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ABSTRACT

Lamb, Glenn Doyle, M.S., Purdue University, December 1980.
Seasonal Performance of Air Conditioners - An Analysis of
the DOE Test Procedures: The Thermostat and Measurement
Errors, Major Professor: David R, Tree.

Two aspects of the DOE test procedures are analyzed.
First, the role of the thermostat in controlling the cy-
cliﬁg of conditioning equipment is investigated. The test
procedures call for a cycling scheme of 6 minutes on =
24 minutes off for Test D, To justify this cycling scheme
as being representative of cycling in the field, it is
assumed that the thermostat is}the major factor in con-
trolling the cycle rate, This assumption is examined by
studying. a closed-loop feedback hodel consisting of a
thermostat, a heating/cooling plant and a conditioned
space, Important parameters of this model are individu-
ally studied to determine their influence on the systen,
It is found that the switch differential and the antici-
pator gain are the major parameters in controlling the

_cycle rate, This confirms the thermostat!s dominant role
in the c¢ycling of a system,

The second aspect of the fest procedures concerns
transient errors or differences in the measurement of

cyclic capacity. In particular, errors due to thermocouple
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response, thermocouple grid pLacément, dampers and
nonuniform velocity and temperature distributions are
considered, Problems in these four areas are mathematically
modeled and the basié assumptions are stated. Results from
these models help to clarify the problem areas and give an
indication of the magnitude of the errors involved. It is
found that major disagreement in measured capacity can arise
‘in these four areas and can be mainly attributed to test
set-up differences even though such differences are allow-
able in the test prngdures; An understanding of such
differences will aid in minimizing many problems in the

measurement of cyclic capacity.



CHAPTER I - INTRODUCTION

Section A - Background -

As the decade of the '80's dawns, energy remains a
very important issue. Many of the difficulties and inéon-
veniences caused by energy shortages and rising costs
that were experienced during the '70's are continuing into
the '80's. This emphasizes again the need to understand
the implications of our energy usage and resolve the
problems related to it. This, however, will not be easy
because at the heart of the eneréy-issue is the dilemma
between the need for energy and the need to conserve
energy.

With the impetus of the 1973 oil embérgo, the '70's
saw numerous changes attempting to stop,'or at least slow
down, incréasing enefgy consumption ‘and its even more
increasing cost. ‘New energy prograuws, policies, ideas and
attitudes flourished, attacking waéte, improving efficiency,
providing alternatives and promoting conservation. One -
such venture was the enactment of'fhe Energy Policy and
Conservation Act in 1974 by the United States government,
"an energy cqnservation program for conéumer products "

(Federal Register [1979]).* An importanf aspect of this

*Reference located alphabetically in List of References



law is the requirement that certain specified consumer
products be labeled with a seasonal energy usage number
which would allow a buyer to estimate the cost of operating .
that producf on a seasonal basis. It was hoped that the
buyer would purchase the more energy-efficient products
which would eventually clear the marketplace of the iess
efticient models, Thus, a significant energy savings could
be realized by the use of highly efficient consumer pro-
ducts (Thomas {19801),

Central air conditioners and heat pumps are. among those
consumer products to be labeled., To this end, the United
States Department of Energy (DOE) with technical assistance
from the National Bureau of Standardé (NBS) had to develop
standard test procedures to obtain a number for the label,
the Seasonal Energy Efficiency Ratio (SEER), which would be
both informative to the conSumer' and not overly burdensome
for the air conditioning industry to obtain., The options
were many as were the trade-offs and under the constraints
imposed on themn, parficularly time, NBS produced the p:esent
set of test procedures. (See Thomas [1980] for a detailed
discussion of these options,)

The test procedures basically call for the running of
four tests which in part comply with the American Society of
Heating, Refrigeration and Air Conditioning Engineers
(ASHRAE) Standard 37-78 (1978 and the Air Conditioning
and Refrigeration Imnstitute (ARI) Standard 210-79 ({19791].

Three of the tests, tests'A, B and C, are conducted undef



steady state conditions and the fourth test, test D, is a
cyclic test., These tests, along with their basic operating
conditions, are listed in Table 1A-1. The results of these
tests are used to ultimately calculate the SEER. See the
Federal Register {19791 for this calculation. The option
is also given to eliminate tests C and D and substitute
instead an assigned value of 0.25 for the degradation
coefficient'(CD) and then calculate the SEER., The degra-
dation coefficient characterizes the transient response of
the unit and is defined in the Federal Register [(1979].
However, testing has not gone smoothly. While the
air conditioning industry has performed steady state tests
for years, the new requirements of test C and D, namely
low humidity (é'dry coil test) and transient measurements,
have caused many difficulties and raised many questions
(Thomas {1980]), It should be emphasized that the industry
as a whole has made a sincere effort to abide by the test
procedures, Tﬁey have spent a considerable amount of time -
and money trying to understand and comply with them.
Nevertheless, at a DOE test procedure workshop held July 15-
16, 1980 at Purdue University, it was made very clear that
problems still exist (DOE Workshops (19801 ),

- The Air Conditioning and Refrigeration Institute (ARI) -
responded to thgse problems by sponsoring a study of the
test procedures. This study was conducted by the
Ray W, Herrick Laboratories and a report was

published in March, 1979 (See Thomas, Tree and Goldschmidt



Table 1A-1

Indoor
Dry-Bulb
Temperature

Test A 80°F (26.7°C)
Test B 80°F (26.7°¢C)
Test C 80°F (26.7°C)

Test D 80°F (26.7°C)

Iﬁdoor
Vet-Bulb
Temperature

67°F (19.4°C)
679F'(I9.4°C)

See Notel'
(2)

See Note
(2)

-95°F (359%C)
- 82°F (27.8°C).

- 82°F (27.8°C)

Summary of Requirements for DOE Test Procedures

Ooutdoor . Mode

Outdoor
Dry-Bulb Wet-Bulb (1) of
Temperature Operation

Temperature~

75°F (23,900) steady-state .

65°F (16.3°C)  steady-state

vsteady-stéte

, Cyclic -
6 min. on-time
24 min, off-time

82°F (27.8°¢C)

1— Applies only to those unlts which reJect condensate

-to the autdoor c01l

2—

Shall at no time exceed that value'of the wet~bulb

temperature which results in the production of condensate
by the indoor coil at the dry-bulb temperatures- existing
for the air ertering the indoor portion of the unit,




(19791)., DOE has also attemptéa to be responsiQe to these
problems by funding a continued study of the test procedures
which is presently being completed by fhé Ray W. Herrick
Laboratories. The ARI report along with the Master's thesis
of Steven Thomas [1980] forms the basigé for the present
study. It is recommended that these two documents be care-
'fully reviewed by.all who are COncernéd with the tést

procedures.,

Section B - Purpose of the Present Work |

The purpoéé of this Work is to complete a portion of |
the above DCE étﬁdy. This work will address two importantzi
aspects of the test pfocedures. Fifs%,“the'poie:of'the
thermostat in controlling the cycliﬁg of conditioning
equipment will be analytically investigated. While the
cy¢ling of equipment in test D is done manually, the pre-
scribed duty cycle of six minutes 6n - twenty}foﬁr'minutes
off is the result of thermostat dyhamicé as described by
the NEMA Standards [19721. To justify this.cycling Scheme:
as being representative of cycling in the fieid, NBS has
asswied thal the thermostat is the major factor in COntrOl-r
ling the cycle rate of a conditioning syétém. This assump-
tion will be examined by studying a closed-loop feedbaclk
model consisting of a thermoétat, a heating/cooling plant |
and a conditioned space. The important.parameters of this
system will be individually studied to determine their
influence on the sysﬁem. In this way, the role of the

thermostat will be. better understood.



The second half of this wérk will study transient
errors or differences in the measurement of cyclic capacity.
In particular, errors due to thermocouple response, thermo-
couple grid placement, dampers and nonuniform velocity and
temperature distributions will be considered. Errors in
these four areas are closely associated with the test
set-up. Since many aspects of the test set-up are not
clearly defined in the governing standards (ASHRAE 37-78
and ARI 210-79) or the DOE test procedures and vary from
company to company, the comment has been made that test
set-ups are being tested rather than air conditioning units
(DOE Workshops [19801), This work will attempt to resolve
this problem, and aid in obtaining'a correct and repro-

ducible measurement of the cyclic capacity of a unit.

Section C - Literature Sampling

There is ample literature concerning the thermostat,
In some cases, it is ccnsidered simply as a black box,
on/off switch., Other references consider it in more
detail, studying some of its component parts. The emphasis
of this work is on the role of the thermostat in a system
and the influence of its parameters on that system.
Thereforé, only those references that deal with this
subject will be discussed.

Several models exist in the literature which include
the thermostat as one element of a conditioning system.

Nelson [1974] proposed a rather detailed model which is



shown in Figure 1C-1, The purpose of this model was to
simulate a residential heating system on an analog compu-
ter. He found that the performance of the heating equip-
ment was influenced by the thermostat design. In parti-
cular, the cycle rate could be changed by adjusting the
anticipator current. He also justified an exponential
approximation to the heating plant response. Nelson [197L]
and Nelson and Magnussen [1974] further stated that the
effect of furnishings (thermal mass) in a room was to cut
the temperature swing as much as half when compared to an
empty room, This had the effect of chaﬁging the cycle rate.

Using this same model, Anderson and Tobias 09241 found
that the switch differential (SD) and the anticipator
temperature rise (Ka) affected the cycle rate. They also
'stated that for SD>.25°F (.14°C) the cycle rate is nearly
independent of the heating plant responSe’time.

Gable and Koenig ([1977] included the thermostat in
their computer simulation of a heating system to study
certain energy-saving ideas, They concluded that the cycle
rate depended on the anticipator, the time constant of the
bimetal element, the switch differential and the percent
ontime, For a set point of 70°F (21°C) they found
K, =4.37°F (2.43°C), <=7 min., SD=1.5°F (.83°C) and 6 cph
at 50% on tide. They modeled the anticipator simply as a
steady state gain device.

The National Electrical Manufacturers Association

(NEMA) Standards [1972] provided definitions of thermostat
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terms and testing conditions that could be used to study
the dynamic performance ef a thermostat. These tests
included a switch differentlal test and a cycle rate test »
which were used to standardlze thérmostat de51gn. Both
Didion [1978] and McBride [1979] used the NEMA Standards
to determine component values for their models, i

Didion [1978] examined in some detail the'qemponenf
parts of the thermostat, such as the bimetal element and
the anticipetor heater, His computer simulation compared
various types of thermostats and concluded that the antici-
pafing thermosfats generally provided better comfort due to
their higher cycling rate than that provided by the unanti-
cipating thermostats, He attributed the higher cycle rate
to the articipator and. the switch differential.yeHis model
will be studied further in Chapter II. |

Experimenting on low voltage thermostats in d test
room, Cape and Tull [1969] measured SD to be .8-2,0°F
(o4=1.1°C). They found that the type of heating system
had little effect on cycling; The& also prqvideq_a good
discussion on the role of the anticipator and how it
increased cycling'to decrease temperature ewings.

McBride [1979] provided a very comprehensife sfudy
of the thermostat which was éupborted by extensive field and
laboratory werk as well as anlaytical investigation. His
~model is shovm in Figure 1C-2, He also examined the com-
ponent parts of the thermostat both analytically and with
sevéral tests, including the NEMA Standards tests. His
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numerical results concerning the switch differential, the
bimetal element, etc. will be discussed in Chapter II.
McBridé had several conclusions which concerned the
thermostat., HKHe found that the bimetal element could be
approximately modeled as a first ordet syétem,'and that

the anticipator could be described simply as a steady state
gain device; He found that changing air velocities and
temperature ranp_rates had little effect on cycling.
Finally, he ccncluded that the anticipator was the domi-
nant factor in cycling tne equipment, ' .

Two more references are of interest in undersﬁanding
the thermostat. Both Murphy [1977] and Hart [1978] prepared
percent on time versus on-time plots of experinental déta
taken from an air conditioner and a heat pump (heating
mode), respectively. Both plots showed on +ime tending to
a finite value as percent on-time tended fo zerq; indiéating
that the thermostat was controlling the cycling. Similar
results will be found analyticélly inlChapter II,

Chapter III of this work will look at transient
measurement errors associatedAwith'four areas; thermo-
couple'fesponse, thermocouple grid placement, dampers and
nonuniform velocity and temperature distributions at the
measuring locations. There is some literature on transient
measurements that pertains to these four areas, There is a
wealth of literature concerning steady state measurement
errors. Only selected steady state literature in these

areas vill be included in this sampling.
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When using thermocogplés for transient temperature
meaSufements, there are at least two concerns: accuracy
and time response.  Didion [1980-B] pointed out that the
making and handling of thermocouples could cause inaccura-
cies, He mentioned that soft solder should be used for the
junctions, instead of silver solder or spot welding. Cold
working of '‘the thermocouple wires could also cause inaccura-
clco and should be avoided. He noted that using a serles’
arréngement where temperature difference is measured,
_instead of individual temperatures, would minimize these
inaccuracies because they would tend to cancel each other.

Anderson and McGill [980] stated that a fluctuating
thermocouple reference junction temperature and noise

contribute to thermoccuple inaccuracy as high as 1-2°F.
'They have found the reference junction oven to be more
reliable than the ice bath or the electronic ice bath,
They also suggested appropriate room and equipment ground-
~ing, tpermocoﬁple wire lengths limitedkto 50 ft. (15 m),-
and wire shielding to minimize the effects df’noisé;

Johnson et.‘al. (1957 1 made thermocouple measurements
"in a'changing temperature field. They stated that if the
thermocouple is placed facing upstream and then bent back
downetream, conduction errors could be neglected because
there would be esséntially no gradient from the leads to
the junction to distort the measurement, They also claimed
that radiation effects are small for conditions similar to

those used in the DOE test procedures,
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Thomas (1980] and Murphy and Goldschmidt (1978

showed that the time response of the thermocouéle causéd
| thefmeaSured capacity to lag the actual capacity but that
for a time constant of 2.5 seconds, the effect was less than
1%. Moffat [1957] provided a good discussion on thermo-.
couple,responsé. He briefly developed the thermocouple,
. theory and described the effect of mass, velocity and Qire
diameter on the time response of the thermocouple.- He noted,
for example, that time response is<shor£ened by using thiﬁner
wire or increasihg the velocity. Moffat also mentioped five
common sources of measurement deviation. First, he.cited
conduction. To avdid error, he suggested stripping the
wire gboﬁt five diameters back to the insulation. . Second,

he mentioned the size of the weld or solder bead. This
| should be kept as small as possible to reduce ﬁhe thermal
ﬁass, Third, he commented oﬁ junction shape. -He suggested
that the-wires from the juﬁction form an open loop. Fourth,
radiation was mentioned.. Fifth, he cite& orientation in
'the air stream, Theée last two effects were conéidered
small when temperatureq and velocities are low such as in
air conditioning or heat pump applications,

. Errors due to grid placement are mainly caused by -
thermal mass effects, mass transfer and heat transfer
through the. duct walls, In their final report on the DOE
_ test procedures, Kelly and Parken [1978 warned that
consideratiqn;must be given to these effects. - Colborne

(19571, in studying the pérformance of intermittently-fired
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0oil furnaces, also noted that these effects needed to be
included when considering the cyclic performance of the
furnace,

Murphy-and Goldschmidt‘[1978] provided an excellent
analysis of grid placement and thermocouple response appli=-
cable to the test procedures, Using a computer simulation,
they studied the effects of thermal mass, heat transfer
and insulation on the cyclic capacity measurement made at
several locaticns. They found that these effects caused
the measured capacity to decrease as it was measured further
downstream, When comparing the cyclic capacity measured
at the blower exit (near the coil) to the capacity measured
20 ft., (6bm) downstream, they found a 9% difference. It is
recommended that this reference be consulted for more |
insight into the problem of grid placement.

Certain sfeady state results are useful because they
provide an upper bound on the effects of heat transfer.
Kuelhert [1980] did testing on thermal storage units and
found that forced warm air which passed through a 6 ft,.
(1.8m) section of sheet metal ducting had its temperature
change 2-3°F (1.1-1.7°C), This indicated that heat transfer
was taking place., McPherson et. al. [1951] proposed a simpler
method of finding the efficiency of a furnace which
iﬁcluded measuring duct losses., They found 2-3% losses in
capacity due to heat transfer through the ducting. Hise
and Holman [(1977] stated that an uninsulated duct in an
unheated c¢rawl space might lose 1.5 Btu/ftS-hr- OF
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(845 W/m2°C) and that 1 in. (2.54 cm) of insulation would
redﬁce this loss by a.factor of three, All of the above
results came from heating plants. But they'indicate that
heat transfer does affect capacity measurements. This fact,
then, should alsc be considered when testing air condi-
tioners.

The dampers have the effect of trapping éold air around
the evaporator coil. Thomas [19301] claimed that this slug
of cold air would have a small effect on the measurement of
capacity. Murphy and Goldschmidt [1979] discussed
refrigerant dynamics as they related to start-up conditions.
They indicated that such dynamics are difficult to predict
and made transient temperatu:e-measurements uncertain,

They discussed the off-yime effects of the refrigerant
flow, They found that their evaporator coil filled with
hot refrigerant from the condenser at shut down which
warmed the surrounding air. They 0978] also studied off-
time effects of the teét set-up by computer simulation,
They found that measurable cooling occurred during the
off-time and that heat transfer during the off-time affec
tgd the start-up conditions of the subsequent test, The
results of both of these references are applicable <o

the role of dampers in the test instailation.

Nonuniform velocity and temperature distributions can
cause uncertainty in temperature measurements. Kelly and
Parken [1978] cautioned that these nonuniformities could

cause measurement problems and encouraged the use bf’goqd
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air mixers. In fact, Kuelhert [1980] could not get accep-

table results until he placed several air mixers in the
duct. Only then was he able to record representative tem-
peratures in order to compute capacity.

Many excellent texté are available which discuss
transient measurement problems in general. Several of
these have been cohsulted and have provided insight into the
pfoblems investigated in this work. They are‘récommended
for their general information and bibliographic listings. .
See Doebelin [19751], Béékwith and Buck (19617, Holman [1966]
and McAdams 0954 .
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CHAPTER II - THE THERMOSTAT

‘Section Aa-'Introdﬁction‘to the Thermestat Model

'Residential energy consumption has been, and continues
to be, . the subject of ﬁuch:study as the need for energy
efficiency and conservation increases. 1In trying to under?
- stand and predict such energy cOnsumptibn,‘it has been
recogniied that the'thermostat has an important role
(McBride [1979]). Since conditioning the air, both heating
and:cooling,'is a large consumer of energy, it seems
logical thaﬁ'the role of the thermostat be included when
consideiing the seasonal perforﬁancé_of the conditioning
eguipment. ' v ‘ |

Accordingly, test D of the DOE test procgdures_calls

fof é dufy cycle of six minutes on - twenty-four minutes
“off'which is based on thermostat dynamics.  For most
‘central air conditiloners and heat pumps, the thermostat
is adjusted so that the equipment cycles at about 3 cycles
per hour (cph) at 50% on-time. (3 cph is chosen mainly
for equipment life and; to: a lesser degree, for éomfort
;onsiderations.) Since most thermostats conform to the
ANEMA Standards [1972}, they should maintain a definite’
cycling pattern given 3 cph'at 50% on-time, This cycling

pattern'ié discussed in the NEMA Standards and can be
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roughly approximated by a parabola as shown in Figure 24-1.
This curve will hereafter be called the NEMA curve

(Thomas [1980]), The six minutes of on-time is based on
the observation that many air conditioners and heat pumps
appear to have reached steady state conditions by six
minutes (Thomas [1980], Murphy and Goldschmidt [1978]),
24 minutes of off-time makes a total of 30 minutes of
cycle time, or 2 cph, and makes a duty cycle consisting of
20% on~time. From the NEMA curve, 20% on-time correqundé
to about 2 cph, This indicates that the transient test is
governed by a duty cycle that is representative of ideal
thermostat cycling even though the test procedures do notf
actually use a thermostat for cycling.

The assumption made in the test procedures, as reflected
by the choice of the duty cycle, is that fhe thermostat is
the major factor in controlling the cycling of a system.
Much work has been done in this regard, notably the work
of McBride [19791. The purpose of this work is to further
investigate this assumption. This will be done by'examining
a simple mathematical model of a conditioning system which
includes the thermostaf. The parameters of this system will
be analytically studied to determine their influence on the

cyclic behavior of the system.

Section B - The Thermostat Model

Several models of the conditioning system exiét. They

vary in complexity and purpose but usually include the
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thérmostat, the heating/cooling plant and the copditioned
space. See Nelsoﬁ [1974] and McBride [1979] for two of
these models., Didion [1978] has also proposed:a model

and it is shown in block form in Figure 2B-1. This
closed-loop feedback model is not as detailed as those of
Nelson and McBride, but it does include the three basic
groﬂps of a conditioning system: the controller, the
heéating/cooling plant and the conditioned space. This Qédel
will be used to study fhe role of the thermostat in the |
conditioning system., The inclusion of the QLossés" in

the model is intended to account for those effects which

act coht:ary to the effects of the heating.or ccoling

plant., For example, in the cooling mode, ﬁhese losses would
represent heat gains from leakage, heat transfer from the
outside, etc, It,willrbé assumed in this work that the
effects of mass transfér (leakage), heat transfer and thers
mil storage (the walls and the furnishings) are adequately

modeled by the space losses. However, thefe’isﬁsome

‘indication that furnishings:do have ah influence on cycling

beyond that which is modeled as the space losses. See
Goldschmidt and Murphy 09791 and Nelson [1974] .

Before proceeding to the analysis, one more com@ent is
necessary. Only the heating plant will be‘considered. To
study the effects of th¢ cooling plant on the system, the
only model'change necessary is to reverse the role of the

anticipator. In the heating mode, the anticipator is

activated during the on-time., In the cooling mode, the
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anticipator is activated during the off-time, However, the

results that will be obtained {the influence of the system

parameters

on the cycle rate) will apply to both the heat-

ing and cooling modes.,

The three main groups of this model can be further

detailed,

The controller group consists of the bimetal

element, the switch and the anticipator, The bimetal element

and the anticipator are modeled as first order systems while

the switch

is simply an on—off function. The heating

plant is activated by the switch and is also modeled to

respond as

modeled as

a first order system. The conditioned space is

a simple linear system. See Figure 2B-2 for a

more detailed block diagram of this system.

State

equations can be written for the blocks in

Figure 2B-3. They are listed as follows:

dTe

(o)
=3
»

% &

— (T_ + Tg - Te)

a

1

1
1

T
- (KaE - Ta)

]

L (X E-X)
Tp P P
dTs
W:X - L
P
E = 1 when Te <TSET
= O when Te >TSET + SD
= unchanged when TSET <Te >TSET + SD
Where, |
Té = temperature of the bimetal element, °r (°¢)

T
e

time constant of the bimetal element, sec,
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: Ta-z temperature rise of the anticipator,'oF (°c)
T, = time constant of the anticipator, sec,
Ka = teagy state temperature rise of the anticipator,

X_ = output of the heating plant, °F/hr (°C/s)

o

v = time constant of the heating plant, sec,

o]

steady state temperature rise of the heatlng
plant, OF/hr (°C/s)

= temperature rise of the conditioned space, °F (°c)

= losses of the conditioned space °F/nr (°c/s)

1 t o ?Jﬂ
i

switch:

SD = switch differential, °F (°C)

_TSET = set - point temperature, °rF (%c).

This system of linear differential equations is soived
and a rather lengthy expression for Te as a function of
time is obtained. This expression and more details concern-
ing its derivation can be found in the Appendix. The
expression for T_e is computer coded, and by an iteration
scheme, on-times and off-times can be calculated for
different.losees‘L. Once an on-tlme and an off~ time are
known for a given load, cycle time, cycle rate and percent
on-tlme are calculated by the following:

cycle time

on-time + off-time

cycle rate = 60/cycle time

% on~-time = (on#time/CYCle time) x 100
These results can be plotted‘and the influence of the

different parameters on the system can be cbserved,
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The eXpressions for Te and the initial conditions
contain nine parametérs. Each. of these will be defined or
discussed and six of them will be studied.fp determine their
influence on the sysfem. It is assumed that eaéh parameter
has a range of values over which it can reaéohably bé
expected to vary and each paraﬁetgr will be assigned a
' base value. The paraﬁeter to be studied will be allowed to
vary while all others are held constant at .their baSg value.
In this way, its influence on cycling can be isolated,

This ﬁill also permit comparisons to be made between-
parameters. The liét that follows gives a-brief description
or explanation of each parameter, its range of values and
its base value, These are also summarized .in Table 2B-1,
The NEMA Standards [1972] may also be consulted for a more
_»éompréh.enSive list of definitions pertaining to the thermo-

stat.

1. Thermostat set point - TSET, °r (°C)

This is the temperaturéhsetting on thérfhermostat
which an occupant would adjust to his or héf preference,
It will be set"af 68°F (éOOC)»for the comphfer simulation .
and Will not varye. VTSET is used in the inifiai conditions

for calculating both on time and off time.

2. Time constant of the bimetal element = Tos min,
This is the time the bimetal element takes to reach
63% of its steady state value wheh subjected to a step-bhange

in temperature. In the thermostat, this temperature change



Table 2B-1 Summary of Thermostat Parametars

Base Value

Parameter Range
(o)
TSET - 68 F
Te - 10 min 5 min
ra ~ 3 min 1.5 min
T - 15 min 0 min
P
sD -3°% 1.5 °F
Q o
Ka -3 F 2 F
o O,
Kp - 16 F/hr 10 F/hr
L - K -
P
E - l1or 0

26
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is caused by a combination of the conditidned space, the
wall to which the thermostat is mounted and the heat from
the anticipator. McBride (19791 calculates o to be
around six minutes,-whiie Didion [1978] Suggests values of
threé-five minutes. This section will let T, Vary 6ver

three-ten minutes with five minutes being the assigned

base value.,

3, Time constant of the amticipator - t,, min.

There is some confusion about 1. McBride {1979
defines rt, to be the time required for the actual antici-
pator heater to reach 63% of its steady state value. As
the heater is an electrical resistance heater, it reaches
steady state in a matter of seconds and McBride's T, is
essentially zero. Didion [1978], on the other hand, defines
.1, o be the time required for the bimetal element to sense
63% of the steady state temperaﬁure of théhheater. His 7,
varies from several minutes to almost half am hour. This
seétion will conform to Didion's definition Of"a and let
14 VXY from zero-three minutes and will assume very long
values of t, are uncommon, The base value for v, will be

1e5 minufes.

4L, Time constant of the heating/COQling plant-rp, min.
This is the time it takes the heating/cooling plant

to produce 63% of its steady state output. Forlﬁsz-Z

minutes, the plant corresponds to electrical resistance

heating or to central air conditioners and heat pumps.
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For ‘p = 4-6 minutes, a forced hot air system is implied and

for =

15-30 minutes, a radiant heating system is implied.
The range of rpfbr this section will be 0=15 minutes with

O minutes the base value.

5. Switch Differential - sD, °F (°C)

Again, there is some confusion concerning this term.
Manual.differential and operating differeantial are NEMA
terms but switch 8ifferential is not. Manual differentiai
is defined in the NEMA Standards [1972] as "the difference
in scale settings between cut-in and cut-out_pointe deter-
mined by manually raising and lowering the thermostat
setting with no electrical load,." Operating differential
(OD) is defined as "the difference between cut-in and cut-
outlpoints meaeured at the thermostat under specified
operating conditions." Didion [1978] equates SD with manual
differential and states that OD = RR (r.) + SD where RR 1is
theftemperatureAramp. He cites .75-2°F (.42-1.1°C) as,a‘
suitable range. McBride [1979], however, equates SD with
OD and claims .5-1,5° F (. 3—.800) as a range. This section
will equate SD with OD and let SD vary over 1=-3°F (.6-1.7 C)
with 1.5°F (.8°¢C) as a base value. SD is ‘used in the
initial conditions for calculating both on-time and off -

time.

6. Ant1c1pator temperature rise - K a? F (°c)
This is the number of degrees above amblent that the

antlcipator heater adds to the air within the thermostat
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. cover, Didion [ 19781 states that 3-10°F (1.7-5.600) is -
the range for K while McBride [1979] calculates K to be
about. 3°F (1.7°C). This section will let K , vary 1-3°F
(+6-1.7°C) with 2°F (1.1°C) as the base value. DNote that
this parameter can be adjusted manually in some thermostats
and is considered to be the dominant factor that oontrols
cycling, See McBrlde [1979] for a good dlscu551on of the

antic1pator temperature rise.

7. Steady state plant output - K_» °r/hr (°c/nr)
This section will let Kp vary from qu/hr - 16°F/hr

(2.2°C/hr-8.9°C/hr) with a base value of 10°F7hr (5.6°C/hr).

8a _quses in the conditioned space - L, °F/hr (OC/hr)h

| All of the effects that oppose therutput‘of the'heat-
ing or coollng plant are lumped together and are called the
space losses. ‘These effects include mass transfer (leakage)
and heat transfer 1nto and out of the condltloned ‘space as
well as theAthermal storage effects of the walls, furnish-
ings, etc. (That these effects can be lumped together is
‘xnot‘exactly true, especially the thermal mass effects,
but thls assumptlon is deemed adequate for this model.)
L varies in 1ncrements of Ké/10 in order to generate

different percent on-times,

9. Switch - E
- The switch is actlvated by .the movement of the blmetal
element and Sendb an on or off s1gnal to both the heating/

coollng plant and the anticipator. In the heatlng mode,
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both devices are either switched on or off, 1In the cooling
mode, one device is on while the other is off., E has a

value of one or zero, indicating on or off respectively.

Section C - Results
| Figures 2C-1 through 2C-12 show the results of study-
ing the six parameters: SD; T T Ty Kaand Kp. Two
differert type plots for each of these parameters are shown.
The first type plot for each paraméter shows cycle rate
versus percent dn-éime. These plots éll have the genefal
shape of the NEMA curve and clearly show the influence of
eéch parameter on the cyéling of the sjstem; This influence
will be discussed in more detail.

lThe second type plot for each parametér shows on-time
versus percent on-time. All of these plots inaicate that
on-time tends to a non-zero value as percent on-time tends
to zero. This can probably be attributed to the anticipator
initiating on-time and the switch differential causing the
on-time.to have a finite value even though the percent on-
time is tending to zero. This indicates that the thermostat
has the dominant role in controlling the cycling of the
system, With the‘aid of Figures 2C-1 through 2C-12, thé
influence of the six parameters can be discussed in more
detail. The switch differential varies over a relatively
small range but changes in SD have a strong influence on
cycling. This is seen in Figure 2C-1. As SD'gets smaller,

the cycle rate increases. This is to be expected since SD
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is essentially the difference between turning the equipment
on and off. |

The time constant of the bimetal element also has a
significant effect on cycling if it is allowed to vary over
thé'extremes of its range. _But for relatively small changes
in,re, its effect on cycling is secondéry to that of SD.

See Figuré'ZC-B.

Figure 2C-5 shows the effect of the anticipator time
constant., It can be seen that its effect is not very
significant., The extreme case of T7,=0 does not increase
the'cycle rate more than 1 cph over the case where
ga=3 minutes,

The influence of the heating/cooling plant time
constant is also not very significant in affecting the cycle
rate, 4In fact, as g increases from 5 minutes to 20 minufes,
the cycle rate stays about the same at 2.4 c¢cph maxdimum,

This is seen'in;Figure 2C="7a .

Figure 2C-9 shows the effect of the anticipator
temperature rise, After SD, Ka has the largest effect on
cycling.rélative to its range of variation. As K; increases
from 2°F to 9°F (1.1°% - 5.0°C), the cycle rate increases

from abodt 3 cph to almost 8 cph. This is important
because in'some thermostats K, can be adjusted manually
S0 fhét'sevéral different cjcle rates can be produced for
the same percent on-time, , o
The last parameter to be studied is Kp, the steady

state plant output. As can be seen in Figure 2C-11, K.p
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has little effect on the cycle rate., This agrees with the
conclﬁsions reached by McBride [1979] on the effect of the
tempeﬁature.ramp on cycling.

These results are sﬁmmariZed in Table 2C-1, Each
parameter is llsted its 1nfluence on the system noted and
the relative 1mportance of each parameter on cycllng is .
;ndlcated by a ranking. This ranking is somewhat arbitrary,
but it does help to compare the influence of each parameter
on c¢ycling. | |

In cummary, it has been.seen that the parameters that
have the largest effect on the cycle rate are associated
with the thermostat, This indicates that the thermostat is
the major factor in determining the cycling of the system.
Fu:thermdre, it has been seen that the on-time of the system
tends to a non-zerovvalue as pe:cent on=-time tends to Zero.
This also emphasizes the dominant role of the thermostat.

As far as the DOE test procedures are concerned, it
was seen that the duty éjple_for‘teet D could be‘explained
by ideal thermostat dynamics.' Since the above results '
eonfirm the major role of the thermostat i@ the system,
this further justifies the prescribed duty cycle. That is,
a six minute on - twentyefeur minute off cycling scheme~w
should be representatlve of actual fleld operation of air

condltionlng equlpment operating at 20% on-time,



Table 2c-1 Qualitative Results of Camputer Simulation

Parameter

Effect on Cj(clinq ‘

Magnitude of Effect

SD

'| As SD decreases,

Largest effect rel-

‘cvcle rate increasesr ative to its range

As K, increases,

large effect,

cycle rate increasesl'manuélly adj'ustable

As Te decreases,

large effect over

cycle rate increaseq extremes of range

As T decreases, . .

Relatively small

cycle rate inc:reaseg effect

As Tp increases,

.Little effect

cycle rate decreaseq-after 5 minutes

‘1.As Kp increases,

Smallest effect of

cycle rate increased parameters

us
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CHAPTER III - SELECTED MEASUREMENT ERRORS

Section. A - Introduction

For more than a year, the air conditioning industry
has been testing their products accprding'to the DOE test
procedures in order to label them with an SEER, In this time,
there have been many questions and concerns about the Lest
procedures and the measured results. The industry, in
general, has made a determined'effort to understand and com-
ply with the test procedures.  Large amounts of time and
money have been spent to obtain new equipment, build or
redesign test chambers and formulate new testing strategies.
In spite of this effort, test results coﬁtinue to be ques-
tioned because many manufacturers have found that by simply
changing their test iﬁstallation, while still conforming to
the governing procedures, they obtain different results
(DOE Workshops ([1980]), This is a real problem. But a far
more serious prdblem could arise ian manufacturer were to
have a unit tested by an independent testing laboratory,
such as ETL, and the results for the same unit, when
‘tested by the mahufacturer, did not agree.' As this has
happened, it is imperative that this prbblem be resolved
so that manufacturers may have confidence in their test

results and may have fhose results reproduced by an
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independent testing laboratory as well as by competitors.
(It should be noted that some manufacturers have obtained
~good agreement between their results and those of ETL.)
The majority of these problems stem from the measure-
ment of the cyclic capacity of a test unit, quhdry’
This quantity represents the amount of cooling done in a

six minute on period and its defining equation is:

6 Con dt 1
Qcyc,dry = ‘OCPKAIO AT (3A=-1)
v (1+w%)

where V = Velocity, ft/sec (m/sec)

c, = Specific heat, Btu/lbm-°F (KJ/kg -°C)
&' = Temperature difference across the coil,
°F (°C)
tdn = On tige, min
Vv = Specific volume f£3/lbm (n@/kg)
W, = Humidity ratio

Measurements for the calculation of the integral in

Eq. 3A-1 come from thgltrénsient test D. All the other
terms are calculated from measurements taken during the
preceding tést C. These measurements are governed by
ASHRAE Standard 37-78, ARI Standard 210-79 and specific
provisions in the test procedures. However, the abo&e two
standards were written for steady state testing and do not
address some ofAthe problems of transient measurements.,
.The test procedures are unclear on matters concérning“the
test set-up such as implementation of the dampers and

thermocouple grid placement. Therefore, different results
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for Qcyé“ﬁy,.could be obtained from the same unit by testing
it in two different test setéups, although both might con-=
form to the standards and the test procedures. As a result,
questions and problems have arisen,-

The purpose of this chapter is to examine several
sourcés of measurement error in the test procedures. ' This
will not include errors due to test tolerances, inherent
equipment inaccuracies, etc. (See Thomas [1980] for this
error analysis.) The errors that will be discussed are
mainly concerned with the test set-up and are the prigary
cause of the questions and problems mentioned above.

Section B will discuss various "minor" soufces of error -
and related questions dealing with the test procedures.
SeVeral of these questibns will lead into Sections D through
}G in which four "major' sources of error will be analyti--
bally studied. They are: thermocouple response, grid
placement, dampers and nonuniform velocity and temperature
distributions. Section C will describe a simple heat
exchahger model that will be used to aid in studying these
four areas of measurement error. Section H will discuss -
ekperihéntal data related to these four‘areés and will
compare this data with Lhe purely analytical resulls of the

previous sections,’

Section B - Several Questions and Problems
‘The intent of this section is to briefly discuss.

several transient measurement problems and questions as a
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prelude to the later sections of this chapter. Most of
these concerns have been raised while trying to under-
‘stand and conduct the DOE tests (DOE Workshops [19801),
It is hoped that this and subséquent sections will resolve
.some of these concerns. _

The first concern deals Qith ASHRAE .Standard 37-78
Tand ARI Standard 210479; These standards were written for
steédy staté testing and db not address soﬁe of the prob-
lems of cyclic testing. For example, where may the thermo-
couple grid be placed inlrelationship'to the pressure taps
or the dampers? This and many other questions could be -
eliminated by ﬁéw standards written for cyclic testing.

The on-time.for the cyclic test is six minutes and
this has been questioned. Chapter I showed that the six
- minute on -:twenty-four minute off cycling scheme is
representative ofvfield cycling at a 20% load. Furthermoré,
much air. conditioner and heat pump data appear to reach
.éteady.state.operating conditions by six minutes (Thomas
(1980], Nguyen (198 1]). If this is true generally, then an
‘on-time less than six minutes might not allow some units to
:each steady state. An on-time greater than six minutes,
would allow steady state conditions to reduce the transient
effects, lSince.the intent of the test is tp measure the
‘transient effects, it appears that the present duty cycle
is properly defined; 

"After being calculated from measurements taken during
the sfeady state test C, do V, ¢, s Vand W remain constant

during test D?
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While it is a good assumption that qp is constant
during test D, there is some‘question as to the constancy
of the humidity related terms, However, the difficulty of
accurate transient measurement of humidity justifies the
assumption of constancy. This work will also consider
v and W to be constants and 1/ v (140 ) will often be
written simply as the density, pe.

'V is not constant in a cyclic test., Fans need
several seconds before they are up to speed. However, V.
is usually regarded as constant and represents another good
trade-off made by NBS.

Assuming V to be time independent, can it also be
assumed uniform over the cross section where temperature
measurements are being made?

Without good air mixing and straightening, V will not
generally be uniform. This'nonuniformity may affect
thefmoeouple response time and lead to substantial errors.
This will be discussed in Section G.

Without good air mixing, the temperature of the cooled
air stream (Tout ) will probably not be uniform either.
Depending on the thermocouple grid location and the velocity
distribution, significant errors'could result, See Section
. |

At the start of the six minute on-time, the temperature
difference across the evaporator coil (AT ) is not always
zero. This is a result of the dampers and refrigerant control.

However, the »peration of the dampers is not clearly defined in
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the test procedures so that depending on construction,
tightness, placement, etc., many different wvalues for AT,
could be obtained. The implications of this will be dis-~
cussed in Section F, _

Room temperature (T_) and outdoor temperature ﬂ,ouukxm)
are allowed to fluctuate + 0.5 °F (0.3 °G) and could
fluctuate more during actual testing. The effect of this
fluctuation has not yet been analyzed. It is recommended
that this effect be investigated so that its effect on.
capacity may be known., In the eubsequent sections, T,
and T ... Will be assumed to be constant and unifofm,

What type of errors are associated with the data
acquisition system?

Proper selection, maintenance and understanding of
the data acquisition system should minimize any errors
associated with recording data. However, there are at
least four potential trouble spots that should be mentioned,
Several devices measure a quantity, such as power, by the
‘use of "counts." It is conceivable that a full count could
be lost due to the timing of the measurement. Depending en
the value of that count, its loss could significantly
affect the measurement.

Many integration schemes use the count method and . the
above caution applies., However, with the increasing use
of computers, numerical integration will often be used to
calculate the integral in Eq. 3A-1. Hence, care should be
taken to insure that an accurate numerical integration

scheme is used,
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Since thermocouples préduce suchfsmall voltages, smali
eiectricai'variations can affect their accurabj.' Therefore,
a fluctuating reference junctioﬁ temperature and noise are
poséible'sources of error. Four methods of maintaiﬁing
the-feference temperature are the ice bath, the electronic
ice bath, the triple point of water and the oven. Whichever
method is used, it is impértant that its temperature
remain as stable as possible. To minimize the effects of
noise, appropriate grounding and shielding should“be used.

As far as errors associated with equipment calibration,
tolerances and inherent inaccuracies are concerned, Thoﬁas
[1980] has prepared a useful-érror analysis related to the
test proéedures which should be conéulted.' In the preégﬁ@
work, no error will be aséuqed concerning‘ihe data acqui;.
sition system. | | |

How does thermocoupie rg#ponse time‘affecf the caﬁacity
measurement? o o

This will be:discussed in detail i Section D.

Where should the thgrmocouples be piaced?

 This will be discussed in Section E.

What effect do thermal mass and heat transfer through
duct walls have on the capacity measurement?

This will also be discussed in Section E.

How significant are radiation effects?

The ‘literature indicates that radiation effects are.
generally small (Johnson, et.al. (19571, Mo:fat [i957]),

Several calculations will consider'this statement to see
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ﬁquwell it applies to the test procedures, Conslder the
raaiative exchange between the Walls and the coil. . Suppose
an extreme example where the walls are at, 8O F (27° C), he
c01l is at 45°F (7°C), the em1351v1ty of the walls 1s €=
yu ~the view factor between the walls ana the coll is “ ‘
F_.u and the surface area of the walls is A 50 ft (4 7m )
Then,

§ = A (T T ) - FBB'?)
= 274 Btu/hr (80 W) | | -
= 27 Btu/6 min (8 W/6 min) “

i&héré' . '
T = 1714 x 1079 Btu/hr-£t2-°R (5.670 x 10~8 W/ k)

Under these extreme condltlons, a two-ton unit would have
1ts capac1ty reduced by less than 1%. |

" Now con51der the effect of radiant heat transfer'
between the walls, the thermocouple and the coil. A steady
state energy balance would yleld the followlng

energy radiated from walls = energy radiated to coil
by thermocouple + energy convected from thermocouple

L 4
cwfte to coillte 9(Tee Teoil
Solving for the term (T, .-T,;;) and applying the recipro- ‘

T ~ m 4
tvlfw to tchw 0(Tw ~Tye

city law for view factors, the following results:
(Tyo=Toip) = | - (3B-3)
)

L
wFtc to wallAtco(Tw ~Tee’ ) etcAthtc c01l°(th “Teoil
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Let
T = 6Q°F (16OC)
0 Q
T, = 55°F (13°C)
On ¢A0O

€W=OLP

Ag, = 0003 ££2 (3x10™7n°)
Ftc-wall = W7
€te = 2

Ftc-coil = .15
h = 20 Btu/hr-ft2-CF (114 W/ms2c)

Substituting these values in Eq. 3B-3, (th"Tair) = .02°E
(-.01°C). For a two-ton unit, this change in measured
temperature results in a change of measured capacity of
less than .5%. If the walls were atASOOF (2700), the
change in measured capacity would be less than 1.5%. The
values used in this example are gemerous and in actual
operation, radiation effects would be smaller. 1In this-
work, radiation effects will be considered negligibly
small,

| The use of insulation is desirable in theltest set-up.
Any heat transfer into the cooled airstream will cause its
temperature to rise whiéh will reduce the measured capécity
"of the unit. In order to measure as nearly as possible
the actual capacity, all such effects should be minimized.
Therefore, as much insulation as practical should be used
to effectively eliminate the effects of heat transfer.

This will be discussed in more detail in Section &

I
-t
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Section C - Heat Exchanger Assumptions

Before the measurement errors of Sections D through
G can be analyzed, some assumptibns about the heat exchang-
er are needed., Many authors and numerous data indicate that
the heat exchanger can be modeled as a first order systeﬁ,
at least as a first'apprbximation- (Hart [1978], Murphy
[1977]). Figures 3C-1 and 3C-2 show two temperature drop
across the coil. versus time plots obtained from two different
sources (Thomas [1980]). It is observed that they are
roughly exponential in shape. The data points in Figure
3C-1 begin at the origin, show a steady étate temperature
difference of about 24°F (13°C) and.have‘a time constant‘of.
about 60 seconds, (The time constant is defined as the time
it takes to reach 63% of the steady state value.) On the
other hand, the data points in Figure 3C-2 do not begin
at the origin, show a steady state temperature difference
of about 16°F (9°C) and have a time constant of about
75 seconds. Both appear to have reached steady state by
gix minutes of on~time,

With these considerations, the following modeling
assumptions will be made, It should be remémbered that this
heat exchanger model is quite arbitrary. The intent of
this model is to provide a base for comparisons which will
be made in the next four sections,

1« The heat exchanger will bg modeled as a first

order system with T equal to the temperature of the cooled

out
ailr stream.
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2. The time constant, 7,, will vary Setween'Bo and
90 seconds., The fact that it is not zero will be attrib-
uted to the thermal mass of the coilvand refrigerant dyna-
- mics, |
3., Room temperatu:e, T., Wwill equal 80°F (27°C),:,

, will equal 60°F

r,
4, Steady state temperature, T

(16°¢).

5. The temperature difference across the heat ex-. .

g8

changer, AT=T -T_ ., Will equal 20°F (11°C) at steady -
stafe.
6. The initial temperature of the coil and the

surrounding air, T., will vary from 60°F (16°C) to 80°F

o’
(27°C) but will equal 80°F (27°C) unless otherwise stated.
7. Only the heat exchanger (coil) will be considered
in the forthcoming analysis of cepacity'measurement. This
means the effects of a blower assembly will not be consi-
dered; i.e. air-handler units will mot be discussed.

A block diagram for this system can be written as:

T /T.
T > s/ Tr > T
r rh D+1 ©

ut

In equetion form, this is written as

s (3C-1)
Th gt 4 T, = T_ “

Solving this differential equation gives:
‘ ) | _t/+ I ‘
_Tout"Tss"'(To"r"ss)e h (30"2)
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Therefore, the temperature difference across the coil is

AT= (T~ ) - (T=T de %/ ™ (3C-3)

Figure 3C-3 shows a plot of AiAvs TIME for t,=30, 60 and 90

' seconds. These curves will be called ideal curves because
they are considered to have been generated under ideal condi-
tions, i.e. perfect thermocouple respoﬁse, perfect air mix-
ing, no thermal storage or heat transfer effects, no dampers,
etc., The ideal capacity can be found by integrating Eq. 3C-3
6ver six minutes. o

ton

pepVAS AT dt (3C-4)

QIDEAL

'ton/Th

pC,VA (Tr'Tss) ton "'."'h(To'Tss)(e -1

D

For numerical comparison, let

°
i

Density of air = .071 1lbm/ft>. (1.14 kg/m>)

c, = Specific heat = .24 Btu/1bm®F (1 KJ/kg°C)
V = Velocity = 15 ft/sec (4.6 m s)
A = Cross-sectional area = 1 fta (.O9m2)

Substituting these values into Eq. 3C-4,

QIDEAL = 1687 Btu (494 W.hr) for t, =30 sec
QIDEAL = 1534 Btu (450 W.hr) for rh=60 sec
QIDEAL = 1389 Btu (407 W.hr) for rh=90 sec

QIDEAL for Th= 30 secbnds will be used throughoutvthe
remaining sections as a base.value., It roughly corresponds
to a 1% ton unit, Analytical predicticns for capacity
which include the effects of finite'thermocouple response,

thermal mass effects, etc. will be compared to QIDEAL.
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This will provide a relative'magnitudetof error which is
caused by these different effectss ,

Since QIDEAL will be referred to frequently, Table
3C=1 will summarize the numerical values used in its calcu-

lation,

Section D -.Thermocouple Response
One of the transient measurement concerns of test D
is the response time of the temperature sensing device,
Since this response time is finite, it is important to deter-
mine its influence on the cyclic capacity nessurement.
| The following quote from the Federal Register briefly
defines the response time'for the test procedures.
“nInstrumentation shall have a response time
of 2.5 seconds or less. Response time is the time
required for the instrumentation to obtain 63% of
the final steady state temperature difference when
subjected to a step change in temperature differ-.
. ence of 150F or more " (Federal Register [1979]).
The instrumentation commonly used consists of thermocouples
and an appropriate recording device.v Two inportant factors
are implied in the above definition, First, the medium in
which the response time of the‘ueasuring device (hereafter,
a thermocouple) is found is-air. :The distinction is inpor-
tant”becausepif some other-medium were.used; such as water,
"the'response time would be quite different Second, it is
. implied that the veloc1ty of the air stream is comparable
to that which passes through the air conditioning unit If

an unrepresentative velocity were used the response time

could also be unrepresentative.‘
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t
QIDEAL = pc VA £, AT dt

, . ' "t/fh
vhere oT = (T_ - T) - (T, - T, ) e
p = .071 nwﬁ;" - ?p = .24 Btu/lbm-"F
V = 15 ft/sec | A=1ft2 |
T, = 80 OF o : 'ro‘.= 80 OF
T;'s = 60 oF | T = 30 sec
AT =20 °F AT =0 °F

t
f°°n' AT dt = 110 F-min

QIDEAL = 1687 Btu
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Response Time

A defining equation for thermocouple respomnse caﬁ be
found in most heat transfer books such as Kreith [1973].
A lumped parameter analysis is usually made aﬁd errors due
to heat conduction thfough the leads and fadiant energy
exchange‘are considered negligiblea These éimplifidatioﬁs

glve

) -t/rt ‘ o (3D-1)
Tmeas'Tss =e
o " “ss
where
me, A
T - — (3D-2)
t - hA =
s
and
Tmeas = Output temperature as méasured by the thermo-
e couple
T, = Tnitial temperature of the thermocouple
T = Time constant of the thermocouple
‘m = Mass of the thermocouple
e, = Specific heat of the thermocouple
h = Convective heat transfer coefficient
As = Surface area of the thermocouple

As can be seen in Eq., 3D-2, the time constant is a function
of m;4 As and h, | | |
Depending on how the thermocouple is made, its junction
‘can be modeled as a cylinder, a sphere or some other
geometrical body. See Figure 3D-1. Assuming constant

properties of a copper-constantan thermocouple, the time
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Cylindricai,

Spherical I

Figure 3D~1 Cylindrical and Spherical Thermocouple
Junctions
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constant can beAanalytically studied after making appropri-‘
 ate snbétitutions‘for the surface area, the heat transfer
coefficient, etce. Specifically,_its dependence on velocity
and wire thickness is de51red |
First, consider a cylindrical junction. 1Its volune

and surface area are given by .

2 ' ‘ :
Vol = I%TL | = | (3Df3)
A_ = "DL , (3D-4)
. Where . |
D = Diameter of wire
L= Length of junction

The convective heat transfer coefficient is found by

considering a free right circular cylinder normal to an

air flow, A big assumption is made here. It will be assumed

that the wire leads to the junction:are small conpared to
the junction'(which is not true) so that classical correla-
~ tions may be used. - Kreith"[1973l_recommends the following

* correlation.

o : ‘ . o
m_edy o (3D-5)
k | A
where _
El: Average cggvectivzoheat transfer coeffiCient

Btu/hr ft<°F (W/m

Thermal conductivity of air, .016 Btu/hr ftaoF ‘
(.027 W/mOC)

Kinematic viscosity of air, .16x10° 3fta/sec
(. 15x10-4 n /sec) ‘

.
T
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C

Empirical constant, ,615

n = Empirical constant, ,466

Substitution of these expressions into Eq. 3D-2 yields
nn2=-n -n ‘ :
= pc_v"D V- (3D=6)

T

where p =density=538 1bm/ft> (8938 kg/m>) c.= .096 Btu/1lbm’F
(402 W s/kg0C) P

Assuming that the diameter of the junction is twice the
diameter of the wire and letting the wire vary from
22 AWG (.1253 in) to 30 AWG'(.O1OO in), the curves in
Figure 3D-2 are generated. ‘

Now, consider a spherical junction., The volume and

surface area are given by

Vol = _11’_22 : (3D-7)
A, = nD? (3D-8)

The convective heat transfer coefficient is found by con-

sidering a free sphere in flowing air. The same assumption
as before is made concerning the leads. Kreith recommends
the same correlation as before but with different empirical

constants (C = .37, n = ,6). After the appropriate substi-

tutions,

1, = pe,vPDR ¢ (3D=9)

R

Assuming that théAdiameter of the sphere is twice the wire
thickness, the curves in Figure 3D~3 are found,
Figures 3D-2 and 3 both indicate that thermocouple

response is quite dependent on velocity and. wire thickness,
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Comparing the two sets of curves, it appears that a spheri-
cal junction responds more rapidly than a cylindrical:
junction of the same wire thickness, If a cylindrical
junction is used, 28 AWG.wire or smaller is needed to have
a response time of 2.5 seconds or less over the range of
velocities typically found in unixéry air conditiéners and
heat pumps. For a spherical junction, 241AwG;ﬁire or
smaller should be used, To minimize respgﬁ;e ﬁime,

30 AWG wire is recommended. | S

It can also be inferred from Figures 3D-2 and 3 that
under conditions of low velocity, the time response will
be quite long. Murphy and Goldschmidt (19781 report it
to be on the order of 60 seconds, If a thermobouple hap-
pened to be blaced in an area of low velocity, its long
time response could cause a significant error in the tran-
sient,teméeratﬁre measurement at that location., In fact,
if several of the thermocouples in a thermocouple grid
(which‘is commonly used in the DOE tests) were located in
4areés,of low velocity, ‘the transient temperature méasuré-
ment of the grid could be distorted and lead to large V
errors.

Effects of‘Responsé Tinme .

The fact that thermocouple response is finite means that
the actual cyclic dapacity of a unit and the cyclic capacity
as calculated from thermocouple measuremenf §ould différ.
This_difference will now be examined. . Eq; 3D=1 impiies

that a thermocouple can be modeled as a first order system.

—
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Combined with the first order heat exchanger model, the

following biock diagram repreéents the measurement of the

cooled air,

N o
Ir— TRD* —Tout™ TeDFT " Theas

This can be written in equation form. y
. _t T

Tt dTpeas * Tmeas = Tss * (To=Tsd © " (3D-10)

dt | |

This can be.solved for Tmeas'

(i -t/ h

T =T_ . + (TO-TSQ e + . (3D=11)

meas Ss

. Th ' ‘ -t./ft
(Tyon Ty B (T = T

This solution assumes that at t=0, the temperature of the
thermocouple is the same as that of the coil and the sur-

rounding air. The temperature difference is now easily

written, 4
’ .-t
T T h
AT 5 (Tp=Tgl) = _h_ (T-T ) e -
: th- Tt

(3D=12)

(T-- T )- 'rt_-hr" (T, - 'rss),)e-t/rt

h 't
With Eq. 3D-12, a AT vs TIME curve can be plotted and the
effect of Ty can be observed., Figure 3D-4 shows three
such curves corresponding to-ft=0; 2.5 and 8 secoqu,
respectively. Recall that r,=0 sec. indicates perfect

response so that the top curve in Figufe 3D=-4 is an ideal

curve (as defined in Section C). As can be seen, longer
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reSponsé time causes the measured femperature to lag the
actual fempefatufe;l | f -

| Capacity can also be computed by integrating Eq{ 3D=-12
over six minutes.

tOn

QMEAS = pc VA S T dt (3D=13)
F. o
. t
A rhz - on/t)
= pchA {‘Tr'Tss>ton + e (T,=Tgg) (e -1)
T “ton/zy
+Tt(@O-TSS)‘-F§TO-TSS))' (e -1)} ‘i
Note that if t,=0, QMEAS = QIDEAL. For 1, £ 0, the error
due to response time will be givén by ;
- Percent error = QIDEAL - OMEAS x 100 (3D=-14)
= QIDEAL T

Figure 3D-5 shows the percent error involved when various
combinations'ofrh and 1, are considered. The numerical
values Used are the same as those found in Table 3C-1,

As can be seen, the error in measuring Qcyc, dry due
to thermocouple response is rather modest, on the order of
1%, when response time is kept at 2.5 séconds or less.
With dué consideration to wire thickness, junction.shape
and velocities, the thermocouple measurement error can be
‘made negligibly small and accurate and reliable measure-
ments qan-be made. However, if the§e things are not

considered, significant error can result.

Section E - Grid Placement

The transient temperature measurement”of Test D is

usually made with thermocouplevgrids normally consisting
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of 9-16 thermocouples per grid. As noted in Figure 3B-1,
the thermocouples in these grids can bé connected indivi;
dually to the recording device or they can be connected in
parallel or in series to each other and then to the recor-
ding device., Each arrangement gives different temverature
information, Individual thermocouples would yield a rough
temperature profile across the cross section, depending on
how many thermoéouples‘were used, However, a recording
device with sufficient channels would be nééded‘and an
additional algorithm for determining the temperature
difference.would also be needed before the capacity could
be computed, A parallel arrangement provides electronic
averaging-so‘that the output temperature is the average of
the temperatures sensed by the thermocouplés in the grid.
The temperature difference still needs to be found, A
series arrangement, often called a thermopile, is used
to either increase sensitivity or to measure temperature
differences. Since the output temperature is the tempera-
ture difference, this arrangement is preferred by some. This
work will consider é grid to mean any of the above arrange-
ments whose ultimate output is the temperature difference,
The méjor concern with thermocouple grids has not been
‘their make-up, but their placement with respect to the
evaporator coil in the test set-up., Since most manufac-
turers test several different types of equipment in their
test chambers, modifications in the test set-up are often

necessary. For this reason, the test procedures do not
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specify a location for the grids. However, some manufac-
4turers, while testing the same unit, have obtained different
measured capacities by moving the grids frcm one location

to another-(DOE Workshops [19801). This section will
vconsider the proclem of grid placement and the potential
'differences in measured capacity due to grid location.

(Grid placement with respect to the dampers will be dls-
cussed in Sectlon F)

' There appear to be five phenomena thst could affect
the measured capacity of a-unit due fo the placeﬁent of
the grid. If the grid were moved, these effects might change,
“further affecting the measured cspacity. They are:. |

1. Nonunlform veloc1ty and temperature distribu-
tions over the cross section of the grid. |

2. Lag time due to the separatiop of the grid from
the coil. | | |

3. Mass transfer (leakage) into the duct,

4. Heat transfer through the duct wall.

53 Thermal storage effects of the walls and other
massive objects. |
The first of these effects will be COnsidered'in detail
in seccion G. For the remainder of this section, the
velocity and temperature will be considered'uniform over
the cross-section. |

Lag Time |

Due to the sepsration'of the‘downstream grid from

the coil, a lag time will exist. This will delay the
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temperature measurement of a slug of air'since a slug of '
alr 1eav1ng the c011 takes a flnlte amount of time to reach _
the grld., In most test fa0111t1es, thls separation is not
more than 10- 15 ft (3.1-4. 6m) Since typical veloc1t1es,
range from 5 ft/sec - 20 ft/sec (l.5m/s - 6. lm/s), lag tlmes
will be on the order of .5-3 seconds or less. The effect of
lag tlme on transient capac1ty measurement was found to be
mlnlmal. (Eqs. 3D-12, 13 were slightly modlfled to account
for lag time.) For a lag time of 5 seconds, the error in
measured capacity was less than l%. Consequently, lag time
will be neglected in this work. | | |

With regard to the upstream grid, lag time effects will
also be small. Furthermore, assuming that the inlet grld
always measures 80°F (27°éx, changing its placement will have
a negligible effect on'measured capacity. |

Leakage |

The big effect of mass transfer, room air leaking; into
the duct, is caused by the leakage between the downstream
temperature measurlng location and locatlon where the flow
rate is measured.

For a condition where the initial temperature drop across
the coil is zero, it can be shown that the effect on capacity
of air leakage into the test‘set'up between the cofl and the
temperature grid is zero. - |

Figure 3E-1A shows a schematic diagram of the energy f
enterlng the duct between coil and temperature measuring locatlon.

An energy balance glves .

f, C_ T +H.C T ‘= (h.4h.) C_ T (8)

1 "p "out 2 p'r 172 p M
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Figure 3E-1A  Control Volume Between Coil and
Downstream Measuring Location
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.Solving for Ty gives

By i, -
TM = Wl""z” Tout + r—l+m2 ~TR . (9)

The temperature drop as measured by the two sets of sensors

would be _
| - .
| (T = Ty) = AT, = ﬁiiﬁ; [Tg "Tcut] (10)
but TR ~ Tout =;AT - or ‘
m 4 '
T = 1 ‘
™ g, AT (11)
The calculated capacity would be
' ton ,; - :
Q =, cp fo_ AT dt . (12)

Substituting 10 into 11 and assuming ml is constant gives

_ . t
= ° =

o QrpEar (13)

The effect of adding mass after the downstream measuring
poin£ is to increase the mass flow rate beiﬁg measured. This
would tend to make the calculated éobling capaéity too large.
The calculated capacity would be: |

ton - .. - .
Qear, = 3 S Jb AT at _ | (14)
and the percenf error would be

Q1pEaL - %can

= 100 (15)

Percent error = o)
: IDE_AL
R _
=1--2 (16)
‘ -1
if m3‘E ml + xml. Thgn
. percent error = =X : : _ (17)

where X is percent leakage.
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Therefore, a 2% leakage error would give capacity which is 2%
too large. The present standards allows a 2% leakage rate, :

Heat Transfer Effects:

During the on-time of test D, energy will be trans-
ferred by conduction and convection from the room air,
through the insulation (if any) and. the duct wall and into
the cooled air stream. The net effect of this transfer is
a decrease in measured capacity. The magnitude of this
decrease will be examinéd by considering the overall heat . -
transfer coefficient (U), the surface area of the test
set-ﬁp and the temperature differencé between room air and
coéled air. As was méntionéd above, this analysis will be
done without regard to thermal storage effects.

The overall heat transfer coefficient is defined by
the following equation:

1

1

U = (all areas assumed equal) (3E;l)
R ¥R FR_FR; A A o
where
R, = Fﬁi— = Reciprocal of.the OQtsidebfilm cogfficient
R, = R-value of insulation - s
_ thickness
Rw'— 3—value.of duct wall conductivity
. Ri = hl = Reéiprocal of the inside film coefficient
. (o) .
Estimates for ho range from about .3 Btu/hr ft2 °F (1.7 W/m2°C)
(Murphy and Goldschmidt [1978]) to 1.63 Btu/hr ft? °F

(9.25 W/m2°c) (ASHRAE Fundamgntals [19771). This work will

2

) .
assume H =1 Btu/hr ft° °F (5.7 W/m“°C). Values for h, vary

2

from 0 Btu/hr ft2 °F (ASHRAE Fundamentals [1977]) to about




| s
4 Btu/nr ££2 OF (22,7 W/n°°C) (McAdams [19541).  This work
will assume h =225 Btw/hr ft°°F (12.8 W/n°C) (Murphy and
Goldschmidt [1978] ). R-values for insulation (from
ASHRAE Fundamentals [1977] ) and the corresponding U-values
are summarized in Table 3E-1, ‘
~With a given sﬁrface area, maximum heat transfer will

eceﬁr when the unit has reached steady state because-thiS‘
| is when AT has a maximum value. A more realistic'value
for AT can be found by integration. |

t
1 on

AT = E;; ﬁ AT -dt ,‘ ‘(33—2)
Using this Value for the temperature dlfference, the energy
transferred to the cooled air is given by '

= UAAT . | | (3E-3)

In six minutes, q/10 will be the addltlonal energy affect-
ing the cyclic capac1ty. Flgure 3E-2 shows the amount of
additional energy for varlous combinatlons of U-value and
AT. |

An example will illustrate this effect. Suppose the.
ductiﬁg of a test set-up is made Qf 24 gage sheet metal
and is without 1nsulat10n. Betﬁeen the coil and -the
thermocouple grid, let there be 15 fta (1. hma) of surface
- area. Recalling the numerical evaluation of QIDEAL in

Section B, AT can be computed by Eq. 3E-2.

AT

= (110°F-min) ( 3;5- (3667° C-s))
18.3°F  (10.2%)



Table 3E-1 Heat Transfer Coefficients

. 1
q = UAAT where U = =
‘ TR R TR
1 1 1 1
R =¢=2=1 R, = ;— = 5=z = .04
o hU _1 i hi 2.25 -
o . thickness | . .
R, = conductivity’ Rsheet metal =0/ Roardhoard = -7
R.[ (insulation) U-value
(Btu/hr-£t2-°F)
0 (no insulation) .69
3.5 (1 in. glass wool) .20
7.1 (2 in. polystyrene) | .12
14.2 (4 in. polystyrene) .06
3.5 (1 in. glass wool) .18
. : (cardboard wall)
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.Hence, , A . |
4 = (.69 Btu/hr £t2°F)(15 Ft2)(18.3°F)
= 189 Btu/hr |
= 19 Btu/6 min
(3.9 W/m2°C) (1.40%1(10.2°¢C)
(56 W)

= (5.6 W /360 s )

The percent error due to heat tramnsfer is

Percent error = Additional energy x 100

- T%%V x 100 ¢ 1%ﬁ§ x 100 )
= 1,1% ( 1.1% )

If the same test installation had insulation of R-7, the
percent error would be 0.2%, a substantial improvement in.
measured capacity.

Figure 3E-2 indicates that for an uninsulated test .
set-up with a lérge amount of surface area between the coil
and the grid, a substantial amount of energy could be added
t6 the cooled air resulting in 5-10% errors. It can also
be seen that insulation of R-7 drastically reduces the

e and - .

added energy so that its maximum effect (50 ft ,
AT=30°F) dnAmeasuredvcépacity amounts to 1% of QIDEAL. For
typical test set-ups with insulation of R-7, the error in
measured capacity should be much less than 1%.

Thermal Storage Effects

‘During the 24 minute off-time of test D; the duct

walls and other massive objects, such as the air mixer; will
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be storing thermal energy. This causes their temperatures
to rise, so thatﬂat~start-up, the§.may~have»retdrned‘to
room temperature. During the on-time, this stored energy
will be released into the cooler air stream with the net
effect of decreasing measured capacity. The amount of.

energy released is given by Eq. 3E-4.
Q = meAT o ‘ ) o (3E-l+)

where

=
]

Mass of the wall or object, lbm (kg)

p

Specific heat, Btu/lbm °F (J/kg °C)

AT is the -average initial temperature of the mass less . «
its average final temperature. AT is very much ‘dependent on
the insulation, the inside film coefficient, heat conduction
"‘along the ducting, etc., This makes it rather difficult
. to measure or estimate the value of AT. This dnalysis
will siﬁply assume different values of AT that could
occur during ftesting and calculate the corresponding effect
on meaéure& capacity.

- Suppose the ducting in a test instaiiatién is made
of 2l gage sheet metal which weighs 1.16 lbi/ft2 (5.7
kg/ma) and has a cp= 11 Btu/lbm °F (.13 Wh/kg °C): Further
suppose.that there-are 15 fta'(lgdz)*of-well insulated
sheet -metal between the coil and the grid and AT=20°F
(11°¢). Then by Eq. 3E=4, : K



QO
|

= (15 ££%)(1.16 lbm/££2)(.11 Btu/lbm®F)(20°F)

38.3 Btu

(1.4m%) (5.7 kg/m?) (.13 wh/keg°C)(119€C)
=(”qu Wh)

The effect of this added energy on QIDEAL is

?%g; x 100 (%&ﬁ% x 100 )

= 203% = (205%)

[

Percent error

Suppose a 15 1lbm (6.8 kg) mixer were placed in the test
set-up of the above example and it experienced a

& = 10 °F (5.6 °C). It would also add energy.
Q= (15 1bm)<.11istu/1bé °F)(10°F)
=.16.5 Btu
(6.8 kg) (.13 Wn/kg °C)(5.6 °C)
= (5.0 Wh)

S50,

Percent error

16,° 5.0
T883 (258

1%

N1
-~

%)
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These two errors are additive., Hence, in this example,
thermal storage effects contributed about 3.3% error in
measured capacity.,

Figures 3E~3 and 4 show the released energy from
massive objecﬁs under different conditions. It can be
seen from these two plots that if a test set-up had a heavy
air mixer (for example) and a large amount of sheet metal
surface. area exposed to the cold éir stream, errors on the
order of 5-15% could occur. Insulation will not minimize
these effects. In fact, insulation tends to maximize
these effects because the thefmal_mass:is maintained at a
lower tempefature, increasing AT. A pféctical'solution to
minimize thermal storage effects is to eliminate, as much
as possible, thg thermal mass that is exposed ‘to the cold
air stream. For example, the insulation could be placed
inside the sheet metal or a different,‘léss massive, strué-
tural material such as cardboard or fiberglass could be
used for that portion of the ducting between the coil and
the grid. Air mixers and flow straighteners could also be
made from a lightweight material such as plastic.

In summary, it has been seen that the placement of
the.thermoqouple grid can caﬁse.changés in the measured
capacity. By moving the grid downstream, more surface
area 1s exposed which inéreases the effects of leakage,
heat transfer and thefmal storage. For a typical, uhin-
sulated test set-up wiﬁh a.mixer a decrease in measured

capacity on the order of 5% might occur, due only to the
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location ofﬂthe grid. If the grid were moved,.this‘esti-
| mate could increase or decrease. But;vwith proﬁer atteﬁ-
tion to joints, seams,‘cracks, etc., mass tfanéfer errors -
can be essentially eliminated. With insulation of R-7Abr'
better, heat transfer effects will be less than 1% over a
considerable range of locafions. However, thermal storage
effects could still be on the order of 2-3% (or more) unless
some of the thérmal mass were removed, It is hoped that
with these conéiderations, the effects of grid placement

on measured capacity can be minimized.

Section F = Dampers

The following quote is taken from the Federal Register

and concerns the dampers,
. "The test installation shall be designed such
that there will be no air flow through the cooling
coil due to natural or forced convection while the. -
indoor fan is 'off.' This shall be accomplished
by installing dampers upstream and downstream of
the test unit to block the off period air flow ¢
(Federal Register [1979]).
This portion of the test procedures has caused considerable
confusion because neither the intent nor the practical
application of the dampers is made clear. The purpose of.
this section is to attempt to resolve some of this confu-
sion.

Apparently, the dampers were added to the test proce-
dures with the intent to credit a manufacturer with the off-
time cooling done by the unit and to aid in obtaining

repeatable and reproducible results (Didion [1980-A]).
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Ideally, by blocking the air flow over the coil, heat trans-
fer between thé trapped air and the coil and fhe compartment
walls is essentially stépped so that thg coil, the campart-
ment walls and fhe trapped air remain cold, néarly at the
steady state operating temperaturef1)Therefore, ét start-up,
the coil does not have to be ncooled down' by heat transfer
to the refrigerant, allowing heat transfer from the air to
the refrigerant (through fhe cold coil) to_Segin imﬁediate-
ly. Furthermore, the cold compartment walls add little
energy to the air fldw. Hence, cooler air ié produced
more quickly and’ the measured efficiency ofnfhe unit
during test D is increased, '

0Of course, an ideal test set-up does not exist. Due
to the temperature gradient bétween the room air and the
trappéd air, heat transfer will occur raising the tempera-
ture gf the trapped air. Furtherﬁore,<at shut-down,‘some
evaporétor coils partially f£ill with hot refrigerant from the
condenser due tc a pressure gradient (Murphy and Gold-
schmidt [1979]). This further increases the heat tranéfer
into the compartment. Nevertheless, dampers should maintain
the coil, compartment walls and.trapped air at a tempera-
ture below room temperature whiéh, in many cases, will
increase the measured capacity.

The implementation of the dampers is not prescribed
or even mentioned in the standards which:.govern the test
set-up and ambiguities do exist, For eiamplé, two mechan-

ical dampers are impli-~d, but several manufacturers use an

1- Air temperature may also depend on refrigerant control.
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alr trap instead of an upstream damper. Is an air trap as
effective as a damper in blocking air flow over the coil?'-
How should the dampers open in the duct as far as air flow
is concerned? Should they be air tight? How quickly should
they open or close?  Where should the dampers be placed?
Where should the thermocouple grids. be placed in.relation-
ship to the dampers? These are valid questions whose
answers are reflected in the variety of test set-ups found.
throughout the air conditioniﬁg industry.

In order . to study the effects of dampers on the
measured capacity of a unit, several'assumptions regarding
the analysis are needed. The following are these assump-
tions, . |

. 1« Two dampers or a damper ahd.an air trap are
equally effective because both block the inlet flow of
room air, 4 , i

2. All off-time heat transfer effects will be reflec-
ted in To, the temperature of the coil and the trapped air
at start-up. (The temperature of the éoil will be an av=-,
erage temperature and is aésumed to be about the same as
the trapped air at the end of the 24 minute off-time.)

| 3. Mass transfer (leakage) through the dampers will
also be reflected iq'To; On-time leakage will be neglected.
' _h; The dampers will open immediately'upon start-up
and air flow will be considered constant, uniform and un-
~affected by the dampegs once the dampers are open.
5. The upstream thermocouple grid wi%l be placed

outside of the upstream damper,
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6. The time constant of the unit, t,, will not change
because of dampers. This is an important assumption as far
as modeling the dampers is concermned., It is, in efféct,

- saying that the cold coil does not enhance or diminish the
heat transfer capability of the refrigerant,- especially at’
start-up. This is probably not true and could be a-subject
for future investigation. On the other hénd; the: dampers
will allow the coil to be at a lower temperature than
ambient at start-up. This means that a certain amount of
energy will not have to be removed from the cdil in the
pfocéss of cooling it down to its steady state temperature.
insteéd,'it will be assumed that this amount of energy will -
be removed from the air, For modeling purposes in this
section, this energy will simply be added back into the
measured capacity as QCOIL.,

The effects to be studied are damper placement ‘and
‘thermocouple response in relationship to damper placement. .
ansider the sketch shown in Figure 3F-1 showing an arrange-
ment.where the downstréam thérmocouple gridvis placed in-
side the damper. In order to obtain a AT vs TIME curve,
the temperatures sensgd by the’ thermocouple grid must be
identified. Since the downstream grid is inside the damper,
it will continue to sense To for D1/V seconds (Distance/
Velocity = Time) after start-up. Thén,Ait will sense the
té@perature of the slug of air between the coil and the
upstream damper. But, before reaching the grid, this slug
- of air passes through the coil and is cooled according to

the first order response discussed in Section C. This
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Figure 3F-1 Thermocouple'Grid Inside Damper
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cooled air is sensed for D2/V seconds. After this time
has elapsed, room air at Tr’ which has enterediﬁhé coil and
been-céoled, is sensed by’the grid. Eq. 3F-1 represents
the temperature difference as a function of time, and is

derived by applying Eq. 3D-12 for the above temperatures,

aT =.Tr’ Theas
= Tr—To er O<t'< D‘/v
T -t/
= (T -T_)e—B— (T -T_)e B

r - ss’ty=yy O SS

-Di/y =(t=D1/y)/1y

T . Th
.h e )y e

- (To'Tss)(] Th=T¢

. for D1/V<t<p2!'/V
. T I A
= (Tp-Tgg) - (T~Tgg) © t/"n

=D2'/V =({t=D2!
( Th Darﬁ (t-D2 /V)/rt
- TZ'Tss'~?;:?: (rr°Tss)'e- ) e
for t> D2! | (3F-1)
= ‘

where .

Ta“z Temperatire sensed by thermocouple at t=D2'/V

D2'= D1 + D2 | | |
Using Eq. 3F-1, AT vs TIME curves can be plotted. Further-
more, Eq; 3F-1 can be integrated over time so that capacity
can be computed., By varying D1,'D2 and T, fhe effgcts of

dampers on measured capacity can be studied.
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To illustrate these ideas, consider the following

example, Numerical values are assumed representative of

some units, ‘Let:

T, = 8Q°F.C26.7°C)r T = 60°F (15.6°C)
T, = 70°F (21.1°¢) T, = 30 sec

V =15 ft/sec (4.6 m/s)

Dl = 5 £t (1.5m) D2 =5 ft (1.5 m)

p = ,071 lbm/ft> (1,74 ke/m”)
Mass of qbil = 24 1bm

c .24 Btu/1bm°F (1004.8 W s/kgC) (air)

P .
c, of coil = .11 Btu/lbm°F (460.5 W s/kg°C)

A =1 £t2 (.09 nd) . =1, 2.5 and 5 sec.
Substituting these values into Eq. 3F-1 and letting the on-
time run from;0-6 minutes, the curves in Figures 3F-2 and
3 are obfained. Figure 3F-2 shows the response in the first
10 seconds., All three curves begin at ATO=10°F (5.6°C).
After the cold air ﬁas been drawn out and replaced by the
room air, the: curves begin to differ accbrding to the time
constant of the‘thermocouﬁle{ Figure 3F-3 shows thé
respdnse over the full six minutes, In particular, note
the éip in the curves which is caused by fhe thermocouple
response time.: . u

 The e#pﬁession fqr AT isﬂintegrated over thelsix
minuteg/and the capacities for this example are obtainéd.
The regults are tabulated in’TabIe'3F~1. 'QIDEAL represents

| the capacity that would be caiculatea assnmihg ideali'
conditions such as TO=800F (26;?00),'%= 0 sec, no thermal
‘mass effects, etc, QMEAS is the measured capacity a d the
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Table 3F-1 Capacities for Grid Inside Dampers

99

$ERROR

QIDEAL QMEAS | SERROR QCoIL T, | .
Btu Btu Btu w/eoil op | sEc
1686.96 11686.96 .00 0 .o; 8o | o
1686.96 |1680.74 .37 0 .3% 80 | 2.5
1686.96 Alé74;56 .73 0 .7} 80 | 5.0
1686.96 |1688.64 | -.10 26.40 | -1.86 70 0
1686.96 |1682.45 .27 26.40 | -1.30 70 | 2.5
1686.96 |1676.27 63 26.40 | -0.93 70 | 5.0
1686.96 [1690.33 -,zo' 52.80 -3.@3 60 0
1686.96 1684.15 .17 52.80 | -2.96 60 | 2.5
1686.96 |1677.97 .53 -2.60 60 | 5.0

52.80
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difference between QIDEAL and QMEAS is the error. It is
expressed by '

Percent error = (QIDEAL - OMEAS) x 100

. = QIDEAL

If the percent error is‘positive, the measured capacity is
less than the ideal capacity. If the percent error is
negative, the'capacity has igcreéSed.

‘ Wﬁen tﬁc temperature of the coil is less than room
' temperature, less energy is taken from the ccii to cool it
down to its stéady state temperature. This allows mcrc-;ir
to be'cooled,’ For purposes of computation, this extra
ccoling enérgy will be credited to the unit by adding it
back into QMEAS as QCOIL, which is calculated by Eq. 3r-2.

QCOIL = m, c . (T -T,) (3F—a)
where
- M, = mass of the coil, lbm (kg) |
Che = specific heat of coil, Btu/lbm F (W s/kg°C)

A new percent error is also calculated to reflect this o
addition. -, , . _

The results of computiné the capacity with QCOIL are
‘also shown in Table 3F-1, It can be seen that wheﬁ‘tﬁé mass
of the‘coil ;s not considered, the dampers héve little
effect, Includiné the coil mass (QCOIL) does 1ncrcdse
the measured capacity. Hence, the measured capac1ty can
be inc¢reased by lcwering T,» but it is decreased by longer
thermocouple response time, Undef:normal conditions with
the dampers causins T°=?QbF (21.1°C), a 1.3% iﬁcrease in

capacity is observed,
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. The effect of moving -the dampers to'vsrious locations
can also be studieds Tables 3F-2, 3 and 4 summarize the
results of seven different damper locatipns. Each Table
¢orresponds to a differeut vaiue of T,. For T0=800F
(26:7°C), little effect of location is noted, with thermo-
couple response time causing the percent error. Interest-
ingly, from T =70 to 60°F (21.1 to 15.6°C), capacity
1ncreased as response time decreased., This can be explalned
by redalling the AT vse. TIME curves in Figure 3F-3, ~ For
shorter response times; there is less lag terthe'actuai
temperetufe and the initiel gain in area under the curve:
is not balanced by the subsequent loss in ares under the
curve as time marches on. Finally, it can be seen ‘that |
dlfferent damper locations do not cause much’ change'ln the
measured capacity.

Next, consider the arrangement shown in Figure 3F-4.

Now tﬁe thermocouple grid is placed some distance outside
the downstream damper. As before, the tempefatures sensed
by the grid must be specified. For D3/V seconds’ (Dlstance/
Veloc1ty Time), the grid senses the temperature of the air
' outsideé the dampers which is assumed to be room temperature.

In the next D1/V seconds, the siué'of trapped air down-
stream of the coil, at T, pesses through the grid., This
is followed by the slug of trapped air upstream of the
‘ceii wﬁich has 5een COoled by the heat exchanger. Finally,
cooled réom air reaches the grid, Again, applylng 5q. 3D-12

to the above temperatures Eq. 3F-3 results,



Table 3F-2 Grid Placement - T_ = 80°F
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QIDEAL

$ERROR

QCO1IL

$ERROR

QMEAS D1 | D2 | T,

Btu Btu ptu | W/eoil | gy Ft | Sec
1686.96 |1686.96 .00 0 .00 5 5 0
1686.96 |1686.92 .00 0 .00 10 5 0
1686.96 |1686.81 .01 0 .01 20 5 0
1686.96 |1686.95 .01 0 .01 5 10 0
1686.96 |1686.95 .00 0 .00 5 20 0
1686.96 |1686.92 .00 0 .00 10 10 0
1686.96 |1686.81 .01 0 .01 | 20 20 0

1686.96 {1680.74 | .37 0 .37 5 .5

1686.96 |1680.70 .37 0 .37 10 .5
1686.96 |1680.55 .38 0 .38 20 .
1686.96 |1680.70 .37 0 .37 5 | 10 .
1686.96 |1680.59 .38 0 .38 5 20 .
1686.96 |1680.64 .37 0 .37 10 10 .
1686.96 }1680.28 .40 0 .40 20 20 .
1686.96 |1674.56 .73 0 .73 5 .
1686.96 |1674,52 .74 0 .74 10 5 .
1686.96 |1674.37 .75 0 .75 20 5 .
1686.96 [1674.32 .74 0 .74 5 | ‘10 .
1686.96 |1674.39 .75 0 .75 s | 20 | s.
1686.96 |1674.46 .74 0 .74 10| 10 .
1686.96 |1674.06 .76 0 .76 | 20 | 20 | s.
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Table 3F-3 Grid Placement - T = 70°F
QIDEAL | QMEAS | $ERROR | QCOIL | %ERROR [ DI | D2 | 7,
Btu Btu Bty w/coil | pp | pe | Sec
1686.96 |1688.64 -.10 26.40 | -1.66 5 5] 0
1686.96 |1689.46 -.15 26.40 | -1.71 |10 51 0
1686.96 |1691.03 -.24 26.40 | -1.81 | 20 5|1 o
1686.96 |1689.46 -.15 26.40 | -1.71 5 {10 0
1686.96 |1691.10 -.25 26.40 | -1.81 5 |20 o
1686.96 |1690.28 -.20 26.40 | -1.76 |10 (10} ©
1686.96 |1693.41 -.38 26.40 | -1.95 |20 (20} O
1686.96 |1682.45 .27 26.40 | -1.30 5 5 | 2.
1686.96 |1683.25 .22 26.40 | -1.35 |10 5| 2.
1686.96 |1684.81 .13 | 26.40 | -1.44 |20 51 2.
1686.96 |1683.26 .22 26.40 | -1.35 s {10 2.
1686.96 |1684.83 .13 26.40 | -1.44 5 | 20| 2.
1686.96 |1684.05 .17 26.40 | -1.39 |10 | 10| 2.
1686.96 |1687.05 -.01 26.40 | -1.57 |20 | 20] 2.
1686.96 |1676.27 .63 26.40 | -0.93 5 51 5.
1686.96 |1677.07 .59 26.40 | -0.98 |10 5| s.
1686.96 |1678.63 .49 26.40 | -1.07 |20 5| s.
‘|1686.96 |1677.07 .59 26.40 | -0.98 5 |10 5.
11686.96 |1678.64 .49 26.40 | -1.07 5 | 20 5.
1686.96 |1677.86 .54 26.40 | -1.03 |10 | 10| 5.
1686.96 {1680.83 .36 | 26.40 | -1.20 |20 | 20} s.




Table 3F-4 Grid Placement - T_ = 60°F
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QIDEAL

$ERROR .

D1

1687.64

52.80

-3.17

20

20

. QMEAS | SERROR . QCOoIL ' D2 Te

Btu Btu Btu /ol 1t |re | sec
1686.96 |1690.33 | -.20 52.80 | -3.33 | 5| 5 o
1686.96 |1691.99 | =.30 52.80 | -3.43 |10 | 5 0
1686.96 [1695.25 | =.49.. | 52.80 |-3.62 [20 | 5 0.
1686.96 |1691.99 | -.30 52.80 |-3.43 | 5 |10 | o
1686.96 |1695.25 | -.49 52.80 |-3.62 | 5 |20 | o
1686.96 [1693.63'| -.40 52.80 | -3.53 |10 |10 0
1686.96 |1700.00 | -.77 52.80 [ =3.90 |20 |20 0
1686.96 |1684.15 | .17 | 52.80|-2.96 | 5| 5 .
1686.96 |1685.81 | .07° | .52.80 |-3.06 {10 | 5 .
1686.96 |1689.07 | ~.12 | s52.80 |-3.25 |20 | 5 .
1686.96 |1685.81 .07 52.80 | -3.06 5 |10 .
1686.96 |1689.07 | -.12 52.80 | -3.25 5 |20 .
1686.96 |1687.45 | ~-.03 52.80 [ -3.16 [0 |10 | 2.
1686.96 |1693.82 | -.41 52,80 | -3.54 |20 |20 .
|1686.96 |1677:97 | - .53 52.80 | -2.60 | 5 ;
1686.96 |1679.63 .43 52.80.{-2.70 |10 .
1686.96 [1682.82 | .24 52.80 | -2.89 {20 .
1686.96 [1679.63 | .43 52.80 | -2.70 5 |10 .
1686.96 |1682.89 | .24 52.80 | -2.89 5 |20 .
1686.96 {1681.27 .34 52.80 | -2.79 |10 {10 .
1686.96 -.04 .
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'  Damper

- T v, T,

- . ~Coil

Figure'3r-4 Thermocouple Grid dutside“Damper
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T =T =T

T heas |
o for O <t <D3/V

~(£-D3/V)/ 7,

(T~ - (T.-T) e

for D3/V<t<D1'/V
Th -t/*h
‘th“ ‘l’t

(Tr'Tss) - (TofTss) ©

1 "ss Th=T¢

o'Tss)ie €
for D1'/V<t<D2'/V

where (3F=-3)

DI' = D3 + DI

D2' = D3 + D2 + DI A

T] = Temperature sensed by thermocouple at
t:Dl'/V‘

T, = Tempeféture sensed by thermocouple at
t=D2'/V |

Using the same numerical example as before with D3=5 ft
(1.5 m), AT vs. TIME curves are plotted and are shown in
Figures 3F-5 andl6. Referring to Figure 3F-5, ATO=O°F
(0°C) at = t =0 for all the curves. But only the curve for
rt=o sec respénds markedly to the slug of cooler air trapped
by the dampers.' Figure 3F-6 shows the'responée for the full
six minutes of on-time. Again, note the dip due to thermo-
couple response. | . X
Capacity is found by integrating Eq. 3F-3 over the on-
 time and TableABF-S shows the results for the capacity.
calculations, These results afe élmosf identical with. the
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T = 0.0 sec
"it =2.5 sec
1, =5.0 sec
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Figure 3F-6 AT vs TIME Curves with Grid Outside Damper - Full 6 Minutes
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Table 3F-5 Cépacities for Grid Outside Dampers
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QIDEAL

QMEAS

3SERROR

QCOIL

$ERROR

1675.45

T
Btu Btu Btu w/coil o | sec
1686.96 | 1686.92 .00 - 0 .00 |80 | -0
1686.96 1681.50 .32 c 32 |s0 | 2.3
|1686.96 | 1675.34 | .69 0 .69 |80 | s.0
1686.96 | 1688.60 | ~-.10 26.40 -1.66 | 70 0
1686.96 | 1681.60 .32 26.40 -i,zs 70 | 2.5
1686.96 | 1675.40 | .69 26.40 ~0.88. |70 | 5.0
|1686.96 | 1690.28 | -.20 52.80 -3.33, |60 0
1686.96 | 1681.71 31 | s2.80 ~2.82° |60 | 2.5
1686.96 .68 52.80 -2.45 |60 | 5.0

“
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corresponding results when the thermocouple grid was placed
inside the dampers. |

Taﬁles 3F-6, 7 and 8 show the results of the effects
on measured capacity due to various damper ard grid loca-
tions. As before, when To=800F (26.7°C), location of the
dampers or the grid has a negligible effect with the errors
arising from thermocouple response, AAgain, measured capa-
¢ity is increased as either T, or response time decreases.
However, very little change is observed by moving the
thermocouple grid, and only a small change is observed by -
" moving the location of the dampers.

Comparison of the two arfangements indicates that
neither are strongly dependent on damper location as such,
but rather on the value of T, at start-up. (In practice,
of course, To is dependent on damper placément.) Increases
in measured capacity on the order of 1-3% can be made by
obtaining lower values of T, at start-up. Finally, it
appears that the increases in capacity are slightly higher
for the arrangement where the thermocouple grid is placed
inside the dovnstream dampér.

One final comment is in order., From the above dis-
cussibn, it is apparent that T, plays the major role in
determining the effect of dampers on the measured capacity.
In actual testing, T, varies from room temperature to
nearly 80% of'Tss. Its value is partly determined by off
period refrigerant flow. ﬁowever, it is mainly determined

by the operation and placement of the dampers, insulation,



Table 3F-6 Grid Placement - T_ = 80°F
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D2

QIDEAL| QMEAS |$ERROR |QCOIL |$ERROR | D3 | Dl T
o w/coil t
Btu Btu Btu Ft |Ft | Ft Sec

1686.96(1686.92 .00 0 .00 | 51| S 5 0
11686.96|1686.88 .00 0 .00 5110 5 0
1686.96{1686.73 .01 0 .01 5120 5 0
|1686.96|1686.88 .00 0 .00 s {10 | 10 0
1686.96)1686.73 .01 0 .01 5 120 | 20 0
1686.96{1681.50 .32 0 .32 5( 5 5 2.
l1686.96/1681.43 | .33 | . 0 .33 5110 5 2.
1686.96|1681.25 .34 0 .34 5|20 5 2.
1686.96|1682.06 .29. 0 .29 5 {10 | 10 2.
1686.96{1682.78 .25 0 .25 5120 | 20 2.
1686.96[1686.92 | .00 0 .00 10] 5 | s 0
1686.96{1686.88 .00 0 .00 10 | 10 5 0
1686.961686.73 .01 0 .01 10 | 20 5 0
1686.96|1686.88 .00 0 .00 | 1010 | 10 0
|1686.96|1686.73 | .01 0 .01 | 10|20 | 20 0
1686.96{1681.43 .33 0 .33 10] 5 5 .
1686.96{1681.35 .33 0 .33 10 {10 5 .
1686.96/1681.13 35 1 o .35 10 | 20 5 .
1686.96]1681.96 .30 0 .30 10 {10 | 10 .
1686.96]1682.63 .26 0 .26 10 |20 | 20 2.5
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Table 3F-1 Grid Placement - T, = 70°F
QIDEAL | QMEAS . |$ERROR | QCOIL |%ERROR |DTC |D1 {D2 | «
Betu | Btu “ pta |11 | g lpe |Fe | sec
1686.96| 1688.60| -.10 |26.40 | -1.66 | 5| 5|5 | o
1686.96| 1689.40| -.14° |26.40 | -1.71 | s|10| s | o
1686.96| 1690.94| -.24 [26.40 | -1.80 | 5|20{ 5 | o
1686.96| 1690.21| -.19 |26.40 | -1.76 | 5 |10 |10 0
1686.96| 1693.29] -.38 |26.40 | -1.94 | 5 |20 |20 0
1686.96| 1681.60|- .32 [26.40 | -1.25 | 5| s | 5 | 2.
1686.96| 1681.69| .31 |26.40.| -1.25 | 5|10 | 5 | 2.
1686.96| 1682.07| .29 |26.40{ -1.27 | s5{20| 5 | 2.
1586.96| 1682.47| .27 |26.40 | -1.30 | 5|10 |10 | 2.
1686.96( 1684.27| .16 |26.40 | -1.41 | 5 |20 |20 | 2.
1686.96| 1688.55| -.09 |26.40 | -1.66 | 10 | 5 0
1686.96| 1689.33| -.14 |26.40 | -1.71 | 10 |10 0
1686.96] 1690.83] -.23. |26.40 | -1.79°| 10 |20 0
1686.96| 1690.13| -.19 |26.40 | -1.75 | 10 |10 |10 | o
1686.96] 1693.15| -.37 |26.40 | -1.93 | 10 |20 [20 | o
1686.96| 1681.54| .32 |26.40 | -1.24 | 10| 5| 5 :
1686.96| 1681.61| .32 |26.40 | -1.25 | 10 |10 | 5 .
1686.96| 1681.95| .30 |26.40 | -1.27 | 10|20 :
1686.96| 1682.31| .27 |26.40 | =1.29 | 10 |10 |10 :
1686.96| 1683.83 26.40 | -1.40 | 10 |20 |20 :

.17




‘Table 3F-8 Grid Placement - T, = 60°F
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QCOIL -

DTC

|oIDEAL | QMEAS' |sERROR $ERROR DL|D2 | .-
Btu | Btu pea. |7/C°M | P |Fe |Fe sec
1686.96| 1690.28| -.20 |52.80 | -3.33 | s5|'5| 5 | o
1686.96] 1691.92| -.29 |52.80 | -3.43 | 5 {10 | 5 0’
1686.96| 1695.15| -.49 |s52.80 | -3.62°| 5 20| 5 | "0
1686.96| 1693.54| -.39 |s52.80 | -3.52 | "5 |10°|10 0
1686.96| 1699.85| -.76 |52.80 | -3.89 5 |20 |20 0
1686.96| 1681.71| .31 [52.80 | -2.82 | 5| s | s | 2.
1686.96| 1681.95| .30 |52.80 | -2.83 | s.l10| s N
1686.96| 1682.89| .24 |52.80 | -2.89 | 5|20 5 .
1686.96| 1682.88| .24 |52.80 | -2.89 | 5|10 {10 .
'1686.96] 1685.75| .07 |52.80 | -3.06° si‘zd 20 .
1686.96| 1690.22| -.19 [52.80 |'=3.32 [ 10.{- 5[5 0
‘11686.96] 1691.84| -.29 |52.80°| =3.42 | 10/{20{ 5 0
1686.96| 1695.03| -.48 |s52.80°| =3.61 | 10:]20 | 5 0
1686.96| 1693.44| -.38 |52.80 | -3.51 | 10il10 10 | o
1686.96| 1699.68| -.75 |52.80 | =3.88 | 10 [20 |20 0
1686.96| 1681.65 .32 |[52.80'| -2.81 |10} 5| 5 | 2.5
1686.96| 1681.87| - .30 |52.80 | =2.83 | 10'|{10| 5 .
1686.96| 1682.77{ .25 |s52.80 | -2.88 | 10 [20] 5 4
1686.96/ 1682.78| .25 |52.80 | -2.88 | 10 |10 |10 .
1686.96| 1685.58| - .08 |[52.80 | -3.05 | 10. |20 |20 .
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etce In other words, the effect of the dampers is highly
‘aependent 6n the tést Set-up, Therefore, the same coil

' could be tested by two different laboratories and different
results might be obtained simply due to differences in their
test set-ups. This has serious implications as far as the
teéting program is ccncerned because valid comparisoné of
units could not be'made, | | '

' One simple way to begin correcting this problem isvtg
eliminate the dampers altogether and let the indoor fan

run continuously. As is seen in Tables 3F-2 and 6 where
T0=8O°F (26.7005, a condition that will usually be obtéingd
under such a seﬁ-up, no increases or decreases in measured
capacity are obtained except those that can be accounted

| for from thermpcouple response tiﬁe. By eliminating
.dampers and létting the indoor fan run continuously, TO
would consistently equal 80°F (26.7°C). Hence, in test D,
all manufacturers would begin to measure cyclic capacity

at the same point, namely at ATO=O when @t =0, This set-up
 would also moré closely approximate actual field operation
of a unit, Furthermore, off-time cooling could easily be
calculated by‘éontinuing to monitor AT vs TIME until AT
again returned to zero (or within some increment of zero).
Of course, the power consumed by the fan during the off-

time would have to be accounted for.

Section G - Nonuniformity

This section will study the effects of a nonuniform

‘velocity and temperature distribution on the leasurement




115
of capacity during test D. While the defining equation for
Qeye, dry considers the velocity, V, uniform and constant,
it is not hard to imagine considerable nonuniformity in
V as the air flow passes through the coil with its tubes,

- fins, supports, etc, before reaching the thermocouple grid.
It is not quite so obvious that the temperature distribu-
tion dver the coil may also vary, causing a nonuniform tem-
perature distribution to be sensed by the tﬁermoéoupies.
However, Murphy and Goldschmidt [1979] confirm the possibi-
lity of a nonuniform temperature distributian over the coil.
It will also be observed in the data of the next section.

The defining equation'for Q could be written

cyc, dry
- more generally as follows:

Geye,dry =/f £ 0 Sp V (x7) 8T (x,7,1) ‘am (36-1)
where

A = cross-sectional area qf the duct

= time

p = density of air

cp = specific heat of air

V = velocity of air (assumed independent of time)'

AT = temperature difference écross the coil

Assuming constant properties and the first order response
of the heat exchanger from Section C over six minutes,
Eq. 3G-1 can be simplified. |

eyc,dry = (36-2)

-.ton/fh
P'c'p IIV(X,Y) [I(Tr"Tss(x’y) )ton"'rh(To"Tss(x, y) ) (e -1 ) }dA

. A
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Three more assumptions underlie Bq. 3G=-2; T is constant
over the coil, the time response of the heat exchanger is
also constant, and the velocity is time independent. This
equation can also be madified to account for the effect of
thermocouple response time on the capac1ty. One simply
substitutes Eqe. 3D-13 for the bracketed expression in
Eq. 3G-2. With analytical expressions for V and T oo
Eq. 3@-2 could be integrated to yieid an exact,vaiue for
Qcyc dry* However, such expressions are not generally
available, so they must be replaced with experlmental or
semi-empirical values and Q

cyc,dry.is computed by numerical

integration or summation. H.ence,'chzyc dry might now be
9
written as ° ‘
QcycAdry'= S , - (3G=3)

ton/rh

" , | )
c E V(1) (T.-Tg (i))t +rh(T T (i))(e -1) dA(i) .

B

where .

‘M = number of finite area elements y

It should. be noted that if either the velocity or the
temperature is uniform ‘ - over the cross-secticnal

area, Eq. 3G—1 reduces to Eq.  3A-1, the DOE cyclic: capa01ty
equation. That is,

Qeyc,ary = °°p{£ éV(X,Y)AT(x,y,t)-dt da

If AT(x,y,t) = AT (t), then
| uQ°Y¢zdrY 5 IQ v(x,y)dA QAT (£) dt

but, SrV(x,y)dA = VA
A
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‘So‘ Qcyc,‘dry'= pchAJéAT (‘l?) dt

If V(x,y) = V, then

At
= pcy V £s/aT (x,y,t) da dt
| | t A A
but F/AT (x,y,t) dA = AT (t) A
So Qcyc dry VA!AT (t) dt

t

'In order to study the effects of nonunifqrm.velpeity
'anQ'tempefature'distribﬁfions_oh capacity'meesurement,.
consider Eq., 3G-3 and an 81 square grid placed over the}
cross-sectional area of a duct just downstream of the eva-
porator coil,  See Figure 3G-1, Over each sqﬁare and
block of nine squares;iveiocity and tempefatufe meaé@reé
ments are to be made and then substituted into Eq. 3G-3.
First, several measuring schemes will be labeled and defined,
Note that square refers to.one of the 81 squares and block
‘refers to nine squarca with three sgquares on a side.

T81 - This will correspond to measurements made by a

thermocouple grid composed of 81 thermocouplee,*each.

sensing the steady state temperature of a particular

square in the grid. It will be assumed that eech'

thermocouple can be monltored ind1v1dually and that

the average of any number of thermocouples can be found.‘
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Coil -

V,'I.‘r

Figure 3G-1 81 Square Grid in the Duct
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T9A - This will correspond'to measurements made by 2
nine point thermocouple grid. Each thermocouple sen-
ses the average steady state temperature of the nine
squares forming each block in the grid. It will be
assumed that each thermocouple cah'be monitored
individually or that they can all be averaged. See
Figure 3G-2. |

T9 - Thi.s will correspond to measurements made by a
nine point thermocouple grid. Eaéh thermocouple
senses the steady state temperature of the center
square only of its particular block. This tempera-
ture then represents the entire block. It'will be
assumed that each thermocouple Can be monitored
individually or that the average of the nine center
squares caﬁ'be obtained. See Figure 3G-3.

V81 -~ This will correspond to somé measuring proce-
dure where a velocity of the air flow through each of
the 81 squares in the grid is found. These velocities
can be used individually or they'can be averaged.

V9A - This will correspond to.some measuring proce-
dure where an average velocity for each block is found.
This average velocity will be assumed to be the numer-
ical average of the velocities through the nine com-
ponent squares of that block. Each velocity can be
used individually or they can be éveraged. See

Figure 3G-20
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Figure 3G-2 V9A or T9A - Average over Block of 9 Squares

Figure 3G-3 V9 or T9 - Center Square Only



121

V9-- ThiS'willhcorrespbnd to some measuring procedure
where the velocity through the center square only of
each block is found. The flow through the entire
block is then assumed to have this velocity. These
velocities can be used individually or they can be
averaged. .See Figure 3G-3.
- This indicates that the velocities or tempera-
" tures have been averaged, e. g. T81=T ave
A temperature measuring scheme and a velocity measur-
ing scheme can.be chosen and the resulting values for
velocity and temperature can be substituted into Eq. 3G-3
and the capacity can be computed:. Although not all of
these measuring.scheme combinations are practical, the
different combinafions will gi#e an indication of differen-
ces in capacitles resultlng from the nonuniformities, For
Aexample, V81 together with T81 ‘would be a very time consu-
: ming measurement scheme because 81»thermocouples would
have to be made and monitored and 81 velbcitiee would have
to be measured.f.Yet this scheme comes the closest to
measuriﬁg the actual capacity of the unit. As another
example, the combination Of«ngzvave and TgT:Tave will
give results identical with those'obtained by the DOE
test procedures when "perfeét" aif mixers-are used.
The following ﬁumerical'example will illustrate how
capacity can be affected by nonuniformities in velocity and
temperatiure distributions. . Figure 3G-4 shows a sketch of

an Ayshaped evapdretor coil in a duct, with the 81 square:
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Figure 3G-4 A-coil with 81 Square Grid
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grid shown in dotted lines over the top of the A-coil.
Figure 36-5;showsvtﬁo grids; the squares in the upper grid
have been filled in with a selective velocity distribution
that might result from air flow through an A-coil. (Though
selective, this distribution is based on actual measurements
‘through an A-coil.)’ Thé'lower gfid contains a seiective
steady state temperature distribution whiéh couid result
from the air flow through the same coil. (Again, this is
based on actﬁal,measurements.)' The numerical éverage of

the upper grid,ivave, is 15 ft/sec (4.6 m/s). The average

of the lower grid, T, ., is 60°F (15.6°C). Figures 3G-6

av
and 7 show the'éorresponding grids representing measure-
ments under schemes V9A, V9 and T94, T9 respectivelyQ
Other numerical values for this exampie are the same as
those used for QIDEAL. (See Table 3C-1)

Eq. 3G=-3 will be used in two-ways in this.example.
It will be used as written when each thérmocouple and
individual velocity is to be monitored. When ﬁhe temper-

atures or the velocities are to be averaged first, the

following form of Eq. 3G=3 will be used:

QUyc,dry = | | (3G-4)
‘ | ~ton/t |
—— ) . - h
"cpA"’{('I"r"rss)ton_+t'.h(Tc::"]!:ss)(e -1

Recall that_whén either the velocity or temperature is
uniform and placed in front of the integral sign, the

other quantity is mathematically averaged by the integral.
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In this example,'notélthat
L Op o)
81 = Tave 60°F (15.6°C
T =V 15 ft/sec (4.6 m/s)
T = 60°F (15.69C)

ave

VO9A = 15 ft/sec (4.6 m/s)
TS = 62.089F (16.7°C)
V9 = 14 ft/sec (4.3 m/s)

Consider V81 and T81. Substituting the values for -
V and T__ found in the squaresof Figure 36-5 into Eq. 3G-3,
the capacity, Q, is calculated to be

Q = 1729 Btu (507 Whr)
This scheme, among all the other combinations to be examined,
provides the most accurate (actual) measure of the unit's
capécity because it most closely appfoximates the integral
of BEg., 3G-2. Therefore, this number will be the base to
which other combinations will be compared and will bez
labeled, QACTUAL. The combination of T81 and V8T will
provide values for Eq. 3G-4. -This calculation yields a
capacity of 1687 Btu (494 Whr). This value of capacity is
recognized as QIDEAL., Recall that "IDEAL"'refers to ideal
DOE test conditions, including perfect air mixing. Note
that QACTUAL and QIDEAL are not necessarily equal, Other
combinations of measurement schemes provide values which
are substituted into either Eqs. 3G-3 or 3G-4 and the
results are tabulated in Table 3G-1. The various combina-
tions are ranked with V81-T81 (QACTUAL) being ranked first
and all others are ranked relative to it, Percent’error
is also listed both relative to QACTUAL and to QIDEAL,




Table 3G-1 Capacities for Various Measurement Schmemes
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Rank Carbination Measured ¥ Error w/ % Exxor w/

: Capacity QACTURL - QIDEAL

(Btu) | (Btu) (Btu)
1 V81 - T81 1729 0.0 -2.5
2 V9A - T81 1712 1.0 -1.5

3 V9A - TOA 1712 1.0 -i.5
3 V81 - T9A 1712 1.0 -1.5
4 Ve Tove 1687 2.5 0.0
4 V_ - TOA 1687 2.5 0.0
5 V9 - 781 1632 5.7 3.3
6 V9 - T9A 1632 5.7 3.3
7 VS - T 1575 9.0 6.7
'8 V81 - 9 1524 11.9 9.7
8 VOA - T9 1524 11.9 9.7
9 Vave- 19 1512 12.6 10.4
10 V9 -9 1439 16.8 14,7
1 V9 - T9 1411 18.4 16.4
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The results in Table 3G-1 apply strictly only‘to the
above example, However, some trends are observed and will
be assumed to apply generally. The results show that the
"best" measurements (rankings 1=3) have as many ind1v1dual
veloc:ty and temperature measurements as p0551ble so that
Eq. 3G—3 more closely approximates Eq. 3G-2. Lut thls
scheme is probably too impractica. to implement for
general testing. A large thermocouple grid would be’ time
consum;ng'to make, but could be used over again. (However,
there might be diffiouity in monitoring so many individual
signals;)- Furthermore, velocity measurements wouid have to
be made for each ooil to be tested.

Ranking 4 indicates 'good" measurements; mhich'result ‘
from good air mixing before measurements are made., This"
ensures that V8T and TET are as close as possible to the
numerical average of measurements made under V81 and T81.
Although these measurements yleld capacities on the order
of 2—3A below QACTUAL (for this example), a good air mlxer
and flow stralghtner is all that Would be needed to obtain
~consistent results. Velocity measurements could be made-
according to the ASHRAE Standard 37-78 and a simple nine
point thermocouple could be used,

The ''poor" measurements are found in rankings 5-11
and errors as high as 18% (for this example) are observed.
The problem with these measurements lies in the fact that

extreme values of velocity and/or temperature are measured
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which are not representative of the process. For example,
ranking 10 gave very poor results. Several thermocouples
sensed "higher'" temperatures, while, at the same time, a -
few "lower" velocities were measured. This combination in
Eqe 3G-3 resulted in an error on the order of 15%. 1In
other words, if a few measurements are made which include -
some extreme dr unrepresentative values, these might not-
be "smoothed out" and would tend to dominate the calcula-
tion, causing large errors, This applies to both mcasure-
ments at the same time, Ranking 7, V9—Tavé, is an example,
Tave could have been made with an 81 point thermocouple
grid whose temperatures were then electﬁonically averaged
(connected in parallel, for example)., But isolated low
velocities measured by V9 caused an error on the order of
6%

In summary, it can be seen that nonuniform velocity and
temperature distributions can ¢ ause considerable variation
in the measured capacity with possible errors as high as 10%
or more, The actual capacity can be best'measured by
nonitoring the velocity and temperature over numerous. small
area elements over the duct cross section and then employ-
ing Eq. 3G=3., Poor results will be obtained if too few
measurements of velocity and/or temperature are made
allowing extreme values to dominate the calculation., Good
results with a practical test set-up can be obtained if

the air is properly mixed before measurements are taken, -
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(This section is recommending good air mixing so that
representative average values of velocity and/or temper-
ature may be measured. No attempt at detailing how this -
should be done will be made in this work, However; in
light of Section E and thermal storage effects of massive
ebjects, such as an air mixer, it is recommended that
"good," '"massless" air mixers be further investigated for
‘use in testing.)

Three final points need to be stressed concerning -
this section, First, the numbers used for the velocity
and temperature distributions were arbitrary. But, they
were based on experimental measurements taken from an actual
test installation and could be representative of many other
test set-ups throughout the air conditioning industry.

Secondly, different velocity and temperature distri-
butions could be encountered as the thermocouple grid‘is
moved from one location to another,: This, in turn, might
affect the measured capacity of the unit. These differences
would be attributed to the test set-up, not to the unit
being tested, Also, such differences would be in addition
to those discussed in Section E. -

Lastly, if either the velocity distribution or the
temperature distribution can be made uniform, the other
gquantity is mathematically averaged and the measured’
capacity would correspond, in principle, to QIDEAL.

However, suppose that the temperature distribution is made
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uniform by electronic averaging. While the velocity
distribution could then be considered uniform‘mathenati-
cally, the velocity effects on thermocouple response time.
would not be accounted for. As was seen in Section D, .
'significant errors on the order of 4% or more could

result if the response tlmes become too long.

Section H - Apnllcatlon

Thls section will compare the analytlcal results of
the previous sections w1th actual data taken from the
testing facilities of an air conditioning nanufactnrer.

As was mentioned in the introduction to Chapter 3, tihe
air condltlonlng industry has generally made a 81ncere.
effort to comply with the DOE labeling program. They have
devoted‘many hours and Spent a cons1derable amount of
money trying to understand and run tests C and D and ebtain
reliable and consistent results. The data that will be
used in this section has come from such a manufacturer.
During tﬁo‘separate visits, the authon>supervised'the
,”taking Qf the data presented in this section (with the
“exception ef the velocity distribution and nine column
-thermocouple grid data), vThe author aéain expreSSes B
appreciation to the engineering staff fer their time and
help. ‘It is hoped that comparisons between this data and
predicted results will lead to a better understanding'of

the DOE test procedures,
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The existing test facilities were designed for steady
state testing and a considerable amount of ingenuity was |
needed to convert them so thaf they could be used for low.
humidity, transient testing. Figufe 3H-1 shows a sketch of
the test chambers (the test tunnel was later modified,.
és will be noted later)., As can be seen, room air is -
drawvn through a damper arrangement which is used to cpntrol
the air flow. The position of these dampers; tcgethéf a
with a fan immediateiy fdllowing them (féh @otor‘outside
the duct), is matched with the large downstream fan so
that a slightl& positive pressure éxists in the testiﬂg 1
tunnel, This is to insure againét‘Warmér room air léaking
inté thé cooler éir stream. After §ASSing’some furﬁiné;k
vénes;‘the air is'sampled to deterﬁine its wét'and dry |
.bulb temperaﬁure. Located on top of the sampiéébfdrk is.a
99 point thermocouple grid, conneéted in parallel,xwhiéh'
alsé measures théjihcoming air tempgrature. Tﬁis.entiré
inlet %ection was used as an'éir trap béfore éh'upééream'
damper was insfalied. No signifiéént &ifferencesvin méas—
ured capacity'were noted between fhé.use of the air trap and
an upStream damper, | ) . c

Foilowing tHéAupstream dampef iﬁ.the.tést tﬁnnél, the
air passes through an A-coil rated at 2% tons whiCH has |
a caéillary tube fOf its thrdttling device, Ten*igche;
above the top of the A-coil is another 99 point thermo-

couple grid. The air continues through.the dovnstream
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damper assembly and flows into a‘four level air mixer.
Upon leaving the air mixer, the air is again sampled for
wet and dry bulb temperature. Another thermocouple grid
consisting of nine thermocouples is placed on the sampler
fork for a second reading of leaving air temperature. The-
air then enters the nozzle and flows inﬁo the re-conditioning
eqﬁipment and returns to the chamber by'diffusing through
the ceiling. |

The downstream damper assembly had to be designed
so that dff period air would not flow over the coil and so
that the room conditioning could continue. Consequently,
the two damper doors form two of the four sides of the
testing tuﬁhel when they are open. Whén‘closed, the room
air flows into the tunnel where the damper doors vere,
bypassing the coil, and continues to the reconditioning
equipment, Both damper assemblies are 6perated by air
cylinders. 'They open and close quickly, in 1-3 seconds,
and form an air-tight seal when open or closed.,

The data acquisitionvsystem.consists.of a Motorola
6800 microcomputer with an analog to digital converter.
Incoming signals from the various sensors, thermocouples,
pressure tréﬁsducers, etc., are processed by in-house
.software-and virtually all information regarding the test
that is being conducted can be displayed and printed. This
includes continuous monitoring of room temperatures so that
the technician can maintain the rooms within their prescribed

tolerances.
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The testing and data collection for this work occurrad
during two visits to this installation. On the first visit
the data collected included a transient temperature distri-
bution recorded by a 99 point thermocouple grid and time-
temperature data for differegt duct well-insulation combin-
ations, On the second visit, the testing tunnel was consi-
‘derably altered from that showm in Figure 3H-1. .The ducting
was expanded and completely covered with 2 inches of poly-
styfene insulation. (This was done to accomodate'the larger,
wider-based coils.) For smaller coils, including the 2%
ton coil for which this data was taken a 2 ft (.6 m) 24 gage
sheet metal duct was fitted inside the main tunnel. See
Figure 3H-2. With this arrangement, time-temperature data
was obtaihee'for test.runs with and without the use of
dampers and‘fer temperature measurements made downstream of
the air mixer., All of this.deta will be further discussed
in this section. |

Thermocouvle Response

Copper-constantan thermocouples are used;in this test
facility and are made from 22 AYG wire (.0253 in). The
junctions are made by tightly twisting the bare .wire‘ leads.
The twist is;soft soldered and clipped so that it'is
approximately .25 in (.006 m) long. The junctions are
generally cylindrical in shape and due to the solder are
slightly thicker than two wire diameters.

Thermocouple resﬁonSe time was discussed in Section D,

Figure 3D-2 shows the time constant as a function of
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velocity and wire diameter when the junction is considered
cylindrical in shape. The velocities encouﬁtered in the
testing chamber average about 6 ft/sec (1.8 m/sec). The
curve for 22 AWG wire in Figure 3D-2 predicts a time con-
stant of about 9 seconds., This is well above the 2.5 |
second limit set in the test procedures and the effeét of
such a long time constant should be noticeable on a AT vs.
TIME curve,

Two 244minute off-time - 6 minute on-time tests were
made and the results for the on-time of the first test are
plotted as shown in Figure 3H-3, 1In this test, the damper;
were closed during the off-time. The thermocouple grid was
located inside the dampers so thatAT6=8.6°F (4.8°C) rather
than zero at start-up. The data in Figure 3H-3 show a
large initial dip which reaches a minimum value between 15-
20 seconds., Then the data points rise until a steady state
value of approximately 24. Or. (13.7°C) is reached. The
fluctuations in the-data during the last four minutes are
probably due.to the variations in room temperafﬁre, which,

during the first test, varied from 79.5°F to 80.9°F.

The dip in Figure 3H-3 resembles the dips due to thefmo-
Vcouplé response in the curves in Figure 3F-3. Several
trial-and—erfor attempts were made to try and "curve-fit"
‘the data in Figure 3H-3 using only a.curve generated by
Eq. 3F-1. The solid line curve in Figure 3H-3 is the

result of these attempts and represents a AT vs TIME curve
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with a heat exchanger time constant of 45 seconds, a thermo-
coﬁple response time of 12 seconds, ATo=8.6°F (4.8°C),
That this responsé time is eveﬁ longer than nine secOnds
can probably be attributed to the nonuniform velodity dis-
tribution over the grid (low velocities increasing the
time constant of several thermocouples). This wili'be dis-
cussed in more detall under the sub-heading ''Nonuniformity."

In the second test, the démpers were left openfdurins
the off-time and the indoér fan ran continuously. ‘Figure
3H-4 is a plot of the on-time data taken during thié second
test, As canAbe seen, AT°=0 at t= 0, and the data points
rise to a steady state value of approximately 24,5°F
(13.600). The solid line'represénts the same‘analjtical
curve as in Figure 3H-3 except that TO=BO°F (26.7°C) in
Eq. 3F-1, Again, this curve indicates that the grid has a
response timé of approximately 12 seconds,

Grid Placement

As was seen in Section E, the effect on measured
capacity resulting from grid placement occurs because of
thermal mass effects and heat transfer through the duct
walls, 1In order to calculate the thermal mass effect,
an average initial and aﬁ average final temperature of the
mass is needed.” To calculate an upper bound on heat
transfef'thqugh the walls, the amount of insulation and
composition of the wall are needed,

In order to consider these effects, the originai test

set-up was slightly modified (recall that this set;up had
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an air trap and little insﬁlation on the dampers). One of
the four sheet metal walls thaﬁ housed the coil was re-
placed by .25in. (.006 m) cardboard. This and the two
adjacent walls were wrapped with a 1in. (.025 m) glass wool
blanket., The fourth sheet metal wall was insulated with
2in, (.051 m) of polystyrene insulation. Thermocouples
were placed directly on the inside of the walls and on the
outside of the insulation, each covered by a 1 in?
(6.5x10 “w®) of 1in, thick fiberglass insulation. This
set-up, with the thermocuuple placecment, is shown in
Figure 34-5. These thermocouples were monitored and the
results of an approximate 24 minute off - 6 minute on
cycle are shown in Figures 3H-6, 7 and 8. The data points
are connected by straight lines to help distinguish them.
First, consider Figure 3H-6. These'dafa points
represent temperatures on the sheet metal wall covered
| with 2 in. (.051 m) of polystyrene insulation. The outside
thermocouple readings remained fairly constant, varying
slightly with room ambient, During the on-time, they
dipped about 1°F (.6°C). The inside readings stayed
about 2-3°F (1.1-1.7°C) apart while rising during the off-
tiﬁe reaching a maximum value of about 76°F (24.4°C).
The readings rapidly dropped during the on-time with the
lower inside thermocouplereaching a minimum of about 49°F»
(9.4°C). Recall that the average steady state value for
this coil is approximately S54°F (12.29C). This indicates

a nonuniform temperature distribution over the coil.
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Figure 3H-5 Test Tunnel and Thermocouple Placement
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The fact that the'two inside readings remain about 3°F
(1.7°C) apart may be due to velocity effects. Finally,
the fact that the insideAtemperatures are so low suggests
good insulaﬁion since the heat transfer through the wall
is effectively stopped. This also means that thérmal mass
éffects ére_probably maximized, -

Figure ”3H-7 shows the temperature measurements on the
cardboard covered with a 1 in., (.025 m) fiberglass'blanket.
The top curve represents readings by the top outside
thermocgupié‘which was bent .5 in. (.01 m) into’ the ambient.
Its‘readings are rather erratic due to changing air currents
énd temperaéﬁres around the testing tunnel. .?he inside
readings are similar to those in Figure 3H-6 except that
‘they reach a low value of S2°F.(11.1°C).

. Figure'BH-B shows the temperature measurements on the
sheet metal wall covered by the glass wool jacket. Recall
that the fiﬁned sides of the coil do not face this wall,
whiéh means that this wall probably does not "féel" the
same velocig& effects as the other two walls. iAs can be
seen, the readings do not drop as rapidly during the on-
time as the other two walls and the low temperqtﬁre read-
ing is about157°F (13.900); This temperéture ié also a
reflection of higher heat transfer through the wéll due
to less insulation than the other two walls, |

As was éeen in Figure 3H-1, this test set-up has a

larée air mixer which weighs about 4O pounds (18.1 kg).
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The mixer was not monitored for temperature but the temper-
ature of the air that had passed through the mixer was,
Figure 3H-9 is a AT vs TIME{piot of this response. The
mixer has a large effect in delaying the'temperature
response. At the end of six minutes of on—timé; steady
state has not been achiéved since the temperature differ-
erice is about 21°F (11.7°C) instead of 24.5°F (13.6°C).

It is obvious that if thesé temperature difference readings
were used in the calculation of capacity and the effect of
the mixer was not accounted for, a very large error would

result., This will be discussed later.

Dampers

The effect of the dampers on the AT vs TIME curve
was shown in;Figure 3H-3. As can‘bé seen, the temperature
difference did not start at zero but at 8.6°F (4.8°C).
The sécond effect is the initial dip in the data points
which is égﬁsed by a "cold" thermocouple junction respond-
ing to the initial slug of warm room air before the heat
exchanger begins to cool the air. These effects will be
discussed later.

Nonuﬁiformitx

Several measureménts'Were taken to try and determine
the extent of the'nonuniform temperature‘and velocity
distributions over the cross section where the thermo-
couple grid was p;aced. Thé temperature distribution was

examined by constructing a 99 point thermocouple grid.
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Groups of thermocouples wereAconnected in parallel so that
four groups could be monitored at the same time, These
‘groups are shown in Figure 3H-10 where the dotted line
represents the position of the A-coil. During the subse-
quent tests, the grid was approximately 6 in. (.15 m) from
the top of the coil. Recall that during testing, the
average steady state temperature for this coil was about
54°F (12.2°C).

Figure 3H-11 shows the results of an épproximate
24 minute off - 6 minute on test. It can be seen that
group 1, the outer ring of thermocouples, begins at about
51°F (10.6°C) while the other three groups begin at about
58°F (14.4°C). During the off-time, all four groups reach
a maximum temperature of about ?7°F (25°C). (This roughly
| corresponds to ATO=3°F (1.7°C).) At start-up, group: !
rapidly drops to a steady state value of 51°F (10.6°€)
while the other groups respond more slowly until reaching
a final value of about 58°F (14.4°C). Figure 3H-12 shows
a similar set of data in the form of a AT vs TIME curve
for the six minutes of on-time, These plots clearly show
- a wide variety of air temperatures coming from the coil. ' [

Another test was made where the-99 point grid was )
divided into nine columns 0f eleven thermocoupies each, /
The temperature of each column was measuréd at the end.of \
a steady state run., After a three minute off-time, the

unit was turned on and the temperature was measured aftef
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about 2% minutes. These results are shown in Figure 3H-13.
Note again the variety of temperatures that exist over the
cross section. | |

The author did not take the velocity measurements;
they were supplied to him. They were made apart from the
actual test chamber., A cardboard duct was constructed
around the A-coil and a large fan was placed several feet
behind the coil. A hand-held anemometer was used to measure
velocities over the cross-section, at locationS'approxi-
mately 6 in. (.15 m) from the top of the coil., Later, a
pitot tube was used to make the same measurements. Three
fan speeds were used, 1000, 880 and 650 cfm. This arrange-
ment is sketched in Figure 3H-14., The dotted lines indi-
cate the position of the A-coil in the duct and the solid
lines over the cross section indicate the area blocks over
which the vélocity measurements were made;

Qualitatively, all three fan speeds gave the same
distribution. Figure 3H-15 shows the distribution measured
with a fan speed of 880 c¢fm which corresponds to the air
flow during actual testing. The number in each block re-
presents the average measured velocity.. Note that there are
several areas with zero vélocity, In these areas, the
velocity was so low that the anemometer did not respond
and the pitot tube measured negative pressures, indicating
possible back flows,

However, this distribution must bé consideréd with

caution., Since the velocity measurements were taken
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-Figure 3H-13 9 Column Thermocouple Grid and Results
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2- The sum of the product of the average’block velocities and
the corresponding areas is 1044 cfm, which is greater than
880 c¢fm. This could be due to undetected back flow.

]



158

apart from the actual testing tunnel and with a different
fan and duct configuration, this distribution probably
will not be the same as that found in the testing tunnel.
Nevertheless, this distribution could be representative of
some test installation and clearly shows that a nonurniform
velocity distribution could be encoﬁntered during testing.
Furthermore, because of the long thermocouple grid response
time discussed earlier, areas of low velocity are suspected,
Hence, the distribution in Figure 3H-15 may not be too
unrealistic,

Accounting

This last part of Section H will compare four ways of
measuring the capacity of the A-coil. If a perfect account-
ing of all energy involved could be made, a single value
for cépacity would emefge. However, the time and equipment
necessary to obtain sufficient data for such an accounting
make the attempt unreasonable, The purpose of the following
accounting is to illustrate several of the ideas presented
in this work and to emphasize the need to eliminate'as<many
of the errors as possible rather than to try to account
for all of them.

Recall Figures 3H-3 and 4., The solid line curve in
these plots represents analytically derived curves that
fit the measured data reasonably well. These curves have
’a.thermocbuple response time of 12 seconds and a heat

exchanger time constant of 45 sec. with.ATO=8.6°F (4.8°C)
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and O°F (OOC) respectively. If the thermocouples would
have~ha& perfect responses, the solid line curve in
Figures 3H-16 and 17 would have resulted and could have
been used to calculate the capacity. Finding the area
under this solid line curve will be the first approach at
calculating capacity.

Both of the curves in Figures 3H-16 and 17 already
reflect the effect of the energy added by the compartment
walls which raised the air temperature slightly. If this
energy is accounted for and added to the predicted capacity
(area under curve in Figure 3H-16), the result will be an
estimate of the actual capacity.

Capacity '
(area under predicted curve, 1.=0 sec) 2058 Btu (603 Whr)

Thermal stopage (12.7 £t2 of wall at
R

1.2 1lbm/ft estimated average - :

AT=24OF) LO Btu (12 Whr)
Heat transfer (U=.12 Btu/ft® hr °F, - -
BT=240F) | 4 Btu (1 Whr)
Total 2102 Btu (616 Whr)

For the second method, consider the data points in
Figure 3H-16, 'Using numerical integration to find the
area under the curve, these data points represent a measured
capacity of 2014 Btu (591 Whr). The effect of the cold coil
at start;up is reflected in this number, To account for
thermocouple response error, it will be assumed that this
error is the same as that between the analytical curves in

Figure 3H-3 and 16, rt=12.and 0 seconds reépectively. This .
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turns out to be about 2.4% (20 i:-‘ZOOB x 100 = 2;4%).

Since the dampers kept the coﬁpartment walls at about

72°F (22.2°C) at start-up, and the aésuméd average final
temperature is 55°F (12.8°C), I = 179F (9.4°C) exists

for calculating thermal storage effécts.

Capacity (area under experimental curve)‘ 2014 Btu (591 Whr)

Thermocouplé error (2.4% of 2014 Btu) 48 Btu (14 Whr)
Thermél Storage (3T=17°F) 29 Btu (9 Whr)
Heat transfer (U=;12, 2T=24°F) 4L Btu (1 Whr)
Total 2095 Btu (615 Whr)

For the third method, the test run where the dampers
are lgft 6pen during the entire cycle is uséd. Using
numeribai integration with the data points of Figure 3H-17,
a measured capacity of 1951 Btu (572 Whr) is found. Thermo-
couple response error is found in the same way as the
second method, using the analytical curves of Figures 3H-4
and 17, The percent error is about 3.8% (ZLPH72 x 100
= 3,8%). As in ﬁhé first method, AT ; 24§F1(13.3°C) will be
‘assumed. |

Capacity (area under experimental curve) 1951 Btu (572 Whr)

Thermocouple errorl(3.8% of 1951 Btu) | 74 Btu (22 Vhr)
Thermal Storage (3T = 24°F) 40 Btu (12 Whr)
Heat transfer (U=.12, a7=24°F) L Btu (1 Yhr)

2069 Btu (607 Whr)
The values found by these first three methods agree

within 1.6% of each other.
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As the fourth method, consider the test run where the
dampers are used hut.the-temperature readings are made
downstream of the.mixer. By numerical integration usinglthe
data points in‘Figure 3H-9, a measured eapacity Qf’1546,Btu
(453 W hr) results., ‘For thermocouple response error,‘it
will be assumed that the response of the grid ievahoﬁt
nine sec , because the velocity distribution'should'be o
relatively uniform at this location and the thermocouples
were predicted to have this response. From Figufe 3b—5,'

a nine second time constant corresponds to about 3% errofﬂ.
Due to the grid placement, there is considerably more thef-
mal mass. From ﬁeaéurements takeh on the test set-up,
there are about 36 ft (3.3 m ) of 24 gage sheet’ metal

and about 10 ft2 ( 9 m ) of 18 gage sheet metal. It w111
be assumed that -T = 24°F (13.3%) for the 24 gage sheet
metal sections, The wall seetlons madevof 18 gage sheet
metal are further dovmstream and are more massive, Hence,
a smeller wall average temperatu:e difference will be
encountered, AT=20°F (11.1°C). The 4O lbm. mixer (18.1 kgj
is made mostly of 18 gage sheetl metal, It will also be
assumed that its BT=20°F (11.1°C). Within the duct, there
are several mlscellaneous pieces of steel, mostly related
to damper operation, It is estimated that they welgh

15 1bm (6.8 kg) and have 3TF=10°F (5.6°C).

Capacity (area under experimental curve) 1546 Btu (453 Vhr)
Thermoccuple error (3% of 1546 Btu) L6 Btu (13 Yhr)
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Thermal Storage (36 £t of 24 gage at 1.2

1om/£t2 and FT=24°F; 10 £t% of 18 gage .

at 2.2 1bm/£t2 and FT=20°F) 163 Btu (48 Whr)
Mlxer (40 lbm at TT=20°F) 88 Btu (26 Whr)

Mlscellaneous metal parts (15 lbm,
2T=10°F) o 17 Btu (5 Whr)
Heat transfer (U=.12 TM=24° F, Ag=hb £62) 13 Btu (4 Whr)

Total 1873 Btu (549 Whr)
This value is within 11% of the capacity found by the first
method. Consideration of mass transfer (leakage) could
reduce this disagreement somewhat if it could be adequately
'meaeured. Nevertheless, it appears that an accurate energy
aceoﬁhting is more difficult as temperature is meesﬁred
furthef\downstreaﬁ because initial and final temperatures
of massive objects, leakage, etc., will be increasingly
difficult to estimate without more detailed measurements.
. In conclusien, the results in this section have been
based on data taken from several test runs made on one coil
‘at one test facility and should be used for trends only.
Howeﬁe;, these trends tend to support and elerify some of
the‘analytical work done.in the previoue sections.

The thermocouplee HSed in this testing were.believed
to have a response time of 2.5 seconds or less. Analytically,
their time constant was predicted to be about nine seconds,
When the data was analyzed, the grid time constant was found
to be about 12 seconds. This immediately introduces an error

of about 4% in the capacity measurement.
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Grid placement had a significant effect If the
capacity had been computed’ uSing the data from the nine .
'pOint grid behind the mixer, there would have been an error
of over 20% compared to a measured capaCity based on dafa
from the 99 point grid (2014 Btu vs 1546 Btu). It was.
also found that 2 in. of polystyrene insulation was quite
'effective, oermitting only about 3 Btu/6 minutes per 10 t
_-square feet of surface area to enter the cooler air stream
‘(about Zm of measured capaCity) A '

| The dampers had a noticeable effect on the AT VS, TIML
curve, causing a large dip at the beginning of the on-time.
Nevertheless, capacity based on this data was more than
3% higher than the capacity calculated from the data when
the dampers were left Open.(3) .

| Finally, very nonuniform velOCity and temperature

nrofiles were inferred from measurements. The "dead" spots
.in the velOCity profile probably caused several thermo-
couples to respond very slowly, lengthening the response
time of the entire grid to about.la seconds. The nonuni-
form temperature distribution emphaSized the possibility of
a nine pOint grid reading individual "hot" and "cold"
‘spots over the cross section and produCing unreoresentative

temperature measurements,

3- Different refrigerant control could give different results.
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CHAPTER IV - CONCLUSIONS AND RECOMMENDATIONS

Section A - The Thermostat

Conclusions

The closed~loop feedback model of a thermostat, pro-
posed by Didion, was studied in Chapter 2., The intent of
this study was to examine some of the parameters in the
model to determine their influence on the cycling of the
system.

It was found that the thermostat is the dominant
factor in determining the cycle rate of the system. 1In
particular, it was found that the swifch differential and
the anticipator temperature rise are the two most impor-
tant parameters in controlling the éycle rate. The anti-
cipator time copstant, the heating plant steady state out-
put and the heating plant time constant are the least
iﬁportant parameters. The time constant of the bimetal
element can exert a strong influence on the cycle rate if
it ranges to its extreme values, In a typical thermostat,
its influence 15 fixed and it is not a dominant factor.

It was further noted that the on~time of the system
tended to be a finite value as percent on-time tended to
" zero, This indicates that the thermostat is responding to

the anticipator and the switch differential, which causes

R N R B N AT -2 R RE T XEE LRRi P



167

the equipment to run for a finite amouht of time even fhough
the load on the system is tending to zergo, This again sup-
ports the dominant role of the thermostat in cycling.

As far as the DOE test procedures are concerned, the
cycling scheme of test D appears to conform to normal ther-
mostat dynamics and adequately represents field operation.

Recommendations

There are two recommendations to be made, First, a
more detailed thermostat model is needed to quantitatively
study the effects of thermal mass in the conditioned .
space, particularly its effect on cycling.

Second, with the advent of solid state thermostats,
and even programmable thermostats, various effects such as
fixed on-time, no switcﬂ/differential,.perfect anticipation,
night set-back, etc. should be studied, It is possible

that such thermostats could play an important role in

energy conservation and thermal comfort.

Section B - Measurement Errors

Conclusionsi

The overall conclusion of Chapter 3 is that differences in -
test set—ups can, indeed, have a significant effect on the mea-
sured capacity of a unit. This conclusion is based on the
analysis of four areas which are directly affected by the test
set-up. The effect of these four areas on measured capaciﬁy
will be summarized and briefly discussed. It should be remember-.
ed that percent errors are found by comparing QMEAS with QIDEAL,

and that the numbers and assumptions used in the calcuiation of
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and that the numbers and assumptlons used in the calculation
.of these quantltles are not typical of all air condltloners
and heat pumps and eeepingifaci;ities. Nevertheless, they
:are representative. of many test_set-ups.and do provide ; way
‘of examining‘the effects of these test set-ups on the mea-
‘sured capacity.

Table 4B-1 provides a summary of possible errors in mee-
. sured capacity. The first column lists the causes of the |
error while the second column lists a possible range of error
due to that cause. The extreme value in each range is an
~error that eould result from soﬁe test set-up and , iﬁ fact,

- could be greater under some circumstances. Typically, though,
it is- expected that the percent error will liexsomewhefe Qith-
in the range.of values listed. As an example, the thifd_col-
' umn gives a percent error for each cause that might be en-
countered"ih"ébme testing situation.’

It was seen in Section D.thatvif a thermocouple has a
response time of 2.5 seconds or less, less thanv1% error |
will occur in the measurement of capacity. It was also
seen that response time is very dependent on wire diameter
and velocity. Therefore, while an individual thermocouple
may respond quickly in a known air stream, it is possible
that several thermocouples in a gfid could respond very
slow;y due to low velocity areas over a cross séction.

This could have the effect of slowing the overall response
of the grid and could lead to larger errore on the order
of 2 - U%.

As was seen in Section E, grid placement does matter
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Table 4B-1 Summary of Possible Errors in Measured Capacity

Cause of Error Possible Range Example .
Thermocouple <1% - 4% 2%
Response

Lag Time <1% - 0%:
Leakage -1% - 10% T 2%
Heat Transfer 1% ~ 10% 2% .
Thermal Storage 1% =~ .15% Y
Dampers -3% - 1% 0%
Nonuniform 1% - 15% . 5%
Velocity and

Temperature

Distribution

Total error for example is about 11%

(.

These errors are related to each other, but are generally

additive.
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because of the effects of leakage, heat transfe; through
walls and thérmal storage. Under certain circumstances
(long, leaky ducts, no insulatiqn and a large air mi#er,for
example) each of these effects could be qguite large. However,
by sealing obvious cracks, hqles, etc., and by providing
some insulation (R-3), leakage and heat transfer effects
could be made smaller. Thermal storage effects would still
be present and;;ould be accounted for, but an average ini-
tial and final temperatﬁre would be needed for each massive
object and this could be guite impractical. Therefore,
errors due to grid placement on the order of 5 - 10% could
be typical.

Section F discussed the role of the dampers. It was
seen that dampers could magnify the effect of thermocouple
response time causing measured temperature to lag actual
temperature. This adversely affects the measured capacity.
Nevertheless, depending on ATO, measured capacity will gen-
erally be enhanced by using dampers. The sum total of the
effects of dampers can be quite high (significant insulation
and refrigerant control, for exémple), but it will usually
not improve measured capacity by more than 3% nor decrease
it by more than 1%.

Section G discussed the effects of nonuniform velocity
and temperature distributions. It was seen that if too few
measurements are made, the chances of measuring an extreme
value of temperature or velocity are high. This could dis-

tort the measured capacity as much as 15% or more. By
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mixing the air befére it is sensed, more reliable results
will be obtainéd, with errors of 5 - 10% or‘less, depending
on the quality of the mixing.

Recommendations

The overall recommendation of Chapter 3 is to make
changes in the governing standards to reflect the special
needs of transient tésting and to make chanéés‘in the test
procedures so that testing might go more smoothly. More
specific recommendationsfwiil follow. It is ﬁoped that
the end result of these recommendations will be a revised
test procedure that will allow the air COndifioning indus-
try to obtain more meaningful and reproduciblevresults

with a minimum of confusion and cost.

Thermocouplé Response Reéommendations

1. Thermocouple response‘time should bé founa in
air that has a velocity representative of the air flow it.
‘will be sensing. 30 AWG wire is recommended for thermo-
couples and the junction should be soft soldé}éd with as
small a bead as possible. |

2. The entire thermocouple grid shouldjbe,tested to
insure that its response time is 2;5 seconds\br less.

Grid'Placement Recommendations

1. The test set-up should be insulated and sealed to
eliminate heat transfer and leakage. Insulation oflR47 or
mofe‘is recommended.

2. Thermal mass problems should be eliminated. Duct

walls could be made of a low mass, poor thermal conducting
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material such as cardboard, rigid foam, fiberglass, etc.
In fact, sheet metal could be used with the iﬁsqlation on
the inside. |

;. Massive objects such as,mi#ers could be made of
plastic, fiberglass,etc., to reduce thermal mass problems.

4. Grid placement should be as close to the coil as
possible, allowing for a mixer. |

Damper Recommendations

1. 'If dampers are retained in the test procedﬁres,
their intent,\installagion and operation should be more clgér-
ly defined so that their function may be uniform throughout
the induétry. The above recommendations regarding grid
placement should be followed, i.e., insulation, low thermal
mass, etc.

2f ;f dampers are retained,'it is recommended that
ﬁore study be.méde on refrigerant dynamics, both during the
on-time and the off-time. It is important'that the relation-
ship betwéen'Qampers and refrigerant control be uqderstood.

‘3. It is recommended that dampers be eliminated,-and
'that the indoor £fan run éontinuously during the off-time to
insure that all tests begin with AT = 0. Credit for off-
time cooling should be given by continuing to monitor the-

AT vs TIME curve until AT = 0 (or some increment close to 0).
Subtract the power consumed by the fan during thg off-time.

| If dampers are eliminated aﬁd AT is monitored for the
completé ¢y;le, the problems of thermal storage are also

eliminated, greatly simplifying the test set-up.
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Nonuniformity Recommendations

1. 'A good air mixer should be used to avoid thermo-
couple response problems.

2. A large thermocouple grid could be used to elec-
tronically‘mix the nonuniform temperature distribution and
yield a more accurate average temperature. 'But; as mentioned
before, overall response problémé need to be remembered.

General Recommendations

1. The monitoring of the AT vs TIME curve and its
'iﬁﬁegfétion should begin when ‘the unit is turned on and
not 10-15 seconds later. Ifiéil’testswbegintat'ATo=O; the
same starting point will be guaranteed.

2. The effects of a fluctuating indoor ‘and outdoor
ambient on the measured capacity should be studied. It
would be wortliwhile to know how close to specification the
indoor and outdoor temperatures need to be held in order to
'maintain an accurate measurement of capacity.'

3. Additional work is recommended to find practical
ways to account for differéncés in test installations as
discussed in this work.' This would allow a unit to be
tested in two different test set-dps and the results be

corrected to yield a single measure of capacity.
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APPENDIX

The thernostat model of Didion, with the t.ransfer equations, was
seen in Figure 2B-2. This section will take these transfer equations
and derive the equation for T,. This equation was solved by iteration
to yleld on/off times of the cycl:.ng of the system L |

In operator notat:.on (D = d/dt) ' these equat:.ons can be written

as follcws s
' 1

?e' = 7::5*!-7 (T, + Tg). ‘ ‘ ’ - (A-1)
Ka
Ta = ;';D'l'—_T (E) A g o B wA ,. . (a-2)
X, = o7 B o IR v )
P
_ 1 - L | —
Ts=p5 K =D L (A~4)

These can also be written in differential equation form:

&4—1 T =l (T +T) g ' (A-;S)
dt Te © Tg 2 s ‘ -
a_ i = -
-t—+? .Ta~T 4(K E) (A 6)
a- a
_E l = .1.. ' ) ’ -
T + Tp Xp , Tp (KPE) A o . (a-7)
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&[‘S
Et— =X -1L (A-8)

Equations A-6 and A-7 are easily’sélved and yield:
-t/t

- - a -
T,=KE+ (T, ~KFP e (A-9)
‘ -t/rp :
X =KE + (X - KE {a-10
5 o N o1 - ) e ( )
where’Tai and X, are the initial conditions of T, and X, (at

t = 0). Substituting Eq. A-10 into Eg. A-8, a solution ¢an be found

for Ts as follows:

de -t/rp
I KpE + (X - I\pE) e - L (A-11)
--t/tp '

Ts - 51 KpE t + (x KpE) [-'r -] -Lt (Aa-12)
) -t/rp

Ts = T51 + (KPE -L) t+ rp (Xp1 - KpE) - rp (Xp‘I - KPE) e

(a-13)
where T . is the initial condltlon of T

1
Flnally, the expressions for T and T ' Eqs Ar9 and 13, are

substituted 1nto Eq. A-5 and a solutlon for T is found:

dar T
e 1 1 1 P
+= T =— KE+ -~ T_, + (X4 - KE) -
dt T, € Ty a e ?1 Te KP1 P
T “t/t -t/
o) _ : P ‘l - a
Bo-kp e Proom,-kpe s
e ' e :
]l ®kE-mt (A=14)
T P



t“‘/‘re t/Te
'(Te - T e = (KE + T, * g (»:p1 - KpE)) (e - 1]
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2
T -t/t_ + t/t
—EB— x,-kBle P -1+
Tp =T, P P : .
T -t/t_ + t/t
Ti‘t’ (Ta1 = KB [e i S-e
a e
t/x, V otk
(Kp - L) t e - Te_ (KpE = ;)_ (e - 1]
(A-15)
-t/ T t/r
Te = 'I‘e1 e - + (KaE +‘I‘s1 +'rp (Xp1 - er)) [1-e Tl -
z 2 “t/t -t/t
?—E—T(X.‘-KE) [e P_e ] +
b~ e PP
T ‘ -t/t -t/1
< fr (T,; - KE) [e e %+
a e
7 -t/'t'e
(Kp -L) t - fe (hpE -L) [1 ~-e ] (A-16)

wherg '1‘(_31 is the initial wondition for Te'

For special cases where a time constant equals zero or two time

constants are equal, a similar derivation is followed. It will not b

repeated here.

By substituting appropriate values for T é, Te1 , T s1” T X

al’ “p1

E, etc., Eq. A-16 can be solved by iteration to yield the on/off

14

times. . For example, to find the on-time, let E = 1, Ts1 = TSET (the
thermostat set point), T@1 = TSET, T,1 = 0, Xp1 = 0 and Te = TSET + SD.
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Once the on and off-times are found, cycle time, cyclei‘ate and percent
on-time can be calculated, and the analysis continues.
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