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Abstract. The split air conditioner is widely used around the world to control internal temperature of houses and
buildings. It is important to understand how to quantify the cooling capacity of this kind of equipment and evaluate
carefully the measurement uncertainties involved in the process. This paper describes meticulously the Air-Enthalpy
methodology and, in particular, the equations to calculate the uncertainty of measurement when this methodology is
utilized. To evaluate the effects that the independent variables errors have on the dependent variables the Error
Propagation Theory is applied. For this experiment the relative measurement uncertainty for the cooling capacity
calculated was 1.6%.
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1. INTRODUCTION

Ambient temperature control is an important subject that has been studied exhaustively over the years by scientist all
over the world. It is very important to measure adequately the amount of energy that is necessary to keep our houses and
buildings in a comfortable internal temperature zone. One of the most common equipment used today to do that is the
split air conditioner.

The split air conditioner employs the electric powered refrigeration method of mechanical vapor-compression
illustrated in Fig. 1 (ASHRAE Fundamentals, 2009) to reach the desired environmental condition in the indoor room.
This method uses a refrigerant fluid that circuits around the system transporting heat from the different zones.
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Figure 1 - Mechanical Vapor-compression cycle.

The amount of cooling provided by an air conditioner unit mainly depends on the outdoor and indoor temperature and
of the conditioned environment heat and humidity generation.
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In order to evaluate the air conditioning system performance during the product development, manufacturers use
calorimeters to perform standardized tests. According to ISO 5151:1994, there are three types of calorimeters utilized:
psychrometric, calibrated and balanced calorimeter.

In this project, the performance tests were executed on a psychrometric calorimeter that is described in the next section.
The mathematical equations to define the cooling capacity by the Air-Enthalpy method are presented, and finally yet most
importantly, the measurement uncertainty is evaluated.

2. EXPERIMENTAL APPARATUS
2.1 Split Air Conditioner

The split air conditioner used in this project is a 9000 Btu/h model, 220V/60Hz, operating with R410a as refrigerant
fluid. The schematic of the basic components is illustrated in Fig. 2 (Pacheco, 2013). The compressor is a rotating type,
the heat exchangers (evaporator and condenser) are of the fin-tube type and the expansion device is a capillary tube. There
is a fan assembly powered by an electric motor close to each one of the heat exchangers to generate forced air convection
and increase the heat exchange rate. An example of its application is illustrated in Fig. 3 (education, 2016).
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Figure 2 - Schematic of the basic components of a split air conditioner unit.
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Figure 3 - Split air conditioner application.

2.2 Psychrometric Calorimeter

The psychrometric calorimeter is illustrated in Fig. 4 (Pacheco, 2013) and consists of two rooms that can control
inner temperature and relative humidity, creating any desired ambient conditions for air conditioner performance
evaluation, both in the indoor-room and in the outdoor-room. There is a standardized Nozzle Chamber inside the indoor-
room to measure the airflow rate. It consists of an exhaust fan, a standardized nozzle, a flow straightener and two
manometers. This apparatus can also be called Wind Tunnel and is illustrated below, in Fig. 5 (Pacheco, 2013).
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Figure 4 - Illustration of a split air conditioner unit inside a psychrometric calorimeter.
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Figure 5 - Nozzle chamber used inside the psychrometric calorimeter.

2.3 Air-Enthaply Methodology

When working with a psychrometric calorimeter, the more convenient way to determine the cooling capacity and
energy efficiency of an air conditioner is to use the Air-Enthalpy method, described next.

In the region close to the equipment air suction, a psychrometer measures the dry-bulb and wet-bulb temperatures,
defining the psychrometric air state at the evaporator inlet. With these two properties, the specific inlet air enthalpy (h;)
can be calculated. The supply air enters into a nozzle chamber, where another psychrometer measures the dry-bulb and
wet-bulb temperatures, defining the psychrometric air state at the evaporator outlet, and now the specific outlet air
enthalpy (h,) can be calculated. A manometer measures the air pressure at this point.

The pressure at the nozzle chamber entrance is maintained equal to the local atmospheric pressure by the exhaust fan
so that the nozzle chamber does not interfere on the airflow of the tested air conditioner. After flowing through the flow
straightener, the air passes through the standardized nozzle. The second manometer measures the pressure drop caused
by the nozzle and the mass flow rate of air (171,;,) can be determined. With all these parameters defined, it is possible to
determine the total cooling capacity and energy efficiency rate of the product in test.

3. CALCULATION SEQUENCE

When the air-enthalpy method is utilized, the total cooling capacity (Q) of the air conditioning equipment under test
is derived from the Air-Side energy balance at the evaporator, given by Eq. (1).

Qc = Mgy (h; — hy) (D
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The mass flow rate of moist air (1m,;,-) is defined by Eq. (2), depends of the density of the air (p,) leaving the heat
exchanger and entering the nozzle chamber and of the volumetric moist airflow rate (V;,.).

Mair = Po- Vair (2)

The volumetric airflow rate is determined according to the nozzle chamber methodology described on ANSI/AMCA
210-99:1999 given by Eq. (3).

2.AP
Vair = 7. (Cq. A). e 3)

Where:
- v is the air expansion factor.
- C,4 is the nozzle discharge coefficient.
- A is the nozzle discharge area.
- AP is the static pressure drop across the nozzle.

The nozzle discharge area is calculated by the equation of the area of a circle equation. Equation 4 and 5 define the
air expansion factor. The B factor can be considered zero and P, is the atmospheric pressure measured by the barometer.

¥y =1— (0548 + 0.71.4).(1 — a) @)

__ Pg—AP
q =ttt 5)

To calculate the nozzle discharge coefficient, as shown in Eq. (6), it is necessary to obtain the Reynolds number (R,).
The Reynolds number depends of the mass flow rate of air, as shown in Eq. (7), which depends of the nozzle discharge
coefficient. The interdependency between these two parameters requires an iterative calculation.

7.006 134.6
C, = 0.9986 — =t (6)
41Mgir
Re =i N

The viscosity of the air (u,) is obtained from the linear regression of values from air properties table described by
Eq. (8), and depends only of the dry-bulb temperature of the air (Ty;,)-

Uo = (17.209 + 0.046.Typ,). 1076 3

The density of the moist air entering the nozzle chamber is calculated using Eq. (9) where R, is the gas constant for
dry air, and it is equal to 287.042 J/kgK.

_ Pg—0.3781py

Po ®)

Rda-Tdbo

The partial pressure of water vapor present in moist air (p,,) is calculated by the humidity ratio of moist air (W)
equation, given below.

_ wp,
0.622+W

Pw (10)

From the mass and energy balances of an adiabatic saturation device (Kuehn et al., 1998), it is possible to define the
humidity ratio of moist air as shown in Eq. (11).

w = (owb=hiwp)Ws _ 1.006.(Tgpo— Typo) (11)
hy,ab—hiwp by, ap=hywp

Where:
- hy, wp is the specific enthalpy of water vapor at wet bulb temperature.
- hy, ap is the specific enthalpy of water vapor at dry bulb temperature.
- hy\p is the specific enthalpy of liquid water at wet bulb temperature.
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- W is the humidity ratio of moist air at saturation.
- Twho 1s the wet bulb temperature of the air.

Considering that the specific heat of liquid water (¢, ;) is equal to 4. 1868 kJ/kgK, the specific heat of saturated water
vapor (cp ) is equal to 1.86 kJ/kgK and the specific enthalpy of water vapor at 0°C (hy, ) is equal to 2500.89 kJ/kg, Eq.
(12) defines enthalpy of liquid water at wet bulb temperature and Eq. (13) defines enthalpy of water vapor at wet bulb
temperature (hy, yp).

hl,wb = Cpiw- Tybo (12)
hv,wb = hv,O + Cp,w' wao (13)
The humidity ratio of moist air at saturation (W) is obtained through Eq. (14), where the partial pressure of water

vapor at saturation (p,,) is calculated by Eq. (15), a regression of properties table of water data, proposed by Hyland and
Wexler (1983), which is within 300 ppm of accuracy for the temperature range of 0°C to 200°C, to calculate p,,;.

_0.622.pys
s Pa—DPws (14)
INPuys) = Cr-Tupo ™ + Co + C5.Tupo + Ca- oo™ + C5.Tugpo” + Co.10(T ) (15)
Where:
- €, = —5.8002206 E + 03.
-C, = +1.3914993 E + 00.
-C3 = —4.8640239 E — 02.

-C, = +4.1764768 E — 05.
- C5 = —1.4452093 E — 08.
- Cg = +6.5459673 E + 00.

Moist air is considered a binary mixture of perfect gases (dry air and water vapor). The amount of water vapor varies
from zero (dry air) to a maximum that depends on temperature and pressure of the air. The enthalpy of a mixture of perfect
gases is equal the sum of the individual partial enthalpies of each component. Therefore, the specific enthalpy of moist
air (h) can be defined by Eq. (16).

h = hda + W hv,db (16)

Equation 17 defines specific enthalpy of dry air (hy,) considering that specific heat of dry air (¢ 44) is constant and
equals to 1.006 kJ/kgK. Equation 18 defines specific enthalpy of water vapor at dry bulb temperature (h,, 4;,) considering
that the specific heat of saturated water vapor (¢, ) is equal to /.86 kJ/kgK and the specific enthalpy of water vapor at
0°C (h, ) is equal to 2500.89 kJ/kg.

haq = Cpda- Tapo (17)
hv,db = hv,O + Cp,w- Tdbo (18)

At last, with all this parameters defined and calculated, it becomes possible to obtain the total cooling capacity of the
split air-conditioner using equation 1.

4. MEASUREMENT UNCERTAINTY

To calculate the uncertainties of measurements, the error propagation theory developed in J. Taylor (1988) was used.
The same methodology used by Pacheco (2013) and Pereira and Mendes (2011) .This methodology is useful to evaluate
the effects that the independent variables error have on the dependent variables and helps to evaluate how accurate the
results presented in this project really are.

All measured quantities were obtained by using the sensors presented in Tab. 1. The calorimeter used to perform the
tests is able to maintain the dry-bulb and wet-bulb temperatures in a range of 0.1 °C from the set temperature. Thus, this
variation was added with the uncertainty of measurement of the resistance temperature detectors (RTD) when any of these
parameters are being used in the analysis.
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Table 1. Sensors specifications with uncertainties of measurements.

Independent Measurement W sy Uncertainty of
Variable [x;] Equipment Measurement [U(x;)]
Atmospheric pressure (P,) Barometer [650-750 mmHg] Princo +4.2 mmHg
Dry-bulb temperature (Tz3) .
Re]S)l stance Te(I)n ggrf éure Consistec +0.08 °C
Wet-bulb temperature (T,,,) etectors [0- ]
Electrical Power (E) Power Transducer [0-2500 W] Yokogawa +4.0W
Liquid Column
Mass Flow Manometer [0-50 mmH,0] Dwyer *0.2 mmH,0
Rate of Air (fg;r) Nozzle diameter [87.5mm] Machined + 0.1 mm

According to J. Taylor (1988), when a parameter to be measured (G) is a dependent variable of an analytical
expression and the independent variables (x;, X,, ...X;,) are obtained by different measuring systems, the measurement
total uncertainty of the dependent variable due to the x; uncertainties is given by equation below.

Ez i\“UG(xl) 2
G G

Each addition term of Eq. (19) represents the relative uncertainty measurement related to each parameter x;, that was
calculated using Eq. (20).

Ug(xz)|?
G

Ug(x)|? Ug(em) |2

G (19)

+|

++|

+|

Ug(x)) _ 9G U(x))
¢  ax; G (20)

When the parameter to be defined is obtained by linear regression of a table of properties, the uncertainty of this
regression is given by the standard deviation (S) of the linear regression, given by Eq. (21).

Y
S=U, =+ =m0 Q1)

n-1
Where:
- x; is the i*" value of parameter x.

- x; is the value of parameter x obtained in the table of properties.
- n is the amount of different values of x used for the linear regression.

The cooling capacity calculation process incorporates many parameters and equations, involving moist air properties,
as described before, so, in order to summarize, the calculation step by step of the partial derivatives will not be presented
is this project. Therefore, applying Eq. (19) and Eq. (20) in Eq. (1), the uncertainty of measurement of the cooling capacity
(Ug,) is given by:

Up. 2

+ |_l
hi—h,

Vair

ﬁ=+ v
Qc -

Uno
ho—h;

2
UPo
Po

(22)

Vair

Applying Eq. (19) and Eq. (20) in Eq. (3) the uncertainty of measurement of the volumetric airflow (Uy . ) is given
by:

|UAP (23)

2
Valr — |UY UCd |UA| + + |_ UPo
2.AP

Vair A 2.po

The nozzle discharge coefficient (C;) uncertainty is 1.2%, according to ANSI/AMCA 210-99:1999 requirements.
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Applying Eq. (19) and Eq. (20) to the outlet area of the nozzle equation, the uncertainty of measurement (Uy,) of the
area is given by:

b _ g [ (24)

Applying Eq. (19) and Eq. (20) in Eq. (4) the uncertainty of measurement of the air expansion factor (U,) is given
by:

Uy _ | 0.548.Ug |
y e 1-0.548.(1—-a) (25)

Applying Eq. (19) and Eq. (20) in Eq. (5) the uncertainty of measurement of the alpha ratio (U,) is given by:

ﬁzi\/
a

Applying Eq. (19) and Egq. (20) in Eq. (9) the uncertainty of measurement of the density of moist air (U,,) is given
by:

%24_
Po -

Applying Eq. (19) and Eq. (20) in Eq. (10) the uncertainty of measurement of the partial pressure of water vapor
(Up,,) is given by:

2
Upw — +\/ Upg
Pw -

Pq

arUra |y |-t 26)
Pa.(Pa—AP) Pg—AP

2
|2 037810, |2 (0.3781p,—P,).U

Tdbo
T gpo-(Pa—0.3781p,)

Up,
P,—0.3781p, |

27)

P,—0.3781p, |

2
0.622.Uyy (28)

W.(W+0.622)

Applying Eq. (19) and Eq. (20) in Eq. (11) the uncertainty of measurement of the humidity ratio of moist air (Uy,) is
given by:

2 2 2
Uw _ o J |UW(hu,wb)| + |UW(hv,db)| + |UW(hl,wb)| + |Uw(ws> 2 + |UW(Tdbo)|2 + Uw (Twpo) | 29)
w - w | w wo | w w | w |
Where each term can be written as:
UW(hv,wb) — aw U(hywb) — WS'Uhv,Wb (2921)
w dhywp W W.(hy,ap—hiwb)
Uw(hoap) _ _0W  Ulhwap) _ _ [(howb=hiwb) Ws=1.006.(Tapo~Twbo)]-Uh,, 4y, (29b)
w Ohvap W W-(hv,db_hl,wb)z
Uw(hiwp) _ W UChywp) _ [(hv.wb—hv,db)-Ws—1-006-(Tdbo—wao)]-Uhl_wb (29¢)
w dhywy W W.(ho,ab=hiwp)
uwWs) _ oW UWy) _ (howb=hvab)Uws (29d)
w ows® w W.(hy,ap—hiwb)
Uw(Tabo) _ _OW  U(Tabo) _ _ _1006.Uryy, (29¢)
w 9T gbo w W.(hy,ap—hiwb)
UW(wao) — ow U(Twho) — 1'006'Uwaa (29f)
w Twpo W W.(hy,ap—hi,wb)

Applying Eq. (19) and Eq. (20) in Eq. (12) the uncertainty of measurement of the enthalpy of liquid water at wet bulb
temperature (Up, ) is given by:
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Unjwo _ +
hiwb -

Applying Eq. (19) and Eq. (20) in Eq. (13) the uncertainty of measurement of the enthalpy of water vapor at wet bulb
temperature (Up, ) is given by:

Uhv,wb =+
hv.wb -

Applying Eq. (19) and Eq. (20) in Eq. (14) the uncertainty of measurement of the humidity ratio of moist air at
saturation (Uy,,) is given by:

Pa Pws

Applying Eq. (19) and Eq. (20) in Eq. (15) the uncertainty of measurement of the partial pressure of water vapor at
saturation (U, ) is given by:

4.1868.UT,,, 2 Uny pp (Te9) 2

(30)

hiwb hiwb

2

2
186.UT,,, Unywp e |

| (D)

hv.wb hv.wb

(32)

2
| Pa'UPWS I
pws-(Pa_pws)l

C6UTypo

| + | Upws(reg) |

U
Upws = \“ 2 wao + CS Uwao + 2C4UTWbo + 3C5TWbO Uwao + (33)

Twho

Applying Eq. (19) and Eq. (20) in Eq. (16) the uncertainty of measurement of the specific enthalpy of moist air (Up,)
is given by:

ﬁ_ Uhdal2
_i\“ nl t

2
hy,ap-Uw | 2 |W'Uhv,db |
h

h

(34)

Applying Eq. (19) and Eq. (20) in Eq. (17) the uncertainty of measurement of the specific enthalpy of dry air (Uy,,)
is given by:

2
Ynga _ |UTdbo
haa Tapo

Applying Eq. (19) and Eq. (20) in Eq. (18) the uncertainty of measurement of the specific enthalpy of water vapor at
dry-bulb temperature (U, ,, ) is given by:

Uhpap _ +
hy,ap -

All uncertainties related to linear regression of properties table,U(reg), were calculated applying Eq. (21) for each
case separately.

| Uhyq(reg) | 2
hda

(35)

2
1.86.Ury, |2 Uh,,,db(reg)|

hy,db

(36)

hy,db

5. RESULTS

Following all the equations described in section 3 and 4, with the inputs shown in Tab. 2 it was calculated the
parameters and their uncertainties of measurements presented in Tab. 3. The final relative uncertainty for the total cooling
capacity of the split air conditioner tested in this work was 1.6 %. The ISO standard requests a value lower than 3% for
the uncertainty of measurement of the cooling capacity, so this methodology complies.
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Table 2. Data input for the experimental test realized in the split air conditioner.

Xi U(xi)
Tapi [°C] 26.79 +0.08
Twpi [°C] 19.42 +0.08
Tapo [°C] 13.84 +0.08
Twhbo [°C] 12.74 +0.08
d [mm] 875 01

AP [mmH20] 27.0 0.2
Pa[mmHg] 693.9 $4.2

Table 3. Values calculated using all the equations described in this paper.

Xi U(xi)
Vair [m3s]  0.128 +0.002
po [kg/m3  1.117 +0.009
h; [kJ/kg]  58.74 +0.12
ho [kJ/kg]  38.18 +0.12
Qc W] 2939  +47
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