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Supply air temperature (SAT) measurement is an important element in sequencing control and automated
fault detection and diagnosis (AFDD) in HVAC systems to ensure the comfort of building occupants,
decrease energy consumption, and lower maintenance cost. But in rooftop air conditioning units (RTUs)
with gas-fired heating, the accuracy and reliability of manufacturer-installed supply air temperature
(MSAT) sensors are notoriously difficult to attain. Experimental evaluations in this study, covering both
the cooling and heating modes and using both direct measurements of a MSAT sensor and a multi-sensor
measuring grid, demonstrate that direct measurements cannot obtain the true value of SAT in RTUs
in the heating mode. Erratic measurement errors exist due to nonuniform temperature distribution and
intensive thermal radiation in a compact chamber. An innovative indirect virtual calibration method for
an MSAT sensor is proposed in this article to solve this issue. It demonstrates that a virtual calibrated
MSAT sensor can provide accurate results when combined with a linear correlation for offset error that
depends on heating stage and outside air damper signals. The linear correlation could be determined using
the calculated temperature difference between the predicted theoretical true value of SAT and the direct
MSAT measurement. This virtual calibration method is generic for all RTUs with similar construction of
gas furnaces and can be implemented for long-term use. Further experimental evaluation and uncertainty
analysis prove that the virtual calibration method can accurately predict the true value of SAT in RTUs
within £1.2°F (0.7°C) uncertainty. This economical technology will not only improve energy management
of packaged units in sequencing control but also better facilitate real-time automated control and fault
detection and diagnosis.

Introduction more than 100 tons of air-conditioning capacity.
The U.S. Department of Energy (DOE) estimates

Approximately half of all U.S. commercial floor  that RTUs including unitary air-conditioning equip-
space is conditioned by self-contained, packaged ment account for about 1.66 quads of total en-
air-conditioning units, mostly located on the roof. ergy consumption for commercial buildings in the
Commercial rooftop air-conditioning units (RTUs)  United States (Westphalen and Koszalinski 2001).
configured with cooling/heating equipment and air-  Badly maintained, degraded, and improperly con-
handling fans are available ranging from 1 ton to  trolled equipment wastes about 15% to 30% of
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energy used in commercial buildings (Katipamula
and Brambley 2005). As a key component, the sup-
ply air temperature (SAT) sensor is widely installed
in light commercial RTUs and plays a significant
role in sequencing controls and performing auto-
mated fault detection and diagnosis (AFDD).

According to the manufacturers’ technical publi-
cation (Lennox 2007), discharge (supply) air control
of heating (DACH) stages or discharge (supply) air
control of cooling (DACC) stages can be enabled
when a zone sensor module or a local thermostat
calls for heating or cooling so that the RTU perfor-
mance can be improved in the following perspec-
tives:

o better humidity control with the SAT stabilized at
55°F (12.8°C) (default DACC set-point is 55°F
[12.8°C));

® cnergy savings through economizer control by
adjusting the free cooling set-point approximately
2°F (1.1°C) lower than the DACC set-point;

® cnergy savings by embedding both outside air
temperature (OAT) reset and return air tempera-
ture (RAT) reset to adjust the DACH and DACC
set-points; for example, in the mode of DACH, the
OAT reset saves energy by gradually decreasing
the DACH set-point as the OAT increases.

AFDD aimed at early identification and isolation
of premature faults trends to be an emerging tech-
nology in the field of HVAC. Over the last decade, a
number of research funded by the DOE, ASHRAE,
and other institutions has been completed or under-
taken to untilize AFDD to improve RTUs’ perfor-
mances (e.g., Rossi 1995; Rossi and Braun 1997,
Breuker 1997; Breuker and Braun 1998a, 1998b; Li
and Braun 2003, 2007a, 2007b, 2007c¢).

The SAT measurement is a critical element in the
use of AFDD techonology for performance moni-
toring, controlling, diagnostics, and optimization of
packaged air-conditioning units. It is typically used
as an input in determining supply air fan tempera-
ture rise, mixed air temperature (MAT), supply air
humidity ratio, and temperature difference across
cooling or heating coil. These quantities are used
for system monitoring and within diagnostic algo-
rithms (Rossi and Braun 1997; Li and Braun 2003,
2007b, 2007c; Wichman and Braun 2009). They
can also be used in combination with compressor
maps to predict sensible cooling capacity (Li and
Braun 2007c¢) for performance fault diagnostics and
impact evaluation, and they can be used to derive de-

coupling features (Li and Braun 2007b, 2007c¢) that
provide an indication of fault levels (fault severity).

In summary, a manufacturer-installed supply air
temperature (MSAT) sensor is widely used in most
light commercial RTUs, and it plays an important
role in improving the sequencing control and en-
abling AFDD technology in RTUs. However, as de-
scribed in the following section, there are many chal-
lenges associated with the use of MSATs in RTUs
for the above two applications.

A common practice by RTU manufacturers is
to pre-install the MSAT sensor right after the gas-
fired heating coil in a compact chamber. Owing to
the following two inherent problems under this ar-
rangement, the accuracy and reliability of the MSAT
sensor are notoriously difficult to attain in heating
mode (ASHRAE 2009):

® Poor air temperature distribution: With a gas-
fired heating coil mounted in a crowded hous-
ing, RTUs have an extremely uneven air temper-
ature distribution where the onboard SAT sensor
is located. According to ASME PTC 19.3-1974,
the aspiration method involving passing a high-
velocity stream of air over the temperature sensor
is improbable to be applied.

o [ntensive thermal radiation of gas heating: The
MSAT sensor is bathed in an adverse hot-air
chamber. Measurements can be affected by radia-
tion from surrounding surfaces (ASHRAE 2009).
Strong thermal radiation from gas burners causes
a dramatic rise in air temperature measurement.
Even with the shielding suggested by Parmelee
and Huebscher (1946), the radiation impact on
the MSAT sensor can hardly be eliminated. Mean-
while, the RTU’s compact structure makes it im-
proper for shielding.

Consequently, manufacturers recommend that
the MSAT sensor should be relocated to the supply
air duct on site if the discharge air control functions
were used (Lennox 2007). However, relocating the
MSAT sensor would initiate a series of problems.

First of all, repositioning the MSAT sensor to
the supply air duct could be very costly in a situ-
ation where all other installations of a system are
completed. It is greatly in excess of the original
budget planned for an economy packaged unit. Sec-
ond, RTUs are usually set up right upon the roof
of the served zones in light commercial buildings
(e.g., big-box retail stores); the supply air duct, if
there is one, is too short to meet the minimum
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requirements by manufacturers or to achieve a bal-
anced air temperature distribution.

As a result, many building operators either do
not bother to relocate the MSAT sensor, which will
cause unreliable discharge air control, or completely
disable the MSAT sensor and the discharge air con-
trol function.

No research so far has provided a proper solution
to address the above issues. Instead of repositioning
the MSAT sensor to the supply air duct or directly
using the MSAT measurements, this article proposes
an innovative virtual calibration method to solve the
dilemma. The main merit of this method is that a
general linear model to offset the MSAT errors is
created through a one-time algorithm development.
This virtual calibration technique is very cost ef-
fective, accurate, stable, easy to use, and generic for
all RTUs with similarly constructed of gas furnaces,
and it can be implemented for long-term use. It is
a very promising approach that could significantly
improve the cost effectiveness and energy manage-
ment through DACH or DACC in RTUs as well as
enabling and insuring better performance of AFDD
applications.

The study begins with the evaluation of two
groups of direct measurements: the single onboard
MSAT-sensor-based measurement and a measuring-
grid-based measurement. It is found that neither
method can provide the real-time true value of the
SAT. There are unstable changing errors in both
of them, which rules out the possibility of using
regular calibration. Then, a virtual calibration algo-
rithm for the MSAT sensor is proposed based on
lab data, and also the modeling and implementation
procedures are summarized for easy-to-use imple-
mentation. Uncertainty analysis and additional ex-
perimental evaluation are carried out over a wide
range of controlled tests later on. The study con-
cludes that the virtual calibration technology can ac-
curately predict the real-time measuring offset and
the true value of the SAT in RTUs.

Evaluation of direct
measurements

Direct measurements are conventionally used for
air temperature in all kinds of forced-air systems. In
this section, an RTU equipped with gas heating is
evaluated in terms of direct SAT measuring with two

methods: the MSAT-sensor-based measurement and
a measuring-grid-based measurement.

The assessment starts with the single onboard
MSAT sensor under both cooling and heating
modes. To further understand the nature of inaccu-
racy in direct measurement, an additional method,
termed the multi-sensor measuring grid, is applied.
The measurements are performed simultaneously in
the same experimental series to ensure the consis-
tency and comparability of the results. To keep it
simple, only the necessary experimental results and
the deduction are debriefed in what follows. De-
tailed experimental settings and considerations are
elaborated in the Appendix, Part A.

MSAT-sensor-based measurement

A group of parametric tests are implemented to
a two-stage cooling and two-stage gas-heating RTU
for the evaluation of the MSAT-sensor-derived mea-
surements. Both cooling and heating modes are of-
fered with stage 1 and 2. Outside air damper position
(OADst) is modulated at 0% and 30% for the differ-
ent runs, since in cooling and heating modes, RTUs
bring in minimum outside air flow for ventilation,
and 30% is usually the upper limit for a minimum
damper position (ASHRAE 2007).

In Table 1, experiment settings and results are
provided. The error e accounts for the difference
between the average measurements of the MSAT
sensor (SAT fimeas) and the additional lab-installed
SAT sensor (SAT1up, meas):

e =54 Tlab,meas — 84 Tm . meas - (1)

It can be seen from the results that

¢ in the cooling mode, the direct measurements
are considered reliable with e less than 2.0°F
(1.1°C);

® however, in the heating mode, direct measure-
ments with both sensors lose credibility since
e widely varies from 21.0°F (11.7°C) to 34.6°F
(19.2°C).

Therefore, further analysis to evaluate the MSAT-
sensor-based measurement in the heating mode is
carried out by comparing SAT,meqs to the pre-
dicted theoretical true value of the SAT (SAT}, preq)
as ey

ey = SATmﬁ’,meas - SATth,pred’ (2)
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where SAT}, preq is derived from an energy balance,
shown as Equation 3:

Q—’fu + MAT + AT/an, (3)
CP XV meas

SA Tth,pred =

where é u 1s the heating capacity in Btu/hr (kJ/s),

V meas 18 the measured supply air flow rate in cfm
(m¥/s), Cp is the specific heat at constant pressure
in Btu/(Ibm°F) (kJ/(kg-K)), v is the specific volume
of air in Ib/ft® (m3/kg), MAT is the MAT before the
gas burner in °F (°C), and ATy, is the supply fan
temperature rise in °F (°C).

The procedures of measuring the parameters in
Equations 1-3 are addressed in detail in the Ap-
pendix, Part A. As given in Table 1, ey is found to
be unstable with the MSAT-sensor-based measure-
ment. It alters in a wide range from 1.0°F (0.6°C)
to 12.6°F (7.0°C) when test condition varies. It is
obviously improper to directly use SAT . meqs in the
heating mode as the true value of the SAT in the
RTU. The results also demonstrate that a regular
calibration with a fixed offset based on the MSAT-
sensor-based direct measurement would fail.

Measuring-grid-based measurement

A measuring grid in the inlet of the supply air
duct and right out of the RTU is also constructed
for the experiments. Since the grid is not located in
the chamber, the radiation influence from the gas
burner can be attenuated to some extent. The multi-
point measurements employed in a measuring grid
are also supposed to improve the overall measure-
ment accuracy with less stratification impact. Eight
temperature sensors are positioned in the duct work
after the RTU, as depicted in Figure 1. With eight
sensors, the duct section representative locations are
well covered.

Average values of each sensor from 1to 8 (SAT¢,¢
for the cooling mode and SATgy for the heating
mode); the MSAT-sensor-based SAT ),z meqs and the
calculated SATy, preq are plotted in Figure 2 for com-
parison. The horizontal axis is for different sensor
ID, and the vertical axis is for air temperatures in
Fahrenheit and Celsius degrees. To get a clear view,
the results of all cooling scenarios and half of the
16 heating scenarios are given in Figure 2.

The results of the cooling mode illustrate that the
measurements of eight SAT ¢ are close to those of
SAT 1. meas- I all cooling scenarios, the error be-

FESaN

1
g
SN

8 temperature sensors with data logger

Figure 1. Illustration of measuring grid and numbered sensors.

tween the mean of eight SAT; ¢ and SAT,fmeas 1S
about 1.5°F (0.8°C) or less. It is consistent with the
previous evaluation for the MSAT-sensor-based di-
rect measurement. Both the MSAT sensor and the
measuring grid in the cooling mode are trustworthy
for use.

From the heating mode plot, the following points
can be observed:

¢ Temperature distribution of eight SAT y is irreg-
ular: Combining Figures 1 and 2, the relationships
of eight SAT i and their location in the heating
mode are erratic. Temperature values of sensors
1 to 4 are lower than those of the corresponding
sensors 5 to 8. It is unsuitable to calculate the true
value of the SAT by averaging eight SAT¢ .

® A big temperature difference exists between
SAT f:meas and the average eight SAT y: In sce-
nario H-7, for example, SAT,fmeqs 1 106.1°F
(41.2°C); SATG g sensors 1 to 8 give the low-
est reading as 74.4°F (23.6°C) and the highest as
108.7°F (42.6°C). It makes the differential tem-
perature between SAT 4. meas and the average eight
SATGr 8.9°F (4.9°C). In all heating scenarios,
the error between SAT,fmeqs and the mean of
eight SAT gy varies from 3.0°F (1.7°C) to 12.2°F
(6.8°C).

® Various temperature difference stands between
SAT ), preq and the mean of eight SAT¢ 4
The temperature difference between SATy preq
and the mean of eight SAT g varies in different
scenarios. For example, in scenario H-7, with
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Figure 2. Evaluation of measuring grid under both cooling and heating modes: (a) IP units and (b) SI units.

heating stage (Hstage) 2 and OADst 30%, the
mean of eight SAT; y is 95.2°F (35.1°C) while
the true value SATy, preq is 99.2°F (37.3°C) (with
4.0°F [2.2°C] temperature difference). However,
in scenario H-16 with Hstage 1 and OADst 30%,
the mean of eight SAT 1 is 85.9°F (29.9°C) while
the true value SATy, preq is 88.7°F (31.5°C) (with
2.8°F [1.6°C] temperature difference). As pre-
sented in this case, the measuring grid does not
indicate the true value of the SAT.

In summary, the evaluation of the measuring grid
further testifies that the offset error for the MSAT
in heating mode varies. Controls in RTUs related
to MSAT sensor direct measurements in the heating
mode can be far from the intended operation and
lead to inferior system performance. In addition,
using the measuring grid does not help obtain the
true value of the SAT in RTUs. It also could not be

used for the verification of the predicted true value
of the SAT. An innovative calibration algorithm is
needed to fill in the gap.

Algorithm development and
implementation issues

Algorithm development

As analyzed above, direct measurement, either
the single MSAT-sensor-based or the measuring-
grid-based, cannot catch the true value of the SAT.
The measuring-grid method in a location out of the
RTU merely provides a closer but still mediocre
prediction. Besides, additional construction, costs,
maintenance, and sources for uncertainty are
incurred by using the measuring grid. It is not a
practical tool in real applications.
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Figure 3. ey vs OADst in different Hstage: (a) IP units and (b)
SI units.

Variables in the experiments are thus reinvesti-
gated to identify the algorithm that might be useful
to predict the offset for the calibration of the MSAT-
sensor-based measurement.

As shown in Figure 3, error ey is a strong function
of Hstage and OADst. A liner model can be fitted to
represent the relationship between ey, Hstage, and
OADst in RTUs. As shown in Equation 4, the model
can be used to estimate the calibration error (e.,;) of
the MSAT sensor under certain Hstage and OADst;
verification through more lab tests is explored in
later sections:

€cq = a + b x Hstage + ¢ x Hsz‘age2
+ d x OADst + f x OADs?
+ g X Hstage x OADst. 4)

Once such an offset e.,; expression is obtained for
a given type of RTU, it can be utilized to correct the

MSAT-sensor-based measurement for the true value
in RTUs. The equation for the calibrated MSAT
sensor (SATy4.car) is given below:

S4 Tmfr,cal = SAT,, imeas — €cal + (5)

For this 7.5-ton rooftop unit with 130,000 Btu/hr
(38.1 kW) gas heating capacity, the coefficients for
the linear model are obtained with the experimental
data. The results are listed in Table 2, with R-square
0.98.

Equations 4 and 5 jointly constitute the model
of the virtual calibration that can be directly trans-
planted to different RTUs.

Implementation issues

With the analysis of SAT direct measurements
and algorithm development of the virtual calibration
for an MSAT sensor presented above, a summary of
implementation issues, including the procedures of
a one-time model development and its implemen-
tation for long-term use in RTUs, can be given, as
illustrated in Figure 4.

® One-time development: According to Equations
2 and 3, the measurements and inputs for the pro-
cedure of algorithm development are SA74:meas>

QHs Vmeass MAT» and AT}an~ SATmfhmgas is the

measurement of an MSAT sensor. Oy can be re-
L]

ferred to manufacturers’ information. V/,,..s can
be obtained with the test and balance when the
RTUs are installed at the beginning or measured
through a one-time test. A7y, can be calculated
by using the way proposed by Wichman and
Braun (2009). MAT is estimated using the ap-
proaches provided by Yang and Li (2010). The
reader can refer to the Appendix, Part A, which
explains these parameters in detail.
The correlated virtual calibration model for the
bias errors of an MSAT sensor is needed only once
and generic for all RTUs with similar construction
of gas furnaces.

® [ong-term use: Once the one-time development
is conducted, the implementation of virtual cali-
bration for long-term use is ready and easy with
the otherwise unpredictable errors under different
operations. According to Equations 4 and 5, the
measurements and inputs for long-term use are
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Table 2. Linear model coefficients for the example RTU.

Coefficients a b ¢ d f g
IP units Value 1.0900 0.6905 2.4200 0.5484 0.1166  —8.5000
ST units Value 0.6056 0.3836 1.3444 0.3047 0.0648  —4.7222

only Hstage, OADst, and SAT},4.meqs, Which are
available in light commercial RTUs.

Uncertainty analysis

The virtual calibration algorithm of an MSAT
sensor obtains SAT .. as the prediction of the SAT
true value. In this section, the uncertainty sensitiv-
ity of SAT,.ca 1s studied for relative gas heating
capacity, supply air flow rate, MAT, and supply fan
temperature rise. The root sum square method of un-
certainty calculation is applied to the variables. The
random uncertainty is expressed in units °F (°C) as
Equation 6:

8SATmfrcal8 Q )
0 QH
aSATm ica hd 2
+ (#5 Vmeas)
0 V meas

0SAT fi.cal
OMAT

0S4 Tmfr,cal
AT ran

SSAT ficar = |:<

2
8MAT>

1/2
BATfan)2:| s (6)

Modeling: one-time development

Inputs:
Q”,V,m,g. MAT, ATfan, SATmfr,meas

Calculation of
predicted theoretical true value of SAT:

SATh,prm’ = Qi’
CP XVnrm
y =SAT,

mj meas

v+ MAT +ATy,, (2)

—SAT, 3

th, pred

Linear regression: ecal

where 8 Oy, 8 I;meas, SMAT, and ATy, are sen-
sor uncertainties.

Table 3 summarizes the uncertainties of indepen-
dent variables as inputs to Equation 6, as well as the
calculated uncertainties of ST, as outputs. The
detailed uncertainties of the inputs are given in the
Appendix, Part A and Part C. As can be seen, the
absolute uncertainty of the virtual calibrated SAT is
lower than 1.2°F (0.7°C). It is in the range of ac-
ceptable error for temperature uncertainties in the
HVAC industry.

The accuracy of the virtual calibrated MSAT
(SAT fi.car) in Equations 4 and 5 is further evaluated
below by using the data from extensive experiments
in this study.

Experimental evaluation of the
SAT virtual calibration method

Evaluation is presented here to validate the ac-
curacy of the virtual calibration model for its gen-
eralization in real projects. There is no direct way,
but an indirect method is used to evaluate the accu-
racy of the virtual calibrated MSAT sensor in RTUs.
This goal is achieved by carefully designing an

Virtual calibrated
MSAT in RTUs

[Inputs:Hstage, OADst and SATinfr.meas|

Model:
SATm real = SATn‘fr.mws — €y 4
e.q = a+bx Hstage+ ©)

cx Hstagez +d xOADst +
[ xOADst? + gx Hstage x OADst

Figure 4. Modeling and implementation procedures for an MSAT sensor in RTUs.
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Space
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(3) Evaluation of SATmfrecal 2) Correlating of SATexp,eva

Figure 5. The experiment evaluation procedures of the virtual calibration methodology.

experiment in a laboratory environment. The de-
tailed experiment configuration and analysis are
given in the Appendix, Part A and Part B.

Evaluation layout

Figure 5 depicts the experiment evaluation pro-
cedures of the virtual calibration methodology pre-
sented in this article. The idea of using energy
balance under both cooling (forward) and heating
(backward) mode is innovatively conducted.

The verification is implemented by comparing
SATf.car in Equation 4 to experimentally calculate
the true value of SAT (SAT ey eva). SAT exp,eva 1S Ob-
tained based on an energy balance of the heat loss
through the duct work. Itis a counterpart of SAT,,f;cs
but isused for evaluation purposes only. To calculate
SAT ¢xp,eva» the knowns and assumptions are listed as
follows:

¢ The mean of eight SAT ¢ is regarded as the true
value of the SAT in the cooling mode.

® Measurements of six air temperature sensors at
the supply air duct outlet are reliable under both
the heating (SAT ¢ ;) and cooling modes (SATp,¢).
The average of six SATp  and the average of six
SATp,c are used in the calculation. The supportive
analysis of these temperatures is presented in the
Appendix, Part B.

e UA of the supply air duct work from the measur-
ing grid to the outlet is assumed to be constant
under both cooling and heating modes.

L]
o Supply air flow rate (V .qs) and additional tem-
perature measurements are taken in the location
where the air is well mixed.

Evaluation implementation

Three main steps of evaluation in sequence are
included as follows.

Step 1: Correcting UA in cooling mode. Heat loss
in the cooling mode (Qjyss¢) through the duct
work leads to the air temperature change from the
measuring grid cross-section to the outlet in the
duct. Heat transfer surface (4) and heat transfer
coefficient (U) of the duct work are constants;

therefore, UA could be deduced with I;,,,eas, OAT,
SATG,C, and SATac.

Step 2: Correlating SAT oy, evq. Similarly, SAT oy eva
in the heating mode should be acquired while

UA, I;meas, SATo 1, and OAT are known.

Step (3): Verification of SAT ufi.cal
Finally, SAT ¢ in heating mode is evaluated
after SATcyp cva is derived from experiments.

Correcting UA in cooling mode

The goal here is to estimate the constant UA in
the lab environment with the data points collected
in the experiment series in cooling mode. To inves-
tigate the UA, it is assumed that (1) the overall heat
transfer coefficient is constant, (2) the specific heat
of air is constant, and (3) the supply air flow rate is
constant because a fixed-fan speed is incorporated
in the RTU.
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Table 4. Correcting UA in cooling mode.

I;m eas SAT o.C SAT GC OAT Qloss,C ATc
Scenario ID  (cfm (m¥s)) (F(°C))  (F(°C))  (F(C)) BtwhrkW)) (F (°C))
C-1 1931 (0.9) 49.4(9.7) 48.0(8.9) 81.8(27.7) 2982(0.87) 33.1(18.4)
C-2 2328 (1.1)  41.1(5.1) 38.6(3.7) 87.8(31.0) 6311(1.85) 47.9(26.6)
C-3 2084 (1.0) 523 (11.3) 51.1(10.6) 82.3(27.9) 2566 (0.75) 30.6 (17.0)
C-4 2595(1.2)  51.9(11.1) 50.3(10.2) 87.0(30.6) 4596 (1.35) 35.9(19.9)
C-5 1874 (0.9)  63.0(17.2) 62.5(16.9) 79.6 (26.4) 1154 (0.34) 16.9(9.4)
C-6 2251 (1.1) 585(147) 57.0(13.9) 81.8(27.7) 3792 (1.11) 24.1 (13.4)
C-7 2026 (1.0)  66.5(19.2) 66.0(18.9) 81.9(27.7) 1094 (0.32) 15.7(8.7)
C-8 2526 (1.2)  68.2(20.1) 67.4(19.7) 86.4(30.2) 2373(0.70) 18.7(10.3)

In the cooling mode, with I;mgas, OAT, SATg.c,
and SAT,¢c known, Oy, ¢ can be calculated:

I;meas X Cp X (SATO,C - SATGC)

v
(7

Qlass,C =

Meanwhile, Oy, ¢ also can be expressed as

- (®)

Ql C:UA (OAT— SATO,C"‘SATG,C‘)

2

Combining the two expressions gives

Vmeas X Cp X (ST ¢ — SATG )

v
SAT, + SAT
— Ud (OAT— 0. > G’C>- ©)
8000.0
[ ]
6000.0 Quussc= 11547xAT,
- R? = 0.80
&
=
& 40000
!;’Z
< 20000
@Y
0.0
0 15 30 45
AT; (°F)
(a)

Figure 6. UA linear regression: (a) IP units and (b) ST units.

Put variable AT as follows:

SATo.c + SATg ¢

ATc = OAT — 5

So, Equation 9 can be further simplified to the
equation below:

Qloss,C = UAd x ATc. (10)

Eight sets of I;,,,eas, OAT, SAT¢,c, and SATp,c, as
well as the intermediate value Oy, and AT, are
listed in Table 4.

Figure 6 shows that Oy, c and AT¢ have a pos-
itive linear correlation. Data points scatter closely
beside a line. The slope of the linear-regressed line,
which is 115.47, can be used as the value of UA
for the duct work. In other words, UA is found
as 115.47 Btu/hr °F (0.06 kW/K). As a physical

24
18 b
Qlass,C= 006XATC
2 R*=0.80
& °
" 1.2 °
k| ®
& °
0.6
o
0.0 -
0 8 16 24 32
AT; (°C)

(b)
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Table 5. Results of evaluation of SATca-

VOLUME 17, NUMBER 1, 2011

SAT, exp,eva I./meots SAT, mfi;cal

Scenario ID (°F (°C)) (cfm (m3/s)) (°F (°C)) eeva (°F (°C))
H-1 108.6 (42.6)  1848(0.87)  108.0(42.2)  —0.6(-0.3)
H-2 108.8 (42.7)  2045(0.97)  108.3 (42.4)  —0.5(-0.3)
H-3 110.1 (43.4)  1857(0.88)  108.9(42.7)  -1.1(-0.6)
H-4 112.3 (44.6)  1829(0.86)  111.8(44.3)  —0.5(-0.3)
H-5 92.4(33.6) 2076 (0.98) 93.0 (33.9) 0.6 (0.3)
H-6 95.9 (35.5) 2269 (1.07) 96.7 (35.9) 0.7 (0.4)
H-7 98.4 (37.3) 2037 (0.96) 99.2 (37.3) 0.7 (0.4)
H-8 101.9(39.3)  2040(0.96)  102.7 (39.3) 0.8 (0.4)
H-9 952(35.1) 1853 (0.87) 94.7(34.8)  —0.5(-0.3)
H-10 93.9(34.4) 2051 (0.97) 93.2(34.0)  —0.6(-0.3)
H-11 96.7(35.9) 1849 (0.87) 96.4 (35.8)  —0.3(-0.2)
H-12 98.8(37.1) 1831 (0.86) 99.6 (37.6) 0.8 (0.4)
H-13 80.8(27.1) 2081 (0.98) 80.4(26.9)  —0.4(-0.2)
H-14 81.1(27.3)  2272(1.07) 82.1(27.8) 1.0 (0.6)
H-15 85.5(29.7) 2059 (0.97) 85.5 (29.7) 0.0 (0.0)
H-16 88.9(31.6) 2046 (0.97) 88.7(31.5)  -0.2(-0.1)

characteristic of the duct work, this value remains
unchanged when gas heating is operating.

Correlating SATexp,eva

As pointed out previously, with UA, I;meas,
SATon, and the OAT known, SAT,ypeva could be
obtained by jointly solving Equations 11 and 12:

I}meas X Cp X (SATexp,eua - SATO,H)

v
(11

Qloss,H =

SATexp,eva + SATO,H
5 .

Oloss,n = UA <0AT—
(12)

The results of SAT s eva are summarized in Ta-
ble 5. From this point on, SAT s, eva can be used to
evaluate the accuracy of SAT,4car.

Evaluation of SATmfr,cal

To estimate the accuracy of SAT,;cqs, the error
€eva between SATf.car and SAT oy, vy given as Equa-
tion 13 is to be analyzed:

€eva = SATmfr,cal - SATexp,eua . (13)

The results are compiled in Table 5. The error
€evq 18 Within the range of +1.1°F (0.6°C). Thus,

SAT yfi.car 18 demonstrated to be credible and can be
trusted as the true value of the SAT in RTUs.

Conclusions and discussion

The single MSAT-sensor-based direct measure-
ment is conventionally used in RTUs to obtain the
SAT. But the accuracy and reliability is greatly com-
promised in the heating mode due to severe temper-
ature stratification and high thermal radiation. The
single onboard MSAT-sensor- and measuring-grid-
based measurements are evaluated through a set of
tests in a lab. The experiments are designed to cover
representative operations in both cooling and heat-
ing modes. It is found that, although direct measure-
ments have reasonably good accuracy in the cooling
mode, there are unacceptable erratic errors in the
heating mode and a regular calibration can hardly
overcome the defect.

An easy-to-use virtual calibration methodology
is then proposed. A general linear model relying on
available operation information is derived to acquire
the various offsets. Further, experimental evaluation
and uncertainty analysis are conducted to prove the
performance of this innovative method. The study
indicates that the virtual calibration of an MSAT
sensor in RTUs:

® is robust enough against various operating condi-
tions,
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¢ has very good accuracy (the uncertainty is +£1.2°F
[0.7°C]),

® is easy to implement and economical for use, and

® is generic for all RTUs with similar construction
of gas furnaces.

For SAT-based sequencing control in RTUs, im-
proved energy efficiency and higher reliability could
be achieved by using accurate measurements of a
virtually calibrated MSAT sensor. Knowledge of the
SAT true value in RTUs will also benefit real-time
automated control, AFDD, and other advance appli-
cations. For instance,

® it could serve as part of a permanently installed
control or monitoring system to ensure accuracy
in SAT measurement;

¢ it could help find the Hstage failure fault in RTUs
by evaluating the differential temperature across
the gas furnaces; and

® it also could be utilized to develop a virtual sup-
ply airflow rate meter, which is important for
monitoring, controlling, diagnosing, and optimiz-
ing indoor air quality and energy consumption in
RTUs.

In this study, only RTUs with constant air vol-
ume (CAV) application are considered. However,
variable air volume (VAV) becomes more and more
popular in large commercial RTUs with a capacity
larger than 30 tons. It is anticipated that the method
could be adopted for VAV RTU systems used in
larger commercial buildings. It could be a topic for
future studies.

Nomenclature

A = heat transfer area, ft*> (m?)

AFDD = automated fault detection and diagno-
sis

C, = fluid capacity rate of air side,
Btu/(hr-°F) (kW/K)

CAV = constant air volume

C, = fluid capacity rate of gas side,
Btu/(hr-°F) (kW/K)

Cp = specific heat capacity at constant pres-
sure, Btu/(Ibm-°F) (kl/(kg-K))

e =error between  SATipmeqss and

S4 Tmﬁ;measa °F (OC)

DACC = discharge (supply) air control of cool-
ing
DACH = discharge (supply) air control of heat-

ing

DOE = Department of Energy
EAT = exhaust air temperature, °F (°C)
€cal = offset error for calibration of the

manufactured-installed supply air
temperature sensor, °F (°C)

ey =error between  SATjpeq and
SATm ,meas > °F (OC)

Cova =error between  SAT,5cq  and
SATexp,evaa °F (OC)

Hstage = gas heating stage

m = mass flow rate, Ib/hr (kg/s)

MAT = mixed air temperature, °F (°C)

MSAT = measured manufacturer-installed sup-
ply air temperature

NTU = number of transfer units

OADst = outside air damper position

OAT = outside air temperature, °F (°C)

On = gas heating capacity, Btu/hr (kW)
Oloss.c = heat loss in the supply air duct in cool-
ing mode, Btu/hr (kW)

Opssi = heat loss in the supply air duct in heat-
ing mode, Btu/hr (kW)

r = outside fresh air ratio

RTU = rooftop air conditioning unit

RAT = return air temperature, °F (°C)

SAT = supply air temperature, °F (°C)

SAT exp,eva = indirect experimentally calculated
true value of SAT, °F (°C)

SATgc = measured SAT of the measuring grid
in cooling mode, °F (°C)
SATgy = measured SAT of the measuring grid

in heating mode, °F (°C)

SAT 4p,meas = measured SAT with lab-installed tem-
perature sensor, °F (°C)

SATyfi.car = calibrated SAT for the manufacturer-
installed temperature sensor, °F (°C)

SAT fi;meas = measured SAT with manufacturer-
installed temperature sensor, °F (°C)

SAToc = measured SAT at the outlet of supply
air duct in cooling mode, °F (°C)

SATpoy = measured SAT at the outlet of supply
air duct in heating mode, °F (°C)

SATp1s = measured SAT with lab-installed sen-
sor at the outlet of supply air duct, °F
0

SATy,prea = predicted theoretical true value of
SAT, °F (°C)

U = heat transfer coefficient, Btu/
(hr-°F-ft?) (kW/(m?-K))

Ve = calculated supply air flow rate, cfm
(m¥/s)
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Vineas = measured supply air flow rate, cfm
(m3/s)

ATy, = temperature rise across the supply fan,
OF (O C)

v = specific volume of air, ft3/Ibm (m>/kg)

VAV = variable air volume

& = heat exchanger effectiveness

Pa = air density, Ib/ft® (kg/m?)

Subscripts

a = air

C = cooling

cal = calibration

d = design

eva = evaluation

exp = experimental

fan = supply air fan

g =gas

G =grid

H = heating

1 = inlet

lab = lab-installed
loss = heat loss
max = maximum
meas = measured

mfr = manufacturer

min = minimum

o = outlet

O = outlet of supply air duct
P = constant pressure

pred = predicted

th = theoretical

ven = ventilation
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Appendix
Part A—experiment configuration

Sixteen heating experiments for assessment of
direct measurements and indirect calculations of the
SAT are performed in a lab with two artificial cli-
mate chambers. For evaluation purposes, an addi-
tional eight experiments in the cooling mode are
also carried out.
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Figure 7. Illustration of machine layout in the lab.

System description

A 7.5-ton RTU equipped with two constant-
speed compressors and a two-stage gas furnace with
a 130,000 Btu/hr (38.1 kW) heating capacity com-
poses the main experiment body (Figure 7). It sits
in the outdoor environmental chamber and controls
the indoor chamber with conditioned air. The nom-
inal supply air flow rate is 2400 cfm (1.13m’/s)
with a standard speed option. Together with another
RTU outside of the building, artificial indoor and
outdoor air physical conditions can be created and
maintained.

Measurements description

Besides the MSAT sensor, there are more than ten
additional important air temperature sensors as well
as supportive temperature definitions. The measure-
ments and concepts indispensable to accomplish the
study are listed in what follows.

OAT

Since the manufacturer-installed OAT sensor is
fixed beside the evaporator coils, improper heat gain
and poor air distribution may affect the accuracy
of the OAT measurements. Instead, a lab-installed
OAT sensor mounted on the RTU outside the air
inlet is used. The sensor, as are all other physical
temperature sensors installed, has been calibrated
with a precision of +0.5°F (0.3°C).

Measurement of lab-installed SAT sensor

One more SAT sensor is installed in the RTU
to supplement the measurement of SAT. The sen-
sor is referred to as the lab-installed SAT sensor
(SAT 4p,meas)- The function is to verify and also
backup the MSAT sensor in case of failure.

Supply fan temperature rise
ATy, is calculated using the heat loss from the
fan and is checked with actual measurements us-

ing the method presented by Wichman and Braun
(2009) under conditions where neither mechanical
cooling nor heating is operating.

The result of ATy, in this article is 1.7°F (0.9°C)
with an uncertainty of +0.2°F (0.1°C). Since it is
a CAV RTU, the uncertainty of the fan temperature
rise is relatively small.

MAT

Accurate direct MAT measurements are noto-
riously difficult to obtain in RTUs due to space
constraints and the use of small chambers for mix-
ing outdoor and return air (ASME 1974). Much
research has been conducted to indirectly obtain the
accurate MAT measurements in RTUs. For exam-
ple, Wichman and Braun (2009) proposed a smart
MAT sensor for packaged systems that self-corrects
the errors and accurately estimates the MAT us-
ing only a single-point measurement of MAT by
correlating the errors with damper position signals
and the temperature difference between outdoor
and return air. Extensive lab testing demonstrates
that the smart MAT sensor performs very well,
and the overall root-mean-squared error is 0.57°F
(0.3°C).

However, a physical MAT sensor is not typically
installed in light commercial RTUs due to its bad
performance, so this smart MAT sensor cannot be
implemented without adding a new MAT sensor. To
further simplify this technique, Yang and Li (2010)
proposed an alternative method that eliminates the
need of a physical MAT sensor and instead con-
structs a virtual MAT sensor to estimate MAT using
damper position signals, OAT, RAT, and a calibrated
virtual outdoor air ratio sensor. Both laboratory and
field testing demonstrate an acceptable uncertainty
of £1.0°F (0.6°C). Since there is no pre-installed
physical MAT sensor available in this study, the lat-
ter method was adopted.
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Figure 8. Sensors layout of additional six air temperature
Sensors.

Supply air flow rate

An air flow rate meter offering +1% full-scale
accuracy is mounted in the supply air duct in the lab.
It has been calibrated and verified by using another
flow hood.

Measurements of the measuring grid sensors

As presented previously, Figure 1 illustrates the
arrangement of the measuring-grid temperature sen-
sors. Eight sensors are symmetrically mounted at the
supply air duct inlet.

Measurements of additional six air temperature
sensors

Figure 8 depicts the installation of six air tem-
perature sensors at the supply air duct outlet to the

Table 6. Lab experiment settings.

VOLUME 17, NUMBER 1, 2011

indoor chamber. Measurements under both the cool-
ing (SATp,c) and the heating (SATp ) modes of
these six air temperature sensors are collected.

Measurement of lab-installed temperature
sensor at the supply air duct outlet

The sensor is referred to as a lab-installed temper-
ature sensor at the supply air duct outlet (SA70,1a5)-
The function is to verify the additional six tem-
perature sensors at the supply air duct outlet in
Figure 8.

Experiment settings

Experiment setups are collected in Table 6. To
cover most combinations, both cooling and heating
modes are conducted with different running stages,
OADst, and OAT. The OAT is kept low for the heat-
ing mode and high for the cooling mode with rea-
sonable distribution.

Each experiment assigned a scenario ID is con-
ducted around 20 min for preparation, and followed
by 10 to 15 min under steady status (Li and Braun
2003). Instant readings for each sensor are sampled
every 15 s, and the mean of the samples is then used
to represent the corresponding measurement result.

Part B—evaluation of SATy ¢ and SATy

In the lab environment, the supply air duct is
about 3.5 m long, connecting the outdoor cham-
ber and the indoor chamber. In order to carry out
the verification for this virtual calibration method,
measurements of air temperature at the supply
air duct outlet with six sensors are evaluated un-
der both cooling and heating modes (Figure 9).

Running Running OAT Scenario Running Running OAT Scenario
mode stage  OADst (°F (°C)) ID mode  stage OADst (°F (°C)) ID
Heating 2 0% 36.0 (2.2) H-1  Heating 1 0% 35.6 (2.0) H-9
Heating 2 0% 42.9(6.1) H-2  Heating 1 0% 459(7.7)  H-10
Heating 2 0% 44.1 (6.7) H-3  Heating 1 0% 44.4(6.9) H-11
Heating 2 0% 50.0 (10.0) H-4  Heating 1 0% 49.2(9.6) H-12
Heating 2 30%  34.4(1.3) H-5  Heating 1 30%  34.1(1.2) H-13
Heating 2 30%  44.3(6.8) H-6  Heating 1 30%  42.9(6.1) H-14
Heating 2 30%  43.3(6.3) H-7  Heating 1 30%  43.1(6.2) H-15
Heating 2 30%  49.1(9.5) H-8  Heating 1 30% 484 (9.1) H-16
Cooling 2 0% 81.8(27.7) C-1  Cooling 1 0% 79.6 (26.4) C-5
Cooling 2 0% 87.8(31.0) C-2  Cooling 1 0% 81.8(27.7) C-6
Cooling 2 30% 82.3(27.9) C-3  Cooling 1 30%  81.9(27.7) C-7
Cooling 2 30% 87.0(30.6) C-4 Cooling 1 30% 86.4(30.2) C-8
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Figure 9.
units.

Measurements of another lab-installed sensor at the
supply air duct outlet (SATp,1,5) are gathered for ref-
erence.

In the cooling mode, the average error between
SAT o145 and the mean of six SATy ¢ is less than 1°F
(0.6°C). In the meantime, in the heating mode, the
error between SAT ,» and the mean of six SATy ¢ is
lower 3°F (1.7°C). As expected, at the cross-section
close to the outlet, air is well mixed and temperature
distribution is fairly balanced. So in this study, the
mean of six SATy,c and the mean of six SAT,y are
used in the verification process.
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Evaluation of additional six temperature sensors under both cooling and heating modes: (a) IP units and (b) SI

Part C—uncertainty analysis of heating
capacity

Referring to ASHRAE Handbook—Fundamental
(ASHRAE 2009; Chapter 4), for heat exchangers),
to calculate the heating transfer rate, mean tem-
perature difference analysis and number of transfer
units (NTU)-effectiveness (¢) analysis are used. The
former method involves trial-and-error calculations,
unless inlet and outlet fluid temperatures are known
for both fluids. The NTU-¢ method is adopted in the
study.
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Hot gas inlet Tig

Hot air outlet To.a

Cold air inlet Ti,a

Cold gas outlet To,g

Figure 10. Heat transfer of heat exchanger.

Figure 10 shows the configuration of a counter-
flow heat exchanger. T;, and 7,, are the air tem-
perature at the inlet and outlet of heat exchanger,
respectively. 7;, and T,, are the gas temperatures
of the inlet and outlet of the heat exchanger. The

maximum possible heat transfer rate Q 7 max Occurs
when the hot fluid enters at T;, and leaves at the
entering temperature of the cold fluid 7;,:

QH.max = Cpin X (Tlg - T;’,a)v (14)

where Cpin = min (C,,Cy), Cax = max (Cg, Cy),
wherein C, [(r;l xCp)g]and C, [(I;l xCp),]are fluid
capacity rates (Btu/(hr-°F), kW/K).

The actual heating capacity Q y can be calculated
as

(15)

The following three steps are needed in order to
analyze the heating capacity and its uncertainty of
a heat exchanger. Data from the 7.5-ton RTU are
adopted for illustration purposes.

L] L]
QH = QH,max X E&.

Step 1: calculation of C,
According to the NTU-¢ method, in a counter-
flow heater, ¢ is determined by

1 —exp[-NTU(1 — C,)]

T 12C x exp[-NTU(I — C,)]

(G <D,
(16)

where C, = Ciin/Crax as a capacity ratio.
To calculate C,, the knowns and assumptions are
listed below:

o the design heat exchanger effectiveness is ¢; =
80%;

¢ the density and specific heat of air are p, = 0.07
Ib/ft3 (1.2 kg/m?), Cp, = 0.24 Btu/(Ibm-°F) (1.005
KI/(kg-K);

¢ the inlet temperature of air and natural gas are
assumed as T}, = 55.0°F (12.8°C), T; g = 3578°F
(1970°C);

¢ the design heating capacity and airflow rate are:
Ona = 130,000 Btwhr (38.1 kW), Vay =
144,000 ft*/hr (2400 cfm, 1.13m%/s).

If it is assumed that C, < C,, then according to
the Ciin and Ciax definition, Crin equals C, and
Cimax equals C,:

(1) Cpin = C,. The value of C, can be obtained as
Equation 17:

(]
OH.d

Co=—-"-"7———.
£ (Tig — Tia) X €4

a7

In this case, C, is 46.13 Btu/(hr-°F) (0.024
kW/K) as calculated.

(2) Cax = C,. With design airflow rate known, C,
can be derived from Equation 18:

C, = Pa X CP,a X I;a,d~ (18)
The result is C, = 2419 Btu/(hr-°F) (1.423
kW/K).

Since C,, is significantly greater than C,, the as-
sumption holds for wide range airflow rate, giving

Cr _ Cmin _
Cmax

a

—£, 19
c (19)

And here it gives C, = 0.019 for the design con-
dition.

Step 2: correlating NTU
With C, = 0.019 and &; = 80% at the design
condition, from Equation 16, NTU = 1.625.
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Step 3: uncertainty analysis of Qn
Combining Equations 15-19, for different oper-

ations, Oy can be expressed as Equation 20:

pa _ éH,d

On

[ ]
Ona
X &=
Eq Ed

1 —exp[ — NTU(1 — ¢)]

* 1— & xexp[ - NTU(1 - &)]’

Where NTU is an intermediate variable derived
from the variables of air side flow rate J/, and gas-
heated side flow rate V', as shown in Table 7.

Therefore, fundamentally, uncertainty of heating
capacity calculation is conducted with the indepen-

dent variables of V, and V. The root sum square is
used as Equation 21:

. b o \2 b . \271/2
(i) () )
AV, 0V, 1)

where 8§V, and 8, are uncertainties.
L]
8V 4is £10%, which covers most conditions in

the real operations (e.g., fouling). SI}g has a low
value as £1% because the natural gas regulator
holds a high accuracy of pressure control. Conse-
quently, it is found that uncertainty of heating ca-
pacity is only about £2%. Heating capacity is very
stable and can be treated as a constant by just refer-
ring to the manufacturers’ design values.
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Table 7. Calculation of NTU and uncertainty analysis of heating capacity.

Equations (ASHRAE 2009)

h, < Nu, < Re, < V, < I'{a;

NTU UA, Chin hg <= Nugy <~ Rey < Vg < 1,
kq :
h, = EN U, Equation 24

_ 0.62Re/? Pr)/? Re, \1/2
Nu, = 0.3 + [1+0.4/ Pr, )23 ]/ 1+ (282,000)

(10,000 < Re, < 40, 000) Equation 25

) Re, = V,D,/v, Equation 26
Lo 1 liD/Dy) 1
v e e e e V, = I; /A Equation 27
NTU = UA/Cin Equation 23 a="Valla !
Equation 22 _ ke :
Conn = Minimum (C,, Cy) hg = B, Nug Equation 28
Nug = 0.023Re2/5 Prg'4(Reg > 10, 000)
Equation 29
Re, = pVeDy/1ig Equation 30
Ve =Vy/Ag Equation 31
Symbols
A = area (ft> (m?)) Pr = Prandtl number
C = heat air capacity rate ((Btu/(hr-°F), kW/K)) Re = duct Reynolds number
D = duct diameter (in. (m)) U = heat transfer coefficient ((Btu/(hr-°F-ft?),
kW/(m?-K)))
h = heat transfer coefficient (Btu/h-ft>.°F(kW/(m?K))) v = kinematic viscosity (ft*/s(m?%/s))
k = thermal conductivity (Btu/h-ft-°F (kW/(m-K))) V' = linear velocity (ft/s(m/s))
L = duct length (ft (m)) V = flow rate (ft3/s (m’/s))
NTU = number of transfer units o = density (Ibm/ft}(kg/m?))
Nu = Nusselt number w = absolute viscosity (Ibm/ft-s ((N-s)/m?))
Uncertainty analysis of heating capacity
Independent variables Input Uncertainty
Flow rate of air side, I;a, ft3/hr (m>/s) 144,000 (1.13) +10%
Flow rate of gas heated air side, I;g, ft/hr (m%/s) 16,020 (0.13) +1%
Dependent variable Output Uncertainty

Heating capacity, é u (Btu/hr (kW)) 130,000 (38.1) +2%




