, Odean F. George9 suggested the utilization of heat pipes in

an air-to-water heat exchanger instead of conventional copper coils. He

integrated a number of commercial laundry dryers into the feedwater sys-

tern or a water heater, which provided hot water for about the same

amount of clothes washers in the laundry. Since the heat pipes work as a

thermal diod~, the improvement is that little heat loss occurs when the

dryers are shut down.

A report on clothes washers and dryers was published by W.P. Levins

in April 1980 at the Oak Ridge National Laboratory.l0 It analyzes the

energy usage of these two appliances and the applications of various

techniques on energy conservation. Tests on the effect of dryers on the

infiltration rate of a house were performed, and resulted in the finding

that the increase in infiltration rate due to forced exhaust ventilation

when operating an outside vented dryer was smaller than expected. It

was 25 cfm instead of 120 cfm in a house with an infiltration rate of

190 cfm when the dryer was not in use. This leads to the fact that it

can not be assumed that the total infiltration rate of a house is simply

the sum of the infiltration rate due to wind, stack, etc. and the air

flow rate of the dryer exhaust, when operating a dryer (see Appendix C).

As a result, measures that reduce the draft on a house will result in

only small energy savings. In addition, for instance in the case of

using an electrical clothes dryer in a gas heated house, operation in

the heated section of the house is worthwhile, since the dryer inlet air

is preheated using the less-expensive gas heat and electrical energy

savings in the order of 5-6% can be expected. Utilization of exhaust

-4-



heat by preheating the inlet air with a heat exchanger is also discussed

in this report, however, latent heat recovery is not considered. Energy

saving estimates are around 5%. It is mentioned that the lint filtration

can be improved by using a fine nylon mesh filter instead of the nor-

mally used coarse metal mesh.

The Department of Energy in 'cooperation with the American Health

Care Association carried out a study in 1981,11 which resulted'in guide-

lines to recover the heat generated by medium to heavy clothes dryers

(designed for 30-200 lbs of load). Heat recovery devices such as rotary

heat exchangers and stationary counterflow air-to-air heat exchangers

were proposed, as well as exhaust air recirculation. In the latter

case, energy savings up to 20% were predicted. It was noted that proper

care has to be taken of recirculated lint and moisture and that the dry-

ing time might be slightly increased.

In November 1981, a report on heat recovery from domestic clothes

dryers was published by K.T. Feldman and G.J. Tsai.12 This study

presents calculations of the technical and economical feasibility of

utilizing a counterflow shell-and-tube type air-to-air heat exchanger or

a heat pipe heat exchanger and predicts heat recoveries of 18% or 40-

60%, respectively. Disadvantages that are noted are high equipment costs

yielding long payback periods. Recirculation of 50% of exhaust air is

also proposed with estimated energy savings of 15-20%.

A study of several ways to reduce energy consumption in a commercial

laundromat was conducted in 1981 and presented in a report by T.K. Mur-

phy and S. Greenberg in December 1981.13 Air-to-air heat recovery was

abandoned because low heat transfer coefficients necessitated the use of

-5-



heat exchangers with large surface areas, and because of fouling of the

heat exchangers with lint. However, recovery of latent heat had not been

taken into account. Air-to-water heat recovery was proposed with an

energy savings estimation of approximately 15%.

In addition to energy saving measures reported in the literature,

measures that have been undertaken by manufacturers deserve mention. In

many of the dryers marketed in Europe, the direction of rotation of the

drum reverses periodically throughout the drying cycle. This helps to

prevent clothes from rolling up into a configuration that is compact and

difficult to dry. Also available in Europe are clothes dryers that

recirculate the exhaust air through an air-to-air heat exchanger (where

water is removed by condensation using the indoor air as a heat sink).

An advantage of these units is that no exhaust connection to the out-

doors is needed. However, if the clothes dryer is operated in a small

room the room air temperature can rise substantially during operation.

This results in a decrease of the temperature gradient across the heat

exchanger and thus the condensation rate is reduced. Therefore, a suffi-

cient volume of room air has to be available. It should be noted that

these clothes dryers with exhaust air recirculation through an air-to-

air heat exchanger were primarily designed to eliminate the need of a

vent, not to reduce energy consumption. Nothing was mentioned about

heat recovery in the product literature. The two available clothes

dryers equipped with air-to-air heat exchangers available in West Ger-

many consumed 21-47% more electricity and required 20-53% more drying

time, according to the product literature.

-6-



In cases where no venting is possible and overheating of the indoor

space is likely, recirculation and condensation using an air-to-water

heat exchanger is a possible approach. In Europe, clothes dryers with an

air-to-water cascade heat exchanger have been developed and are avail-

able on the market. A considerable amount of cold tap water is used dur-

ing dryer operation and the moisture of the warm humid exhaust air is

removed by direct contact with the water, which is then drained. The

dryer exhaust heat is lost as long as there exists no grey water heat

recovery system.

Manufacturers in the u.s. and elsewhere are also marketing and

developing dryers with improved cycle termination controls, including

controls that sense air humidity or clothes moisture content.

An inexpensive energy saving measure is to simply vent the exhaust

air to indoors during the winter and a variety of manufacturers market

valve systems for this purpose. This may be a suitable technique in some

situations, ~t the latent heat in the vented air is not recovered

unless moisture condenses on indoor surfaces. Excessive condensation of

moisture and high humidity may result especially in energy efficient

(air tight) residences. In addition, if a gas- fired dryer is vented to

indoors, high indoor concentrations of potentially harmful combustion

products (e.g., nitrogen dioxide and carbon monoxide) may result.

One last category of energy saving measures that is not discussed in

the literature, is to modify the consumers behaviors. The high average

number of drying loads per year (518) reported in the 1971 study by

Oklahoma Gas and Electric Co. suggests that in many instances, only a

small amount of clothes are dried per load which likely results in less

-7-



efficient drying. Less frequent drying of larger loads could save signi-

ficant energy. In response to energy price increases since 1971, some

homeowners may have already modified their behavior in this manner.

In summary, a large number of energy saving measures are reported in

the literature. Estimates of energy savings range from a few percent

reduction in dryer energy consumption to 100% delivery of the energy

consumed to the indoor air. In only a few instances, however, have

actual measurements of energy savings been performed. In the remainder

of this report an analytical and experimental analysis of various energy

saving measures is presented.

4. ANALYTICAL STUDY

This chapter presents an analysis of the drying process in clothes

dryers and descriptions of four techniques to reduce the dryer energy

consumption. The techniques described are: (1) reduced air flow rate,

(2) recirculation of exhaust air, (3) heat recovery utilizing an air-

to-air heat exchanger, and (4) recirculation with condensation, utiliz-

ing a heat pump.

4.1 Analysis of the Drying Process in Clothes Dryers

The following simple balances refer to the schematics of an electri-

cally heated clothes dryer presented in Figure 1. We assume that the

sensible heat change of the clothes, the mechanical power input and the

heat transfer to ambient are negligible.

-8-



Mass balance:

m
i (1 + X ) + IIL~0 = m. (1 + X )
a r <D tiZ a1r out

Energy balances:

Heating element

Evaporation

We get:

and

m
i h + P = m. hiarm a1r n

m. h . + IIL~
0

hH 0 = m. h + Q
a1r 1n tiZ Z a1r out evap.

m. (Cp. + X CPH 0) T + P
a1r a1r m Z <D

= m. (Cp i + X CPH 0) T.a1r a r <D 1n2

m. (Cp i + X CPH 0) T. + IIL~0 CPH 0 (T) T =
a1r a r <D Z 1n tiZ Z

m. (Cp . + X Cp ) T + IIL~ h (T)a1r a1r outHO out ti 0 fg
,

2 Z
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T + T
with T = out in2

In the following section, the drying process is analyzed qualita-

tively with the help of a psychrometric chart (Figure 2). Step 1 -7 2

is the process of heating up the incoming fresh air from the ambient

temperature Too to
the temperature after the heating element Theater.

The absolute humidity is constant at Xm. Step 2 -7 3 is the evaporation

process with an increase of the absolute humidity from Xm to Xout and a

corresponding temperature drop from Theater to Tout. Step 3 -7 1

represents the recovery of sensible and latent heat which is contained

in the warm, moist exhaust air, assuming that the dryer is vented

indoors and the volume of the house is infinite. We also assume, that

all water which has condensed indoors is reevaporated. Then we obtain

the equation for the sensible heat gain:

Q = m. (Cp . + X Cp ) (T - T ).sens a1r a1r out H 0 out 00.3-71 2
(3)

A numerical calculation of the drying process is presented in Appen-

dix A. See Chapter 5.2.1 for experimental results.

4.2 DESCRIPTION OF ENERGY SAVING TECHNIQUES

4.2.1 Reduced Air Flow Rate---

The drying process in a clothes dryer involves turbulent flow,

forced
convection heat transfer, and mass transfer with.a phase change.

It consists mainly of two mechanisms, diffusion and convection. The

-10-



evaporating water diffuses from the inside of the wet clothes to their

surface by capillary action and then into the surrounding hot air, which

was previously heated by a radiant electric resistance heater. The air

removes the moisture through convection to the exhaust conduit. The

parameters which primarily control the rate of mass transfer of water

are the air flow rate and the air temperature which affects the water

vapor pressure at the surface of the clothes. The idea of reducing the

air flow rate is to manipulate the kinetics of the drying process in

such a way that the increase in evaporating rate, due to higher air tem-

peratures, might yield a better energy transfer efficiency, although

convection is decreased. Also, since the fresh air is generally drawn

from indoors and the exhaust air is vented to outdoors, reduced air flow

rate results in a smaller draft in the building. Thus, air infiltration

is decreased saving space heating or cooling energy. However, these sav-

ings are small, as mentioned above. In addition, the energy used by the

blower may be reduced.

A quantitative study of heat and mass transfer coefficients in this

case is difficult and beyond the scope of the present report.

4.2.2 Recirculation of Exhaust Air

An easy and cheap way to recover the exhaust heat is recirculating a

part of it back into the clothes dryer. Two possibilities exist: (1)

recirculation of air directly into the drying chamber, or (2) mixing of

recirculated air with fresh air previous to entry into the heating ele-

mente The operating temperatures are increased as well as the absolute

humidity of the air, and some energy savings are expected. However, the

effects of higher temperatures and humidities again counteract each

-11-



other in .terms of the drying kinetics (i.e.,the evaporation rate

decreases with the increase of humidity but increases with an increase

in temperature).

To recirculate exhaust air, simple and inexpensive modifications of

the ductwork are required. In addition, lint filters with a better effi-

ciency have to be installed primarily to prevent hazards that may result

due to lint accumulation and subsequent combustion. Current safety

Figure 3 shows thecodes in many areas do not permit recirculation.

clothes dryer with recirculation schematically. Unknowns are: (1) the

recirculation ratio, (2) the inlet and outlet temperatures and humidi-

ties, both being time dependent, and (3) the evaporation rate. Theoreti-

cal calculations, to compare with the experimental analysis of the heat

recovery technique, are relatively complicated due to complex drying

kinetics.

4.2.3 Heat Recovery, Utilizing ~ Air-to-Air Heat Exchanger

Air-to-air heat exchangers have been successfuliy used for recover-

ing heat from ventilation air and for many industrial processes. The

effectiveness of units used in residences is around 140 to 75% and sensi-

ble heat is primarily recovered.14 However, the exhaust air of a clothes

I

dryer contains a considerable amount of moisture and it is desirable to

recover its latent heat. Advantages of heat recovery with an air-to-air

heat exchanger are good source-load matching and no or minimal mixing of

fresh air and exhaust air. Problems are that a large heat transfer sur-

face area is required, hence the cost of the hardware is high, and that

lint may accumulate on the heat transfer surfaces. Although every

clothes dryer is equipped with a lint filter, considerable lint is still

-12-



contained in the exhaust air. This

"rerv ,

thus decreasing its effectiveness.

integral analysis of the drying process with

air-to-air heat exchanger, is given.

4.2.3.1 Preheating Mode

One energy saving technique is to preheat th inlet air with the

exhaust air. To overcome the additional ce to airflow, an addi-

tional blower is needed at the fresh air inlet 0 at least a stronger

blower in the exhaust duct is required. savings are either

achieved through faster drying or a reduction in Ithe heater input power.

In the case of sufficient temperature gradient across the core of the

heat exchanger, condensation and thus latent hea recovery is possible.

The inlet
air can be drawn from outdoors, thus Idecreasing the draft in

Figure 4 gives a schematic of the dryer-heatthe building.

exchanger configuration in the preheating mo1de. A counterflow heat

exchanger is used. The equation that describes th~ rate of heat transfer

is:

Q = € Cmin (THS - TCSD

(4)

where C i is the smaller of the heat capacitiesm n f the two airstreams

passing through the heat exchanger, and e is the I temperature effective-

ness.

Since the hot side air stream, i.e., the air stre.m exiting the dryer,

contains more moisture which can condense, the c~ld airstream will have

-13-
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a lower heat capacity, thus

C = C = m Cpmin c c c

and in the case of no condensation

Q = e Cc(THS - TCS) = Cc(TCR - ) = Ch (THS - THR)

thus

€ TCR - TCS

THS - TCS

Ch
= Cc

THS - THR

THS - TcS I .
(5)

For the case where the drying time in unchanged from that in the base-

line operation mode (i.e., the same operating temperature), a new valueI

for the heating element rating is obtained,

P HR = m ai r (Cp ai r + X ro CPR 2 0 ) ( Tin - T CR )

(6)

where HR refers to the case with heat recovery. the temperature TCR
is

calculated by equation (5) for a given heat etchanger effectiveness.

With the operating temperatures calculated for th~ baseline experiments

(see Appendix A), a heat exchanger effectiveness IDf 70%, and an increase

in fan power of 100 W, we predict energy savings fn the order of 30%

(see Appendix B for numerical calculation).

-14-



In Chapter 2 we obtained the baseline operation costs for a clothes

dryer of approximately $100 per year. The savi~gs will be approximately

$30 per year. The costs for the heat recovery e~uipment for a new design

is estimated to be $100 if the product is mass produced. This includes:

an air-to-air heat exchanger core, one additional blower, additional

ductwork, a more efficient lint filter (i.e. a fine nylon mesh), and

improved seals around drying chamber and door. Assuming a real discount

rate of 6%, the simple payback time will be appnoximately 4 years.

-15-



4.2.3.2. Recirculation/Condensation Mode

A second arrangement to recover heat from the exhaust air with an

air-to-air heat exchanger is a system where 100% of the air is recircu-

lated through the dryer and the heat exchanger and a second open loop

airstream is used to recover sensible and latent heat by cooling the

dryer air and condensing the moisture contained in it. Room air is used

for the open loop aM the recovered heat is useful in the winter as

space heat. This system does not need a vent and all exhaust heat is

recovered. No moisture in the form of vapor is added to indoors. As

mentioned before, a sufficient amount of room air must be available to

maintain the required temperature gradient in the heat exchanger for the

condensation process. Figure 5 is a schematic diagram of the dryer/heat

exchanger configuration in the recirculation/condensation mode. The

energy balances for the air-to-air heat exchanger with condensation are:

Q = e Cmin (THS - TCS).

The heat removed from the hot side air is approximately

Qh = mh(CPh + Xout CPH20)(THS - THR)+ ~20 hfg(T)
(7)

where T = (THS + THR)/2 and mH a refers to the rate of2

the core of the heat exchanger.

condensation in

The heat gain on the cold side is
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Qc = Cc (T CR - TCS ) .

At steady state

Qh = Qc = Q = € Cmin (TRS - TCS)'

and

C = C = m Cp .min c c c

We obtain the relation between the heat exchanger effectiveness and the

fluid properties,

€
TCR - TCS

TRS - TCS

~ (CPh + XoutCPR20) (TRS - THR) + ~20 hfg(T)

Cc (TRS - Tes)
(8)

In this mode, operating temperatures and humidity loads will be the

highest. A numerical calculation is not performed, since the drying

kinetics are too complex for treatment here.

The above mentioned heat recovery modes can be incorporated into a

clothes dryer equipped with an air-to-air heat exchanger and a

summer/winter switch (preheating mode in the summer and

recirculation/condensation mode in the winter). This will be discussed

later.
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4.2.4 Recirculation With Condensation, Utilizing ~ Heat Pump

A third mode to recover both sensible and latent heat is recircula-

tion of all the exhaust air back to the dryer while moisture is removed

by a refrigeration-dehumidification process. No electric heating ele-

ment is needed. The system functions as follows: the exhaust air of the

dryer enters the evaporation coil of the dehumidifier where it cools

down below the dewpoint, and sensible and latent heat are extracted. The

heat is transferred to the condenser coil and reinjected back to the

closed air cycle at a higher temperature level.

One problem is that maximum condenser temperature of existing refri-

geration units is too low for this application, thus, long drying times

result because the compressor cycles on and off due to a high tempera-

ture safety control. Figure 6 shows the schematic diagram of an

integrated dryer/dehumidifier. Assuming, higher condenser temperatures

around 80 °c are achievable without too low of a coefficient of perfor-

mance (take COP = 2.5), a heat pump with a capacity of around 3 kW

(10,000 Btu/h) could dry a standard load of clothes in 60 minutes. The

reduction in dryer energy consumption is estimated to be 60% and, in

addition, no heat is vented to outdoors. However, significant limita-

tions of this approach are equipment costs, and maintenance and relia-

bility considerations.

-18-



5. EXPERIMENTAL STUDY

The measurements were conducted at the Lawrence Berkeley

Laboratory's Heat Exchanger Test Facility, located in Richmond, Califor-

nia.

5.1 Description of Experimental System and Test Procedure

The tested clothes dryer is a Speed Queen Model HE 5003 with a power

rating of 5400 W at 240 v. Figure 7 shows a top and front view of the

clothes dryer. The heating element is rated at 5000 w. The electric

motor is rated 1/4 hp and the air flow rate is given as 173 cfm (4.9

m3/min). The drum volume is 5.75 ft3 (163 1).

The general test procedure for each experiment consisted of measur-

ing overall energy consumption, electricheater power input, amount of

evaporated water, inlet and outlet temperatures, inlet and outlet humi-

dities, temperature of the hot air after the heating element, air flow

rates at inlet and outlet, and the drying cycle time including heating

time and cool down time. The drying cycle was terminated manually.

The air flow rate was measured with pitot-tubes and micromanometers.

Temperatures were measured with precision thermometers and/or copper-

constantan thermocouples. Air humidities were determined using a lithium

chloride humidity probe and with periodic wet-and dry- bulb temperature

measurements using precision thermometers. (mH 0)2

obtainedby calculating the ratio of the amount of evaporated water

The evaporation rate

was

(determined gravimetrically) to overall drying time. The tests were

conducted
with a standard load of test clothes containing 50% synthetic

and 50% cotton fibers that weighed 7 lbs whendry. They were wetted to a
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moisture content of 70% of the dry weight prior to each test. During the

drying cycle, the moisture was reduced to approximately 3-5% of the

bone-dry weight. 1 Electric power and energy were measured with a digital

watt/watt-hour meter. The estimated accuracy of the measurements is dis-

cussed in Appendix D.

5.2. Test Results

The test results are described below and given in Tables 1-9 and

Figures 8-12 and 14-15. Table 1 lists all tests performed and includes

values for the three major parameters: electric heater voltage, air

flow rate, and ambient temperature. Tables 2-7 present the reduced data

for the experiments divided into seven categories: (1) baseline, (2)

reduced air flow rate, (3) recirculation, (4) heat exchanger-preheat,

(5) heat exchanger-recirculation/condensation, (6) dehumidifier, and (7)

dehumidifier/heat exchanger. The reduced data includes the power con-

sumption Qcorr (kWh) corrected for variations in ambient temperature and

for estimated standard fan power ratings for the different test modes.

In addition, the specific power consumption Qspec (kWh/kg evaporated

water) is given. Table 8 gives a comparison of experimental results

with the theoretical calculation for the baseline. A comparison of all

test modes in terms of energy savings is given in Table 9 and Figure 15.

5.2.1 Baseline Experiments

The baseline tests can be divided into five subseries as indicated

in Table 1. The electric heater voltage was in the range of 115 to 230

V, which gives the range of the heater power of 1.25-4.55 kW. The air

flow rate was approximately 120 cfm (3.4 m3/min) which is significantly
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less than the 173 cfm (4.9 m3/min) reported by the manufacturer. The

inlet temperature was either 10 °c or 20 °C. There were no restrictions

at the inlet manifold and the air flow rate was measured at the outlet,

where approximately 10 ft of 4-inch diameter ductwork was connected,

results are presented in Table 2.

The total drying time was approximately 40 min for the tests with

230 v
(Pheater

4.55 kW, ambient temperature T CD = 20 °C), which

included a 2 min cool down time, (i.e., the cool down time was the

period of time before termination of the cycle, during which the heater

was turned off). The dryer's heating element cycled on and off near the

end of the drying cycle due to exhaust air temperatures that exceeded

the set point of a thermostat of approximately 60 °C. The percentage of

cycling time (period of time during which cycling of the heater occurs

including the cool down time) relative to the total time ranged from 15

to 20%. The average evaporation rate for the cycle was approximately 3.1

kg/h. The tests with a lower inlet temperature (T = 10 °C), simulatingCD

dryer operation in the unheated section of the house, lasted approxi-

mately 45 min and consumed about 13% more electricity. For tests with a

reduced heater input (U = 190 to 200 V, Pheater = 3.1 to 3.45 kW), dry-

ing times increased to 52-60 min with insignificant energy savings. For

a very low heater input (U = 115 V, Pheater = 1.25 kW), energy savings

of about 5% were achieved but the drying times were unacceptably long

(112 min instead of 40 min).
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The comparison of experimental results with the theoretical calcula-

tion shows a good agreement (see Table 8). The measured temperature

after the heating element was slightly higher than predicted due to a

lower air flow rate. The exhaust air temperature was slightly lower than

predicted due to heat losses to the surroundings, which were not taken

into account in the theoretical calculation. Therefore, the measured

evaporation rate was slightly lower than the predicted rate.

5.2.2 Experiments With Reduced Air Flow Rate

Tests were performed with reduced air flow rates and electric heater

inputs as listed in Table 3. Drying times increased to 51-59 min com-

pared to 40 min for the baseline. The percentage of cycling time to

total time was 10 to 20%. The evaporation rate ranged from 2.22 to 2.53

kg/h (see Figure 14). Energy savings of approximately 8% were achieved,

which means that the dryer is oversized for the standard load of 7 lbs

of dry clothes. W.P. Levins10 notes that according to a Procter and Gam-

ble survey the weight of an average dryer load is even lower- only 5.4

lbs when dry.

When comparing tests with the same heater input but different air

flow rates (compare tests B20 and B21 with B14 and B15), it can be seen

that 5% energy savings can occur if the air flow rate is reduced from

120 cfm to approximately 83 cfm. This means that the effect of increase

in drying temperatures, which results in faster drying kinetics, is

greater than the opposite effect of reduced convection due to a lower

air flow rate. Additional energy savings can be achieved with reduced

air flow rates through a reduction in fan power and a decrease in the

draft on the house.
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Recirculation Experiments5.2.3

For tests with recirculation, the voltage of the heating element was

kept constant at 230 V, the air flow rate through the drying chamber was

approximately 120 cfm and the ambient temperature was about 20 °c. The

recirculated air was mixed with the fresh airstream prior to entering

the heating element. To minimize the amount of recirculated lint, a fine

nylon mesh filter was installed that is more effective than the standard

lint filter. The recir~ulation ratio, defined as the amount of recircu-

lated air divided by the total air flow rate, was adjusted with dampers

at the inlet and outlet ducts. Three series of tests were performed with

the recirculation ratio in the range of 49 to 72%. See Table 4 for test

results. Due to the use of a second blower upstream of the dryer during

the experiments, a slight pressurization of the drying chamber resulted,

as compared to the baseline tests where the pull-through-blower instead

depressurized the drying chamber. A mass balance. calculation, consider-

ing the amount of evaporated water, the air flow rate at the outlet, and

the humidity of the exhaust air, showed that approximately 8% of the

removed moisture had leaked into the surrounding airspace.

The drying time for these tests was approximately 43 min with a

variation of ~ 1.5 min, which included a cool down time of 5 min. This

drying time is not significantly more than the drying time for the base-

line. The evaporation rate averaged 2.98 kg/h (see Figure 14). The per-

centage of cycling time equaled 41 to 48%, 60 to 65%, and about 70% for

the tests with the recirculation ratio R = 49%, 67%, and 72%, respec-

tively. An improved thermostat was installed (for these tests only),

which controlled the exhaust air temperature within approximately ~ 40C
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during the cycling periode All other tests were performed with the

standard thermostat which controlled the exhaust temperature within ~

12°C. Figure 8 shows a plot of the transient ambient temperature, inlet

and outlet temperatures of the dryer air, and the temperature of the

inlet air after being heated in the heating element, for the recircula-

tion experiments and the baseline. It can be seen that with recircula-

tion, the temperature in the drying chamber reaches its maximum of 60 °c

at an earlier time as compared to the baseline and therefore, the aver-

age exhaust temperature is higher and the cycling period is longer.

Transient relative and absolute humidities of the airstream exiting the

dryer are shown in Figures 10 and 11.

Energy savings are in the range of 10.4 to 18.5% depending on the

recirculation ratio. This does not include potential savings due to a

reduced draft in the house during dryer operation. The optimum recircu-

lation ratio in terms of drying time, operating temperatures, and humi-

dity loads is around 67% or in other words, 2/3 of the air is recircu-

lated.

Simple calculations on the economics yield the following results.

The costs for a retrofit of a typical residential clothes dryer with an

accessible air inlet are about $30. (Only some ductwork and an improved

lint filter are required.) Here, we assume that the labor is performed

by the homeowner at no costs. The simple payback time with a real

discount rate of 6% and yearly energy savings of $18 is a little less

than two years.
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5.2.4 Heat Recovery Experiments

The heat exchanger used in these measurements is a Des Champs Model

74 counterflow heat exchanger with a heat transfer area of 10.7 m2 (115

ft2). The effectiveness is about 70% with an air flow rate ranging from

80 to 160 cfm. The pressure drop is approximately 0.26" H2O at 120 cfm

(for details see14 pp. 37). An additional fan upstream of the heat

exchanger provided equal flow rates on the inlet and outlet (i.e. minim-

ized leakage at the dryer drum). The heat exchanger and associated

ductwork was insulated with 3.5" thick foil-backed fiberglass insula-

tion.

5.2.4.1 Preheating Mode

For these tests, fresh air with a temperature of approximately 10 °c

was preheated with the exhaust air, which was vented outdoors. The vol-

tages at the electric heater were 230 V and 115 V which yielded a heater

power of approximately 4.5 kW and 1.25 kW, respectively. The air flow

rate ranged from 115 to 118 cfm at the fresh air inlet of the heat

exchanger (except test PH 4 where Vin = 93 cfm). The pressure in the

drying chamber was balanced with the ambient pressure by adjusting the

exhaust air flow rate slightly. The test results are given in Table 5.

The drying time was 39 to 40 min for the tests with 230 V including a 4

to 5 min cool down time. The heater cycled about 29 to 35% of the total

drying time and the evaporation rate equaled approximately 3.2 kgih (see

Figure 14 for comparison). The energy savings when comparing with base-

line tests B11 and B12 (T - 10 °C) were about 26%.co The heat exchanger

effectiveness was approximately 60% and little condensation was

observed. The fact that the heat exchanger effectiveness was lower than
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estimated may explain why the actual energy savings were lower than the

predicted savings of 30%. There appears to be a systematic error in the

measurement of the temperature exiting the heat exchanger. In contrast

to expectations, the temperature of the air exiting the exchanger was

less than the measured temperature of air entering the dryer. The error

may have been caused by a misplaced thermocouple that was in contact

with the walls of the ducting. Another reason for the differences

between predicted and measured energy savings was the different drying

kinetics. For the theoretical calculation, the drying temperatures and

times were assumed to be unchanged from baseline operation, and a new

smaller power rating for the heating element was obtained. In the exper-

iments, however, the power input of the heater was kept constant, which

resulted in earlier cycling of the electric heater, and in faster dry-

ing. This mode of operation was expected to be slightly less energy

efficient.

5.2.4.2 Recirculation/Condensation Mode

For tests in the recirculation /condensation mode, the heater vol-

tage was in the range of 190 to 230 V, the air flow rate of the closed

dryer cycle was approximately 120 cfm (except test # HX7 where it was 85

cfm) and the flow rate of the of the air that passes in an open loop

through the heat exchanger ranged from 125 to 128 cfm. Table& gives

the results. The drying time was ranged from 60.5 to 65.0 min depending

on the heater input. The electric heater cycled about 80% of the total

drying time and the evaporation rate was approximately 2 kg/h (see Fig-

ure 14 for comparison). The energy consumption was 1.4 to 6.4% higher

than the baseline energy consumption, depending on the electric heater
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i npu t . Approximately 75 to 80% of the removed water condensed in the

heat exchanger-- the rest escaped to the surroundings due to the fact

that the drying chamber was slightly pressurized. The heat exchanger

effectiveness ranged from 70 to 80% and was higher than in the preheat-

ing mode due to increased latent heat recovery. The indoor air that was

used as a heat sink to condense the moisture, is returned back to

indoors as dry warm air at a temperature of 45 to 49 °C. With this

arrangement, it is shown that sensible and latent waste heat can be

recovered as useful space heat. Additional energy savings result from

the fact that there is no increase in the infiltration rate of the house

since there is no vent. Figure 9 shows transient operating tempera-

tures including inlet and outlet temperatures of the heat exchanger, and

compares them with the baseline. The heater starts cycling when the

exhaust
temperature reaches the maximum of 60 °C. In this figure TCR is

the cold return temperature of the heat exchanger (i.e. , the tempera-

ture of the open loop airstream after passing through the heat

exchanger). Figure 10 and 11 show transient relative and absolute humi-

dities for various tests and indicate that the humidity of the airstream

exiting the dryer is highest in the heat exchanger-recirculation mode of

operation.

Based upon the test results, a brief calculation of the economics of

a clothes dryer equipped with an air-to-air heat exchanger and a

summer/winter switch (preheating mode In the summer and

recirculation/condensation mode in the winter) is presented.

We assume, the clothes dryer is located in an electrically heated

h ou s e , the heating season lasts 5 months, and heat losses from the
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clothes dryer housing to the surroundings are negligible. Furthermore,

the increase in energy consumption during the HX-

recirculation/condensation mode is assumed negligible.

The costs of the new equipment is estimated to be $100 (see Chapter

4.2.3.1). With 25% heat recovery in the summer and 100% heat recovery

in the winter, the savings will be approximately $56/year. Assuming a

real discount rate of 6%, the simple payback time will be approximately

2 years.

Tests were performed to show the drying kinetics and to compare them

with the baseline. The clothes were periodically removed from the dryer

and weighed to provide information on the rate of evaporation versus

time. It is expected that the periodic interruption of the drying pro-

cess affected the results, but the trends observed should still be

representative. The drying rate, which is defined as the mass of eva-

porated water divided by the mass of the dry clothes is plotted over

time and shown in Figure 12. The graphs can be divided into two parts,

the warm-up period (after which the drying rate reaches its maximum) and

the drying period, during which the drying rate drops down continuously

to approximately 1/10 of the maximum. As long as capillary action is

sufficient to transport water from the inside of the clothes to the sur-

face, the drying rate is at its maximum which depends on the temperature

and humidity of the air, and the heat and mass transfer coefficients at

the interface. However, as the moisture content of the clothes is

reduced further, the drying rate decreases as a result of reduced heat

transfer to the inside wet layer of the clothes and the resistance to

water vapor diffusion within the clothes.
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5.2.5 Experiments with ~ Heat Pump

The heat pump used for the experiments is a White Westinghouse

residential dehumidifier Model ED 358 with a rated condensation capacity

of 35 pints/day (0.69 l/hr) at American Home Appliance Manufacturers

(AHAM) standard conditions (TOD = 80 of, RHOD = 60%). This corresponds

to a refrigeration load of approximately 6500 Btu/h (1.9 kW). The coef-

ficient of performance is approximately equal to 2.5. The refrigerant

used is R500.

Four tests were performed, one with the dehumidifier alone (Test

#D5) and three tests with a dehumidifier and an air-to-air heat

exchanger in series (Tests # DH1, DH2, and DH3). The heat exchanger was

positioned upstream of the dehumidifier and its function was to remove

part of the sensible heat contained in the exhaust air. The test results

are presented in Table 7. The average power input of the compressor was

in the range of 650 to 850 W, the flow rate of the closed loop drying

cycle was about 130 cfm for the tests with a heat exchanger and approxi-

mately 180 cfm when the heat exchanger was not used. The flow rate of

the cooling air through the heat exchanger ranged from 36 to 113 cfm.

The drying time ranged from 120 to 150 min. For test #D5, the compressor

started cycling on and off after a short warm-up period until the end of

the cycle due to thermal overloading. The percentage of cycling time was

85% of the total time. For the other tests, the flow rate of the open

cooling air cycle was adjusted so that no or very little cycling

occurred
. This reduced the drying time from 150 min to 120 min. The

evaporation rate was in the range of 0.85 to 1.00 kg/h (see Figure 14).

The drying cycle with the dehumidifier and no heat exchanger (test # D5)
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consumed about 33% less energy than the baseline, although it lasted

approximately 3.75 times as long. The drying cycle with the additional

heat exchanger and a low flow rate of cooling air (test # DH3) consumed

about 29% less energy and lasted 3 times longer compared to the base-

line.

These tests show that a significant potential in energy savings

exists, however, the dehumidifier has to be redesigned so that it will

operate at higher condenser temperatures. As an example the compressor

could be modified and refrigerant Rl14 could be used instead of R500.

Another arrangement to improve the condensation performance and there-

fore reduce drying times is to remove part of the sensible heat in an

air-to-air heat exchanger, condensing the moisture at the evaporator of

the heat pump, and then preheating the air in the heat exchanger before

it heats up to the maximum temperature at the condenser of ~e heat

pump. This arrangement is shown in Figure 13. No tests of this confi-

guration were performed.

6. SUMMARY AND RECOMMENDATIONS

A literature review on energy efficient clothes dryers was per-

formed, which identified a number of technical improvements and various

energy saving techniques. A summary of these measures is given in

Table 10.

A theoretical analysis was presented that describes the drying pro-

cess and predicts the amount of energy savings when an air-to-air heat

exchanger is utilized for heat recovery.
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The four basic energy saving techniques that were studied experimen-

tally are (1) reduced air flow rate; (2) recirculation of exhaust air;

(3) heat recovery, utilizing an air-to-air heat exchanger; and (4)

recirculation with condensation, utilizing a heat pump. The results are

presented in Table 9 and Figure 15.

Baseline tests show that the actual air flow rate was smaller than

reported by the manufacturer. About half of the heat contained in the

exhaust air appeared as sensible heat. It was found that about 8% energy

savings could be achieved by matching air flow rate and heater input to

the size of the dryer load. This could be achieved with a variable elec-

tric heater and a multiple speed motor for the fan.

Recirculation of exhaust air resulted in a 10-18% decrease in energy

consumption, depending on the recirculation ratio. The latter is sug-

gested to be around 67%. The costs for retrofits are low and payback

times can be as short as two years if the labor is performed by the

homeowner. This energy saving measure could be incorporated into new

equipment by the manufacturers.

A 26.% reduction in energy consumption was achieved with heat

recovery, utilizing an air-to-air heat exchanger in the preheating mode

and the dryer ?eing operated in the unheated section of the house. Lit-

tIe latent heat was recovered. High equipment costs (approximately

$100) yield an estimated payback time of four years for this energy sav-

ing measure. However, 100% heat recovery can be achieved by using an

air-to-air heat exchanger, when the exhaust air is 100% recirculated and

the moisture
condensed, using indoor air as a heat sink. This arrange-

ment represents a closed system with no vent and the exhaust heat is
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utilized as useful space heat in the winter. Therefore, a clothes dryer

equipped with an air-to-air heat exchanger and a summer/winter switch

(preheating mode in the summer and recirculation/condensation mode in

the winter) is a potential candidate for an energy efficient appliance.

The energy savings averaged over a year with a 5 month heating season

amount to approximately $56/year and the payback time will be approxi-

mately 2 years. The development of such an appliance should be pursued

by the manufacturers.

The last experiments were performed using a heat pump. A residen-

tial dehumidifier was coupled to a clothes dryer and this integration

resulted again in a closed system with 100% heat recovery. Tests show a

33% reduction in energy consumption, however the drying time is unac-

ceptably long (approximately 150 min or 3.75 x baseline time). Because

currently available dehumidification systems are not designed for opera-

tion at higher temperatures, the dehumidifier overheats and periodically

cycles off during the drying process. Further development is needed to

design a dehumidifier for the drying process.

An alternative approach to thermal clothes drying is vacuum drying.

A suitable device for this process is a water ring air pump which can

produce vacuums as low as 3" Hg absolute, and still have a high flow

rate. In addition, there are no problems with water vapor carry-over.

In fact, water vapor condenses in such a pump, thus reducing the volume

to be handled and increasing the pump's capacity. The latent heat of

evaporation is recovered in a liquid-to-air heat exchanger adjacent to

the pump. The saturated air/water mixture enters a separator, the air is

expanded in an expansion valve, passes through the heat exchanger where
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it is heated and then recirculated back into the drying chamber. This

arrangement represents a closed system with no vent and is shown in Fig-

ure 16.

If a water ring pump is used, the drying chamber could be a sealed

rotating drum or a simple drying cabinet without the clothes being tum-

bled. The electric heating element is needed only in the beginning of

the cycle to heat up the clothes in order to reach a reasonably high

partial water vapor pressure. Preliminary calculations yield a power

consumption of approximately 1.5 kWh for a standard drying cycle which

will last approximately 60 min. (electric heat and pump-down time not

included), using a 1 HP water-ring air pump with a capacity of 20 cfm at

6" Hg absolute. (A standard thermal drying cycle consumes 3 ~h and

lasts 40 min.). At the present time water-ring pumps are not readily

available at costs that would make this system attractive (only heavy

duty industrial pumps are available).

Summarizing, it can be said that significant energy savings could

result from the various energy saving measures investigated. However,

in addition to further laboratory work, a better understanding of fac-

tors such as the cost, marketability, reliability and consumer accep-

tance of various measures is desirable.
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APPENDIX A: Numerical Calculation for the Baseline--

The calculation is based on the operation data of a typical commer-

cially available electrical 'residential clothes dryer (Speed Queen Model

HE5003), typical indoor air temperature and humidity and an

obtained from previous studies.6

evaporation

rate, which is We can summarize the

given parameters as follows:

Equations (1), (2a), and (2b) yield the values for the average

operating temperature and absolute humidity of the exhaust air. The

relative humidity is obtained from the psychrometric chart. We obtain

mair = Pair Vair = 4.044 kg/min

wi t h P
i = 1. 1 9 kg /m 3 at 2 0 0C ,a r

xco = 0 . 008 kgH20k-
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P = 4.55 kW at 230 V

Pfan = 0.25 kW at 230 V
.
Vair = 120 cfm = 3.4 m3/min

Too = 68 of = 20 °c

RHoo = 55%.
mH 0 = 3.5 kg/h

2

(mH 0 = 2.1 kg, theat = 36 min)2



- ~20
X =X +.:--
out ro m.

alr

(1)

kgR20
~ X = 0. 02 24 kg dry airout

P
T = T +.

(C + X Cp ).
in ro mair Pair ro H2O

(2a)

The properties of water vapor and air are given as:

80°C
Cp I = 1.91kJ
H2O 20°C kgK

80°C
Cp. I = 1.009 kJ
alr 20°C kgK

h (68°C) = 23311kJ
fg kg

~ T. = 85.9 °cln

T
out

m. (Cp. + X CPR 0) T. + In..y° (CPR 0( T ) T - hf )
alr alr. ro 2 ln tl2 2 g

m (Cp. + X Cp )
air alr out H2O (2b)
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We assume T t = 50 °c ~ T = 68 °cou

Tout = 53.4 °c

From the psychrometric chart, we get

RR = 25%out

The fan heat and cool down time are neglected in this calculation.

The sensible heat gain is calculated from equation (3), assuming

that the exhaust air is cooled down to room temperature T m .

Q . = m . (Cp . + X CPR 0) (T - T )sens a1r a1r out out m2
(3)

~ Q = 2.368 kWsens

The percentage of sensible heat is calculated by

Qsens
P 52.0% .

The overall power consumption is

Q =Pt +P ttot heat fan tot

t = t + t
tot heat cooldown
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t
cooldown = 5 min

-7 Qtot = 2.9 kWh
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APPENDIX B: Numerical Calculation for Heat Recovery, Utilizing ~ Air-

to-Air Heat Exchanger in the Preheating Mode

We take the same input parameters as used in the baseline calcula-

tion, except the fan power which is slightly higher, and assume a heat

exchanger effectiveness of 70%. We can summarize the given parameters

as follows:

Equations (5) and (6) (see Chapter 4.2.3.1) yield the cold return

temperature and the amount of electrical power needed to heat up the

preheated air:

T CR = 4 3 . 4 0 C

PHR = 2 . 9 3 4 kW

The amount of energy savings is calculated as follows:

Q =P t +P tHR HR heat fans tot
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P = 4.55 kW at 230 V

Pfans = 0.35 kW at 230 V
.

Vair = 120 cfm = 3.4 m3/min

Too = 68 of = 20 °c

RHoo = 55%
.

mH 0 = 3.5 kg/h2

6HX = 0.7



theat = 36 min

t
cooldown = 5 min

t t ot = 4 1 mi n

~ QHR = 2.00 kWh

Energy Savings - Qbaseline - QHR - 31 %

- Qbaseline - -.
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APPENDIX C: Increase of Infiltration Rate During Clothes Dryer Opera-

tion.

It is mentioned earlier that during clothes dryer operation the

infiltration rate in a house does not increase proportionally to the

venting rate of the clothes dryer. This can be shown qualitatively in a

simple model.

We assume, a house is symmetrical and the natural infiltration rate

(including wind and stack effects) is greater than the forced infiltra-

tion rate (i.e. due .to an exhaust ventilation system, etc.). We also

assume that the infiltration and exfiltration curves are symmetrical

depending on the pressure difference in the house. This is shown in Fig-

ure 17. During dryer operation, the pressure difference in the house is

shifted from equilibrium to the negative pressure difference 6Pf due to

forced ventilation, according to the dryer venting rate Vf.
It can be

seen that the infiltration rate is only increased by ~V which is less

than half of Vf.
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APPENDIX~: Accuracy of Measurements and Reproducibility

In this chapter, the accuracy of specific measurements as well as

the variations of ambient and operating conditions are discussed.

Temperature Measurements: Airstream temperatures were measured with

copper-constantan thermocouples and precision thermometers. The latter

have a measurement uncertainty of ~ 0.1 °c while the thermocouple system

in conjunction with a discontinuous 16 channel strip chart recorder has

an estimated maximum error of about r 1 °C. Additional errors may appear

because of stratified flow patterns and uneven temperature profiles in

the ducts. To overcome this source of errors, air mixers were installed

in the ducts and several thermocouples were used at different locations.

The temperature of the inlet air after being heated in the heating ele-

ment was measured with a shielded thermometer and a thermocouple but

errors due to radiation heat gains are still possible.

--Air Flow Measurements: The air flow rates were measured with pitot

tubes and micromanometers. The pi tot tubes were located at the center

of circular 4" ducts and a multiplicative correction factor of 0.9 was

used to determine the average air velocity from the centerline velocity.

The accuracy of the air flow rate measurements depends mainly upon

the flow profile in the ducts (i.e., the correction factor of 0.9 is

based on the assumption of a smooth profile) and upon the accuracy of

the pressure difference measurements. The uncertainty of the micromanom-

eters is estimated to be ~ 0.002 " H2O. This gives an approximate error

range for flow rate between 38 and 180 cfm of 5 to 7%.
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Electric Power Consumption Measurements: Power and energy consump-

tion were measured with a digital watt/watt-hour meter and the measure-

ment error is estimated to be less than 1% based on the manufacturer's

product literature.

Mass Measurements: The energy consumption and drying time depend

greatly on the amount of residual moisture in the clothes and accurate

measurements are desirable. A double beam scale was used with an accu-

racy of ~ 1 oz (28.35 g) which gives a maximum error of about 1% in the

amount of evaporated water.

Humidity Measurements: The lithium-chloride dew point humidity probe

has a long response time and thus does not track the humidity if it

changes rapidly which is the case during a drying cycle. Therefore care

should be taken when analyzing the humidity measurements. A calibration

of the probe was performed by comparison to a more accurate (chilled

mirror based) dew point instrument and the agreement between the two

instrument, was very good; however, the calibration was performed with

very steady humidities.

Ambient air characteristics varied during the drying cycles, thus

hampering the reproducibility of the tests. The ambient air temperature

varied about I 3 °c and the relative humidity ranged from 30 to 67%.

Although, for comparison, the measured energy consumption was corrected

for variations in ambient air temperatures for the different test modes

(see footnotes of tables). The corrected energy consumption was then

divided by the amount of evaporated water and a specific energy consump-

tion is obtained. The amount of energy savings was calculated from the

specific energy consumption.
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It should be noted that for the heat recovery tests using an air-

to-air heat exchanger or a heat pump, significant uncertainties exist

with the determination of the amount of condensed water in the heat

exchanger core or coils because of possible water storage. In case of

the test runs specifically to study the drying kinetics tests,the meas-

urement procedure of repeatedly weighing the clothes after certain time

intervals (i.e. 10 min) influenced the drying process and added some

uncertainty to the validity of these tests.
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Table 1. SUmmary of Tests
(values are averaged, total number of tests: 47)
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tvbde U(V) V (cfm) TCI) (oC)

1. Baseline
B4, 5, 6, 7, 13 230 120 20
00, 9 115 120 20
BI0, 11, 12 230 120 lO
B 19 190 120 20
B20, 21 200 120 20

2. Reduced Air
Flow Rate

B14, 15 200 83 20
B16, 17, 18 190 63 20

3. Recirculation
RC2, 3 230 120 20 recirculation ratio

R = 49%
RC4, 5, 6 230 120 20 recirculation ratio

R = 67%
RC7 230 120 20 recirculation ratio

R = 72%

4. fIX-Preheat
PHI, 2, 3, 5 230 120 10
PH4 230 100 4
PH6, 7 230 120 8

5. fIX-Recirculation
HXl, 2, 3, 8 230 120 20
HX4 200 120 20
HX5, 6 190 120 20
HX7 230 85 20

6. Dehumidifier
D5 115 180 20

7. Dehumidifier-fIX

DHl, 2, 3 115 130 20

8. Kinetics
Baseline BMl, 2 230 120 20
HX-Recirculation
HXMl, 2 230 120 20



Table 2. Baseline Tests

Test /,1 U Pheater Pfan Vair Too RHoo Theater Tout t teool Q Qcorr mB 0 mB 0 Qspee
down 2 2

(V) (kW) (kH) (cfm) (oC) (%) (oC) (oC) (min) (min) (kWh) (kvlh) (kg) (kg/h) (kWh/kg)

B4 235 4.65 0.25 116 21.5 55 91.0 51.0 40.70 2 2.920 2.987 2.10 3.10 1.423
B5 235 4.67 0.25 117 21.5 53 92.5 50.5 39.36 2 2.976 3.041 2.07 3.14 1.468
B6 230 4.55 0.25 120 21.5 57 91.0 48.5 40.70 2 2.986 3.055 2.13 3.14 1.436

I B7 230 4.53 0.25 118 21.5 58 88.0 49.0 40.00 2 2.926 2.993 2.07 3.11 1.445
B8 115 1.25 0.25 117 20.5 58 39.5 29.5 112.0 0 2.827 2.889 2.10 1.13 1.395(X)

I B9 115 1.25 0.25 116 20.0 66 39.0 29.0 112.0 0 2.831 2.831 2.10 1.13 1.348
BI0 230 4.55 0.40 121 11.5 44 63.0 41.5 45.50 2 3.604 3.401 2.13 2.81 1.598
Bl1 230 4.51 0.25 117 10.0 36 77.0 43.5 44.0 2 3.348 3.348 2.07 2.82 1.617
B12 230 4.50 0.25 120 10.0 50 73.2 43.0 45.00 2 3.440 3.440 2.10 2.80 1.639
B13 230 4.57 0.24 136 21 47 83 47.3 40.10 2 2.985 3.043 2.10 3.14 1.449
B19 190 3.11 0.25 119 18.5 62 62 38.5 60.0 5 3.163 3.062 2.10 2.10 1.458
B20 200 3.45 0.25 116 20 42 60 40 53.5 2.5 2.900 2.900 2.07 2.32 1.401
B21 200 3.46 0.24 118 21 38 62.5 42 52.0 5 2.946 3.0125 2.10 2.42 1.435

TCD standard = 200C/100
Pfanstandard = 0.25 kW



Table 3. Rpduced Air Flow Rate Tests

T
ro standard = 20°C

Pfan standard = 0.25 kW

TestII U Pheater Pfan Vair Too RHoo Theater Tout t tcooJ Q Qcorr mIl0 mJT0 Qspec
down 2 2

(V) (kW) (kW) (cfm) (oC) (%) (oC) (oC) (min) (min) (k\.Jh) (kHh) (kg) (kg/h) (kWh/kg)

B14 200 3.40 0.23 85 20 54 91.3 47.5 54.60 5 2.951 2.969 2.18 2.40 1.359

B15 200 3.43 0.245 81.7 19.5 58 94 45.5 50.57 5 2.869 2.854 2.13 2.53 1.341

B16 190 3.10 0.23 63 20 54 110 47 59 5 2.869 2.916 2.18 2.22 1.335

E17 190 3.08 0.23 63 20.5 47.5 113 47 56.07 5 2.691 2.726 2.18 2.34 1.248

I BI8 190 3.08 0.23 62 19 66.7 113 45.5 55.40 5 2.860 2.846 2.13 2.31 1.337
.p..

1..0

I



Table 4. Recirculation Tests

Test If RC2 RC3 RC4 RC5 RC6 RC7

Too standard = 20°C
Pfan standard = 0.25 kW
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u (V) 230 230 230 230 230 230

Pheater (k.J)
4.50 4.51 4.51 4.50 4.51 4.51

Pfan (kW) 0.245 0.245 0.245 0.245 0.245 0.245
.

Vout (cfm) 118 118.5 115 117 115 113.5
.

VEx (cfm) 63 63 38 39 39 32
.

Vin (cfm) 58 58 38 38 38 31

Too (oC) 22.5 21.5 23 24.5 22 23

RHoo (i)
52 43 44 31 31 34

Tmix(oC)
31 34.5 43 - 42.5 45.5

-
Tou t (oC)

53.5 53.5 55.5 - 55.5 56
-
Theater (oC) 84.5 83 86 - 86.5 85

t (min) 42.52 41.6 43.0 45.0 42.52 44.4

tcool down (min)
5 5 5 2.5 5 5

R (%) 49 49 67 67 66.5 72

Q (k\\Th) 2.654 2.679 2.443 2.524 2.453 2.396

Qcorr (kWh) 2.716 2.717 2.493 2.600 2.487 2.438

mH a (kg) 2.10 2.10 2.10 2.10 2.10 2.07
2

.

mH 0 (kg/h) 2.96 3.03 2.93 2.80 2.96 2.80
2

Qspec (kWh/kg)
1.294 1.29 1.187 1.238 1.185 1.177

- ---



Table 5. llX-Preheat Tests

T
00 standard = 100C

P -fan standard - 0.35 kW

6HX = heat exchanger effectiveness

* See text regarding error in TCR for these tests.1
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Test /I PHI PH2 PH3 PH4 PH5 PH6 PH7

U (V) 230 230 230 230 230 115 115

Pheater (kW)
4.51 4.51 4.51 4.52 4.52 1.25 1.25

Pfan (kW)
0.25 0.25 0.25 0.25 0.25 0.25 0.25

.

V. (cfm) 118 117 117 116 93 115 116.5
ln

.

Vout (cfm) 113 109 110 113.5 107 113 114

TCR (DC) 1 34.5 1 32.5 I 33.0 I 31.5 I 32.7 I 20.5 I 18.0
2

Theater (DC) 1 83.0 1 80 I 83.5 I 79.0 I 82.7 I 34.5 I 3l. 0
-
Tns (DC) I 49.5 I 47.5 I 49.0 I 46.5 I 48.2 I 27.5 I 24.0
-

THR (DC) 25.7 26.0 26.2 25.5 25.5 16.5 15.0

TCS (DC)
11.0 9.0 9.5 7.0 4.0 8.0 7.0

T * (DC) I 31.5 I 30.0 I 32.0 I 29.5 I 30.2 I 19.0 I 16.5

CRl

t (min) 40.0 39.5 39.4 39.0 40.1

11 0 .0 1100 .0tcool down (min 5 5 4 4 4 0 0

Q (kWh) 2,.547 2.5J.O 2.589 2.587 2.647

2. 763 I

2.534

Qcorr (kvlh) 2.614 2.444 2.523 2.522 2.580 2.946 2.700

IDH20(kg)
2.13 2.10 2.13 2.09 2.16 2.191 2.10

.

IPH 0 (kg/h)
1 3.191 3.191 3.241 3.291 3.231 1.191 1.26

2

6HX (%) 61.0 61.0 59.5 62.0 64.9 I 64.1 I 64.7

Qspec (kvJh/kg)
'1.228 1.164 1.186 1.210 1.194I 1.348' 1.286



Table 6. HX-Recirculation Tests

pfan standard C 0.35 kW
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Test II HX1 HX2 HX3 HX4 HX5 HX6 HX7 HX8

l' (V) 230 230 230 200 190 190 230 230

Pheater (kW) 4.54 4.54 4.54 3.50 3.15 3.15 4.56 4.57

Pfan (kW)
0.26 0.27 0.27 0.26 0.26 0.25 0.25 0.26

.

VRC (cfm) 121 120 120 120 122 121 85 124

.

Vopen (cfm)
128 128.5 125 127 127 127 127 127

-
I ITHR (DC) 40.0 40.0 41.5 42.5 40.3 40.0 39.5 40.0

- 2

Theater (oC) I 74.5 I 75.0 I 74.5 I 73.0 I 71.0 , 69.3 I 82.0 I 72.0

-
I I I I I I

TUS (DC) 55.0 55.0 55.5 54.5 53.7 52.5 I 55.5 I 54:0

-
I I ITHR (oC) 42.0 42.5 43.5 I 45.0 I 43.0 I 42.2 I 42.2 I 42.0

1

TCS (oC)
I 21.5 I 19.0 I 20.5 I 22.5 I 21.0 I 21.5 I 21.0 I 20.0

-

TCR (oC) 45.0 46.0 48.0 49.0. 47.0 46.2

46.2 I

46.8

t (min) 60.90 60.19 60.22 63.50 63.00 63.00 65.00 60.50

tcool down (min)
2 2 2 3 5 5

:.oJ

5

Q (kWh) 3.217 3.209 3.116 2.908 3.008 3.009 3.114

Qcorr (kWh) 3.308 3.289 3.196 3.003 3.103 3.114

3.1.191

3.205

mH 0 (kg) 2.13 2.13 2.11 2.10 2.10 2.10 2.13 2.09
2

.

IroH 0 (kg/h) 2.10 I 2.12 I 2.11 I 1.98 I 2.00 I 2.00 I 1.96 I 2.07
2

€HX (%) 70.1 75.0 78.6 82.8 79.5 79.7 73.0 78.8

Qspec (kWh/kg)
1.554 1.545 1.512 1.430 1.478 1.483 1.465 1.537



Table 7. Dehumidifier (D) and Vehumidifer/HX (VB) Tests

Pfan standard (D5) = 0.3 kW

Pfan standard (DR) = 0.4 kW
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Test If D5 DB1 DB2 DB3

U (V) 115 115 115 115

Pcompr (kW)
0.837 0.655 0.675 0.745

Pfans (kW) 0.500 0.645 0.645 0.645

.

VRC (cfm) 180 129 132 130

.

Vopen (cfm)
-- 113 56 36

TCS (oC)
20.4 19.5 18.0 21.0

RHm (oC)
53 58 57 57

-

T . (oC) I 43.0 I 35.5 I 38.5 I 43.5
In

-

THS (oC)
I 36.5 I 29.5 I 31.5 I 34.0

THR (oC)
I

--
I 24 I 27.5 I 31.5

-
TCR (oC) -- 26 29 32

t (min) 151 143 130 119

tcoo1down (min)
0 0 0 0

Q (kWh) 2.594 3.100 2.869 2.677

Qcorr (kth) 2.091 2.516 2.338 2.191

IDH20 (kg)
2.16 I 2.07 I 2.04 I 2.04

.

I

JPH20 (kg/h)

0.86
I 0.87 I

0.94
I 1.03

€HX (%) I
--

I 65.0 I 81.5 I 84.6

Qspec (kWh/kg) I

0.970 I 1.215 I 1.145 I 1.024



Table 8. Comparison of Experimental Results With the
Theoretical Calculations for the Baseline--

Theoretical Calculation E . *
xper1ments

Input Data

Pelectr (kW) 4.55 4.55

Pfan (kW) 0.25 0.25

.

Vair (cfm)

Too (oC)

120 118

20 20

RHoo (%)

X
[

kgH2O
]00 kg dry air

IDU 0 (kg/h)2

55 55

0.008 0.008

3.5

Results

Theater (oC)

Tout (oC)

85.9 90.0

53.4 50.0

0.0224

31.6**

0.0210**

RHout (%)

X
[

kgH2O
]out kg dry air

IDU 0 (kg/h)2

Qtot (kWh)

25

3.1

2.9 3.0

*
Test IIB 4,5,6,7 averaged values
**

Test II B 7
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Mode

Baseline 1

B 4,5,6,7,13

Table 9. Comparison of Energy Savings and Drying Times

Test Parameters Q spec
(kWh/kg H70)

1.444 40

Energy
Savings (%)

t cycle
(min)

Pheater '"'4.55 kW

Pfan '"'0.25 kW

~ '"' 118 dm

Too - 20°C

Baseline 2

B 11, 12

as above except

Too '"' 100e

Baseline 3

B 19, 20, 21

Pheater '"'3.1-3.45 kW

:fan - 0.25 kW
V '"'118 cfm

Too '" 200e

Reduced Air Flow

Rate & Heater Input

8.3

B 14,15,16,17, 18

Pheater '" 3.08-3.43 kW

:fan - 0.25 kW

V '"'62 -85 cfm

Too" 200e

51 - 591.324

15.0

(10.4 -18.5)

Recirculation

Re 2,3,4,6,7

Pheater '"4.5 kW

PfansO.25 kW
V = 116 dm

R = 49 - 72%

Too '" 20°C

1.227

(1.294 -1.177)

43

43

HX - Preheat

PH 1,2,3,5

L197 26.5* 39
Pheater = 4.5 kW

~fans= 0.35 kW
V '" 117 c fm

Tinlet '"7 - 11°C

HX - Recirculation 1

HX 1,2,3,8

60.5Pheater '"'4.55 kW

:fans '" 0.35 kW
V '" 120 dm

Too = 200e

1.537 -6.4**

HX - Recirculation2

HX 4,5,6

63Pheater '" 3.15 - 3.5 kW

~fans '" 0.35 kW

V '" 120 cfm

Too" 200e

1.464 -1.4**

Dehumidifier

D5

150
Pcompr'" 0.837 kW

Pfans '"0.3 kW

V '" 180 dm

Too '"200e

0.970 32.8**

Dehumidifier /HX

DH 1,2,3

120 -145Pcompr = 0.655 - 0.745 kW

:fans '"'0.4 kW

~Re '" 130 dm

Vopen - 36 - 113 cfm

Too '" 20°C

1.024 - 1.215 15.9-29.1**

* Compared to Baseline 2. Energy savings are estimated to be in the order of 20% for Too - 200e in both cases.

** All energy consumed by the dryer can be added to the indoor air to reduce winter heating loads.
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Table 10. Summary of Technical Improvements and Energy Saving Measures

Design Options

(List does not indicate priority of savings or cost effectiveness)

1. Improve Lint Filters*

2. Improve Seals at Drum and Door

3. Add Insulation

4. Air Flow Design Changes

5. Reversible Drum Rotation

6. Use High Efficiency Motors

7. Improve High Limit Thermostats *

8. Improve Automatic Termination Systems

9. Vent Dryer Exhaust Air into House in Winter

10.
*

Reduce Air Flow Rate and Heater Input

11.
*

Recirculate Exhaust Air

12.
*

Preheat Inlet Air with an Air-to-Air Heat Exchanger

13.
*

Recirculate and Condense with an Air-to-Air Heat Exchanger

14. Recirculate and Condense with a Water-to-Air Exchanger

*
Recirculate and Condense with a Heat Pump15.

16. Vacuum Drying

*
Investigated in this paper
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Figure1. Schematic diagram of clothes dryer.
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Figure 2. Psychrometric chart including drying and
heat recovery process.
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Vexhaust air
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Figure 3. Schematic diagram of dryer with recirculation.

Tout = THS

Dryer I ~ HX.
TCR2 I I . ~
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~ THR

..
Too = Tcs

XBL 837-2784

Figure 4. Schematic diagram of dryer with heat recovery, preheating mode.

-58-



TCR Too
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THR2 Tout = THS
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XBL837.2782

Figure 5. Schematic diagram of dryer with heat recovery, recirculation/
condensation mode.
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Figure 6. Schematic diagram of dryer ~ith a heat pump.
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Top view Front view

5

2

9

8

Identification of components:

1. Clothes dryer housing
2. Exhaust air duct
3. Inlet air duct
4. High-limit thermostat
5. Heating element
6. Drying chamber (rotating drum)
7. Drive belt
8. Exhaust air outlet of drying chamber and lint filter
9. Blower on exhaust air side

10. Motor for drum drive and blower
11. Hot air inlet of drying chamber
12. Front door

XBL 837-2787

Figure 7. Top and Front View of Clothes Dryer
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Figure 13. Schematic diagram of clothes dryer with a heat pump
and an air-to-air heat exchanger.
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Figure 14. Comparison of evaporation rates.
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Figure 16. Schematic diagram of vacuum clothes drying.
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Figure 17. Infiltration and exfiltration versus pressure difference

in a house.
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