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ABSTRACT 

In a laboratory study of the performance of residential air-to-air 
heat exchangers during operation with freezing and periodic defrosts, 
freezing caused the temperature efficiency of a cross-flow heat 
exchanger to decrease at a rate ranging from 1.5 to 13.2 percentage 
points per hour. Much smaller rates of decrease in temperature 
efficiency, 0.6 to 2.0 percentage points per hour, occurred during 
tests with a counterflow heat exchanger. The rate of decrease in 
efficiency depended on the airstream temperatures and humidities and 
the duration of the period of freezing. The amount of time required 
to defrost the heat exchanger's core was 6% to 26% of the total 
operating time. The average temperature efficiency for freeze-defrost 
cycles ranged from 48% to 64% in tests of the cross-flow exchanger and 
70% to 82% in tests of the counterflow exchanger. When the frequency 
and duration of defrosts were nearly optimal, approximately a ten to 
fifteen percentage point decrease in average temperature efficiency 
was attributed to the freezing and required defrosts. The results 
suggested that the rate of performance deteriorations due to freezing 
can be reduced by avoiding small airflow passages that can easily be 
plugged with ice and by designing the exchanger so that condensed · 
water does not drain toward the cold regions of the core. Based on 
this investigation, suggestions are made for future experimental 
studies of freezing and for improved control of freeze-protection 
systems. 

Keywords: air-to-air, energy conservation, freezing, heat exchangers, 
residential, ventilation. 
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INTRODUCTION 

Occupied buildings rely on ventilation, the exchange of indoor air for 

outdoor air, to help maintain acceptable indoor concentrations of 

moisture and indoor-generated pollutants. A major drawback of venti

lation, however, is the energy required to heat or cool the ventila

tion air, and this drawback is becoming increasingly important as 

energy prices rise. A method to reduce the energy requirements asso-

ciated with ventilation is to minimize the amount of air leakage 

through the building envelope, mechanically supply and exhaust 

approximately equal amounts of air to and from the building, and 

transfer heat between the incoming and outgoing airstreams in an air

to-air heat exchanger. Some air-to-air heat exchangers, often called 

enthalpy exchangers, are designed so that moisture, as well as heat, 

is transferred between airstreams. The transfer of moisture is advan-

tageous in situations when it reduces the latent load on air

conditioning equipment or when it reduces humidification requirements 

during the winter. 

Mechanical ventilation with heat exchange (MVHX) has been used 

for many years in a limited number of commercial buildings and is now 

becoming increasingly common in residences, particularly those located 

in regions with cold climates. The performance of MVHX systems, 

however, 
I 

can be substantially degraded if moisture from the exhaust 

airstream freezes within the core of the air-to-air heat exchanger. 
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The accumulation of ice or frost within the heat exchanger can sub

stantially reduce both the flow rate of the exhaust airstream and the 

amount of heat recovery. 

Prior research on freezing in air-to-air heat exchangers has been 

directed primarily toward a determination of the indoor and outdoor 

environmental conditions that lead to freezing. In this paper, we 

provide background information on freezing, describe an experimental 

study of the performance of two ai r-to-ai r heat exchangers duri ng 

operation with freezing and periodic defrosts, and discuss techniques 

to control freeze-protection systems and characteristics of heat 

exchanger design that are relevant to freezing. The experimental 

system and the heat exchangers are described only briefly; however, 

detailed descriptions are provided in a companion paper (Fisk et al. 

1985), which focuses on the environmental conditions that lead to 

freezing. 

BACKGROUND 

Mechanisms and Rate of Freezing 

In this paper the term "freezing" refers to the formation of both 

ice and frost on the heat transfer surfaces within the heat exchanger. 

The following three different mechanisms of freezing in heat exchan

gers have been identified: (1) Water vapor within the air may condense 
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on cold surfaces. If the surface temperature is reduced or the 

condensate drains to a colder region of the heat exchanger's core, the 

liquid water may freeze to ice. (2) If the dewpoint temperature of 

the warm moist air within the core is below oOC, and the air contacts 

a sufficiently cold surface, a layer of frost will form on the sur

face. (3) If the air within the core is cooled below its dewpoint 

temperature, liquid droplets can form within the air and with further 

cooling the liquid droplets may freeze into a solid. With a 

sufficiently low dewpoint temperature, ice crystals may form directly 

within the air without the prior formation of liquid droplets. In 

either instance, the frozen material may adhere to the heat transfer 

surfaces. 

A variety of factors will affect the rate of freezing, i.e., the 

rate of ice or frost formation, and its impact on heat exchanger 

performance. The rate of freezing and the amount of heat transfer 

surface area over which freezing occurs should increase as the inlet 

temperature of the cold, i.e., supply~ airstream is reduced. If 

airstream temperatures are sufficiently below those at which freezing 

is initiated, the rate of freezing will increase with an increase in 

the inlet humidity of the warm, i.e., exhaust, airstream. However, 

when conditions are near those at which freezing is initiated, the 

relationship between the rate of freezing and inlet humidity is com

plex, because heat released during condensation and freezing will 

increase temperatures within the core. 
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Various factors related to the design of the heat exchangers, 

e.g., airflow geometry and temperature efficiency (defined later), 

will also affect the temperature distribution in the core and, thus, 

the rate of freezing. 

tvlethods of Freeze Protecti on 

A variety of freeze-protection techniques are used in commercial 

heat recovery systems. In this section, we describe only the two 

freeze-protection techniques that are most commonly used for residen

tial heat exchangers. Methods for controlling the freeze-protection 

systems are discussed in a later section. 

A common strategy is to defrost the exchanger periodically by 

interrupting the flow of the supply airstream. In general, this is 

accomplished by turning off the supply-airstream fan. The exhaust 

airstream continues to flow through the exchanger, warms up the core, 

and melts the accumulated frost or ice. After a period of time, the 

supply fan is turned on and normal operation resumes. During the 

defrost, air continues to be exhausted from the residence; thus, an 

equivalent amount of outdoor air must enter the residence. A portion 

of this outdoor air will enter through cracks and other openings in 

the building envelope - this air is, therefore, not substantially 

preheated before it enters the residence. Some air may also enter 

through the supply ductwork and the supply passages of the heat 
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exchanger (where it will be preheated) if this path is not blocked 

during the defrost. 

experimental study, 

the defros ts. 

For the defrost technique used in this 

no cold air flowed through the exchanger during 

The second common freeze-protection technique for residential 

heat exchangers is to preheat the cold supply air sufficiently to 

prevent freezing before this air enters the heat exchanger's core. An 

electric resistance heater is generally used for the preheater. Pre

heating the air consumes electricity and also reduces the amount of 

heat recovery in the exchanger, but the heat exchanger's operation is 

not interrupted by the freeze-protection system. 

EXPERIMENTAL SYSTEM 

Overview 

The experiments were conducted in a laboratory with facilities for 

simultaneously producing warm and cold air with temperatures and 

humidi t ies representative of the indoor and outdoor environments. The 

minimum attainable air temperature was approximately -12oC for the 

majority of the test program, although, procurement of a low-tempera

ture brine chiller permitted a few experiments to be performed with 

inlet air temperatures of -21oC. The flow of warm air through the 

heat exchangers was provi ded by the fan for thi s ai rstream wi thi n the 
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exchanger. This air was withdrawn from and returned to a chamber in 

which the temperature and humidity were controlled to match typical 

indoor conditions. This open-loop configuration without an auxiliary 

fan was chosen to ensure that the reduction in flow rate of the warm 

airstream during our tests was representative of the reductions that 

would occur due to freezing when the exchanger is operating in a 

residence. Measurements of the flow rate, temperature, humidity, and 

static pressure of the airstreams entering and exiting the exchanger 

were used to determine performance. A detailed description of the 

testing and measuring systems is provided in the companion paper (Fisk 

et al. 1985). 

EXPERIMENTAL PROTOCOL 

The basic experimental protocol was to operate the heat exchanger 

under conditions with freezing and to periodically interrupt operation 

with a defrost. The elapsed time between defrosts, designated as the 

"duration of the freeze, II was a test variable and equalled roughly 

one, two, four, six, hours or overnight. The temperature and relative 

humidity of the inlet warm airstream was maintained at approximately 

200C and 30%, 40%, or 55% respectively. At the beginning of the 

freeze-defrost cycles, the airstream flow rates were balanced and 

equal to approximately 200 kg/h. (Here, we are referring to the flow 

rates of the airstreams that exit the heat exchanger. Inlet and 

outlet flow rates were slightly different because of leakage between 
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the two airstreams. The net amount of leakage was roughly 1% and 5% 

of the flow rate in Heat Exchangers Nos. 1 and 2, respectively.) At 

the beginning of each cycle, the temperature of the inlet cold air

stream decreased rapidly (as the ductwork upstream of the heat 

exchanger cooled) after which this temperature remained fairly 

stable at approximately -120C for the majority of tests and -21 0C for 

a few tests. 

Because initial conditions, e.g., amount of moisture in the core 

can have a significant effect on the rate of freezing, freeze-defrost 

cycles less than six hours in duration were repeated two to six times 

in succession. Data from the last cycle or pair of cycles should be 

largely unaffected by initial conditions, and it is these data that 

are presented later in this paper. Freeze-defrost cycles of more than 

six hours duration could not be repeated in succession during a 

workday, since the defrosts were manually controlled. Tests with a 

six- hour duration of freeze were preceded by approximately two hours 

of freezi ng and a defrost. Overni ght tests were preceded by ei ther 

the defrost from a previous test of shorter duration or several hours 

of operation with the inlet temperature of the cold stream maintained 

at oOC. The defrosts were initiated manually by turning off the heat 

, exchanger1s cold-airstream fan and adjusting valves so that the cold 

airstream bypassed the exchanger. The defrost was allowed to progress 

until complete, as determined by a visual observation of the core. 

The criteria for the end of a defrost were that all visible ice and 
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frost had melted and that rapid dripping of water from the core had 

decreased abruptly. Previous to establishing this criteria, we 

attempted to use the flow rate of the warm airstream (which increased 

throughout the defrost) as the criterion to end the defrost. This 

criterion did not always correlate well with visual observations and 

yielded fairly nonrepeatable results - so it was rejected. 

THE HEAT EXCHANGERS 

Tests were performed with two different residential heat exchangers of 

substantially different design; therefore, it was expected that the 

rates of freezing and performance deterioration for the units might 

differ significantly. The heat exchangers are described briefly 

below; drawings of the exchangers are provided in the companion paper 

(Fisk et al. 1985). 

Heat Exchanger No.1. The first heat exchanger consists of a 

cross-flow aluminum core, two aluminum mesh filters, and two 

centrifugal fans mounted in an insulated case with fittings for 

attachment to ductwork. The parallel plates in the cross-flow core 

are separated by aluminium fins that divide the space between the 

plates into small triangular passages. The cold airstream flows 

through the core in an upward direction (450 from the horizontal) and 

the warm airstream flows downward (also 450 from the horizontal). An~ 

water that condenses in the core drains downward in the direction of 
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airflow toward the colder end of the core. 

Heat Exchanger No.2. The second heat exchanger tested consists 

of a polypropylene counterflow core and two axial fans mounted in an 

insulated case with fittings for attachment to ductwork. The cold 

airstream enters and exits the ends of the rectangular core. The warm 

airstream enters the top of the core through a series of slots at one 

end and exits from the bottom of the core through a series of slots at 

the opposite end. As with most plate-type heat exchangers, the core 

is essentially a series of parallel plates with portions of each 

airstream directed through alternate passages. In this exchanger, the 

passages for the cold airstream are further subdivided into small 

rectangular channels while the passages for the warm airstream are not 

subdivided. Due to the unique design of this heat exchanger, nuch of 

the water that condenses within its core drains against the direction 

of airflow to the warmer end of the core. 

CALCULATED PERFORMANCE PARAMETERS 

A description of the most important parameters calculated from data 

obtained during freeze-defrost cycles is provided below. The calcula

tions are based on complete sets of data that were collected and 

recorded every five minutes. 

Airstream Properties. The average, maximum, and minimum values 
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of the temperature and mass flow rates of the airstreams entering and 

exiting the heat exchanger were determined, excluding data from the 

defrost portion of the freeze-defrost cycles. For the entering and 

exiting warm airstream, the average, maximum, and minimum values of 

humidity ratio (mass of water vapor divided by mass of dry air) and 

relative humidity were also determined. 

Temperature Efficiency and Rate of Change of Temperature Efficiency. 

For each five-minute data set, consisting of a measurement for all 

airstreams, the temperature efficiency for the supply airstream was 

calculated from the equation 

£: = 100% x (T T) / C,o - c,i (T . - T . ) 
W,l C,l 

(1) 

where: T is an airstream temperature, and the subscripts c, w, i, and 

o refer to the cold airstream, the warm airstream, inlet, and outlet 

of the heat exchanger, respectively. This efficiency equals the 

t emperature rise of the cold airstream divided by the theoretical 

maximum temperature rise and, in theory, can range from zero to 

uni ty. (Actually, if some heat source, such as a fan motor, is 

located between the upstream and downstream measuring points, the 

efficiency as defined above can exceed unity.) An increase in 

efficiency corresponds to a decrease in the heat load imposed on the 

home's heating system; therefore, it is desirable for the efficiency 

to be as high as possible. 
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As ice or frost forms in the core of the heat exchanger, the 

temperature efficiency decreases. The average rate of change of 

efficiency for a freeze cycle, t,E which is a measure of the rate of 

performance deterioration, was calculated from the equation 

(2) 

where: E is the value of E calculated from data collected during the 
3 

third five-minute data set after completion of the previous defrost; 

En is calculated from data taken in the last set prior to initiating 

the next defrost; and t3 and tn are the corresponding times. The 

value of temperature efficiency from the third data set was used in 

the calculation because the first one or two values were often abnor-

mally high due to heat storage in the core during the previous de

frost. The time-weighted average temperature efficiency (Eavg) for 

the entire freeze-defrost cycle (or pair of consecutive cycles) was 

also calculated, assuming that E equalled zero during the defrost. 

Rate of Change of Mass Flow Rate. The mass flow rate of the warm 

airstream was reduced as ice or frost formed within the core. The 

rate of change of mass flow rate (t, M) is another indicator of the 

impact of freezing on performance and was calculated from the equation 

(3) 
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where: M and t refer to mass flow rate and time and the subscripts 

11111 and lin II refer to the first and last five-minute data set, 

respectively. 

Defrost Time Fraction. One last parameter calculated was the 

defrost time fraction (R). This parameter equals the elapsed time 

during the defrost divided by the total elapsed time for the freeze

defrost cycle. 

RESULTS AND DISCUSSION 

Trends with Time 

Two parameters that were highly affected by the freezing within 

these exchangers are the temperature efficiency and the mass flow rate 

of the warm airstream. As typical examples, these parameters and the 

inlet temperature of the cold airstream are plotted versus time in 

Fi gu res 1 and 2. 

Figure 1 shows these plots for a test of Heat Exchanger No. 1 

with the inlet relative humidity of the warm airstream maintained at 

approximately 3U%. In this test, the duration of the freeze, i.e., 

the elapsed time between the end of the previous defrost and the start 

of the subsequent defrost, was 13.3 hours and the defrost of the core 

required approximately 0.8 hours. At the start of the test, the inlet 
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temperature of the cold airstream fell rapidly, after which it de

creased slowly. The average temperature of the cold airstream was 

-13°C. There was a sharp peak in temperature efficiency at the start 

of the test, which is attributed to heat storage in the core during 

the previous defrost and subsequent transfer of this heat to the cold 

airstream. Neglecting data during this initial peak, the efficiency 

decreased gradually from 72% to 42% and the rate of decrease in effi

ciency leveled off over time. After the defrost, the efficiency 

returned to approximately its initial value. 

The trend in mass flow rate during this test was similar to the 

trend in temperature efficiency, although there was no initial peak in 

flow rate and no leveling off of the rate of decrease in flow rate. 

Figure 2 shows the same curves for two successive freeze-defrost 

cycles with approximately a four-hour duration of the freeze. The 

inlet relative humidity of the warm airstream was maintained at 

approximately 55%. No sharp peak in temperature efficiency is evident 

i n this figure. We expect that a peak in efficiency occurred but was 

not recorded due to its short duration and the periodic nature of our 

measurements. The average rate of decrease in temperature effi ci ency 

and mass flow rate was greater during this test than during the pre

viously described test due to the higher inlet humidity and shorter 

duration of the freezing period. 
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The trends in temperature efficiency and mass flow rate during 

tests of Heat Exchanger No. 2 were similar; however, the rates of 

decrease in these parameters were generally much smaller. In addi

tion, the rate of decrease in temperature efficiency did not level off 

significantly with time, even during tests of 14 hours in duration. 

Visual Observation. 

During tests of each exchanger, the face of the core, where the 

warm airstream exits, was visually inspected through windows installed 

in the case. In the cross-flow core of Heat Exchanger No.1, the 

coldest surfaces should theoretically be located at the lower edge of 

this outlet face. Frost or ice appeared first along this edge and 

then progressed upward with increasing time. A white, opaque solid, 

assumed to be frost, was frequently observed in the colder regions of 

the core especially during tests with low inlet relative humidities. 

A more translucent solid, assumed to be ice, was also observed and was 

generally present in greater quantities than the frost. Initially, 

the ends of individual triangular flow passages became plugged with 

ice or frost but, as time progressed, large portions of the face of 

the core became covered with ice and icicles extended from the surface 

of the core. The face of the core was never entirely obstructed 

because the warmer, top regions of the core remained free of ice or 

frost. 
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Based on the visual observations, we suspect that during these 

tests many of the flow passages became obstructed at their cold end 

before substantial ice or frost formed deeper within the core. 

Obstruction of the end of a flow passage would prevent flow of air 

along the entire passage and, therefore, render the surface area in 

that passage · useless for heat transfer. We also suspect that the 

direction of water drainage had a large impact on performance. 

Because condensed water drained toward the cold end of the core where 

it could freeze, the rate of ice formation and performance deteriora

tion was probably more rapid. Under conditions with freezing, this 

exchanger might perform better if the warm air flowed upward and 

condensed water drained against the direction of flow toward the 

warmer end of the core, despite the adverse impact on performance that 

would result from reevaporation of condensed water. 

In Heat Exchanger No.2, the warm airstream exits the core 

through a series of long narrow slots instead of very small flow 

passages. The flow passages for the warm airstream in this heat 

exchanger are not subdivided into smaller passages, thus complete 

blockage of the end of a flow passage with ice would appear less 

likely than in the core of the first exchanger. Ice or frost 

(primarily ice) first formed at the coldest end of the slots through 

~hi ch the warm airstream exi ted and progressed wi th time toward the 

warmer end of the slots. A slot never became completely obstructed 

with ice, although it is possible that flow passages became substan-
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tially or completely obstructed at locations within the core that we 

could not observe. The rate of ice formation at the outlet face of 

this core was considerably less than the rate of ice formation 

observed during tests of the the other exchanger. 

Based on the visual observations, two factors may help to explain 

why performance deteriorations were less rapid in Heat Exchanger No 2. 

First, the flow passages for the exhaust airstream were not small 

enough to be easily obstructed by ice. Second, much of the water that 

condenses within this exchanger's core drains toward the warmer end of 

the core instead of the colder end where it could freeze. 

Tests with an Inlet Supply Temperature of Approximately -120C 

Rate of Change of Temperature Efficiency. The average rate of 

change in temperature efficiency (~E) during the periods of freezing, 

i.e., the periods of time between defrosts, as well as other 

calculated results and the average properties of the inlet airstreams 

are tabulated in Tables 1 and 2. The data on rate of change of 

temperature efficiency are also plotted versus duration of freeze in 

Fi gures 3 and 4. 

In tests of the Heat Exchanger No. 1, ~E ranged from 1.5 %/h 

(percentage points decrease in E per hour) to 13.0 %/h. There is 

significant scatter in the data, but the highest values of ~E occurred 
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for tests with a high inlet humidity and a fairly short duration of 

freeze (one to four hours). In tests with the inlet relative 

humidity of the warm airstream maintained at 40% and 55%, the average 

value of ~E decreased significantly with an increase in test duration. 

This trend may be explained by the decrease ~E that was observed as 

time progressed during an individual test. It is also clear from the 

figure that an increase in ~E is associated with an increase in ' the 

inlet humidity of the warm airstream at least for tests with a dura

tion of freeze from one to four hours. 

In tests of Heat Exchanger No 2., ~E ranged from 0.6 %/h to 2%/h. 

On the average, ~E Vias much smaller during tests of this exchanger 

when compared to its value during tests of the the first exchanger. 

There are insufficient data to indicate correlations between ~E and 

inlet humidity or the duration of freeze. 

Rate of Change in tvlass Flow Rate. The rates of change in mass 

flow rate of the initially warm airstream a~ a percentage of initial 

flow rate (~M) are tabulated in Tables 1 and 2. The relationships 

between ~ M and test conditions, i.e., duration of freeze and inlet 

humidity, were generally similar to the relationships discussed above 

for M: . 

For tes ts of Heat Exchanger No.1, the rati 0 ~ JIIl/ M; (not 

tabulated) averaged 0.9 (with a standard deviation of 0.6) and ranged 
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from 0.3 to 1.6. The average of t, M/M from tests of Heat Exchanger 

No. 2 was 2.2 (with a standard deviation of 0.7) and the range was 

from 1.1 to 3.2. Thus, the temperature efficiency of the second heat 

exchanger appeared to be less affected by the reductions in mass flow 

rate. 

Defrost Time Fraction. Another calculated parameter is the 

defrost time fraction R (Figures 5 and 6), which equals the time 

required to defrost divided by the total elapsed time during the 

freeze-defrost cycle. The value of R, expressed as a percentage, 

ranged from 4% to 26% in tests of Heat Exchanger No. 1 and from 6% to 

17% in tests of Heat Exchanger No.2. These ranges are not directly 

comparable, however, because tests of shorter and longer duration were 

conducted with the first exchanger. If tests of the same duration are 

compared, the values of R for the two exchangers are not highly 

different. 

The defrost time fraction (R) decreases with an increasing test 

duration, indicating that the defrost time is used more effectively 

after a long freeze. Optimal performance is not achieved by 

minimizing R, however, but instead by maximizing the time-averaged 

temperature efficiency (defined later). With this criterion for 

optimal performance, the optimal length of time between defrosts of 

Heat Exchanger No. 1 appeared to be in the range of one to six hours. 

Thus, defrost time fractions of roughly 15% would generally be re-

18 



quired when operating the exchanger under similar conditions. 

(Defrost time fractions up to 25% may be required if the inlet 

humidity is high and the duration of the freeze is one to two hours.) 

The optimal time between defrosts of Heat Exchanger No. 2 under the 

test conditions appeared to be in the range of 6-13 hours. No data 

are available with freeze periods in this range, but the available 

data suggest that defrost time fractions of 6% to 12% would be re-

quired under these conditions. 

It should be noted that the test protocol did not permit 

determination of the optimal value of R for any given test. Also, the 

decision of when to terminate defrosts was subjective because it was 

based on visual indicators. More extensive testing would be required 

to precisely determine the optin~l frequency and duration of defrosts. 

Time-Averaged Temperature Efficiency. One final calculated para

meter (plotted in Figures 7 and 8) is the time-averaged temperature 

efficiency (€ avg)' Obviously, it is desirable to operate the 

exchanger in a ~nner that will maximize the average temperature 

efficiency. 

The value of € avg ranged from 48% to 64% in tests of Heat. 

Exchanger No.1. The average temperature efficiency was higher when 

the time between defrosts was one to six hours compared to 10-20 

hours. An average efficiency of 62% was typical for tests of one to 
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four hours duration with inlet relative humidities of approximately 

30% and 40%. The temperature efficiency during initial stages of the 

freeze cycles was typically in the range of 72% to 82% depending on 

inlet humidity. Therefore, a decrease in average temperature 

efficiency of roughly 15 percentage points can be attributed to the 

freezing and the required defrosts when the inlet humidity was 30% and 

40%. A greater reduction in performance occurred with higher inlet 

humidities. 

In tests of Heat Exchanger No.2, the average temperature effi

ciencies were significantly higher, i.e., 70% to 82%. The optimal 

time between defrosts appeared to be in the range of 6 to 13 hours, 

although no tests were conducted in this range. Properly operated 

under conditions similar to those in the tests, average temperature 

efficiencies of 73% to 82% appear achievable, although the higher 

efficiencies would occur only with a high inlet humidity. It should 

be noted that there was significant leakage of air ( approximately 5%) 

during the tests from the warm to the cold airstream, thus the mea

sured temperature efficiencies cannot be attributed entirely to heat 

transfer across surfaces in the core. The temperature efficiencies of 

this exchanger during the initial periods of freeze-cycles were in the 

range of 86% to 91%. Therefore, roughly a 10% reduction in tempera

ture efficiency can be attributed to the freezing and the required 

defrost cycles under these operating conditions. The reductions in 

temperature efficiency noted above (10% and 15%) are based on the 
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assumption that the periodic defrosts are controlled in a fairly 

optimal manner. The methods currently used to initiate and terminate 

periodic defrosts in residential heat exchangers may, in many cases, 

not provide optimal performance. Thus, larger reductions in average 

temperature efficiency due to freezing may be common. 

Tests with an Inlet Cold- Airstream Temperature of Approximately -20oC 

A limited number of tests were performed with the average inlet 

temperature of the cold airstream maintained at a significantly lower 

value, i.e., approximately -20oC compared to -12oC. These tests 

were conducted only with Heat Exchanger No. 1 and only with warm 

airstream relative humidities of approximately 32% and 42%. The 

results are tabulated in Table 1 and plotted as open data points in 

Figures 3, 5, and 7. 

During most of these low-temperature tests, there were small 

reductions (approximately 8%) in the mass flow rates of the cold 

airstream due to freezing on the cooling coils of the test system, and 

these reductions undoubtedly affected the results. The rates of 

decrease in temperature efficiency were two to three times greater 

during low-temperature tests compared to the rates of decrease during 

corresponding tests with a higher cold airstream temperature. Despite 

this fact, for tests with a two-hour freeze duration, the defrost time 

fractions and average temperature efficiencies were not significantly 
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different from those observed with the higher cold-airstream tempera-

tures. In tests with a three- and four-hour duration of freeze, 

however, the defrost time fraction was increased and the average 

effectiveness was reduced compared to the higher-temperature tests. 

The number of tests performed was insufficient for definite conclu

sions, but the results indicate that it is desirable to defrost more 

frequently when the inlet temperature of the cold airstream is low. 

Control of Freeze-Protection Systems 

One of the objectives of this study and the study of conditions 

that lead to freezing (Fisk et ale 1985) was to identify parameters 

that could be used as input signals for a control-system that 

initiates (and possibly terminates) some technique of freeze protec

tion. The use of periodic defrosts or preheating for freeze protec

tion was described previously. 

A common control strategy is to sense the outdoor temperature and 

activate the freeze-protection system when this temperature is below 

the onset of freezing. When the freeze-protection system is acti-

vated, a timer is used to turn off the cold airstream's fan for a 

fixed period of time at regular intervals. The data on onset of 

freezing, defrost frequency, and defrost time fraction in this report 

and the companion paper should be useful as design parameters for such 

a control system. An attractive feature of this control system is its 
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simplicity and low cost; however, it cannot provide optimal 

performance, since it does not adjust for changes in indoor tempera

ture and humidity or outdoor temperature. Also, considerable informa

tion on the freezing characteristics of the exchanger is required, and 

testing to determine this information is time-consuming and expensive. 

Another strategy that is not unusual is to sense the outl et 

temperature of the supply airstream and to activate the freeze-protec

tion system, generally a preheat system, to maintain this temperature 

above some value. A weakness of this strategy is that a number of 

factors besides freezing could possibly reduce the supply temperature 

below the set point, e.g., low outdoor temperatures and fouling of the 

heat exchange surfaces. 

A strategy that has been suggested is to use the drop in static 

pressure of the exhaust airstream as it passes through the core as the 

controlling parameter. As ice or frost forms in the core, this 

pressure drop will increase and a defrost could be initiated after a 

certain increase. This pressure drop will decrease as the ice or 

frost melts and the control system could terminate the defrost when 

the pressure drop returns to its value prior to freezing. To initiate 

the defrost when a 10% drop in flow rate occurs, which corresponded to 

roughly a 5% to 10% drop in temperature efficiency in our tests, would 

require that the control system respond to a very small change in 

pressure drop. For example, based on the fan performance data, the 
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lncrease in pressure drop would be roughly 10 and 5 Pa, in Heat 

Exchangers Nos. 1 and 2, respectively, for a 10% decrease in flow rate 

from 200 to 180 kg/h. 

With the decreasing cost of electronic systems, it may be cost 

effect i ve to develop more IIi ntell i gentll control systems for freeze 

protection. An intelligent control system would (1) activate the 

freeze-protection system only when needed, (2) automatically adjust 

for changes in indoor humidity, outdoor temperature, and flow rate, 

(3) not be activated by performance changes caused by factors other 

than freezing, and (4) eliminate the need for extensive testing of 

each unit under conditions of freezing. For example, if a defrost 

technique is employed, the control system might sense the appropriate 

airstream temperatures to allow a determination of temperature 

efficiency and also sense the temperature of a heat-exchange surface 

at the cold end of the core. The defrost could be initiated only when 

the surface temperature was below freezing and the temperature effi

ciency had dropped below a certain value. The defrost could be 

terminated when the temperature of the heat exchange surface increased 

to a few degrees centigrade. A preheat system might be controlled by 

a similar set of sensors. Alternately, the control system might sense 

only the temperature of the heat exchange surface and provide suffi

cient preheat to maintain this temperature above freezing. In fact, a 

simple thermostatic-timer control system based on the temperature of 

the heat exchange surface might be preferable to a thermostat-timer 
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system based on air temperature. The actual desirability of more 

"intelli~ent" control systems will depend on their cost and 

performance. It is more important to optimize the freeze protection 

system if the heat exchanger will be used in a very cold climate. 

Suggestions for Future Experimental Studies 

Based on our studies, the following are suggestions for future 

experin~ntal investigations of freezing in air-to-air heat exchangers. 

Further information would be gained by experimental studies of 

freezing in additional models of heat exchangers and under a wider 

\lariety of operating conditions. Additional investigations of 

freezing in heat exchangers with low inlet cold-airstream temperatures 

would be particularly valuable. Also, if residential heat exchangers 

are to be used in regions with very cold climates, improved techniques 

for freeze protection and improved control systems for these techni

ques are desirable; thus, experimental evaluation of various methods 

of freeze protection would be valuable. Finally, information on tem

perature and humidity profiles in the cores of exchangers under condi

tions with freezing would be of value for model development and veri

fication. 

SUMMARY AND CONCLUSIONS 

In two residential air-to-air heat exchangers (a cross-flow and a 
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counterflow), performance under conditions with freezing and periodic 

defrosts was studied in detail. In tests of the cross-flow heat 

exchanger, freezing caused the temperature efficiency to decrease at a 

rate from 1.5 to 13.2 percentage points per hour (%/h). More rapid 

decreases in efficiency were associated with lower cold airstream 

temperatures, higher warm airstream humidities, and shorter periods 

of freezing. Temperature efficiency decreased at a slower rate 

(0.0 to 2.0 %/h) during tests of a counterflow heat exchanger. From 

observations of the cores during freezing, it appeared that the per

formance of the counterflow heat exchanger decreased at a slower rate 

because the core contained larger flow passages which are not easily 

obstructed by ice and because much of the condensed water drained to 

the warm end of the core where it could not freeze. 

The amount of time required to defrost these heat exchangers 

divided by the total operating time, i.e., the defrost time fraction, 

ranged from 0.06 to 0.26 and did not differ greatly between the cross

flow and counterflow exchangers when corresponding tests were com

pared. With an inlet cold airstream temperature of approximately -

12oC, the optimal amount of time between defrosts appeared to be in 

the range of one to six hours for the cross-flow exchanger and six to 

thirteen hours for the counterflow exchanger. With lower cold air-

stream temperatures, more frequent defrosts may yield a better average 

performance. 
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When the frequency of defrosts was in the optimal range, the 

average temperature efficiency for freeze-defrost cycles was in the 

range of 62% for the cross-flow exchanger and 75% for the counterflow 

exchanger. The counterflow exchanger had a higher average efficiency 

because of its superior efficiency without freezing and because its 

performance was less rapidly affected by freezing. It was estimated 

that the freezing and periodic defrosts reduced the average tempera

ture efficiency of the cross-flow and counterflow exchangers by 15% 

and 10%, respectively. Larger reductions in average performance will 

occur when the frequency or duration of defrosts is far from optimal. 

This investigation indicates that the performance of residential 

air-to-air heat exchangers need not be drastically reduced when 

operated under conditions that lead to freezing. A freeze-protection 

system is clearly desirable if these exchangers are to be used in cold 

climates. Heat exchanger designs that minimize the effects of 

freezing are recommended, as well as improved controls for freeze

protection systems. 
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TABLE 1 

Results from Tests of Cross-flow Heat Exchanger No.1. 

TEST WARM WARM INITIAL COLD INITIAL DURATION INITIAL RATE OF AVERAGE RATE OF DEFROST 
I INLET INLET WARM INLET COLD OF TEMP. DECREASE TEMP. DECREASE IN TIME 

TEMP. R.H. OUTLET TEMP. OUTLET FREEZE EFF. IN TEMP. EFF. WARM STREAM FRACTION 
FLOW FLOW EFF. FLOW 

(-) (oC) (t) (Kg/h) (oC) (Kg/h) (h) (t) (t/h) (t) (t/h) (-) 

1-1 19.9 39 225 -11.9 218 17.0 77 2.6 48.5 3.7 0.07 
1-2 20.0 39 223 -10.8 219 4.0 75 3.4 61.6 3.7 0.12 
1-3 20.0 39 223 -12.1 220 0.9 74 5.2 63.0 4.4 U.14 
1-4 19.7 28 222 -11.8 218 21.0 74 1.5 52.4 1.3 0.04 
1-5 19.9 29 225 -11.1 218 4.1 71 2.5 62.1 1.4 0.07 
1-6 19.4 30 225 -13.1 218 13.3 72 2.3 53.1 2.8 0.06 
1-7 19.9 30 226 -12.3 219 2.0 74 2.4 62.0 0.8 0.14 
1-8 19.9 29 226 -12.1 220 2.0 73 2.0 1.2 

N 1-9 19.9 29 225 -12.3 215 16.0 75 1.9 53.6 1.5 0.10 
~ 1-10 20.2 54 220 -11.1 215 1.0 80 9.9 56.H 8.2 0.26 

1-11 20.1 55 220 -10.7 211 1.0 81 10.4 59.8 7.6 0.24 
1-12 20.7 54 215 -11.6 204 11.5 H2 2.5 54.0 1.1 0.08 
1-13 20.2 54 218 -13.2 247 2.0 76 13.0 50.8 15.7 0.22 
1-14 20.0 54 220 -12.9 240 2.0 76 11.8 12.1 
1-15 20.1 55 22U -12.1 238 3.8 76 8.6 48.2 7.0 0.15 
1-16 20.1 56 220 -11.7 238 9.8 77 3.5 47.7 2.4 0.10 
1-17 20.1 42 225 -12.1 231 5.8 74 4.4 58.0 6.8 0.08 
1-18 20.0 42 222 -12.2 229 6.0 74 4.3 54.4 6.9 0.10 
1-19 20.0 32 225 -12.1 229 5.8 72 2.4 60.2 3.0 0.09 
1-20 2U.1 42 222 -11.4 227 6.0 75 4.8 57.9 6.9 0.10 
1-21 2U.1 32 225 -10.9 229 5.9 74 2.2 64.2 2.0 0.06 
1-22 19.5 30 226 -13.0 219 15.8 72 2.1 51.3 2.2 0.06 
1-23 20.2 55 221 -11.9 211 14.9 83 2.8 51.7 1.9 0.07 

1-24 20.1 32 225 -1!1.9 231 1.8 73 6.0 61.1 6.5 0.12 
1-25 20.2 33 225 -20.8 229 3.1 73 6.4 54.8 15.0 0.14 
1-26 20.1 32 227 -20.5 234 2.4 73 6.8 10.9 
1-27 20.2 32 229 -20.1 235 4.0 74 5.5 58.4 9.3 0.11 
1-28 20.0 32 225 -20.4 232 5.2 73 4.8 12.3 
1-29 20.1 42 223 -19.1 220 1.6 74 7.8 62.1 13.3 0.13 
1-30 20.1 42 222 -20.7 220 2.9 75 13.2 28.7 
1-31 20.1 42 223 -20.4 229 4.0 73 10.8 22.6 



TABLE 2 

Results from Tests of Counterflow Heat Exchanger No.2. 

TEST WARM WARM INITIAL COLD INITIAL DURATION INITIAL RATE OF AVERAGE RATE OF DEFROST , INLET INLET WARM INLET COLD OF TEMP. DECREASE TEMP. DECREASE IN TIME 
TEMP. R.H. OUTLET TEMP. OUTLET FREEZE EFF . IN TEMP. EFF. WARM STREAM FRACTION 

FLOW FLOW EFF. FLOW 
(-) (oC) (t) (Kg/h) (oC) (Kg/h) (h) (t) (t/h) (t) (t/h) (-) 

2-1 19.9 33 191 -11.9 191 2.1 86 0.7 72.0 1.6 0.17 
2-2 19.9 31 190 -13.5 185 14.3 88 1.4 74.4 1.5 0.07 
2-3 20.0 32 187 -13.7 190 3.6 86 2.0 70.2 4.1 0.15 
2-4 2U.O 31 191 -13.0 191 b.U 87 0.9 76.7 1.6 0.09 
2-5 2U.O 33 191 -11.9 191 2.0 87 U.6 75.1 1.2 U.14 
2-6 19.9 32 191 -13.2 191 3.9 86 1.3 74.5 3.0 0.11 
2-7 · 19.8 43 188 -12.8 193 1.9 87 0.8 71.1 2.5 0.17 
2-8 20.1 43 184 -13.1 189 5.9 86 1.0 73.4 3.2 0.13 
2-9 2U.2 41 187 -13.2 188 13.6 87 2.0 72.9 2.9 0.06 
2-10 20.0 57 181 -13.8 191 2.U 89 1.0 74.2 1.7 0.16 

w 2-11 20.0 57 191 -12.1 187 5.4 91 0.7 81.8 2.1 0.10 
C> 

2-12 20.0 57 184 -13.3 187 14.4 91 1.4 80.7 2.8 O.Ob 
2-13 19.9 44 18b -15.6 191 4.0 85 2.0 71.6 6.3 0.14 
2-14 20.0 58 184 -16.0 191 6.U 90 1.9 77.0 5.0 0.11 
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Figure 1. Mass flow rate of warm airstream, temperature efficiency for cold airstream, and inlet 
temperature of cold airstream versus time for Test No . 1-6 of Heat Exchanger No.1. The dashed lines 
connect data from periods before and after the defrost . 
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