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Experimental Validation of Design Cooling 
Load Procedures : Facility Design 
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Student Member ASHRAE 

The experimental facility, which was designed and 
constructed specifically to measure cooling loads, has several 
key features . First, it consists of two separate buildings of 
differing thermal mass in order to demonstrate the ability of 
the cooling load procedures to correctly differentiate between 
thermally massive and thermally lightweight structures . The 
facility is well sealed to minimize the infiltration heat gain and 
has a high percentage of glazed surfaces in order to maximize 
solar heat gains. The facility can be configured with or without 
a suspended ceiling, blinds, carpet, and furniture . 

The facility was constructed in an open field on the 
campus of Oklahoma State University. The location was 
selected because the buildings would not be shaded at any time 
and would be in close proximity to a weather station . The 

Heating, ventilating, and air-conditioning engineers have 
traditionally pursued two conflicting objectives in the 
decades-old quest for a better cooling load calculation proce-
dure. On the one hand, precise, detailed results are desirable . 
On the other hand, time and/or monetary constraints make 
ease of application a top priority. ASHRAE's new cooling load 
procedures were developed with this dichotomy in mind. Two 
methods-the heat balance method (HBM) (Pedersen 1998) 
and the radiant time series method (RTSM) (Spitler and Fisher 
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ABSTRACT 

Two office-sized test cells were constructed to validate the 
ASHRAE cooling load calculation procedures developed 
under RP-875 and coded in the ASHRAELoads Toolkit (RP-
987). The test cells were designed to test the cooling load 
procedures' ability to accuratelypredict cooling loads entirely 
dominated by solar and transient conductive heatgains. Inter-
nal heat sources were eliminated and infiltration was mini-
mized for the study. The construction of the test cells tested the 
procedures' ability to differentiate between thermal mass 
effects. 

Laboratory and field testing validated the design and 
control ofthefacilityprior to data collection . Preliminary tests 
showed that the facility was capable of validating the new 
ASHRAE cooling load procedures. The experimental uncer-
tainty associated with the measured cooling load was less than 
7.5%, and model inputparameters were well defined for base-
line room configurations . 

INTRODUCTION 

Background 

Chanvit Chantrasrisalai 
Student Member ASHRAE 

1999)--were developed to meet both accuracy and ease of use 
demands. 

The heat balance method requires detailed input data and 
a computer program to solve the cooling load problem. When 
the details are fully known and the results need to be exact-
and resources exist to set up the model and run the program-
this level of attention is justified. The radiant time series 
method uses radiant time factors and periodic transfer func-
tions generated by heat balance algorithms . The method 
provides a simplified cooling load calculation procedure that 
can be implemented in a spreadsheet. 

The work reported in this paper and two companion 
papers (Chantrasrisalai et al . 2003 ; Iu et al . 2003) experimen-
tally validates both the HBM and the RTSM . The design and 
validation of the facility is reported in this paper; experimental 
results are reported in the two companion papers . 

Overview of Facility Design 
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Oklahoma Mesonet is a valuable resource for engineering
research that interacts with the environment. Temperatures,
humidity, wind speed, and solar radiation are just a few of the
measurements logged every five minutes and available to
university researchers. The weather station is located within a
half-mile of the facility.

The buildings’ air-handling systems are identical,
constant volume systems that continuously adjust the deck
temperature to maintain a constant room temperature. The
ventilation flow rate and room inlet and outlet temperatures
are the critical measurements required to control the system
and calculate the space cooling load.

BUILDING CONSTRUCTION

Facility Layout

The test facility is located in the central time zone (stan-
dard meridian of 90°) and has a latitude of 36° 1’ and a longi-
tude of 97° 1’. The building orientation was corrected from
magnetic to true north (~3.5 degree correction). The two test
cells are oriented one directly north of the other so that all
surfaces face directly in a major compass point direction. The
distance between the buildings is 35 ft. The minimum distance
for no solar interaction was calculated to be 25 ft using the
ASHRAE Loads Toolkit (Pedersen 2001) solar angle subrou-
tines. A solar measurement stand is located approximately 25
ft southwest of the south building. The stand is not tall enough
to cast a shadow on the test cells. A diagram of the site arrange-
ment is shown in Figure 1.

The buildings were constructed in a two-story fashion
such that the test cell portion of each building is on the second
story. This was done for several reasons. Ground heat transfer
algorithms are not included in the ASHRAE cooling load
procedures. In order to eliminate the uncertainty due to ground
heat transfer, the test cell was constructed above what is essen-
tially a guard space. With this space conditioned to the same
temperature as the test cell, the floor conductive heat gain due
to the air temperature difference will be small.

A control/equipment room is located on the first floor. A
schematic of the facility is shown in Figure 2. Air is provided
to the test cell through two penetrations in the concrete floor
of each building. The supply air temperature is measured in an
insulated duct that ends in a radial diffuser mounted in the
center of the suspended ceiling. The return air temperature is
measured at the slab level. Both buildings have their own
forced air system and data acquisition system. The air systems
are identical, consisting of a ground-source heat pump, air
measurement section, ground loop reheat, electric reheat, a
phase angle fired SCR, and a temperature controller. Thermo-
couple grids installed in the ducts measure the supply and
return air temperatures.

Test Cell Structural Design

A steel superstructure, as shown in Figure 3, supports the
buildings. The top and bottom decks and the ground slab
extend beyond the columns to minimize conductive heat trans-
fer from the outside through the building steel. A concrete roof
was poured on the heavy building, as discussed in the follow-
ing section. The roof of the lightweight building was a built-

Figure 1 Site plan.

Figure 2 Test cell and control room arrangement.
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up insulated roof. Both test cells have poured concrete floors,
each of a different thickness.

Heavy Building

Construction. The walls of the heavy building are made
of 4 in. face brick, two layers of 0.5 in. plastic foam insulation,
and filled 8 in. heavyweight concrete blocks, as shown in
Figure 4. A moveable wall section was built in the laboratory
by the same mason that constructed the test cell walls. This
portable (although quite heavy) wall section is suitable for
laboratory measurement of overall wall thermal properties.

The roof of the heavy building (also shown in Figure 4) is
made of a shingle roll placed on top of tarpaper. Next there is
a layer of 7/16-in. oriented strand board (OSB) and two 0.5 in.
layers of plastic foam. There is another 7/16-in. OSB layer and
then 4 in. of concrete. The concrete is on top of a piece of metal
decking, approximately 1/16 in. thick. The floor of the heavy
building is 5 in. of concrete poured on top of the metal decking. 

Thermal Properties. The thermal properties of the build-
ing materials are critical inputs to the cooling load calculation
procedures. Both the HBM and the RTSM use the material
properties to calculate the conduction transfer functions and
periodic response factors used in the conduction calculation.
Table 1 shows the material properties for the heavy building.

Light Building

Construction. The walls of the light building are
constructed according to exterior insulation finish system

(EIFS) specifications. The outermost layer is a type of stucco.
Beneath that is a layer of 1 in. plastic foam backboard. This is
next to a layer of 7/16-in. OSB. The next layer is a parallel
combination of 2 in. × 4 in. studs and 4 in. fiberglass batt insu-
lation. The innermost layer is a 0.5 in. sheet of gypboard. A
schematic of the light building wall is shown in Figure 5.

The roof of the light building, shown in Figure 5, is made
of a shingle roll placed on top of tarpaper. Next there is a layer
of 7/16-in. oriented strand board (OSB) and two 1-in. layers of
plastic foam. There is another 7/16-in. OSB layer, and then
metal decking. The floor of the light building is 3.5 in. of
concrete poured on top of the metal decking.

Thermal Properties. The thermal properties of the light-
weight building are shown in Table 2. Although the materials
used in the two buildings were quite different, the overall U-

Figure 3 Building steel superstructure.

Figure 4 Heavy building roof (left) and wall (right)
construction.

Figure 5 Light building roof (left) and wall (right)
construction.
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TABLE 1  
Heavy Building Material Properties

Details of Building Materials for North (Heavyweight) Building

Type of
Construction

Description of Layers
(from Outside to Inside Surfaces)

Thickness Thermal
Conductivity

Density Specific Heat

m W/mK kg/m³ kJ/kgK

Walls 4 in. face brick 0.1016 1.3330 2002 0.92

1 in. plastic foam (expanded polysty-
rene, extruded)

0.0254 0.0280 32 1.21

8 in. HW concrete block filled w/ HW 
concrete

0.2032 1.7310 2243 0.84

Roof Shingle roll 0.0010 0.0369 1100 1.51

Tarpaper 0.0010 0.0129 1100 1.26

7/16 in. OSB/plywood 0.0111 0.1160 540 1.21

2 in. plastic foam (expanded polysty-
rene, extruded)

0.0508 0.0280 32 1.21

7/16 in. OSB/plywood 0.0111 0.1160 540 1.21

5 in. concrete 0.1270 0.1730 641 0.84

Metal decking 0.0020 45.0000 7689 0.42

Floor Metal decking 0.0020 45.0000 7689 0.42

5 in. concrete 0.1270 0.1730 641 0.84

TABLE 2  
Light Building Material Properties

Details of Building Materials for South (Lightweight) Building

Type of 
Construction

Description of Layers                                 
(from Outside to Inside Surfaces)

Thickness Thermal Conductivity Density Specific Heat

m W/mK kg/m³ kJ/kgK

Walls 1/4 in. stucco 0.0064 0.6920 1858 0.84

1 in. plastic foam
(expanded polystyrene, extruded)

0.0254 0.0280 32 1.21

7/16 in. OSB/plywood 0.0111 0.1160 540 1.21

3 1/2 in. fiberglass insulation 0.0889 0.0360 96 0.96

1/2 in. gypsum board 0.0127 0.7270 1602 0.84

Roof Shingle roll 0.0010 0.0369 1100 1.51

Tarpaper 0.0010 0.0129 1100 1.26

7/16 in. OSB/plywood 0.0111 0.1160 540 1.21

2 in. plastic foam
(expanded polystyrene, extruded)

0.0508 0.0280 32 1.21

7/16 in. OSB/plywood 0.0111 0.1160 540 1.21

Ceiling air space 0.0000 0.0000 0 0.00

Metal decking 0.0020 45.0000 7689 0.42

Floor Metal decking 0.0020 45.0000 7689 0.42

3.5 in. concrete 0.0889 0.1730 641 0.84
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factors of corresponding heat transfer surfaces were roughly
equivalent.

Windows

The windows cover 50% of the outside area of their
respective walls, as shown in Figure 2, and are constructed
from 3/16 in. single-pane clear glass. At the time that the EIFS
was applied to the light building, eight panels with the same
dimensions as the windows were covered with the coating.
These panels could then be used to replace the windows for a
test that required a smaller amount of glazed surface. The
panels are also suitable for testing to determine the overall heat
transfer coefficient of the EIFS wall construction.

INSTRUMENTATION OF THE TEST CELLS

The facility was instrumented to allow calculation of the
cooling load from measured data. This required measurement
of the volumetric airflow rate delivered to the test cells and
measurement of inlet and outlet air temperatures. Cooling
loads were then calculated, as shown in Equation 1.

(1)

Measurements of the system volumetric flow rate and the
inlet and outlet air temperatures are discussed in the following
sections.

Air Volumetric Flow Rate

The air volumetric flow rate is measured according to
ANSI/ASHRAE Standard 51-1985. The air leaving the heat
pump passes through a settling means and then proceeds
through an elliptical flow nozzle. The pressure drop across the
nozzle is measured to allow calculation of a volumetric flow
rate. Air density can be related to its temperature and humidity
ratio. Combining volumetric flow rate and density allows
calculation of the mass flow rate.

The flow measurement chamber, as shown in Figure 6,
was constructed using ANSI/ASHRAE Standard 51-1985.
The nozzle selected is a 5 in. throat diameter AMCA standard
elliptical nozzle with (L/D) = 0.6. The flow chamber was
constructed from four 18 in. × 18 in. × 18 in. duct sections. The
first section connects to an elbow coming from the heat pump
blower. There is a settling means consisting of three meshes of
decreasing open area located after this first section. The
meshes are 60% open, 50% open, and 45% open and are
located one inch apart. These are in accordance with
ASHRAE Standard 51-1985. The pressure taps are mounted
in the flow measurement section in accordance with the
ASHRAE standard, as shown in Figure 6.

Setra model 264 differential pressure transducers are used
to measure the pressure drop across the flow nozzles. The
transducer’s output is 0 to 5 VDC, which is proportional to 0
to 2.5 in. of water. There is a slight zero offset that can be either
adjusted on the transducer or accounted for in software. Their
accuracy is ±1% full scale. The pressure transducers are

attached to a manifold system so that the four pressure taps on
one side of the nozzle are mechanically averaged and
connected to the transducer.

Air Temperatures

Thermocouple grids located in the supply and return
ducts measure the change of temperature in the ventilation air
as it circulates through the test cell.   Nine thermocouples are
arranged in each grid to allow calculation of an area weighted
average room inlet and outlet temperature. The thirty gauge,
type-T wire was calibrated prior to installation.

The thermocouples are read by Fluke NetDAQ datalog-
gers. The Fluke/NetDAQ cold junction compensation (CJC)
provides an isothermal connection box so that the reference
junctions are at approximately the same temperature for all
thermocouples. CJC attempts to normalize all of the thermo-
couples to the same conditions so that measurements between
thermocouples can be compared. 

FACILITY TESTING

System Heat Balance

In order to validate the accuracy of the flow measurement
box, the system was subjected to a laboratory heat balance test
prior to installation in the test cells. A large, nearly adiabatic
chamber was constructed in the laboratory. An electric heating
element consisting of three 11 ohm coils provided a constant,
measurable source of energy to the chamber. The coils were
wired to allow any combination of the three coils to be
switched on. The chamber had smaller ducting sections
attached to it with a series of baffles with a mesh screen at the
exit to allow the air to mix after passing over the heating coils.
The load section was attached to the heat pump and flow
measurement section, as shown in Figure 7. Calibrated ther-

Q
θ

ρairv
·

θ
cp,air tout,θ tin,θ–( )=

Figure 6 Diagram of measurement section assembly with
heat pump and reheat coils.
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mocouple grids were located upstream and downstream of the
heating chamber, as shown in the figure.

The heat balance tests were performed by manually
switching the power input to the electric heating coil. The elec-
tric power input was calculated from the measured coil resis-
tance and the measured line voltage. The heat extraction rate,
which at steady state should equal the heat addition rate, was
calculated from the measured temperatures and volumetric
airflow rates, as shown in Equation 1. 

The results of the laboratory heat balance tests (Figure 8)
show that the airflow and temperature measurement systems
are accurate to within ±5% for steady or slowly changing cool-
ing loads. This value is well within the calculated uncertainty
of ±7.5% derived in Section 5.

Test Cell Infiltration Rates

For the envelope-dominated test cells, the air infiltration
rate was expected to have a significant impact on the cooling
load. After the buildings were well sealed, the air infiltration
rate of each building was empirically measured using the pulse
and decay method. Carbon dioxide was released in each room,

and the concentration was continuously measured as the room
air was replaced by outside air.

A simple analytical model was formulated based upon a
control volume mass balance, as shown in Equation 2.

(2)

where
Q = volume of the room, ft3

Croom = concentration in the room, ppm
qinf = infiltration rate into the space, ft3/s
COA = concentration of the environment, ppm
d/dt = rate of change, L/s

Ventilation solving the differential equation gives Equa-
tion 3.

(3)

where
C(t) = concentration of the room as a function of time
C1 = condition at time t = ∞
C3 = constant of integration, solved with the initial 

condition time t = 0
C2 = constant related to the infiltration rate

C2 can be calculated based upon the infiltration rate and
the volume of the room, as shown in Table 3.

The measured concentration followed the 3/16 ACH infil-
tration curve for both buildings, as shown in Figure 9 and
Figure 10 during light wind conditions. During windy condi-
tions, the infiltration can approach 1/2 ACH.

UNCERTAINTY ANALYSIS

Validation of the cooling load procedures required that
both the uncertainty associated with measured data and the
uncertainty associated with model inputs be quantified. The
experimental uncertainty was calculated by the method
proposed by Kline and McClintock (1953) of adding the
component errors in quadrature. The uncertainty associated
with model inputs (such as material thermal properties,
boundary conditions, and infiltration rates) was arrived at by
the method of influence coefficients and is discussed in a
companion paper (Chantrasrisalai 2003).

Figure 7 Laboratory heat balance diagram.

Figure 8 Laboratory heat balance results.

TABLE 3  
C2 Coefficients for Solution of Equation 2

ACH CFM C2

1 24 1/3600

0.75 18 1/4800

0.5 12 1/7200

0.25 6 1/14400

0.125 3 1/28800

Q
dCroom

dt
------------------ q· inf Croom COA–( ) ,=

C t( ) C1 C3e
C2–

∗t
 ,+=
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The experimental uncertainty associated with the cooling
load calculated from Equation 1 can be written as

(4)

The total experimental uncertainty is dependent on the
uncertainty associated with each term in the cooling load
equation. 

The first term in Equation 4 represents the uncertainty
associated with the volumetric flow rate. ASHRAE Standard
51-1985, which specifies the airflow measurement system,
includes a detailed uncertainty analysis. The following rela-
tionship is given for the fractional uncertainty in the volumet-
ric flow rate:

(5)

where

= uncertainty in the volumetric flow rate

ec = fractional error in the nozzle discharge coefficient

ea = fractional error in the nozzle area

efs = fractional variation in fan speed

e∆p = fractional error in pressure difference across flow 
nozzles

esp = fractional error in static pressure

The standard provides the following typical uncertainties
for the nozzle discharge coefficient and the nozzle area:

ec ˜ ± 0.012

ea ˜ ± 0.005

The constant speed fans are accurate to within ±1% (efs =
±0.01), and since the static and differential pressures are never
allowed to drop below ˜0.2 in. wg, the maximum fractional
error in the pressure measurements, as specified by Setra, is
±1% (e∆p = esp = ±0.01). This results in a total fractional uncer-

tainty in the volumetric airflow measurement of ±0.02 such
that

 = ±2%.

The second term in Equation 4 represents the uncertainty
associated with the temperature difference between the room
air inlet and outlet. The uncertainty in the spatially averaged
inlet and outlet temperatures is estimated to be ±0.5 °C. Thus,
the uncertainty in the temperature difference is

(6)

The fractional uncertainty of cooling load is therefore
calculated as

(7)

or

(8)

For a 10 °C temperature difference, the uncertainty of the
measured cooling load would be about ±7.4%.

FACILITY OPERATION AND PERFORMANCE

Although the load calculations were accurate (within
15%), the ground-source heat pump system selected for the
test cells could not meet the peak cooling load under extreme
conditions. Both the pressure drop in the duct system and the
source side temperatures exceeded design specifications. As a
result, the range of experiments that could be performed with-
out a system upgrade was limited and, for all experiments,
room setpoints were adjusted to accommodate the perfor-
mance of the equipment. 

Figure 9 Heavy building infiltration on two days—light
wind (triangles) and heavy wind (circles).

e′Q e′v·air
2

e′ T∆
2

e′ρ
2

e′Cp
2

+ + +  .±=

e′v·air ec
2

ea
2

efs
2

e p∆
2

esp
2

+ + + +±=

e′v·air

Figure 10 Light building infiltration on two days—light
wind (triangles) and heavy wind (circles).
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In order to maintain a constant room temperature, the heat
pump compressor operated 100% of the time. A combination
of electric and hot water reheat tempered the supply air in
order to maintain a constant return air temperature. Tempera-
tures were measured by thermocouple grids placed in the
supply and return ducts. The return air thermocouple grid was
located in the floor slab. Sunlight was not able to fall directly
on the thermocouples. The supply air thermocouple grid was
located in the vertical ductwork leading to the ceiling diffuser.
The ductwork was insulated to prevent heat transfer with the
room. Additionally, the supply air thermocouple grid was
located far away from the electric reheat coil to eliminate radi-
ation exchange between the two.

The return temperature was typically maintained to
±0.2°F during steady periods, as shown in Figure 11. The
supply temperature, also shown in Figure 11, was maintained
to ±0.5°F during steady periods.

The uncertainty bands are affected by the thermocouples,
the measuring instruments, and the conditions. Small bead
thermocouples were used, resulting in small Biot numbers
(approximately uniform temperature) giving a fast response.
Slower response thermocouples could be used giving a smaller
uncertainty band; however, control would lag the experimen-
tal conditions.

The reheat coils were controlled on the return air temper-
ature. The controller was tuned to maintain stable control
under all operating conditions. The water reheat coil is acti-
vated first to provide a constant amount of reheat. The electric
reheat serves to provide trim reheat when the reheat demand
is low. When the reheat demand exceeds the capacity of the hot
water reheat, the hot water valve is fully opened and the elec-
tric coil makes up all of the difference.

The doors are sealed during testing with caulk and duct
tape to prevent infiltration. The control room of the light build-
ing is also sealed with duct tape. Tests are run for three days
after achieving a constant room temperature to simulate the
steady periodic input to the load calculation procedures.

The buildings were designed to have similar U-factors to
facilitate experimental conditions where thermal mass was the

only difference between the two buildings. Although the U-
factors of the building walls and roofs were not identical, test-
ing showed that the cooling load was not sensitive to small
differences in wall and roof conductivity. Adjusting the heavy
building wall and roof conductivity to match the light building
resulted in insignificant changes in the heavy building hourly
cooling loads.

The effect of the building thermal mass is shown in Figure
12. The thermal mass of the heavy building damps the peak
cooling load by approximately 25%. An interesting result
uncovered during experimentation is that the heavy building
shows very little lag in the peak cooling load. This is due
primarily to the high percentage of glazing on the west and
south walls of the building. The single-pane glass has a rela-
tively low thermal resistance compared to the walls and roof.
The windows therefore dominate the envelope heat transfer
rates. Since the glazing for the two buildings is identical, the
buildings peak at the same time.

SUMMARY AND CONCLUSIONS

An experimental facility was developed to validate the
ASHRAE heat balance and radiant time series procedures for
design cooling load calculations. The facility was designed to
test the procedures’ ability to accurately predict the effect of
thermal mass on the cooling load profile. Thus the experimen-
tal cooling load was dominated by solar and conductive heat
gains. Although the test cell design did not represent a typical
building configuration, it did provide the best indication of the
accuracy of the procedures. Since internal convective gains
and infiltration gains are not operated on by the procedure
(they are simply added to the cooling load), these heat gains
were minimized or eliminated by the test cell design. The
experimental facility was developed to validate the cooling
load procedures under the most extreme conditions.

The experimental uncertainty associated with cooling
loads measured in the facility was calculated at 7.4%. Exper-
imental results reported in companion papers (Iu et al. 2003;
Chantrasrisalai et al. 2003) met or exceeded this expectation.

Figure 11 Supply and return temperatures. Figure 12 Heavy and light building modeled cooling loads.
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Experiments performed in the facility demonstrate that the test
cells are capable of accurately measuring cooling loads over a
range of moderate weather conditions.
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