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heating mode as the ratio of heat snbplied to energy required, using conm
sistent units for the numerator and the denominator.

strument for measuring COP of installed heat pumps is not now available,

FEASIBILITY OF AN UNCONVENTIONAL HEAT FLOW MEASURING
TECENTQUE TO DETERMINE COEFFICIENT OF
PERFORMANCE ON INSTALLED HEAT PUMPS

V. R. Brantley

AB STRACT

Tests were performed on two split residential heat pump
systems in the laboratory to determine the suitability of an
unconventional heat flow measuring technique proposed for use
in an instrument that determines the coefficient of perfor—
mance of installed heat pumps. This technique uses the ratio
of measured heat flow to measured temperature difference in
the resistance heating mode to calculate heat flow in the re-
frigerant heating mode from the measured temperature differ—
ence during normal heat pump operation. Distance of the sup—
ply air temperature sensor from the indoor unit and resistance
heater power level were found to be significant parameters
that could be controlled to minimize error. Accuracy of the
proposed heat flow measuring technique on units in field ser—
vice was judged to be within 5%.

1. INIRODUCTION

Coefficient of Performance (COP) of a heat pump is defined for the

Such a device is desirable for two reasons:

1.

A data base of heat pump performance could be generated from measure—
ments on units operating in field service. This empirical data could

supplement or replace the estimated performance data currently used

for energy consumption and power generation evaluations,

Periodic checks of heat pumps by dealers or utility representatives
could be a valuable troubleshooting procedure. This instrument would
make it possible to identify malfunctions that degrade performance
but are not of sufficient severity to render the heat pump totally

inoperative.

A satisfactory im



This instrument should be portable, reliable, rugged, reasonably accurate,
simple to operate, and relatively inexpensive.

Vhile electrical power input can be measured accurately with avail-
able instrumentation, measuring heat flow requires more sophisticated in—
strumentation and is subject to a high degree of probable error. The ob-
jective of this investigation was to determine the feasibility of using an
unconventional heat flow measuring technique in a COP meter that would
have the aforementioned qualities, ‘

This proposed heat flow measuring technique minimizes the level of
instrumentation required by using a procedure that calibrates the device
in place for each unit to be tested. For a steady-state steady—flow sys—

tem the heat flow equation may be written
Q=m C, AT . , (1.1)

If mass flow rate and specific heat of the air are constant, then the equa-—

tion may be rewritten
Q = KAT . (1.2)

The K factor for a system can be determined by measuring the air
streaﬁ temperature difference generated across the indoor unit by a known
heat source. For a conventional heat pump, temperature sensors placed in
the return and supply air ducts are used to measure the air stream tempera—
ture difference. Resistance heating elements with a meter to measure the
electrical power input will serve as a known heat source. Operating the
heat pump in the resistance heating mode will thus make it possible to
determine the K factor for each system. Once the system is calibrated,
heat flow through the indoor unit in the refrigerant heating mode (i.e.,
using the heat pump itself rather than the resistance heaters) can be de-
termined by measuring the air stream temperature difference and taking the
product of this AT and the K factor,

Simplicity of this proposed heat flow measuring technique makes it

woell suited for use in a COP meter for two reasons:

1. The amount of instrumentation needed is considerably less than would

be required for a more conventional heat flow measuring system,



2, Personnel using a device that operates on this principle would re-
quire no specialized knowledge of either thermodynamics or instru-

mentation practices,

~ A COP meter that uses this proposed heat flow measuring technique has been
désigned and is completely described in the appendix. This meter measures
heat flow and power consumption, giving a ratio of the signals in such a
way as to produce a displayed number that is the actual COP over the test

interval,



2, SUMMARY AND CONCLUSIONS

Tests were run on two split residential heat pump systems in the
laboratory to determine probable causes of error, means of minimizing
orror, and expected range of error. A summary of the experimental work

is presented in Table 2.1. Error of the proposed measuring technique is

sfrongly affeoted by two parameters:

1, supply air temperature sensor distance downstream from the indoor

unit, and

2. resistance heater power level.

For every combination of fan speed and semsor digtance in one test
series, using a Carrier heat pump, magnitude of error decreases as tem—
perature sensor distance from the indoor unit increases. Magnitude of
error increases, however, as resistance heater power level increases. Fbt
each sensor distance in the other test series, using a General Electric
Company (GE) heat pump, error ig also a strong function of resistance
heater power level., It is here Eonclnded that the two parameters listed
in the previous paragraph afford adeqguate opportnnity'for minimizing error
with the proposed measuring technique. That the error is inversely re-
lated to distance from the indoor unit is quite logical; greater unifor—
mity in temperature and velocity profiles occurs as the air stream moves
down the duct. That the error is greater at higher resistance heater
power levels is also quite reasonable; higher heater power levels generate
greater supply air temperature variation, |

From the experimental work and discussions with heat pump dealers
concerning supply duct layout, it is concluded that the proposed heat flow
measuring technique will be accurate to within 5% for 90% of the heat

pumps currently in use if:

1, temperature sensors are used that measure the average temperature over
the duct cross section, |

2. the resistance heater power level is limited to 5 kW or less, and

3. the supply air temperature sensor is installed at least 1 m downstream

of the indoor unit,



Table 2,1, Summary of the proposed heat flow measuring
technique accuracy in the laboratory

Heat pump Fan Sensor distance Heater - Maximum Error of

and grid epeed from indoor unit power errord,b averagesb,c

position (m) (xW) (%) (%)
C-1 - Medimm 0.23 2.42 -12.5 -11.5
c-1 Medium 0.23 4.42 -15.8 -14.3
c-1 High 0.23 2,55 -14.0 -8.6
Cc-1 High 0.23 4.54 -14.0 -11.2
-2 Medium 0.56 2.39 +3.1 +0.2
c-2 Medium - 0.56 4.34 +5.6 +2.9
c-2 High 0.56 2.51 +4.4 +2.1
c-2 High 0.56 4.49 +6.8 +4.0
G-1 High 0.89 9.69 2.8 -1.2
G-1 High 0.89 : 15.68 ~7.4 -5.6
G-2 High 1.22 + transition 9.70 +5.6 +2.2
-2 . High 1,22 + transition 15.66 +6.7 +3.2

aThe maximum error is the error of worst case refrigerant K vs
resistance K,

bThe "~" sign indicates that the refrigerant heat flow is under-
stated and the "+" sign indicates that the refrigerant heat flow is

overstated.

The error of averages is the error using average refrigerant K vs
average resistance K,

These estimates of accuracy on installed units are felt to be comnser—
vative, and it is considered likely that further experimentation will show
that higher accuracies are possib;e.



3. BACKGROUND

Equation (1.1) is velid only for systems having a single heat trans-
fer fluid stream that has uniform properties where it crosses the control
boundary. If any of the terms on the right-hand side of the equation are
not constants — that is, if any of the properties represented by these
terms are not uniform across the fluid stream where it crosses the control

boundary — then the correct mathematical relationship is

n .
Q= i{i vipiAicpiATi . | (3.1)
The difficulties in obtaining an integrated heat flow measurement

such as that represented by Eq. (3.1), especially before the advent of
low—-cost high—speed digftal computers, have undoubtedly influenced the
development of conventional heat flow measuring techniques. Organizations
such as the American Society of Heating, Refrigerating, and Air-Condition—
ing Engineers? and the American National Standards Institute? have drawn
up standards that éxplicitly state ways and means by which heat flow is

to be determined for systems using air at atmospheric pressure as a heat

transfer fluid. Many éf these standards have two basic goals:

1, to reduce the degree of variation in each property so that each term
on the right-hand side of Eq. (3.1) is essentially a constant, and

2, to ensure that an acceptably accurate average value of each property
is obtained.

Averaée value of each of the properties is used in Eq. (1.1). This gen
eral approach to heat flow measurement is, however, only an approximate

‘ method. The average values method attempts to equate the product of the
sums with the sum of the products; a procedure that is not, in the general
case, valid.

For example, consider a hypothetical system having four discrete
fluid streams. Cross—sectional area, density, and specific heat are the
same for all four streams, but either or both of the properties velocity
and temperature difference may vary among the streams. Figure 3.1 illu-

strates four possible combinations of this system. Heat flow out of this
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sytem is calculated two ways:

Summation method: qum p x i Cp x & Vi AT1
lAverage values method: QAvg = pACp x

(average velocity) x (average AT) .

Results of these calculations are listed to the right of Fig. 3.1.

The average values method produces correct answers ‘in the first two
cases because of the distributive law. For case 3, the average values
method understates the actual hegt flow by 21.5%; for case 4, it over—
states thé actual heat flow by 15.0%. Cases 3 and 4 also illustrate
another fact — when the velocity and temperature Qifference profiles are
skewed in the same direction, the average values method underétates the
actual heat flow; when the profiles are skewed in opposite directions, the
average vg}uos method overstates the actual heat flow.

Fignr$ 3.2 is a schematic of a typical heat pump indoor uwanit. Air
velocity as it exits the blower is nonuniform because of the centrifugal
action of the blower. Because the blower discharge face area is gener—
ally much less than the cross—sectional area of the supply duct, this
adds to the velocity variation in the supply duct itself., In the resis—
tance heating_moée, the nonuniform air velocity over the resistance ele-

ments causes considerable variation in the air temperature as the air

ORNL-DWG 81-4764
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enters the supply duct. Temperature variations, when the refrigerant
coil is used, are much smaller, Latent heat accounts for most of the

. energy .change in the refrigerant, so the refrigerant coil may be nearly
isothermal., Heated air from the refrigerant coil is further mixed when
it travels from the coil through the blower, so the air temperature is
quite uniform when the air enters the supply duct. Temperature of the
return air'entering the indoor unit may be expected to be quite uniform.
Air entering the return register is likely to be nearly isothermal at
that point; subsequent mixing of this air when it travels through the

return duct ensures near uniform temperature at the indoor unit,

Major sources of error for the proposed technique will be the veloc
ity variation and temperature variation factors, which would be of pri-
mary concern for conventional heat flow measuring techniques. Using ex-
tended lengths of stfaight duét,’such a§ is specified in standards for
conventional heat flow measurement to effect near uniform velocity and
temper#tu:e of the air stream, is not feasible in conjunction,with a OOP
meter for installed heat pumps. Success of the proposed heat flow mea—
“suring technique is predicated on the assumption of constant mass flow
rate and constant specific heat of the air stream during both the cali-
bration and test periods. Total time required for calibration and test—
ing‘WOu1d~beaon the order of 15 to 30 min, so this is a reasonable as—

sumption to make'provided that:

1. the state point of the return air is relatively constant,

2, the fan speed is unchanged, and .

3. the duct damper ind Splitter positions are the same for the total
time period.
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4. EXPERIMENTAL PROGRAM AND EQUIPMENT

An experimental program was developed to determine the effect of
three parameters on the accuracy of the proposed heat flow measuring tech-
nique. These three parameters were fan speed, resistance heater power
level, and distance of the supply air temperature sensor downstream from
the indoor unit. Testing was done on two split system residential heat
pumps in the laboratory. Both heat pumps were instrumented so that total
electrical power to the indoor unit and heat flux in the indoor unit re—
frigerant circuit could be monitored.

The proposed heat flow measuring technique is based on the relation

ship

Q = KAT .
For the resistance heating tests, 6 was taken to be the total electrical
power input to the indoor mnit. For the refrigerant heating tests, Q was
“taken to be the sum of the electrical power input to the indoor fan and
the heat delivered by the refrigerant circuit. Error of the proposed heat
flow measuring technique is here defined as the percent difference between
the resistance heating K value and the refrigerant heating K value at each
set of parameter values; error was thus calculated using the equation

% Error = 100 x (K -K )/

resist refrig xrefrig *

4.1 Temperature and Velocity Measurements

Thermocouple grids were used for the air side temperature measure~
ments; thermocouple grid layouts are shown in Fig.‘4.1. Calibration
checks were made at two temperatures (0 and 23°C) using a mercury ther—
mometer as a reference, and the thermocouples were judged to be suffi-
ciently similar in response as to require no individual correction.

Supply air velocity measurements were made on both heat pumps at each
grid position using a portable hot—wire anemometer. Ten points corre—

sponding to the thermocouple locations at each grid position were sampled

Y
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Fig. 4.1. Return and suppli air thermocouple grids.

with the thermocoﬁple grid removed and with only the fan operating. Ve—
locities for medium and high fan speeds were measured on the first unit
tested, and velocities for high fan speed only were measured on the second
unit tested. These measurements were made solely to provide information

on relative velocity variation among the three positions down the supply

duct; they were not used for any air side heat flow calculations,

4.2 Equipment and Procedures for the Carrier Test Series

The first test series was run using a Carrier heat pump with a rated
heating capacity of 10 kW. Figure 4.2 shows the locations at which the
temperature and velocity measurements were made in the supply duct. Fig—
ure 4.3 shows the location of sensors used in the electrical, refrigerant,
and air circuits and gives a brief description of the semsors used. A
total of 40 tests were made using the Carrier heat pump, 24 in the resis-—
tance heating mode and 16 in the refrigerant heating mode. The data ac-

quisition system (DAS) was programmed to scan and record data every 2 min
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from the sensors indicated in Fig. 4.3. The heat pump was run under a set
of conditions until the temperature measurements indicated that the heat
pump had reached steady—state operation and the sensors had equilibrated
to the new conditions.

A variable voltage power transformer was used to control the power
input to the resistance heater elements. A power factor of 1 was assumed,
and power to the strip heaters wﬁs calculated from voltage and current
measurements made in the heater supply circuit. Electrical power to the
fan was measured by a transducer monitored by the DAS. Heat output of the
refrigerant circuit was manually calculated by the refrigerant enthalpy
" method using a combination of data from the DAS and manually logged data.
Figure 4.3 shows the location and type of the sensors used to measure the
necessary refrigerant properties for these calculations. Points P, T,or

T,,» and F provided the needed information.

4.3 Egnipment'and Procedures for the GE Test Series

The second test series was run using a GE heat pump with a rated

heating capacity of 9.7 kW, Figures 4.4 and 4.5, respectively, show the
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Fig. 4.4. GE heat pump indoor unit and supply duct.
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locations at which the temperature and velocity measurements were made in
the supply duct and the sensor location/description for this heat pump, A
total of 45 tests were conducted with the GE heat pump, 22 in the resis—
;ance heating mode and 23 in the refrigerant heating mode, Software modi-
fications to the DAS were necessary to accommodate the almost cyclic re—
frigerant flow variations caused by the thermostatic expansion valve; this
cyclic flow did not occur in the Cafrier unit because it uses a short tube
expansion device rather than'a valve to regulate the refrigerant flow.

Iwo different schemes were used to deal with this cyclic refrigerant flow
situation, One of these was to monitor continuously the refrigerant flow-
meter and use this signal to trigger a DAS print/log operation when the
signal dropped below a certain level. The average refrigerant flow rate

since the previous print/log operation and the measured temperatures at
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the time of the operation were thus logged as a data set, The second
scheme was to scan all of the sensors once every 15 s and print/log the
average of these measurements at 6-min intervals. Because the rate of
cycling of the expansion valve was about once every 2.5 min, these 6-min
intervals produced averages over at least two complete cycles. Refrig-—
erant heat flow rate was calculated on the central computer systems at
Oak Ridge National Laboratory using a computer subroutine rather than the
interpolation/extrapolation method with the refrigerant tables. Referring
to Fig. 4.4, points P, T,,, T,,, and F provided the necessary input data
to the subroutine.

Switches in the circuit at the heat pump were used to power either
two or three of the strip heater elements, giving two discrete power
levels, which were used in the resistance heating tests. A conventional
watt-hour meter was installed to measure the electrical power to the strip
heaters. As the resistance heating tests could be run at steady state
conditions, there was no need to use the refined DAS programs required

for the refrigerant heating tests,

4.4 Assessment of Measurement System Erxor

Sensors and meters used to make the various measurements for this
project were primarily those used by previous investigators. The DAS
consists of & Digital Equipment Corporation PDP-8E computer and associated
peripherals. Atypical duct systems, designed to provide fully developed
turbulent flow, were used by these investigators so that heat balances
could be performed around the indoor unit by measuring heat output on both
the refrigerant side and the air side, Domingorena® reported a difference
of 3% between the two methods in work with a Bard heat pump. Corrected
data4 from Domingorena’s research with the Carrier heat pump’ showed a
difference of 5%, while Miller® reported a difference of (3% on the GE
heat pump.

Because the heat flow measurements on the air side are more suspect
than those on the refrigerant side, the bulk of these differences in the
heat balance calculations are assumed to be errors in the air side method.

Accuracy of the refrigerant side heat flow measurement is thus inferred to
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be near 100% based on the work of these previous investigators. All of

the analyses reported here were calculated assuming zero error in the mea-
. {
suring instruments.
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5. CARRIER HEAT PUMP TESTING

The effects of fan speed, resistance heater power level, and distance
of the supply'air tempefatnre sensors downstream from the indoor unit on
the accuracy of the proposed heat flow meaénring technique are summarized
in Table 5.1, Magnitude of error at Position 1 is over twice that at
Position 2 for both fan speeds and both heater power leveis. EBxcept for
one data point, magnitude of error is comsiderably greater at the higher
heater power level at both positions for both fan speeds. Only Positions
1 and 2Aare used for the accuracy analysis because the absolute supply air
temperatures at Position 3 were affected by ambient air mixing with the

supply air in this region, Relative data concerning variation in velocity

Table 5.1, Effect of fan speed, resistance heater power level,
" and distance of supply air temperature sensors from indoor
unit on accuracy of the proposed heat flow measuring
technique for the Carrier test series

Sensor

distance Fan Hea::r Maximum Error of
" Position from indoor ; pow error@sb  averagesb,c
: speed level

wnit - (kW) (%) (%)

(m) '
1 0.23 Medium 2.42 -12.5 -11.5
1 0.23 Medium 4.42 —15.8 —14.3
1 0.23 - High 2.55 -14.0 -8.6
1 0.23 High 4.54 -14.0 -11.2
2 '0.56 Medimm  2.39 +3.1 +0.2
2 0.56 Medium 4.34 +5.6 +2.9
2 0.56 High 2.51 +4.4 +2.1
2 0.56 High 4.49 +6 .8 +4.0

%The maximum erxor is the error of worst case refrigorant K
vs resistance K.

bThe "—" sign indicates that the refrigerant heat flow is
understated, and the "+" sign indicates that the refrigent heat
flow 1s overstated. K

- ,
The error of averages is the error using average refriger—
ant K vs average resistance K.




18

and temperature is presented elsewhere for all three positions, however,
because the mixing was not of sufficient magnitude to obscure the general
trends, It is concluded from the data presented in Table 5.1 that the
Carrier fan speed has only a small effect on the accuracy of the proposed
technique, but the effects of resistance heater power level and tempera—
ture sensor distance downstream from the indoor unit are quite promounced.

Velocity measurements made in the snppiy duct at the thermocouple
locations and reduced velocity data are presented in Fig., 5.1, Standard
deviation o of each set of velocity measurements, used here as an index to
mdgnftnde of velocity variationm, illustrates that distance down the supply
duct from the indoor unit has a much greater effect on velocity variation
than does fan speed. Degree of velocity variation decreases as distance
from the indoor unit increases.

Supply duct temperature measurements and reduced temperature data for
~ representative refrigerant heating tests are presented in Fig., 5.2, while
Figs. 5.3 and 5.4 contain the same information for representative resis—
tance heating tests at two heater power levels. Fan sﬁeed has an effect
on temperature variation, for the standard deviation is generally somewhat
higher for the medium fan speed than for the high fan speed for all three
sets of data. These small differences are rather insignificant, however,
when compared with the effects of distance from the indoor unit and heater
power level on temperature variation, Standard deviation of the tempera—
ture measurements declines with increasing distance from the indoor unit

for both refrigerant and resistance heating modes. For the resistance
heatiné mode, standard deviation At Position 2 (0.56 m from indoor unit)
is one—half that at Position 1 (0.23 m from indoor unit) for both fan
speeds gnd both heater power levels., Standard deviation also differs by

a factor of 2 for the low powet'level vs the high power level at all three
positions for both fan speeds., Temperature variation across. the supply
duct in the resistance heating mode is thnsvéhOWn to decrease as (1) tem
peratnré'sensor distance from the indoor unit increases and (2) resistance

1

heater power level decreases,
.f’ ) '
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Carrier supply duct air temperature data, refrigerant

Temperature units are degrees Celsius, and heat flow rate
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6. GE HEAT PUMP TESTING

A summary of the accuracy analysis for the GE test series is pre—
sented in Table 6.1. At Position 1, the error for the higher resistance
heater power level is over twice that for the lower power leve;. For the
. lower power level, the error at Position 1 is only one—half that at Posi-
tion 2. Only Positions 1 and 2 were used for this analysis because the
supply air teﬁperature at Position 3 (near the duct exit) was affected by
ambient air mixing in this region, _

As fan speed on the Carrier unit had a negligible effect on the ac—
curacy of the propo;ed heat flow measuring technique, all of the tests on
the GE unit were conducted at a single fan spéed. Supply duct air veloc-
ity measurements were made on the GE system with the same instruments and
procedures that were used on the Carrier éystem. These velocity measure—
. ments and reduced velocity data are reported in Fig. 6.1. Also shown in
this figure are air temperature measurements and reduced temperature data

for representative refrigerant heating tests, while Fig. 6.2 presents

Table 6.1. Bffect of resistance heater power level and dis-
tance of supply air temperature sensors from indoor umit
on accuracy of the proposed heat flow measuring

technique for the GE test series

Sensor distance Hoater Ma ximum Error of
Position from indoor unit power errord,b averagesb,c
(m) lovel (%) (%)
(kW)
1 0.89 9.69 -2.8 -1.2
1 0.89 ~ 15.68 1.4 -5.6
2 1.22 + transition 9.70 +5.6 +2.2
2 1.22 + transition 15.66 +6.7 +3.2

i %The maximum error is the error of worst case refrig-
exant K vs resistance K. -

. bThe "=" sign indicates that the refrigerant heat flow is
understated, and the "+" sign indicates that the refrigerant
heat flow is overstated. :

®Ihe error of averages is the error using average
refrigerant K vs average resistance K.
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similar data for ropresentative resistance heating tests. General trends
observed in the Carrier test data are also shown here. Both velocity
variation and temperature variation decrease as distance from the indoor
unit increases. At any of the three duct cross sections, temperature
variation in the resistance heating mode is much less at the lower power
level than at the higher power level. Supply air temperature variation
in the refrigerant heating mode is considerably less than that in the re—

sistance heating mode.
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7. EVALUATION OF TEST DATA

Similarities and differences between the two heat pump systems should
be noted before the results of the tests on both units are considered to-
gether. Mean supply air velocity for the Carrier at the high fan speed
is twice that of the GE system at-thelhigh fan speed. Air mass flow rate
through the tﬁo systems was not drastically different; however; the Car—
rier flow rate at the high fan speed was nine?tenths that of the GE at the
high fan speed, while the Carrier flow rate at the medium fan speed was
eight-tenths that of the GE at the high fan speed. Differences in duct
cross—sectional area and air density at the time of testing account for
most of the differences in mean velocities. '

) That the two systems are geometrically similar can be seen from Figs.
7.1 and 7.2. These photographs of the downstream ends of the Carrier and
GE indoor units, respectively, were shot from a point downstream in the
supply air duct. ‘While the ?ross—sectional area of the Carrier duct is
about one—half that of the GE, the gemneral arrangement of blower discharge
and duct height to width ratio are much the same for the two systems. GE
duct~cross-sectional area to blower discharge area is nearly twice that

of the Carrier, however.

Velocity and temperature data for both heat pumps are summarized in
Table-7.1.:'Standard deviation of the velocity measurements shows the
velocity variafion to be greater for the GE than for the Carrier at the

same distance down the supply duct from the indoor unit, which is Carrier

Position 3 ahd GE Position 1, Velocity variation relative to mean veloc—
ity is even more pronounced, the ratio of standard deviation to mean
velocity for the GE being more than five times that of the Carrier, Heat
flow measurement, however, is diréctiy a function of mass flow rate and
only indirectly a function of velocity; because the air mass flow rate

for the'twdréystems was about the same, standard deviation of the velocity
méasureﬁenfé in the supply duct is a more valid indicator of mass flow

variation than the ratio of standard deviation to mean velocity.



28

ORNL-PHOTO 7073-80

[T
LG
n.,,,m-...m\h N

~ - Fig. 7.1. Carrier indoor unit and supply duct viewed from a point
downstream in the supply duct,
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Table 7.1. Summary of supply air velocity and temperature data

Resistancé heating mode supply air temperature data

Volocity data Refrigerant heating mode
E:;t‘r::p Fan ?:::oin::;:.:::t Mean supply sir temperature d‘?' Lower power levcla Bigh power levela

position specd (m) Standard velocity Standard AT, Q . : H

deviation (n/s) doviatio (o:) aw) Standard ATn Q Standard ATm Q
' oviation deviation  (°C) (kV)  deviation (°C) (kW)
C-1 Medicm 0.23 2,32 4.58 1.73 18.00 10.3 1.79 4.61 2.4 3.39 8.50 4.3
Cc-1 Bigh 0.23 2.37 4.78 1.76 17.81 10.6 1.59 4.54 2.5 3.09 8.06 4.5
-2 Medium 0.56 1.06 4,11 1.44 18.34 10.5 0.822 4.02 2.4 1.67 7.16 4.3
c-2 High 0.56 1.1 5.14 1.42 17.24 10.7 0.716 3.87 2.8 1.52 6.86 4.5
c-3 Medium 0,89 0.794 4.76 1.25 16.59 10.1 0.535 3.74 2.4 1.158 6.80 4.3
c-3 Bigh 0.89 0.864 5.21 1.19 17.14 10.8 0.476 3.68 2.5 1.02 6,52 4.5
G-1 High 0.89 1.76 1,95 0.164 10.15 7.0 1.34 13,55 9.7 2.14 22.74  15.4
G-2 High 1,22 + transition 0.403 2.37 0.031 12.86 8.6 0.245 13.18 9.8 0.794 20.96 15.7
G-3 High 3.05 + transition 0.114 2,31 0.032 12.98 8.8 0.188 12,83 9.7 0.301 20.28 15.7

ST
m

is the mean temporaturec difference between supply air and return air, and Q is the heat added to air streanm.

0t
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7.1 Normalized Temperature Difference Variation

In an effort to quantify the relationship between resistance heater
power level and supply air temperature variation, a method of normalizing
the experimental data was needed. The method chosen here was to use the
ratio of supply air temperature measurement standard deviation to average
temperature difference between return and supply air streams. Units of
this ratio are therefore standard deviation per degree Celsius mean tem
perature difference. Normalized temperature difference variation for both
heat pumps is presented in Table 7.2. Temperature difference variation in
the refrigerant heating mode is much less for the GE than for the Carrier,
and in both heat pumps the variation in the refrigerant heating mode is
less than in the resistance heating mode. Data from both heat pumps do
not support the hypothesis that higher power levels cause greater fompera-
ture difference variation on a per unit basis. The observed accuracy vs
power level phenomenon is therefore inferred to be caunsed by the interac—
tion of the velociiy and temperature difference profiles in such a way as
to make the error proportional to magnitude of températnre difference

variation rather than variation per unit of temperature difference.

Table 7.2, Normalized temperature difference variation
(standard deviation/mean temperature difference)
for both test series

Hoat ' Fan
pump Heating mode Position 1 Position 2 Position 3 spood
Carrier Resistance, low power 0.388 0.204 0.143 Medium
Carrier Resistance, high power 0.399 0.233 0.169 Medium
Carrier Refrigerant 0.096 0.079 0.075 Mediuom
Carrier Resistance, low power 0.350 - 0,185 0.129 High
Carrier Resistance, high power 0.383 0.222 0.156 High
Carrior Refrigerant 0.099 0.082 0.069 High
GE Resistance, low power 0.099 0.019 0.015 Bigh
GE Resistance, high power 0.094 0.038 0.015 Bigh

GE Roefrigerant 0.016 0.002 0.002 High
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7.2 Effect of Temperature Sensor Configuration on Accuracy

The type of temperature sensors chosen for a COP meter would have a
significant impact on cost and simplicity of operation. The suitability

of three generic types of sensors for use in such a meter was examined:

1., point sensors — to measure the temperature at a sinmgle point,
2. line averaging sensors — to measure the average temperature along a
straight 1ine, and

3. area sensors — to measure the average temperature over some area,

Because there was negligible femperatuie variation ‘in return air at the
return thermocouple grid, the average of these temperature measurements
was used for return air temperature for all analyses. Point sensor per—
formance was determined by using the four temperature measurements made
nearest the center of the supply duct and the average return air tempera—

ture to calculate four sets of ATs, These analyses are reported in Table

7.3 as point error. Line averaging sensor performance was determined by
using the average of the temperature measurements along the horizontal and
" vertical lines passing through the center of the supply duct and the aver—
age return air temperature to calculate two sets of ATs. These analyses
are reported in Table 7.3 as horizontal error and vertical error, respec—
tively. Area sensor performance was determined by using the average tem—
perature measured over both ﬁhe horizontal and the vertical lines passing
through the center of the supply duct and the average return air tempera-
ture to calculate ‘a single AT for each test. These analyses are reported
in Tab1e17.3 as grid error and constitute the same data as previous ac—
curacy analyses.

Examination of the point error data confirms what one would suspect
to be the case where both velocity and temperature are nonuniform — de-
gree and direction of error are so unpredictable as to make the use of
point temperature sensors quite unsuitable for precision work. The GE
Position 2 date is quite good, but a convenient explanation for this based
on scientific principles is not apparent.

An interesting fact comes to light when the horizontal and vertical

data are compared with the grid data. The GE vertical errors are less



Table 7.3. Error analysis of the proposed beat flow measuring technique based

on the parametric investigation conducted in the laboratory

a

Grid error Horizontsl error® Vortical error® Point - imam@sd
Heat pump Fan Sensor distance Heater o '"°'("‘) Reximum
and grid speed from indoor unit pover Maxim Brror o(c Maximum Error ofc Mazimum Error of
e .

position (= an e e i e T olay’? Point 1 Poiat 2 Point 3 Point 4
c-1 Medium  0.23 2.42 ~12.5 -11.5 -22.7 -21.1 -0.7 +1.1 -41.1 +5.1 -21.6 ~39.2
C-1 Mediwm 0,23 4.42 -15.8 -14.3 -24.8 -23.6 -3.9 ~2.0 -42.3 +10.3 -20.7 -39.7
c-1 Bigh 0.23 2.55 -14.0 -8.6 -22.9 -17.9 +9.8 +3.5 -40.5 +14.2 -19.8 -36.7
c-1 High 0.23 4.54 -14.0 -11.2 -23.2 -20.6 +4.3 +1.3 —41.4 +18.1 -20.9 -38.2
c-2 Medivm 0.56 2.39 +3.1 +0.2 -4.9 -3 .4 +8.1 +4.1 -14.5 +44.3 +25.9 -8.2
c-2 Medium 0.56 4.34 +3.6 +2.9 -3.2 -0.2 +10.7 +6 .4 -17.6 +50.7 +25.4 -8.0
c-2 High 0.56 2.51 .4 +2.1 -3.7 -1.9 +9.2 +6.4 -12.6 +53.1 +27.9 +5.8
c-2 Bigh 0.56 4.49 +6.8 +4.0 -1.6 0.0 +12.5 +8.4 -14.9 +54.5 +26.0 -6.0
G-1 High 0.89 9.69 -2.8 -1.2 -3.1 -1.6 2.6 -0.8 -7.9 -7.2 +5.5 -14.3
G-1 High 0.89 15.68 ~7.4 ~-5.6 ~10.6 -95.0 -4.1 -1.9 -12.2 -14.4 -9.6 -13.7
G2 High 1.22 + transition 9.70 +5.6 +2.,2 +6 .4 +3.3 +4.8 +1.1 +4.7 -2.2 .7 +3 .4
G-2 High 1.22 + transition 15.66 +6.7 +3.2 +7.3 +4.2 +6.1 +2.1 +6.5 -2.8 +6.3 +3.4

€€

%he " sign indicstos that the refrigerant hest flov is understated, and the "+" sign indicstes that the refrigerant beat flow is overstated.
bna mazimum error is the orror of woxst case refrigerant K vs resistance K.

°‘1'ho orror of sverages is the error using average refrigerant K vs average resistance K.
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than GE grid errors for all four conditions, and Carrier horizontal errors
are less tﬁan Carrier grid errors for threée of the four conditions at
Position 2. GE vertical and Carrier horizontal correspond to lines that
(1) span the short dimension of the duct, and (2) pass through the center
of the duct perpendicular to the duct wall and to the blower axis., While
examination of the velocity and temperature data presented does not
strongly support the hypothesis that a line averaging sensor used in the
manner described in the preceding paragraphs would be acceptable for COP
tests on installed units, the hypothesis is an attractive one because it

would reduce the first cost and simplify the use of a COP meter.

7.3 Error Direction

Direction of error is caused by a combination of two factors:

1. shape of velocity and temperature difference profiles, and

2. radiative biasing of the supply air temperature semsors.

Dissimilar temperature difference profiles exist for the two heating modes
in both heat pump systems. Error direction could them be either positive
or negative depending upon the combination of velocity and temperature
difference profiles for both heating modes. Radiative biasing would cause
errors to be in the negativé direction with the sign comventions here
adopted and would have a greater effect at the position nearer the indoor
unit and at the higher heater power levels. Uneven air flow over the re—
sistance heating elements allowed portions of the elements to become in—
candescent during many of the tests, so radiative biasing probably oc—

curred to some degree,

7.4 Estimated Accuracy in Field Applications

For the laboratory experiments, magnitude of heat flow measurement

error was generally less at the:

1. greater distance of the supply air temperature sensor from the indoor
unit, and

2. lower resistance heater power level,
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Because differing temperature profiles are found in the supply duct for
resistance heating and refrigerant heating, increased errors can occur if
the supply air temperature sensor is installed downstream of any supply
duct branching. Figure 7.3 illustrates this situwation. Even though mass
. flow rate and system heat flow rate are the same for both heating modes
in this example, the ratio of he;t flow to temperature difference is not
the #ame for either duct A or duct B for both heating modes. Accuracy of
the proposed heat flow measuring technigque under these conditions cannot
be estimated from information presently available. Heat pump dealers and
refrigeration engineers consulted about heat pump duct systems stated that
most systems would have at least 1.5 to 2 m of supply duct before branch-
ing. One large distributor estimated that <10% of the systems in use
today would have <1 m before branching,

ORNL -DWG 81-4770
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Fig. 7.3. Effect of dissimilar temperature profiles for resistance
and refrigerant heating modes on heat flow in branch ducts.
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From these industry contacts, it is assumed that a minimum distance
of 1 ﬁ from indoor unit to supply air temperature sensor will be available
for at least 90% of the residential heat pump systems now in use. Thus,
the Carrier Position 2 data and the GE Position 1 data are taken to be
conservatively representative of 90% of the units operating today. Based
on these data and the observed relationship between error and resistance
heater power level, accuracy of the proposed heat flow measuring technique

on field units is estimated to be within 5% provided that:

1, supply air tehperature sensors are area type sensors and are located
at least 1 m downstream of the indoor unit, and

2. 1indoor unit strip heaters used for the calibration process are limited
to a power level of 5 kW or less.
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.8. RECOMMENDATIONS

The proposed hoat flow measuring techmique appears to be a feasible
means of measuring heat flow in installed heat pumps. A prototype C(OP
meter, such as that described in the appendix, should be built to check
the accuracy of the proposed technique on other heat pump systems that
are sufficiently instrumented to provide independent verfication of the
COP meter operation. These heat pump systems can be found at many of the
research facilities throughout the country where heat pump research is
conducted.

Two items especially merit further investigation:

1. Resistance heaters used for calibration. ‘If a low wattage unit,
perhaps 1 to 3 kW, were placed in the return air duct close to the imndoor
unit, the supply air temperature variation should be considerably less
than when using the heat pump strip heaters. Heated air from the heater
would travel through both the refrigerant coil and the blower before en—
tering the supply duct; this opportnnity for mixing could well produce a
supply air températnre as uniform as that observed for refrigerant heat-
ing., Errors using this arrangement might well be less than half those
observed in the laboratory using the strip heaters.

2. Type of temperature semsor. If a fairly uniform temperature dif-
ference between return and supply air can be attained by the method de-
scribed in the preceding paragraphs, line averaging sensors could be used
instead of area sensors. This would simplify sensor installation on a

unit and reduce the first cost of the total instrument package.
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Appendix*

COP METER — THEORY OF OPERATION AND PROTOTYPE DESIGN

The COP Meter is a device that permits efficiency measurements on
installed heat pumps in a matter of minutes., Coefficient of performance
(COP) is a dimensionless number used to characterize the performance of

heat pumps. The definition of COP for a heat pump in the heating mode is

COP = Q/P ,
where d is the heat output of the indoor unit and P is the power input to
the heat pump. A variety of instruments are available to measure electri-
cal power input, but heat flow is not as amenable to direct measurement as
electrical power. The theory of operation of the COP Meter’s heat flow
measuring technique is derived from the first law of thermodynamics. The
first law for a steady-state, steady—flow system where no work is done may

be written

Q=mC AT,
p

where
é = heat flow rate,
a = mass flow rate of the heat transfer fluid,
Cp = gpecific heat of the fluid at constant pressure, and

AT = temperature difference between the entering and exiting

fluid streams.

If the mass flow raté and the specific heat are consgant. this equation
reduces to 6 = KAT. The COP Meter'is calibrated in place for each heat
pump to be tésted. This is done by running the heat pump in the resis-
- tance heatiiggméhe’to’determine'the relationship of heat flow to tempera—

ture difference for that particular system. This relationship is then

"Mate:idf’ékgb:ptgd}f£0m-patent‘disclosuré information submitted to
the Department of Energy Patent Office — patent pending to coinventors
V. R. Brantley and D. R, Miller,
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used to calculate the heat flow when the heat pump is operated in the nor-
mal refrigerant heating mode from the measured temperature difference at
that time,

The operating procedure requires no specialized knowledge of either
electronics or thermodynamics. With the temperature sensors placed in the
return and snbply air ducts and the power measuring leads connected in the
heat pump electrical supply circuit, the heat bump is run in the normal
refrigerant heating mode. After ~10 min continuous operation for stabi-
lization, the trim potentiometer in the amplifier gain circuit (pin 14,
AD522) is adjusted until the E .. (pin 7, AD522) voltage is about 8.0 V.
This optimizes the circuitry for the particular heating system being
tested., The heat pump is switched to the resistance heating mode, and the
calculator is initialized by zeroing the display and keying '+1" on the
keyboaré, This has set the calculator’s counting increment to 1.0; for
every pulse except the first to the calculator from the "and" gate and the
divider, the displayed number will be incremented by 1.0. After at least
10 min has elapsed since the switch to the resistance heating mode, the
"run" switch (pin 5, 4001) is depressed. The calculator will now up—count
in increments of 1.0 for several minutes; the "run" cycle will have termi-
nated when the calculator ceases to up-count. Because the COP of a heat
pump operating in the resistance heating mode is 1.00, the réciprocal of
the number displayed is the correct counting increment for this particular
test series, Adequate accuracy and resolution is given if the reciprocal
is rounded off to the same number of significant digits as the number from
which it is derived.

After switching the heat pump to the normal refrigerant heating mode,
the calculator is initialized by zeroing the display and keying '+ (re—
ciprocal)" on the keyboard. When the system has had sufficient time to
equilibrate (10 min or more), the "run" switch is depressed. The calcula-
tor now up-counts using the increment entered; at the termination of the
"run" cycle, the number shown on the calculator display is the integrated
OOP of the heat pump over the whole "rum" cycle.

Figure A.1 is a general flow sheet, and Fig. A.2 is a design sche—
matic for a prototype COP Meter. Circuit changes and component substi-

tutions can be made to improve the performance or to reduce the cost of



41

ORNL-DWG 81-4769

CONSTANT
CURRENT
SOURCE

\

MINCO
RTDs

INSTRUMENTATION
AMPLIFIER

9

ANALOG TO
DIGITAL
CONVERTER

1

WATTHOUR METER > “AND"
DIGITIZER GATE

FREQUENCY - TIMER
DIVIDER RS FLIP-FLOP

TI 1025
RECORDER
CALCULATOR

Fig. A.1. COP meter flow schematic.

the instrument, but these modifications will not affect the basic charac-
teristics of the COP Meter. These basic characteristics are: .

1. The COP Meter i# a portable device that measures both heat flow
and electrical power consmmption and establishes a ratio for these mea-
surements in such a way as to give a single number at the end of a test
that represents the integrated COP of a heat pump over the test interval,

2. The COP Meter makes use of a resistance heating element to cali-
brate the device in place for each heating system to be tested, thus mak-
ing it possible to test systems having quite different air flow rates and

temperature differences with a single instrument.
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The prototype design uses (A) two constant current sources to supply
1 mA current each to (B) two Resistance Temperature Detectors (RIDs).
These sensors have identical resistance/temperature characteristics so
that the temperature difference between them can be accurately known over
a range of temperatures by measuring the differential EMF generated by the
constant current through them, This EMF is amplified by (C) a variable
gain instrumentation amplifier whose output is a-positive dc voltage lin—
early proportional to the EMF input. The amplifier output is routed to
(D) an analog—to—digital converter whose output is a square wave. The
freqneﬁcy of this signal is linearly proportional to the input voltage.
The output of the converter is connected to one input of (F) an "and"
gate; the state of the other "and" gate input is controlled by (E) the
VWatthour Meter Digitizer via an optical isolator. The Watthour Meter
Digitizer was developed at Oak Ridge National Laboratory (ORNL) and is
completely described by W. H, Andrews.? Signal output of the Watthour
Meter Digitizer is a positive:pulse of fixed duration, and frequency of
this pulse is linearly proportional to the heat pump electrical power
input. A pull-up resistor is used to hold the "and" gate input high.
This input is pulled low by the optical isolator for each positive pulse
from the Watthour Meter Digitizer. For a given AT and its corresponding
frequency from the analog—to—digital converter, less electrical power to
the heat pump means a higher COP. Thus, the "and" gate on—time is greater
for lower power input and less for higher power input.

Square wave signals from the "and" gate go to a divider chip that
can be zeroed and its output held low by (I) a set-reset flip flop. Out-
put state of the flip flop is determined by the manually operated run
switch and (H) the timer signal divider. The state of the set input of
the flip flop is controlled by a timer circuit using (G) a 555 astable
mul tivibrator and (H) a signal divider. This divider output is normally
low, but goes high after 16,384 pulses from the multivibrator. Design
frequency of the multivibrator is 45 Hz, so the time necessary for the
divider to go from a zeroed low output state to a high output state is
16,384/45 = 364 s or about 6 min. Digital logic provides the repeatabil-

-ity of this timer necessary for COP Meter accuracy. Absolute time inter—

val is not critical but must be of sufficient length to ensure adequate
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data input for a test. When the flip flop is in its "run" state, the di-
vider downstream of the "and" gate is also operative. The output of this
divider causes (K) the Texas Instruments calculator to increment the num-
ber in its display by the programmed amount, Output/input ratio for this
divider is 1:4096; for every 4096 pulses through the "and" gate, the di~
vider output goes high and causes the calculator to increment the dis-
played number by the programmed amount.

Three major modifications can be made in the COP Meter to increase
its utility as a mechanic’s troubleshooting tool or as a researcher’s
monitoring instrument, These are modifications that would enable the COP

Meter to:

1, measure cobling COP as well as heating COP,
2, measure air flow rate, and
3. continuously record heat flow from any central forced—air distri-

bution heating system,

For cooling COP; dry bulb temperature of the entering and exiting air
streams is ina@equate to calculate the heat removed fromﬁthe air. This
is due to moisture removai during air-conditioning, and this latent heat
removal is not in&icated by diy buld temperature. The appropriate equa-—

tion for this condition is

Q = mAh ,

where Ah is the enthalpy difference betweenm the return and supply air
streams, Enthalpy may be suitably approximated by the wet bulb tempera—
tures of th;a- aﬁrﬁstreams. Using a first degree equation to calculate en—
thalpy from wét'fulb temperatures‘befween 6 and 18°C results in a maximum
error of less than 2%, while using a second degree equation results in
less thahAa half percent error for wet bulb temperatures between 4 and
20°C. By replacing the dry bulb temperature sensors with wet buldb sensors
and adding some logic elements to the electromnic circuitry, it is thus
possible to measure cooling COP with the COOP Meter.

Degree of simplicity in operation is the determining factor for the
changes that are necessary to enable the COP Meter to be used as an ane-

mometer, With the addition of ome switch in the circuitry, a stop watch
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and a sling psychrometer can be used to collect enough data to calculate
air flow rate. The stop watch, sling psychrometer, and much of the calcu-
lation can be eliminated by more sophisticated electronics. Modifying the
COP Meter to make it a continuous heat flow recorder is the simplest of
the three options, for this requires only one additional switch in the
circuitry and a slight change in operation procedure. Final package de-
sign, of course, will be dictated by user requirements and cost of these
options.

Testing laboratories commonly use sophisticated instruments to mea-
sure elecfrical power input and heat flow and to calculate COP from these
measurements., A Data Acquisition System (DAS) of this type is in use at
the Tennessee Energy Conservation in Housing site in Knoxville, Tennessee,
A multiprogrammable DAS in the Energy Conservation Laboratory at ORNL is
also capable of calculating COP, but the heat flow measurements are made
on the refrigerant circuit rather than on the air circuit. These systems
are multipurpose units which do more than determine COP, and it is not
feasible to use these systems on heat pumps installed and operating in
the field. To the best of our knowledge, however, these multipurpose DAS
systems are the nearest equivalent devices to the OOP Meter that exist
today.

Methods of determining heat pump COP are used by refrigeration me-
chanics that do not require the elaborate equipment used in testing labo-
ratories. These methods, however, can result in significant errors in

calculating COP; accuracy of heat flow measurement is generally directly
proportional to the degree of instrumentation and to operator traiming.

The COP Meter, on the other hand, performs repeatable laboratory grade COP
measurements on installed units where only approximate measurements are

now possible.
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