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1 INTRODUCTION 

Significant capacity loss may result from the air velocity profiles entering the heat 

exchangers of a residential air-to-air heat pump or similar unitary heating and air-

conditioning equipment.  Such claims have been made in the past, but a sufficient amount 

of information on the effect of coil inlet velocity profiles on system capacity is 

unavailable.  Previous experimental investigations are deficient because of the 

experimental procedure used.  The procedures are not representative of the air streams 

common to package air-conditioning equipment.  As a result, an industrial, packaged heat 

pump is used to investigate these claims further.  An experimental facility was developed 

to measure the effect of velocity profiles.  The resulting experimental data was used to 

verify the results of a CFD model in an attempt to suggest the best possible technique for 

use in the industry’s design process.        

1.1 MEASURING VELOCITY PROFILE EFFECTS ON 

SYSTEM PERFORMANCE 

To determine the effect of non-uniform velocity profiles on the performance of a 

unitary heat pump, the entire system must be instrumented.  Indoor and outdoor air 

stream temperature, flow rate and velocities, refrigeration loop temperature, pressure and 

flow rates, and electrical component power consumption must be measured.  The entire 

unit must be monitored due to the close interaction between the indoor and outdoor 

conditions through the coupling effect of the refrigeration cycle.  Two items are of 

particular interest in studying the effects of the air velocity profiles on system capacity.  

1-1 



 

The two key items are evaporator coil heat transfer rate and the pressure drop between 

the inlet of the unit and indoor fan. 

Coil heat transfer rates may be calculated using both air and refrigerant side 

conditions.  Correct placement of thermocouples and pressure taps is a critical step in 

accurately measuring the coil capacity.  The geometry of the heat pump not only limits 

the positioning of this instrumentation, but also largely determines the air side velocity 

profiles and the pressure drop through the unit.  The pressure drop associated with the 

actual air stream is directly related to fan power consumption and overall unit efficiency. 

1.2 ESTIMATING VELOCITY PROFILES 

Accurate air velocity profiles were required to directly measure the impact of 

velocity profiles on system capacity and to validate CFD models used to generate 

velocity profiles for other geometric configurations.  Initially, the velocity profiles were 

estimated using an omni-directional hot wire anemometer.  To verify the measurements 

obtained in this manner and resolve the velocity vector, a stereoscopic particle image 

velocimetry system was used.  Successful implementation of this measurement technique 

required construction of a transparent replica of the heat pump in order to simulate the 

airflow characteristics of the heat pump cabinet.  These measurements were used to 

validate a computational fluid dynamics model of the airflow through the indoor section 

of the heat pump.  

1.3 OVERVIEW OF THE THESIS 

To accomplish the tasks at hand, previous related work was reviewed, several 

experiments were performed, a CFD model was created, and major conclusions were 
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drawn.  The literature reviewed is contained in three separate sections.  Work related to 

the effect of inlet velocity profiles on system capacity is found in the Literature Review 

chapter.  Information related to the PIV system and CFD software is found in the relevant 

chapters to reduce the complexity of understanding the material.   

Two different sets of experiments are required.  The first set consists of results from 

air speed transducers based on the method of hot wire anemometry.  For these 

measurements, components of the velocity vector are not resolved.  Therefore, part of the 

experimental complexity in these experiments includes placement of the instrument at 

points in which the direction is known with relative certainty.  To further check the 

results of the data acquired with the air speed probe, the method of stereoscopic particle 

image velocimetry is used.  In addition to verifying the results of the air speed transducer 

experiments, the PIV system facilitates flow field visualization at different locations 

throughout the indoor section of the heat pump.  Thus, the PIV system is the second 

method chosen for achieving the intended tasks. 

The results of the experimentation are then used to verify the numerical models 

created using CFD software.  From the experiments and numerical models, major 

conclusions are formed.  Then, recommendations and future tasks are listed to show the 

need for yet further investigations in this area of research.  

     

1-3 



 

2 LITERATURE REVIEW 

The focus of the literature reviewed in this section is the impact of non-uniform air 

flow fields on unitary packaged air conditioning equipment performance.  A review of 

the literature shows that very little work has been done in this area. 

Early investigations conducted by Fagan (1980) concluded that significant capacity 

losses occur due to high levels of non-uniform inlet coil face velocities.  An analytical 

method was used to provide designers with an estimate of the effects of airflow profiles 

on evaporator and condenser finned-tube heat exchanger heat transfer rates.  The 

analytical approach demonstrated that deviations from the average face velocity of 50% 

and 75% resulted in evaporator capacity losses of 8% and 15.8% respectively 

The method had two significant shortcomings.  First, it assumed that the coil inlet 

and outlet velocity profiles were identical.  Averaging the outlet air temperature of the 

two neighboring tubes approximated mixing of the air through the heat exchangers, but 

the effect of the tubes on the velocity distribution through the heat exchanger was 

neglected.  Second, refrigerant side calculations were simplified by assuming constant 

inlet temperatures and negligible pressure drop.  The circuiting of the refrigerant was also 

ignored.  These deficiencies in combination with a lack of supporting experimental data 

render the results of dubious worth. 

To add an experimental approach to the problem, Chwalowski et al. (1989) 

completed a range of tests on V-coils and I-coils.  The slab heat exchanger used 

contained 48 tubes in three staggered rows.  Coil circuiting consisted of one entrance and 

two outlets.  For the I-coil tests, the coil was positioned in a horizontal duct with an 

airflow measurement apparatus on the exiting side of the coil.  The coil was then angled 

2-4 



 

toward the inlet duct and positioned in a manner to give several different inlet velocity 

profiles.  The profiles obtained were measured using a pitot tube array down the 

centerline of the coil.  The overall volumetric flow rate estimated by the pitot tube 

measurements was within ten percent of that found by measuring the pressure drop across 

the flow nozzle downstream of the coil.  A smoke test was performed with the I-coil in 

the vertical orientation, which showed that the air was moving perpendicular to the coil 

face. 

The results of his experiments showed a drop in capacity with an increase in tilt 

angle from the vertical position.  The results seem to agree with those obtained by Fagan 

(1980).  As the profile deviation from the average velocity increased above 50%, 

significant capacity losses were noticed.  This corresponded to tilt angles above 45 

degrees from vertical.  In addition, the temperature difference of the two refrigerant 

outlets was found to increase with an increase in tilt angle.  At the worst-case scenario 

tested with a tilt angle of 65 degrees from vertical, a temperature difference of 26.5°F 

between the two refrigerant outlets occurs resulting in a reported thirty percent capacity 

loss.  Although the circuiting may have led to some of the adverse effects, the increase in 

temperature difference is related to the flooding of tubes in areas of high air velocity.  

The overall effect is a capacity degradation due to uneven heat transfer along the height 

of the coil. 

Thus far, the air velocity profile is assumed uniform across the width of the coil for a 

given height.  The experimentation does not address two-dimensional concerns, nor do 

the authors verify that the centerline velocities are in fact representative of the velocities 

at the particular height of measurement.   Next, Domanski (1991) used Chwalowski et 
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al.’s (1989) experimental results to validate the simulation program EVSIM.  Domanski 

gives actual numerical values for some of the experimental results produced by 

Chwalowski et al. (1989).   When comparing the given data between the vertical 

experiment and the experiment conducted at a 65-degree tilt from vertical, the large tilt 

angle produced an experimental capacity drop of approximately 19.4%.   

To gain more knowledge on the effects of non-uniform airflow entering evaporator 

coils, Aganda et al. (2000) investigated the entire contour profile entering an evaporator 

of a common, packaged air-conditioning unit.  The unit had an inline duct inlet to the 

evaporator coil in which the entering air stream also passed through a filter before 

entering the evaporator.  Using a single hot wire anemometer, the velocity contours were 

obtained approximately two inches upstream from the face of the evaporator coil.  Using 

these measurements, the outlet temperature of the refrigerant was predicted for each 

circuit.  This was done using the ACOL5 program.  Aganda et al. did not experimentally 

substantiate the results of the ACOL5 program.   

The available technical literature referencing the affect of non-uniform air velocity 

distribution is scarce.  Chwalowski et al. (1989) provide some experimental results, but 

have several shortcomings.  The air velocity distribution across the face of the evaporator 

coil was not fully obtained.  Only the velocity at the centerline of the coil was measured 

using a pitot tube, and the placement of the pitot tube with respect to the evaporator coil 

location is not stated.  The air velocity profile exiting the evaporator coil was not 

measured.  Thus, an assumption of an exiting velocity profile identical to the inlet 

velocity profile was not validated.  Also, the experimental setup addresses a limited 

number of cases involving inline duct flow to an evaporator coil. 
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3 MEASURING VELOCITY PROFILE EFFECTS 

Exploring the idea of capacity degradation as a result of non-uniform velocity 

profiles, a unitary heat pump was chosen containing an inlet and outlet, which are not 

inline with the indoor coil.  To resolve the velocity fields that are believed to impact the 

performance of the heat pump, two experimental approaches were used.  The results are 

useful for measuring capacity degradation directly and optimizing CFD models.  

Instrumentation was selected and installed to provide reliable data to monitor the airflow 

through the heat pump, the refrigeration cycle, and the heat pump performance.  

Monitoring of these conditions allowed for careful analysis of the impacts of different 

parameters affecting the heat pump performance.  No geometrical changes were made to 

the heat pump cabinet.   

3.1 EXPERIMENTAL UNCERTAINTY 

One major question arises when reviewing the instrumentation selected:  How much 

confidence should one place in the measurements?  This question is best answered by 

evaluating the uncertainty associated with the direct measurements and the calculations 

using such measurements.  Uncertainty takes into account more than just the accuracy of 

the individual instruments by combining the influence of each error source upon a 

particular result.  The analysis is based on the method of Kline and McClintock (1953) 

where the dimensional uncertainty is given by: 
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 R is the calculated result, ( )nvvvRR ,,, 21 K= . 
  is the uncertainty interval in the result. Re

  is the uncertainty interval in the iie th variable. 

 
iv

R
∂
∂  is the sensitivity of the result to a single variable, . iv

Another form of uncertainty is the fractional uncertainty, which is denoted with the prefix 

'  instead of e .  In this case, the uncertainty changes according to the indicated variable. e

All instrumentation output signals are transmitted to four Fluke Netdaq 

2640A/41A data loggers, model 2640A/41A.  Each data logger is located inside the 

laboratory.  See Tables B-1 and B-2 of Appendix B for slot configuration of each data 

logger.  Within the operation window of 14°F to 140°F, the inclusion of slow data 

logging response, and one year after factory calibration, the accuracy of the data loggers 

for voltage measurements is ±0.042%+3.9mV.  This accuracy takes into account 

linearization conformity, initial calibration error, isothermal errors, reference junction 

conformity, and power line voltage effects between 107VAC to 264VAC.  Thus, the 

voltage uncertainty associated with the data loggers is: 

 mV   9.3%042.0 +±=Vflukee

The uncertainties associated with the data loggers are included in the overall uncertainties 

of each measurement in the experiments.  The uncertainty of the data loggers for 

temperature measurements is discussed in section 3.3.1.3.1.   
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3.2 THE RESIDENTIAL HEAT PUMP 

3.2.1 Heat Pump Selection 

A packaged, residential heat pump commonly sold on the market was chosen as 

the experimental test subject.  The B1HH036A06 York International heat pump is rated, 

by ARI standards 210/240 and 270, as a 12 SEER, 7.2 HSPF unit with a capacity of three 

tons (36,000 BTU/hr or 10.55 kW).  See Figure 3-1 below.   

 

 

Figure 3-1.  Industrial Packaged Air-Conditioning Unit (York, 2002) 

Major electrical components in the heat pump include a blower motor, a propeller 

fan motor, and a compressor.  The blower motor has a full load amp rating of 3.5 amps, 

and the fan motor is rated at 1.1 amps.  These ratings allow for the correct sizing of the 

power measurement transducers.  The compressor used in this heat pump is a Copeland 
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scroll compressor with a running load amperage (RLA) of 17.9 amps.  See Table 3-1 

below for compressor performance.     

Table 3-1.  Compressor Specifications 

Copeland ZR34K3-PFV 
 Performance Data Electrical Data 

  Condition 1 Condition 2   
Evaporating (°F) 45 45 MCC 25 
Condensing (°F) 130 100 RLA 17.9 
Return Gas (°F) 65 65 LRA-High 88 
Liquid (°F) 115 85 Med Volts 208 
Capacity (BTU/hr) 34400 40500 High Volts 230 
Power (W) 3060 2110 Phase 1 
Current (Amp) 13.7 9.7 Frequency 60 
EER (BTU/W-hr) 11.2 19.2 RPM 3500 
Mass Flow (lbs/hr) 499 515    

 

Other factors affecting the performance of the unit include the type of refrigerant 

used (R-22), the ambient conditions, the indoor air conditions, the heat exchanger 

characteristics, and the overall geometry of the unit.  The heat exchanger effectiveness is 

dependent upon the fin design, refrigerant circuiting, and the airflow through the heat 

exchanger.   

Two heat exchangers, the indoor (evaporator) coil and the outdoor (condenser) 

coil, are found in the heat pump.  Both coils are finned tube heat exchangers.  The outer 

diameter of the copper tubing is 0.375 inches, and the aluminum, louvered fins are 0.039 

inches thick.  The spacing between the tube centers for a given row is 1 inch.  Each row 

is 0.866 inches wide, and the tubes are offset between adjacent rows.  The indoor coil is 

three rows deep, 28 inches high by 22.5 inches wide and has a fin density of 15 fins per 

inch.  The outdoor coil is two rows deep, 30 inches high by 60 inches wide and has a fin 
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density of 20 fins per inch.  The outdoor coil has a ninety-degree bend with a protective 

plate covering the bend portion of the coil, which effectively decreases the width to 56 

inches.  

The heat pump was located inside a laboratory facility at Oklahoma State 

University.  An environmental chamber was constructed to control conditions entering 

the outdoor section of the unit, or the condenser section.  The indoor section of the unit 

was connected to a closed air loop consisting of a flow nozzle, a humidifier, a booster 

fan, and an electric strip heater.  In this report, the ‘return air’ is defined as the volume of 

air entering the unit and approaching the evaporator coil.  The ‘supply air’ is defined as 

the volume of air leaving the evaporator coil and exiting the unit.  The return section of 

the unit includes the inlet duct, the control box and the interior geometry.  The supply 

section includes the centrifugal fan housing, the centrifugal fan, the outlet duct and the 

interior geometry.  The evaporator coil lies between the return section and supply section.  

The condensate tray beneath the coil and the aluminum wall on the side of the coil act as 

flow blockages and must be considered in the velocity profile analysis.  The compressor 

is located in the outdoor section, or condenser section of the unit.     

3.2.2 Measuring Heat Pump Power Consumption 

To monitor the heat pump power, one voltage transducer and two current 

transducers were used.  One current transducer monitored the amp draw of the fan and 

blower motors together.  The remaining current transducer measured the compressor amp 

draw separately from the other components of the system.   
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3.2.2.1 Selection of Power Measurement Instruments 

 The transducers were manufactured by Ohio Semitronics (See Figure A-3 of 

Appendix A).  Since the measured voltage is approximately 208VAC, an AVT-300C 

transducer was selected.  The current transducers were sized according to standard UL 

1995 (Underwriters Laboratories, 1999).  The size required was obtained by calculating 

the minimum circuit ampacity (MCA) of the components measured by each current 

transducer.  Two different equations are used to calculate the corresponding MCA for the 

fan motors and the compressor motor: 

 2)1*25.1(1 LOADLOADMCA +=       (3-2) 

        (3-3) )1*25.1(2 LOADMCA =

 where: 
  is the MCA of the fan motors. 1MCA
  is the MCA of the compressor. 2MCA
  is the current of the largest motor. 1LOAD
  is the sum of currents of all motors not including the largest motor. 2LOAD

In addition, the load of the compressor is the maximum value between the rated RLA and 

sixty-four percent of the maximum continuous current (MCC) rating.  In this case, the 

RLA, 17.9A, is higher. 

 Using equations (3-2) and (3-3),  is 5.5A and  is 22.4A.  Under these 

conditions, the two current transducers chosen were the ACT-010C and the ACT-050C, 

which correspond to full-scale measurement ranges of 10A and 50A respectively.  The 

ACT-050C was chosen over the ACT-025C having a 25A full-scale rating since the two 

transducers were equal in price, and the ACT-050C allowed for more measurement 

options in the future.  The voltage transducer and the ACT-010C current transducer have 

an accuracy of ±0.25% of the full-scale range.  The ACT-050C current transducer has an 

1MCA 2MCA
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additional external sensor, so the accuracy changes to ±0.5% of the full-scale range.  The 

signal output of each transducer is 0 to 10VDC with an output ripple of less than 1.0% of 

the full-scale range.  The response time is 400 milliseconds.   

3.2.2.2 Power Instrument Locations 

The voltage and current transducers are installed within the heat pump control 

box.  See Figure 3-2 for a detailed schematic of the wiring.   

1 2 3 4
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1 2 3 4
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Figure 3-2.  Wiring of Power Measurement Instrumentation 

The main power of the unit runs directly through the voltage transducer to the main 

contactor of the heat pump.  The original wiring of the unit was modified further to 

correctly install the two current transducers.  One of the electrical wires to the 

compressor, wire 102, was cut in order to run through the induction ring, the external 
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sensor, of current transducer ACT-050C.  Wire number 120 of the indoor blower was 

diverted to the ACT-010C before connecting to the fan control board.  The wiring of the 

outdoor fan motor required adding a solid state relay triggered by 24VAC off the 

compressor relay.  This allows the blower motor to run without the outdoor fan 

necessarily running.  The outdoor fan only runs when the compressor is turned on.     

3.2.2.3 Uncertainties in Power Measurements 

Uncertainty in the power measurements is calculated in several stages.  The 

system voltage is measured using an Ohio Semitronics AVT-300C voltage transducer. It 

has an accuracy of ±0.75VAC, an output signal of 0 to 10VDC, and a measurement range 

of 0 to 300VAC. The uncertainty introduced from the data logger is ±0.243VAC for this 

measurement. Therefore, the total uncertainty in the voltage measurement is: 

22
DLVoltV eee +±=         (3-4) 

788.0243.075.0 22 ±=+±=Ve VAC 

where: 
Volte  is the uncertainty of voltage transducer. 

DLe  is the uncertainty of the data logger for this measurement.  

The first current transducer is an Ohio Semitronics model ACT-050C, which 

monitors the compressor amp draw. The transducer consists of an internal sensor and an 

external sensor with a total accuracy of ±0.5A. The output signal is 0 to 10VDC with a 

measurement range of 0 to 50A. The data logger introduces an uncertainty of ±0.041A 

calculated from the maximum output range of the transducer. The total uncertainty in the 

current measurement for the compressor is: 
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22
DLAI eee +±=        (3-5) 

50.0041.05.0 22 ±=+±=
compIe A 

where: 
Ae  is the uncertainty of the sensor. 

DLe  is the uncertainty of the data logger for this measurement. 

The second current transducer is an Ohio Semitronics model ACT-010C, which 

monitors the amp draw due to the indoor fan motor and outdoor fan motor.  The accuracy 

of the current transducer is ±0.025A with a measurement range of 0 to 10A for an output 

signal of 0 to 10VDC. An additional uncertainty of ±0.008A is introduced from the data 

logger for this measurement. The total uncertainty associated with the current 

measurement for the fans is then: 

25.0008.025.0 22 ±=+±=
fanIe A      (3-6) 

Since the power supply is single phase, power is then calculated as the product of 

voltage and current.  The total power of the system is calculated by the following: 

VIVIP fancomp +=          (3-7) 

where: 
 Icomp = Current of the compressor. 
 Ifan = Current of the fans. 
 V = System power voltage. 

Differentiating the above equation with respect to Icomp, Ifan and V, the resulting partial 

derivatives are: 

V
I
P

I
P

fancomp

=
∂
∂

=
∂

∂          (3-8) 
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fancomp II
V
P

+=
∂
∂          (3-9) 

Therefore the uncertainty in power measurement is: 

( ) ( ) ( )[ ]222
VfancompIfanIcompP eIIeVeVe ⋅++⋅+⋅±=    (3-10) 

( ) ( ) ( )[ ]222 788.025.050.0 ⋅++⋅+⋅±= fancompP IIVVe Watts 

Converting this relation to fractional uncertainty: 

( ) 22
' 62.031.0

VII
e

fancomp
P +

+
±=         (3-11) 

This final relation is then used to calculate the uncertainty for given measurements of unit 

voltage, fan current, and compressor current measured at the same point in time.  Typical 

values result in an uncertainty of 5.61% of the total power consumption or 116 Watts. 

3.3 MEASURING COIL HEAT TRANSFER RATES 

One major component found within the heat pump is the indoor coil, or the 

evaporator coil in cooling mode.  As mentioned previously, the air velocity profiles 

entering such a coil may lead to significant impacts on the cooling capacity of the heat 

pump performance.  Therefore, observing the available cooling capacity of the indoor 

space through the associated heat transfer rates of the indoor coil is essential.  This is 

monitored through both air and refrigerant conditions. 
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3.3.1 Air Measurements 

  Air side measurements are required to determine the sensible and latent capacity 

of the heat pump.  These measurements determine the overall rate of heat transfer of the 

indoor coil.  Along with the volumetric flow rate, the measurement of entering and 

leaving dry bulb temperature allows the calculation of the sensible capacity while the wet 

bulb temperature and barometric pressure allow the calculation of the latent capacity.   

3.3.1.1 Determining Volumetric Air Flow Rate 

3.3.1.1.1 Airside Pressure Measurement Instrumentation 

To calculate the volumetric airflow of the system, a flow measurement chamber 

was constructed as per ASHRAE Standard 51-1999 (ASHRAE, 2000).  The chamber 

accommodates elliptical flow nozzles of various sizes.  Adding the nozzle to the air 

stream creates a pressure drop across the nozzle.  The pressure drop is found using eight 

pressure taps, four on both sides of the nozzle.  A pressure transducer can then determine 

the pressure difference the nozzle creates in the air stream.  The pressure drop induced 

into the air stream is normally below one inch of water gage pressure.  Using this 

background information, a Setra pressure transducer, model 264, was chosen (See Figure 

A-4 of Appendix A).  The pressure transducer has a range of 0 to 2.5iwg, and an output 

reading of 0 to 5VDC.  The accuracy is ±1.0% of the full-scale range of the transducer.  

Hysteresis is accounted for by 0.2% of the full-scale range, and the non-repeatability is 

0.1% of the full-scale range.   
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3.3.1.1.2 Measurement Location for Airside Pressure 

In the “nozzle module” of the indoor air loop as shown in Section 3.4, four 

pressure taps were installed on both sides of the nozzle.  One Setra 264 pressure 

transducer is mounted on the outer wall of the module since it is located indoors.  Four 

pressure taps were located in the center of the four outer walls of the rectangular module 

upstream and downstream of the nozzle.  Each ring of four pressure taps is connected 

together using plastic tubing to obtain an average inlet and outlet pressure.  These two 

sections of tubing are connected to the pressure transducer to measure the pressure 

differential across the nozzle.     

3.3.1.1.3 Uncertainties in Indoor Air Loop Volumetric Flow Rate 

The Setra pressure transducer, model 264, is used to measure the pressure drop 

across the elliptical flow nozzle as a means to calculating the volumetric flow rate in the 

indoor air stream.  For most experiments, a 2:1 fourteen-inch elliptical flow nozzle was 

placed in the nozzle module.  A detailed uncertainty analysis for this air flow 

measurement system is also described in the standard (ASHRAE, 2000).  The fractional 

uncertainty in the measured air flow is: 

( ) ( ) ( ) ( ) ( )2'2'2'2'2''
SPPfsac

v
eeeeee ++++= ∆•      (3-12)  

where: 
 e’

c = Fractional error in nozzle discharge coefficient 
 e’

a = Fractional error in area of nozzle 
 e’

fs = Fractional variation in fan speed 
 e’

∆P = Fractional error in pressure change across flow nozzle 
 e’

SP = Fractional error in static pressure 

3-18 



 

The values of fractional error in the nozzle discharge coefficient and area are provided in 

the standard, which are: 

012.0' ±=ce  

005.0' ±=ae  

The variation in fan speed is accurate to within ±1%, that is: 

01.0' ±=fse  

The Setra 264 pressure transducer has an accuracy of ±0.025iwg.  The output signal from 

this pressure transducer is 0 to 5 VDC corresponding to 0 to 2.5iwg.  For the maximum 

output of the pressure transducer, the data logger introduces an uncertainty level of 

±0.003iwg. The total uncertainty in the static pressure and pressure change across the 

nozzle is then: 

22
264 DLSetradSPP eeee +±==∆       (3-13) 

025.0003.0025.0 22 ±=+±==∆ SPP ee iwg 

In terms of fractional uncertainty, the pressure measurement uncertainties are: 

01.0' ±=∆Pe  

01.0' ±=SPe  

Therefore, the resulting air flow fractional uncertainty is: 

 ( ) ( ) ( ) ( ) ( )22222' 01.001.001.0005.0012.0 ++++=•
v

e  

02.0' ±=•
v

e 2 

Using this development, when the indoor loop is running at 1100cfm or 1200cfm, the 

uncertainty is ±24cfm or ±26cfm respectively. 
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3.3.1.2 Airside Temperature 

The airside dry bulb temperatures are directly found using thermocouples.  Air 

thermocouple grids in certain regions of the heat pump allow the measurement of air side 

temperature profiles.  The wet bulb temperature, on the other hand, is not measured.  

Instead, a humidity sensor directly measures the humidity ratio.  The measurements are 

used to calculate latent cooling capacity of the indoor coil. 

3.3.1.2.1 Thermocouple Specification  

Each thermocouple was created using T-type thermocouple wire, which utilizes 

two dissimilar metals, copper and constantan, to measure the temperature.  Two wire 

diameter sizes were available including 20awg and 24awg.  The wire diameter of 

thermocouple wire determines both the maximum operating temperature of the 

thermocouple and the response time to measure changes in temperature.  Smaller 

thermocouple wire diameters have faster response times, but the maximum temperature 

measurable decreases.  The maximum temperatures of 20awg and 24awg T-type 

thermocouple wire are 500°F and 400°F respectively.  The 20awg thermocouple wire was 

installed for copper tube surface temperature measurements since the temperature 

changes are less prone to fluctuate.  To acquire accurate surface temperature 

measurements, OmegaBond 200 thermal epoxy was used to attach the thermocouples to 

the surfaces.  In addition, insulation was applied around the thermocouples to shield them 

from ambient air temperatures that may adversely affect the measurements.  The faster 

responding 24awg thermocouple wire was used for air temperature measurement.  All air 

temperature measurements were then shielded to avoid adverse radiant effects from the 

surroundings.   
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3.3.1.2.2 Locations of Temperature Measurement  

The points of interest concerning air temperature measurement include any 

location that air is entering or leaving the unit, and in locations where abrupt changes in 

air temperature occur.  A total of sixty thermocouples were needed to monitor these 

locations.  Figure C-1 of Appendix C and Table B-1 of Appendix B show a summary of 

the locations throughout the unit.  Four thermocouples (labeled C11 to C14) are not at 

fixed locations.  These thermocouples are attached to the air velocity transducer to 

measure the temperature of the air at the same location in which velocities are recorded.  

Since the location of the heat pump will eventually move to the roof of the laboratory, 

three sections of fifty foot, multi-pair thermocouple extension wire is used to connect the 

T-type thermocouples to three Fluke Netdaq 2640A/41A data loggers located inside the 

laboratory.  Each data logger has the capability to monitor twenty thermocouples.        

3.3.1.3 Uncertainties in Temperature Measurement 

3.3.1.3.1 Thermocouples 

Before installing the T-type thermocouples, they were calibrated using a constant 

temperature bath at York International in Norman, Oklahoma.  First, the thermocouples 

were placed into the constant temperature bath, which remained stable for five minutes at 

each set point.  Temperature readings for each thermocouple were then recorded and the 

stability period noted.  Four temperature set points were used in the calibration process:  

31.74°F, 58.72°F, 85.67°F, and 103.65°F. The average temperature of each thermocouple 

was found during the five-minute stability period of each set point.   
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 Once the averages were found, a linear fit was found for each thermocouple.  

Using a linear fit, estimated temperatures were calculated for the set points.  The average 

error of forty thermocouples was about 0.03°F, and the maximum error was 0.162°F or 

approximately 0.17°F.  The equations established during the calibration process are then 

used to offset the readings taken during experimentation. 

During the calibration process, the thermocouples were calibrated with the data 

loggers used in the experiments.  Calibrating the thermocouples with the data loggers 

reduces the uncertainty by including the data logger uncertainties in the constant 

temperature bath calibration.  Thus, the uncertainty due to the data loggers is negligible.  

The uncertainty associated with the thermocouples is then:  

 17.0±=TCe °F  

3.3.1.3.2 Relative Humidity Sensors 

Two relative humidity sensors are used to monitor the relative humidity of the 

supply and return air.  These sensors are located midstream in the supply and return 

compartments inside the heat pump (entering and leaving the indoor coil).  Omega 

Engineering manufactures the humidity sensor model HX94V (see Figure A-6 of 

Appendix A).  This model outputs a 0 to 1VDC signal for a humidity range of 0% to 

100% relative humidity.  The actual range of the sensor is 3% to 95% relative humidity.  

The accuracy of the sensor is ±2% relative humidity with a repeatability of  ±1% relative 

humidity.  The uncertainty due to the data logger given the maximum output range of the 

relative humidity sensor is ±0.432 % relative humidity.  The resulting total uncertainty 

for relative humidity is: 
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22
DLRHsensorRH eee +±=        (3-14) 

046.2432.00.2 22 ±=+±=RHe % Relative Humidity 

where: 
sensorRHe  is the uncertainty associated with the sensor. 

DLe  is the uncertainty associated with the data logger for the humidity sensor. 

3.3.2 Refrigerant Measurements 

In addition to airside measurements, refrigerant side measurements are also 

required to determine heat balances and refrigeration cycle state points.  Instrumentation 

is required for the acquisition of refrigerant mass flow rate, refrigerant operating 

pressures, and refrigerant temperatures.  In conjunction with the refrigerant pressures 

recorded, the refrigerant temperatures allow the monitoring of the physical state of the 

refrigerant at key points in the refrigerant system.  The temperature of the refrigerant was 

found by measuring the surface temperature of the copper tubing as previously described 

in section 3.3.1.2.1.   

3.3.2.1 Refrigerant Mass Flow Rate 

A coriolis mass flow meter was selected from Micro Motion, Inc. This model was 

F025S114SCAAEZZZZ with an accuracy of ±0.2% of the mass flow rate.  Due to the 

cost to purchase a coriolis meter, York International graciously loaned a DS025S119SU 

Micro Motion coriolis mass flow meter for the project.   
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3.3.2.2 Refrigerant Side Pressure 

3.3.2.2.1 Refrigerant Pressure Instrumentation 

Most heating and air conditioning manufacturers install a high limit pressure 

switch in order to protect the compressor.  For a R-22 unit, cutoff limits usually occur at 

400psi.  The operating pressure range of the instruments selected was then 0 to 500psi, 

which is about 5000 times that of the airside pressure range.  To obtain this range, the 

Setra pressure transducer model 206 was chosen (see Figure A-5 of Appendix A).  This 

transducer has an output signal of 0.1 to 5.1VDC.  The accuracy is ±0.13% of the full-

scale range of the transducer.  Hysteresis is accounted for by 0.08% of the full-scale 

range, and the non-repeatability is 0.02% of the full-scale range. 

3.3.2.2.2 Refrigerant Pressure and Temperature Measurement Locations 

Refrigerant side pressure transducers were installed at six locations in the cycle:  

Leaving the indoor coil (suction line), entering the accumulator (suction line), entering 

the compressor (suction line), exiting the compressor (discharge line), entering the 

outdoor coil (discharge line), and entering the expansion device (liquid line).  The 

location of the transducers themselves is important.  Initially, the six Setra 206 pressure 

transducers were mounted vertically above one another in the airside return compartment 

of the unit.  At this location, the pressure transducers are shielded from the environment.  

To minimize the disruption of the airflow in the compartment, they were mounted 

directly beneath the control box away from the duct inlet.  The transducers extended 

vertically downward from the control box to the bottom of the unit between the control 

box sidewall and the edge of the return duct inlet.    Also, connection to the pressure taps 
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is easily accessible.  After the air velocity transducer experiments concluded, it was 

discovered that the pressure transducers used should not be located inside the unit, but 

rather at ambient pressure conditions due to the construction aspects of the Setra 206 

transducers.  Each pressure transducer was then attached to the outside of the unit.  A 

detailed description of the pressure tap installation process is outlined in Appendix D. 

3.3.2.2.3 Refrigerant Pressure Uncertainty 

Setra pressure transducer model 206 is used for the six refrigerant pressure 

measurements.  This model has an accuracy of ±3.75psi with an output signal of 0.1 to 

5.1VDC corresponding to 0 to 500psi.  For the maximum output signal, the uncertainty 

associated with the Fluke data logger is ±0.604psi. The total uncertainty in refrigerant 

pressure is then: 

22
206Pr DLSetrad eee +±=        (3-15) 

80.3604.075.3 22
Pr ±=+±=e psi 

where: 
206Setrae  is the uncertainty associated with the Setra 206 transducer. 

DLe  is the uncertainty associated with the data logger for this measurement.  

3.4 AIR LOOP COMPONENTS 

To control and monitor the indoor air stream of the system, a loop constructed of 

ductwork and various module boxes was formed.  This loop is necessary to direct the 

indoor air stream through a fourteen-inch ASME nozzle to acquire the average 

volumetric flow rate.  In addition, a cooling load is introduced into the air stream from a 

heater box containing a 15kw electric strip heater.  The ductwork forms a loop inside the 
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laboratory connecting three modules and the heat pump together.  The modules include 

the nozzle module, the heater module, and the booster fan module.   

3.4.1 Duct Sizing 

The test loop was sized for an airflow of 1200cfm and an external static blower 

fan pressure of 0.6iwg.  Without the modules in place, 14-inch round ductwork would 

allow 1200cfm to flow through the system.  After placing the nozzle and heater modules 

into the loop, the pressure drop was in excess of 1.5iwg.  This causes the volumetric flow 

rate to fall well below the nominal set point.  Since the pressure drop of the two modules 

is greater than the allowable external static pressure, replacing the 14-inch duct with 

larger duct would not efficiently correct the problem.  Thus, including a booster fan in the 

layout was the only option to obtain the nominal volumetric flow rate.  An overall view 

of the initial indoor loop is shown in Figure 3-3. 

 

Booster      
Fan Module Nozzle 

Module 

Heater 
Module 

Heat  
Pump 

Figure 3-3.  Overhead View of the Initial Indoor Loop 
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3.4.2 Booster Fan Module 

The booster fan module contains a fourteen-inch blower wheel driven by a five 

horsepower, 1740rpm Dayton farm duty electric motor, model 6K847D.  The motor was 

oversized to accommodate the additional pressure drop of different test loop 

configurations. 

3.4.3 Flow Measurement Module 

The nozzle module is a fairly large chamber, approximately 80 cubic feet, with a 

fourteen-inch ASME nozzle mounted inside.  As explained earlier in section 3.3.1.1.2, 

pressure taps around the outside of the module are averaged together by interconnecting 

them to the Setra 264 pressure transducer to measure the pressure difference across the 

nozzle.  The pressure difference is then used to calculate the average volumetric flow rate 

according to standard ANSI/ASHRAE 51-1999 (ASHRAE, 2000).  First, the ratio of 

absolute nozzle exit pressure to absolute approach pressure is calculated: 

( )67.459
1

+
∆

−=
dXX tR

P
ρ

α             (3-16) 

where: 

 P∆  is the pressure differential, iwg. 
 Xρ  is the air density at plane X, . 3/ ftlbm

 R  is the gas constant, Rlblbft mf °⋅⋅ / . 
  is the dry bulb temperature at plane X, °F. dXt

The ratio of nozzle exit diameter to approach duct diameter is then calculated: 

XD
D6=β                (3-17) 

where: 
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  is the nozzle exit diameter, ft. 6D
  is the nozzle inlet diameter, ft. XD

Once the above-mentioned ratios are determined, the expansion factor is calculated.  Two 

methods are provided in the standard, but the following provides sufficient accuracy: 

( )( )αβ −+−= 171.0548.01 4Y            (3-18) 

The Reynolds number, Re, and discharge coefficient, C, are calculated in an iterative 

manner.  The iterative process was started with an initial guess of the discharge 

coefficient equal to 0.95.  Convergence is satisfied when the difference between the old 

and new discharge coefficient is less than 0.001.  The Reynolds number and the discharge 

coefficient for the 2:1 ASME nozzle were calculated as follows: 

46 160
1097Re

β
ρ

µ E
P

YCD X

−
∆

=             (3-19) 

Re
5.131

Re
688.69986.0 +−=C             (3-20) 

where: 
 µ  is the dynamic air viscosity, lb sftm ⋅/ . 
 E  is the energy factor, which is 1.0 for chamber nozzle applications. 

The volumetric flow rate, Q, is then found, in cubic feet per minute, for chambered 

nozzles as follows: 

 CAPYQ
Xρ

∆
= 1097              (3-21) 

where: 
  is the area of the nozzle outlet, .      A 2ft
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3.4.4 Heater Module 

The heater module provides a sensible load to the heat pump.  The required heat 

introduced to the indoor air stream is equal to that of the heat extracted by the indoor coil 

minus the indoor fan heat and heat gains through the indoor loop.  A 15kW electric strip 

heater provides a sufficient load and was placed into the heater module.  Figure 3-4 

shows that the heater is modulated in three 5kW stages.  
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Figure 3-4.  Heater Element Electrical Wiring 

3.4.5 Humidifier 

The air flow experiments were performed with dry coils and did not require a 

humidifier.  However, future experiments will monitor the refrigeration and airside 
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processes, which will require a wide range of inlet air conditions.  A humidifier is needed 

to allow control of the relative humidity for different indoor air condition test points.  A 

summary of the components for the experimental facility is shown in Figure 3-5. 
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Figure 3-5.  Schematic of Experimental Facility and Measurement Locations 
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4 ESTIMATING VELOCITY PROFILES USING AIR 

SPEED MEASUREMENTS 

Experiments conducted to estimate the inlet and outlet air velocity profiles of the 

indoor coil and the inlet air velocity of the outdoor coil were performed using a single hot 

wire air speed transducer.  These air speed measurements served to provide a check on 

PIV measurements, and, where velocity profiles proved to be nearly one-dimensional, a 

source of primary data for CFD model validation.  As such, they provided a valuable 

baseline data set. 

4.1 ESTIMATING AIR VELOCITY PROFILES 

One air speed transducer was used to estimate the air speed on both sides of the 

indoor coil as well as the entering air speed of the outdoor coil.  Using a traversing 

system, the transducer measured the same points on either side of the indoor coil.  The 

traverse allowed manual movement for measurements at different points along a one-inch 

grid of the coils.  The traversing mechanism is vital for repeatability and care of the 

velocity transducer.  Great care is required in the handling of this air velocity transducer 

since the hot wire is very fragile.      

4.1.1 Selection of the Air Speed Transducer 

The transducer selected was manufactured by TSI Incorporated, which has several 

different models available.  The multi-directional model 8465 was chosen (see Figure A-

7 of Appendix A).  This instrument is constructed using a probe with a hot wire needle 

connected to the transducer box with twenty feet of extension chord and measures air 
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speed magnitudes circumferentially around the hot wire.  Other instruments, which 

resolve the direction of the airflow using three hot wires, were briefly considered but 

rejected due to the cost and the difficulty of implementation in a traversing mechanism. 

4.1.2 Air Speed Transducer Uncertainty 

The accuracy of the transducer is temperature dependent.  For a temperature range 

of 64.4°F to 82.4°F, the accuracy is ±2% of the reading and ±0.5% of the full-scale range 

of the transducer.  When recording measurements outside the intended temperature range, 

a correction factor of 0.11% of the reading per degree Fahrenheit outside the temperature 

range indicated above is then added.  The maximum temperature range that allows for 

accuracy compensation of the transducer is 32°F to 140°F.  The response time is 200ms.  

This transducer allows the user to select the full-scale range and output signal range. 

Two full-scale measurement ranges were used in the experiments.  One range was 

used for the indoor coil and another for the outdoor coil.  Using two different 

measurement ranges allowed greater accuracy during the measurement of the outdoor 

coil since the velocity range is much lower.  The indoor coil measurement range was 

1250fpm with an output of 0 to 10VDC.  Assuming the maximum reading and output, the 

uncertainty of the transducer in this setting is ±31.25fpm.  The data logger then produces 

an uncertainty of 1.01fpm.  The outdoor coil measurement range was 300fpm with an 

output range of 0 to 10VDC.  Assuming the maximum reading and output, the 

uncertainty of the transducer in the outdoor coil setting is ±7.50fpm.  The data logger 

then produces an uncertainty of 0.24fpm.  Selecting a smaller output range could lower 

the uncertainty of the data logger.  For example, an output range of 0 to 5VDC would 

result in uncertainties of 0.75fpm and 0.18fpm for the indoor and outdoor coil 
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measurements respectively.  However, these differences are a mere 0.8% difference 

compared to the uncertainties associated with the air velocity transducer alone. 

The total uncertainties associated with the air velocity transducer are: 

22
DLinTSIinVin eee +±=        (4-1) 

22
DLoutTSIoutVout eee +±=        (4-2) 

26.3101.125.31 22 ±=+±=Vine fpm 

50.724.05.7 22 ±=+±=Voute fpm 

where: 
TSIine  is the uncertainty of the indoor coil velocity transducer. 

TSIoute  is the uncertainty of the outdoor coil velocity transducer. 

DLine  is the uncertainty of the data logger monitoring the indoor coil velocity. 

DLoute  is the uncertainty of the data logger monitoring the outdoor coil velocity. 

4.2 AIR SPEED MEASUREMENT SETUP 

4.2.1 Air Speed Probe Experimental Rig 

An important aspect of the experiments conducted using the air speed transducer 

was the design of the mechanism to hold the probe or hot wire.  Air speeds were to be 

measured on a one-inch grid entering the indoor and outdoor coil as well as exiting the 

indoor coil.  The desired distance between the face of the coil and the tip of the probe was 

less than one-half inch.  To accomplish this task, a traversing mechanism, shown in 

Figure 4-1, was constructed to maneuver the probe to the desired positions.  As shown in 

the side view, thirty vertical positioning holes in the three-foot long tube are equally 

spaced one inch apart.  Two horizontal positioning screws are located on the rectangular 
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plate shown in the top view of Figure 4-1.  Linear ball bearings were mounted internally 

in the large cylinder to provide support to the positioning tube and to avoid gouging the 

coil.  The rings shown at both ends of the positioning tube serve as stops to avoid damage 

to the probe located at the tip of the positioning tube.  Damage is easily done if the probe 

tip hits the condensate tray at the bottom of the indoor coil, or unintentionally pulled up 

into the guide mechanism.   
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experiments, the test rig was mounted on the roof of the heat pump.  To allow the long 

tube to enter into the air stream of the heat pump, two slots were cut into the roof of the 

unit, one on either side of the indoor coil.  This allowed for the measurement of air 

velocity entering and exiting the indoor coil.  To reinforce the roof of the heat pump and 

provide positioning holes for the horizontal movement of the test rig, a steel alignment 

plate was bolted to the roof of the heat pump.  The holes in the alignment plate were 

placed one inch apart to provide grid spacing.  Thus, the probe moved horizontally as the 

rig moved along the roof of the unit parallel with the indoor coil, and vertically using the 

long three-foot tube.   

To minimize air leaks through the two slots created in the roof of the heat pump, a 

sheet of thick rubber was glued to the roof, and the unit alignment plate was then 

positioned on top of the rubber.  As an extra precaution, Plexiglas with a film of oil and a 

weight was placed over the slotted areas during experiments.  A view of the large 

alignment plate is shown in Figure 4-2 below.   

  

Figure 4-2.  Test Rig Oriented for Outdoor Coil Experiment 
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Figure 4-2 shows the traversing device configured to measure air velocities at the 

face of the outdoor coil.  For this configuration, an additional support was required to 

orient the test rig properly.  The test rig moved vertically along the alignment plate and 

horizontally using the long tube.    

 In both setups, the opportunity for damaging the probe of the air speed transducer 

is high.  Any slight bump to the hot wire exposed may postpone data collection until the 

probe is repaired and recalibrated.  Given the nature of the positioning tube, one may not 

even get started collecting data, since the probe must be fed through the hollow tube and 

secured at the opposite end of the positioning tube with two set screws.  A certain amount 

of finesse is needed when inserting or removing the positioning tube through the tough, 

thick rubber during the indoor coil experiments.      

4.3 EXPERIMENTAL PROCEDURE 

Several experiments were performed in order to characterize the flow field in the 

vertical plane parallel to the coils one-quarter of an inch from the face.  Measurements 

were taken in both the inlet and outlet planes of the indoor coil, but only in the inlet plane 

of the outdoor coil.  Both open and closed loop configurations were tested in order to 

determine what impact, if any, the loop configuration had on the indoor coil velocity 

profiles.  Six sets of measurements were taken as follows: 

• Three tests entering the indoor coil, closed loop. 

• Two tests entering the indoor coil, open loop. 

• Two tests exiting the indoor coil, open loop. 

• Two tests exiting the indoor coil, closed loop. 
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• Two tests entering the outdoor coil, small section. 

• Two tests entering the outdoor coil, large section. 

The third closed loop experiment in the first set was conducted to determine the error 

associated with a “staggered grid” approach.  The “staggered grid” approach measures 

points at a one-inch spacing around the perimeter of the coil, and then a two-inch 

staggered spacing inside the perimeter as seen in Figure 4-3 below. 

X X X X X X X X X X
X X X X X X
X X X X X X
X X X X X X
X X X X X X
X X X X X X
X X X X X X
X X X X X X
X X X X X X
X X X X X X X X X X

 

Figure 4-3.  Staggered Grid Approach 

The grid points skipped in the experiment are then approximated using linear 

approximations.  For this flow regime, it was found that the staggered grid approach 

approximates the one-inch grid reasonably well when the following formulation of the 

skipped grids is used:  Average points above and below the missing data point when the 

data point lies in the column next to the left or right most perimeter; otherwise, take the 

average of the two points to the left and right of the missing data point.  This is 

summarized in the following two equations: 

 
2

1,1,
,

−= +
= jiji

ji

XX
X , for i = 2 or i = N-1     (4-3) 
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= , for 2 < i < N-1      (4-4)  

where i is in the horizontal direction, j is in the vertical direction, and N is the total 

number of columns or horizontal positions.  This formulation of the missing data points 

minimizes the maximum percent difference (8.64%) and yields a low average percent 

difference (1.40%).   

The rest of the experiments were conducted using the “staggered grid” approach.  

Each measured data point is the average of 100 measurements taken over a 20 second 

interval. 

4.4 HOT WIRE ANEMOMETRY RESULTS 

Once the experiments were performed, the results were analyzed by first 

calculating the RMS velocity as follows: 

 
( )
N
X

RMS ∑=
2

        (4-5) 

where N is total number of data points, X is the speed at a given grid point and RMS 

represents the RMS velocity.  This method of analyzing the data attempts to place less 

emphasis on the outlier data for each grid point.  Each grid point is the root mean square 

average of the measurements during a twenty-second time interval to account for the 

volumetric flow rate fluctuation of the fans.  Each output generated by the one-

dimensional probe was given every two seconds, and the air speed transducer internally 

averaged each output data generated.  In a two second output interval of the transducer, 

ten data measurements were averaged internally.  The average standard deviation for a 

twenty-second time interval depended on the measurement set.  For the closed loop 
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configuration, the entering and exiting indoor coil measurements had an average standard 

deviation of 26.3fpm and 3.5fpm respectively. 

4.4.1 Outdoor Coil Results Using the Air Speed Transducer 

Although the indoor coil is the primary focus of the non-uniform velocity 

distributions, the outdoor coil may exhibit similar problems.  Variables affecting the 

airflow through an outdoor coil are similar to that of the indoor coil.  These items include 

the propeller blade design and pitch, placement of the propeller, overall geometry of the 

outdoor coil, fin density and design, flow obstructions in the outdoor section of the 

cabinet, and the geometry of the flow outlet.  For this case, the outlet geometry of the fan 

is not an orifice ring.  The outdoor coil has a fin density of 20 fins per inch, and the coil 

wraps around the perimeter of the unit in an ‘L’ shape.  The short part of the ‘L’ is 

referred to as the short section of the outdoor coil and measures approximately 29” high 

to the lip of the roof and 20” wide.  The larger portion of the outdoor coil measures 

approximately 29” high to the lip of the roof and 36”wide.  The outdoor coil has a 

significantly greater face area compared to the indoor coil, but the outdoor coil is only 

two rows in depth.  Therefore, the amount of heat rejection is essentially balanced 

between the two coils.  Since the compressor is located in the outdoor section of the unit, 

the compressor and the associated piping are possible flow blockages.   

Overall, the outdoor coil produced an average speed of 170fpm entering the coil 

face. The standard deviation of the profile is approximately 21fpm and 24fpm for the 

entire sections of the small and large outdoor coil.  The root mean square for each 

individual measurement location was calculated for a given experiment.  These results 

were then used to interpolate the missing data points in the staggered grid as described 
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previously.  The data points of the two experiments performed for each section of the 

outdoor coil were then combined using root mean square once again.  The air speed 

profiles are graphically shown in Figures 4-4 and 4-5.    
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Figure 4-4.  Entering Outdoor Coil – Large Section 

A substantial increase in speed was found in the measurements of the large 

section of the outdoor coil at the bottom of the coil as shown in Figure 4-4.  An increase 

from the average speed of 170fpm to over 300fpm along 70% of the bottom of the coil 

occurred, which is roughly 2% of the large section of the outdoor coil.  This is most 

likely due to air leaking under the coil.  The next noticeable area of interest is the pocket 

of lower speed measurements, approximately 140fpm, near the top right of the coil.  This 

section is in the corner of the unit at the bend of the ‘L’.  Also, the prop is located here 

and may be adversely affecting the uniformity of the flow field.  The low speed pocket is 

approximately 20% of the large section.  Excluding the higher speeds at the bottom and 
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the low speeds in the right corner, a standard deviation of approximately 8fpm, or 

roughly 5% of the average speed, is computed for the bulk of the measurement area.   

Similar results are found in the smaller portion of the outdoor coil.  The bottom of 

the coil exhibits a spike in speed and a moderate increase in speed near the top of the coil.  

The higher speeds along the top of the outdoor coil is a result of the roof of the unit.  The 

overhanging lip of the roof creates a narrower airflow path.  The smaller portion does not 

have a region that drops in velocity near the propeller blades, but a significant drop in a 

portion of the coil just before the bottom of the coil does occur.  The air speed drops from 

an average of 170fpm overall to 120fpm for about 10% of the small section of the 

outdoor coil.  As found with the large section, excluding the regions of high deviations, a 

standard deviation of 8fpm is calculated for the remaining 90% of the coil. 
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Figure 4-5.  Outdoor Coil – Small Portion 
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In summary, the bulk of the outdoor coil was found to have uniform entering 

airflow characteristics.  Overall, the average speed of the outdoor coil was found to be 

170fpm with a standard deviation of roughly 25, or approximately 15% of the average. 

However, excluding the regions of large deviations from the bulk of the measurement 

area, an average speed of 175fpm with a standard deviation of 8fpm, less than 5% of the 

average speed, was found for approximately 83% for the outdoor coil face area.  In 

addition, the volumetric flow rate was balanced through the two sections of the coil.  This 

is demonstrated by comparing the ratio of the small section face area to the total face 

area, 0.357, versus the ratio of volumetric flow rate through the small section versus the 

total volumetric flow rate through the outdoor coil, 0.355.  The total flow rate is 

1850cfm.  

4.4.2 Indoor Coil Results Using the Air Speed Transducer 

The indoor coil results differ greatly in comparison with the outdoor coil.  

Analysis of the indoor coil involved obtaining measurements in both closed and open 

loop scenarios entering the coil and exiting the coil.  The two scenarios were explored to 

isolate possible booster fan effects on the profile.   

 The open loop tests were conducted by disconnecting the heater module from the 

loop.  The module was turned ninety degrees and shifted toward the outlet of the blower 

module to act as a flow blockage to the open loop.  The volumetric flow rate of the 

system was easily matched to the volumetric flow rate in the closed loop experiments by 

adjusting the proximity of the heater module to the outlet of the booster fan module.  

Identical flow profiles occurred in the closed and open loop scenarios.  The loop 

configuration does not impact the entering indoor coil measurements. 
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Beginning with the entering side of the indoor coil, three experiments were 

completed in the closed loop configuration, and two experiments were completed in the 

open loop configuration.  The results were analyzed as described in the outdoor coil 

experiments.  Computing the volumetric flow rate from the measured velocities provides 

insight on the flow regime entering the indoor coil.  The resulting volumetric flow rate is 

in excess of 250% higher than that of the measured volumetric flow rate in the indoor 

loop.  Thus, the air speed profile is not representative of the air speed entering normal to 

the coil.  As a result, rotation in the flow field must be present.  Since identical flow 

profiles occurred in the closed and open loop scenarios entering the indoor coil, the loop 

configuration was not a factor in the air speed probe’s ability to measure the flow 

profiles.  Additional experiments were performed beyond that of the original 

experimental procedure to gain knowledge of the flow profile entering the indoor coil. 

The additional experiments were performed using an omni-directional air speed 

transducer, model 8470 manufactured by TSI Inc.  This particular model had a maximum 

range of 1000fpm.  The construction of the omni-directional air speed transducer did not 

allow the use of the translation mechanism used previously.  Therefore, the ability to 

measure the entire face of the indoor coil was reduced to an area within twelve inches 

from the top of the coil.  The measurement points were recorded using a four-inch grid 

along the width of the indoor coil and a two-inch grid along the height of the indoor coil.  

The omni-directional probe experiments were recorded at approximately 900cfm and 

1200cfm using the setup described in 5.1.1.  The results of the omni-directional 

experiments provide magnitudes of the air velocity at 0.25 inches upstream of the indoor 

coil.  The results are shown in Figures 4-6 and 4-7 below. 
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Figure 4-6.  Omni-Directional Results Entering Indoor Coil (900cfm) 
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Figure 4-7.  Omni-Directional Results Entering Indoor Coil (1200cfm) 

The profiles entering the indoor coil show a decrease in velocity in a circular 

pattern.  The low velocity magnitudes tend to encompass a 4-inch radius from the lowest 

point (approximately 6.5 inches from the left side and 6 inches below the top of the coil).  

The location of the lowest velocity magnitude was not resolved using this grid spacing. 
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Coil outlet air speeds were measured for both open and closed loop configurations 

using the original one-dimensional air speed transducer.  Average air speed profiles are 

shown in Figures 4-8 and 4-9. 
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Figure 4-8.  Exiting Indoor Coil – Closed Loop 
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Figure 4-9.  Exiting Indoor Coil – Open Loop 
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Both the open and closed loop experiments produced similar results.  Thus, the impact of 

the closed and open loop scenarios is negligible.  The exiting side of the indoor coil flow 

profile was not as steady as the outdoor coil flow measurements.  This particular side of 

the indoor coil did, however, produce uniform flow characteristics.  With the exception of 

the area close to the condenser section, or the left side of the coil when looking into the 

exiting air stream, more than 75% of the exiting face area produced an average air speed 

of 290fpm and a standard deviation of 38fpm, or 13% of the average speed.  The region 

near the condenser section is excluded since the geometry of the unit changes as the wall 

structure narrows.  This causes the airflow to increase from a nozzle effect.  Since the 

measurements were taken 0.25 inches away from the face of the coil, the measurements 

in this region are not representative to the actual speeds exiting directly from the coil.  

The average volumetric flow rate calculated (using the average velocity computed from 

75% of the exiting side of the indoor coil) was within 5% of the average measured 

volumetric flow rate through the indoor loop.    

4.4.3 Summary of Air Speed Measurement Results 

Further analysis of the experiments provides an additional means of assessing the 

reliability of the data collected.  The intermediate output generated by the transducer 

allowed for the calculation of further statistical metrics such as the fluctuation of the 

velocity at a given data point.  The average normal range varied depending on the status 

of the indoor loop.  During indoor coil measurements, the closed loop configuration 

resulted in lower fluctuations of the individual measurement points.  Table 4-1 is a 

summary of the percent normal range and normal standard deviation for each experiment 

using the one-dimensional probe.  The results were found by averaging all of the 
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measurement point ranges or standard deviations to arrive at an overall average range and 

average standard deviation of a measured point for a given experiment.  The table shows 

that on a point-by-point basis, the closed loop exiting indoor coil experiments and the 

outdoor coil experiments were steady.  The standard deviations were within 5% of the 

resulting measurement.  

Table 4-1.  Summary of 1-D Probe Measurement Fluctuations 

Experiment Coil Scenario Normal Range Normal Std. Dev.
1 Entering Indoor Closed 11.60% 27 fpm
2 Entering Indoor Closed 11.44% 26 fpm
3 Entering Indoor Closed 11.29% 26 fpm
4 Entering Indoor Open 14.87% 31 fpm
5 Entering Indoor Open 15.25% 32 fpm
6 Exiting Indoor Open 7.27% 6 fpm
7 Exiting Indoor Open 6.35% 6 fpm
8 Exiting Indoor Closed 3.88% 4 fpm
9 Exiting Indoor Closed 2.77% 3 fpm

10 Entering Outdoor N/A 6.52% 4 fpm
11 Entering Outdoor N/A 8.34% 4 fpm
12 Entering Outdoor N/A 16.56% 9 fpm
13 Entering Outdoor N/A 15.09% 9 fpm

 

 A review of the experiments thus far allows several major conclusions to be 

drawn.  These conclusions include the following: 

1. With the exception of the area directly affected by the fan, the entering outdoor 

coil velocity profile was uniform with a standard deviation of 8fpm. 

2. The fan-affected area of the outdoor coil comprised 16% of the total coil area.  

Velocities in this area were approximately 22% lower than the average velocity of 

the rest of the coil.  The unshrouded fan represents a “worst case” outdoor coil 

inlet velocity profile.  For this case, the overall impact of the unshrouded fan (as 
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measured by product of the deviation from the average velocity in the fan affected 

area and the fan affected area) was one order of magnitude higher than the 

leakage affect (as measured by the product of the of the deviation from average 

velocity at the bottom of the coil and the bypass area).  Thus, some improvement 

to the outlet coil velocity profiles is possible. 

3. Although the inlet velocity profile of the indoor coil was not obtainable, the outlet 

velocity profile was uniform with an overall standard deviation of 95fpm and a 

standard deviation of 38fpm if the corner constriction is not considered.  We are 

led to conclude that for this flow configuration, where the air enters the coil inlet 

plenum parallel to the coil face, the coil itself acts as an effective “settling 

means.” 

4. The air speed probe cannot resolve the inlet coil velocity profile.  The uniformity 

of the outlet profile, the geometric relationship of the duct to the coil and the 

results of the omni-directional air speed transducer point to a large eddy parallel 

to the coil face.  The exact nature of the profile must be resolved by three-

dimensional velocity measurements. 
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5 PIV ESTIMATION OF VELOCITY PROFILES 

Estimation of the velocity profiles using an air speed transducer demonstrated the 

necessity of resolving all three components of velocity.  In particular, the profile entering 

the indoor coil cannot be resolved by air speed measurements alone.  The method of 

stereoscopic particle image velocimetry was chosen to clarify the flow field within the 

return section of the heat pump.  

Stereoscopic particle image velocimetry was used as a means to gain more accurate 

information than that found with the one-dimensional probe and to gain knowledge 

pertaining to the flow field at several other locations in the air-conditioning unit.  This 

helps in the process of validating the CFD results.  The PIV system operates using two 

lasers and two high-speed cameras.  The lasers provide a light sheet that illuminates 

particles in flow.  The two high-speed cameras take pictures of the particles, one right 

after the other at a specified time lapse.  Using this time lapse, the software package that 

accompanies the PIV system tracks particle movement and calculates the velocity vectors 

for the illuminated area.  The results of the PIV experiments are then used in conjunction 

with the CFD results to suggest an appropriate method for modeling geometries of this 

nature. 

5.1 DESCRIPTION OF THE PIV FACILITY 

Using a Particle Image Velocimetry (PIV) system requires unique experimental 

preparation.  The system requires that the flow field is visible to both the cameras and the 

laser sheet.  The benefits of such a setup include non-intrusive measurement capabilities 

and simultaneous resolution of the velocity in a relatively large flow field.   
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5.1.1 PIV Experiment Preparation 

5.1.1.1 Plexiglas Model      

The original heat pump used in the velocity probe experiments was constructed 

using sheet metal.  Since the measurement process of the PIV system requires transparent 

boundaries, a full scale Plexiglas model of the heat pump was created as shown in Figure 

5-1.    

 

Figure 5-1.  Plexiglas Model of the Heat Pump’s Indoor Section 

A laser light sheet serves as the light source for the cameras used in this application.  The 

cameras are mounted outside of the model allowing measurements without disrupting 

airflow through the unit.  Half-inch Plexiglas provided both the structural rigidity 

required to withstand the vibration of the indoor blower motor and frequent user access to 

the measurement area, and the transparent boundaries required for measurements.   

To create the same flow scenario, the inner dimensions of the actual heat pump 

are replicated in the Plexiglas model.  However, only the section of the heat pump 
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containing the conditioned air is modeled.  This section, the indoor section, contains the 

indoor coil, the control box, and indoor blower.  The indoor coil assembly and indoor 

blower assembly were removed from an identical heat pump and placed inside of the 

model.  Inserting two extra pieces of Plexiglas formed the rectangular control box.  This 

allowed measurement capabilities with and without the control box.  The dimensional 

details of the indoor section are shown in Figure 5-2 below. 

P 
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flow rate.  The flow straightening screens were constructed using household wire screen 

material.  Inserting these screens one foot apart after the elbows provided a pressure drop 

sufficient to achieve a fairly symmetric, but skewed velocity profile along the inlet duct 

cross section.   

The velocity profile was measured using the velocity probe for low airflow cases 

and a pitot tube for high airflow cases.  The probe was inserted vertically and horizontally 

through the duct near the inlet to the Plexiglas model.  A total of eight measurement 

points were recorded in each direction as shown in Table 5-1 below.   

Table 5-1.  Loop Velocity Measurements 

Point Depth Vertical Horizontal
inches fpm fpm

1 0.5 760 560
2 1.5 770 790
3 2.75 840 800
4 5.25 900 880
5 8.5 970 890
6 11.25 990 910
7 12.5 910 820
8 13.5 820 800

 

The approximate velocity profile is graphically shown in Figure 5-3.  Higher 

velocity distributions tend to appear towards the bottom right of the duct when viewing 

the profile by looking into the duct from the inside of the model.   
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Figure 5-3.  Representation of the Inlet Velocity Profile 

The measurement points were chosen in order to create an equal area traverse for 

convenience in computing the volumetric flow rate.  The velocity at each point was then 

assumed for an area equivalent to 9.62 square inches or 0.066813 square feet.  Taking the 

product of 0.66813 square feet and the sum of the measured velocities results in an 

approximate volumetric flow rate of 900cfm.  This information will prove beneficial for 

comparison to the computational modeling and results. 

5.1.1.2.1 Particle Image Velocimetry 

The TSI, Inc. PIV system consisted of a number of components including two 

high-speed, digital cameras and two class four lasers.  The two digital cameras are 

identical, model number 630150 produced by PowerView.  The digital charge-coupled 

device (CCD) cameras have a resolution of 2048 pixels by 2048 pixels and an output of 8 

bits at 17 frames per second.  The lenses accompanying the cameras are 50mm, 1:1.40 

Nikon AF Nikkor camera lenses.  The class four laser system is comprised of a mini-dual 

ND Yag laser from New Wave Research, a Gemini 200 with a frequency of 15hz and a 
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wavelength of 532nm.  In addition to these major components, a light arm assembly 

allows highly mobile positioning of the laser output.  The light arm is a combination of 

mirrors internally mounted in a specially designed tube to reflect the laser from the 

entrance to the outlet without disrupting the beam.  The base of the assembly is model 

610015, and the light arm is part number 1098915.  TSI Incorporated produces the light 

arm assembly.  The laser components are shown in Figure 5-4. 
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Figure 5-4.  PIV Laser Components 

 PIV System Preparation 

Initial setup of the PIV system is detailed in Appendix E.  In addition to the system 

bly and the alignment issues associated with the laser, the movement and 

oning of the light arm and cameras is crucial.  The lenses affixed to the end of the 

arm must remain in the same position relative to the cameras.  Otherwise, 

ation must be repeated for each new measurement location.  To fix their relative 

ons, the light arm and the two cameras were mounted on a rigid structure as shown 
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in Figure 5-5.  The platform translates the cameras – light arm assembly to each new 

measurement location.   

 

CCD 
Cameras

Platform

Figure 5-5.  PIV Translation Platform Assembly 

5.2 PIV FLOW VISUALIZATION 

Before beginning the true stereoscopic PIV experiments, simple tests were 

completed to view the overall flow entering the indoor coil.  The results obtained from 

the simple flow visualization tests were used as a rough check on the overall structure of 

the flow field.  

One of the CCD cameras was positioned in order to capture the entire cross section 

of the model.  A glycol solution was then used in a smoke generator.  The output of the 

smoke generator was introduced to the center of the air stream near the duct entrance to 

the model.  Images were then captured with the laboratory lights off and the laser 

illuminating the model.  Figure 5-6 is a sample of the pictures acquired.   
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Figure 5-6.  Flow Visualization of the Return Section 

The inverted coloring shown in the flow visualization depicts the general movement in 

the return section of the indoor compartment of the heat pump.  As the flow enters the 

model from the duct on the left of the picture, the smoke turns upward as it nears the 

opposite wall.  The pattern then begins to curl back around towards the inlet.  At this 

point, the tracer particles dissipate before any further estimate of the flow field can be 

deduced.  The faint horizontal line in the picture is due to the thickness of the Plexiglas 

used to create the bottom of the control box inside the model.   

From the simple flow visualization technique used, the air stream entering the 

model is found to move upward as it nears the opposite wall and then begins to curl back 

towards the duct side – confirming the presence of a rotation.  Although the extent of the 

knowledge gained from this method is not conclusive, the results give a good indication 

of the general pattern expected from the PIV measurements.  The placement and 
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orientation of the light sheet impacts the results of the flow visualization.  Most of the 

PIV work was done with the light sheet position in the vertical position, as this 

orientation seemed to have the most in-plane movement.   

Prior to PIV measurements, one additional flow visualization technique was used 

to gain some insight into the overall flow field configuration.  Streamers were attached to 

a thin metal rod and inserted at different vertical positions 0.25 inches from the front face 

of the coil as shown in Figure 5-7. 

  

 

 

 

Figure 5-7.  Flow Visualization Using Streamers 

The top left photograph of Figure 5-7 shows the streamers located 2.5 inches from the left 

edge of the coil.  The top right, bottom left and bottom right photographs were located at 

6.5, 10.5 and 18.5 inches from the right edge respectively.  Figure 5-7 shows that the 
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flow enters on the left side, turns upward at the opposite wall, travels back to the left, and 

then turns downward when approaching the left wall once again.  The streamer 

photographs show that a definite swirl exists in the return section of the heat pump. 

5.3 PIV VELOCITY MEASUREMENTS 

5.3.1 PIV System Parameters 

In addition to the alignment and setup issues discussed in section 5.1.2, the 

interrogation method, laser lens specification, and characteristics of the velocity field 

must also be considered to obtain accurate results.  In addition, the level of seeding, the 

diameter of the seeding particles, the velocity gradients and variations within an 

interrogation spot, the light sheet thickness, the wavelength of the laser light sheet, the 

time between subsequent image captures, the magnification of the system setup, the 

camera lens setting, and the interrogation spot size must be considered (Keane and 

Adrian, 1990a). 

5.3.1.1 Distance from the Light Sheet to the Camera Lenses 

Selection of the PIV parameters entails identifying constrained parameters and 

identifying those capable of being optimized for a given experiment.  The constrained 

parameters are primarily due to the geometry of the model and the wide range of 

measurement capabilities chosen.  To meet the needs of all the intended measurement 

planes, the distance from the camera lenses to the laser light sheet is bounded according 

to the dimensions of the model.  The setup was chosen to have the capabilities of 

capturing both vertical and horizontal measurement planes.  Therefore, the minimum 

distance between the camera lenses and the light sheet is the maximum dimension 
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between the width and height of the model, as the cameras must remain outside of the 

model.  In this case, the height is greater and measures 29.5 inches.  The intended 

minimum distance from the bottom of the model was not expected to be less than two 

inches from the bottom, so the distance between the light sheet and the two camera lenses 

was 28 inches. 

    This one constraint affects several of the remaining parameters in some form, 

so it may become an iterative process to acquire the correct distance after working 

through the remaining setup parameters.   The first parameter directly affected is the 

magnification M.  Keane and Adrian (1990b) define this parameter as: 

o

i

d
d

M =          (5-1) 

where  
id  is the distance between the camera lens and the image plane (i.e. CCD array). 

od  is the distance between the camera lens and the light sheet. 

Since the camera lenses used in this application are 50mm, the magnification is computed 

with the knowledge of the CCD camera geometrical dimensions.  The body of the camera 

measured 2.70 inches long with an extension of 1.05 inches.  Assuming that the CCD 

array, the image plane, is located in the center of the body of the camera, the 

magnification was computed as 0.156. 

 The determination of the magnification then becomes a variable in the process of 

determining the depth of field.  Depth of field is the thickness of the camera focus plane 

and is defined as (Adrian, 1991): 

( ) λδ 22 #114 fMz +=        (5-2) 

where  
#f  is the camera lens f-number. 
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λ  is the wavelength of the laser pulse, 532nm. 

Objects not contained within this region are not considered focused.  Acceptable ranges 

of the depth of field are determined by the flow field characteristics and the thickness of 

the light sheet as detailed in sections 5.3.1.3 and 5.3.1.6. 

5.3.1.2 Laser Optical Lenses 

Both cylindrical and spherical optical lenses are used to control the characteristics 

of the light sheet.  The cylindrical lens controls the height of the light sheet at a particular 

distance from the lens.  The Spherical lens is then used to alter the thickness of the light 

sheet at a particular distance from the edge of the lens.  A 1000mm cylindrical lens and a 

1.5mm spherical lens were selected for measurements at a distance of approximately 38 

inches from the lenses.  The lenses allowed interrogation of a 10cm by 10cm 

measurement area without significant loss of light sheet intensity.  An additional 

constraint lies within the spherical lens.  Choosing a spherical lens that produces a 

narrower thickness for the light sheet gives greater intensity for image capturing, but if 

this value is not coordinated with pulse separation time and the out-of-plane velocity 

characteristics of the flow field, accurate measurements will not be possible.       

5.3.1.3 Camera Optical Lenses 

The possibility of escaping seeding particles, noted in the selection of the light 

sheet thickness, also plays a role in each camera lens setup.  Since a 50mm lens was 

already selected for the experiments, the remaining parameter associated with the camera 

lenses is the f-number, or f-stop.  This parameter sets the aperture of the lens.  As noted 

earlier, the f-number affects the depth of field.  In fact, this is the only variable that 
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controls the depth of field once the magnification and the wavelength of the laser pulse 

are fixed.  The minimum value of the f-number is calculated assuming that the ideal 

depth of field is equivalent to the thickness of the light sheet.  Using this assumption and 

equation 5-2, the minimum f-number is calculated as 3.6, so the closest f-number of 4 is 

used, which is a setting on the camera lenses.  Selecting the f-number and the spherical 

lens is an iterative process since both are coupled with the out-of-plane velocity 

characteristics of the flow field, which are often difficult to estimate without prior 

knowledge of the flow field.   

5.3.1.4 Placement and Orientation of CCD Cameras 

Two different types of stereoscopic PIV systems are common as discussed by 

Prasad (2000).  These systems include translation and angular systems.  The system used 

for this study is an angular stereoscopic PIV system.  For this particular setup, the center-

to-center distance between the two cameras, the optical axis angles of the cameras, and 

the Scheimflüg angles must be specified as shown in Figure 5-8.   
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Figure 5-8.  Placement and Orientation of CCD Cameras 

The optical axis angle is measured by rotating the cameras from the line of sight 

perpendicular to the light sheet.  The cameras are angled towards each other so that the 

optical axes of the cameras intersect at a common point in the interrogation plane.  This is 

further detailed in section 5.3.1.5.  Since the distance between the cameras and the light 

sheet is determined, the center-to-center distance between the cameras fixes the desired 

optical axis angle.  The maximum center-to-center distance, approximately 27 inches, 

limits the optical axis angle to approximately 25° for a distance of 28 inches between the 

cameras and the measurement plane.  A maximum center-to-center distance exists due to 

the CCD camera mounting plate length.  The optical axis angle is precisely adjusted 

using the angle increments marked on the camera base housing.  The housing also 

provides precise fine-tuning of the individual camera heights.  The camera base rail 

allows the user to adjust the center-to-center distance. 
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The optical axis angle of the cameras determines the ratio between out-of-plane 

error and in-plane error (Lawson and Wu, 1997a).  This ratio gives an indication of how 

well the third component of velocity is being measured in comparison to the two-

dimensional counterparts.  The error ratio at the center of the measured plane is defined 

as: 

θtan
1

=re          (5-3) 

where θ  is the optical axis angle of the camera.  This relation is shown graphically in 

Figure 5-9 below.  Although the ratio does not give an indication of the magnitude of the 

errors, it does show the magnitude of the out-of-plane error relative to the in-plane error.  

As shown in the figure, the ratio approaches one at an angle of 45° since, at this angle, 

the stereoscopic PIV measures in-plane and out-of-plane velocities with equal accuracy. 
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Figure 5-9.  Error Ratio Associated with Optical Axis Angle 

Lawson and Wu (1997b) conducted a study on the impact of the optical axis 

angle.  The analysis involved determining the root mean square (rms) displacement error 

for a given optical axis angle and particle displacement for both in and out of plane 
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displacement.  The results demonstrated that smaller particle displacements created larger 

errors.  In addition, optical axis angles between 20° and 30° minimized the overall error 

including in and out of plane displacement.  They concluded that the optimum angle for a 

given angular, stereoscopic particle image velocimetry system is between 20° and 30°.   

Due to the large angles needed for better results in stereoscopic PIV systems, an 

additional angle is introduced to lessen the effects of non-uniform focusing across 

intended image capture.  Angular PIV systems have cameras that allow the adjustment of 

the Scheimflüg angle.  The Scheimflüg angle is used as a means to focus the entire object 

plane for a given optical axis angle.  This allows the possibility of image captures with 

focus levels approaching those measured with an optical axis angle of zero degrees 

(Prasad and Jensen, 1995).  The ability to achieve these results, however, depends upon 

the method used to dial in the Scheimflüg angle and the optical axis angle.  The 

Scheimflüg angle alone does not solve the problem of non-uniform magnification across 

the image.  Selecting the Scheimflüg angle is described in 5.3.1.5. 

An issue related to non-uniform magnification is registration error.  As noted by 

Prasad (2000), the error ratio analysis is completed on the basis of no registration error.  

Registration error occurs when points on two images are not matched up correctly.  

Associated discrepancies are assumed to more likely occur when the magnification across 

a given plane of an image capture varies severely.  Thus, at higher optical axis angles, 

these errors will become more apparent, which Prasad demonstrated.  The methods 

available for PIV systems to reduce the registration error include geometric 

reconstruction or calibration-based reconstruction as discussed in the following section.   

5-64 



 

5.3.1.5 Calibration of the System 

To resolve the issues of registration error, calibration-based reconstruction is used 

in the system used for this study.  A two-plane calibration plate is aligned with the light 

sheet and the two CCD cameras.  The cameras are focused and images of the calibration 

plate are recorded (Willert, 1997).  To accomplish this task, the light sheet was aligned 

with the alignment mirror found on the side of the alignment plate.  The laser was fired 

and the plate was adjusted until the laser sheet reflected back to its origin.  This was an 

iterative process with the alignment of the cameras.  Calibration maps are then created 

using the software Insight 5.  This software uses similar methods as described by Prasad 

and Adrian (1993) in addition to Westerweel and Nieuwstadt (1991).  The calibration 

tools available in the Insight software facilitate precise focusing of the cameras and 

adjustment of the optical axis angle, and the Scheimflüg angle.  The Scheimflüg angle is 

adjusted until a uniform focus across the calibration plate is achieved.  The software 

program then uses a pair of images captured to create calibration maps.       

5.3.1.6 Flow Field Driven Parameters 

Parameters that are determined by the air flow field include the level of seeding, 

the time separation between laser pulses for a given stereoscopic measurement, the f-

number, and the optical axis angle of the cameras.  Results from the hot wire anemometry 

experiments were used to estimate the velocity through the unit.  A maximum velocity of 

1000fpm was assumed for the planes measured with the light sheet oriented vertically.  

The time separation between laser pulses was determined by following guidelines 

provided by Keane and Adrian (1990a, 1990b, 1991).  For optimal results, the 

displacement of particle in- and out-of-plane should be less than 25% of the light sheet 
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thickness and the interrogation spot size.  Given this information, a time separation of 45 

microseconds was chosen. 

The optical axis angle was set at 15° with f-numbers for both cameras set to 4, 

which corresponds to a depth of field of 2.02mm assuming uniform magnification and 

taking into account the added distance from angling the cameras.  Following initial tests, 

the f-number closest to the laser lenses, the right camera, was decreased to 2.8 to allow 

more light exposure.  Doing so decreased the depth of field to 0.99mm.  At this point, the 

error associated with the optical axis angle was not as important as ensuring that the 

thickness of the depth of field was large enough to account for any minor misalignment 

between the calibration plate and the light sheet.  If the setup was changed to 

accommodate a 20° optical axis angle, the right camera would most likely require the f-

number to be decrease to 1.9.  This would give a depth of field of approximately 0.48mm, 

which does not leave any room for error in the calibration procedure.  With the 15° 

optical axis angle configuration, the error ratio is approximately 3.7 from Figure 5-9.  

The optical axis angle of 15° resulted in a center-to-center distance of the camera lenses 

of approximately 15 inches.  The final parameter selections are shown in Figure 5-10 

below. 
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Figure 5-10.  Parameter Selection of the PIV System 

Once the above parameters were set, the seeding levels were varied to obtain the 

best results.  The seeding used in the experiment was olive oil droplets injected with 

average diameters of 1 to 3 microns created by a TSI Inc. pressurized nozzle container.  

The quality of the seeding is indicated by the detection level of valid vectors calculated 

by the software program.  A 95% detection level is suggested by Adrian (1992).  To 

ensure such levels, Adrian suggested that a certain number of particle pairs be present in 

a given interrogation window size depending upon the post processing analysis used.  

The interrogation window is the size of the spot the software analyses to calculate one 

vector.  Thus, the user controls the number of velocity vectors calculated by specifying 

the size of the interrogation spot.  The smaller the window, the greater the flow field 
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resolution.  Since the seeding directly depends on the desired window size, the seeding is 

adapted in the PIV experimental procedure to match desired post processing analysis.  In 

general, the number of particle pairs was greater than 15 for the selected interrogation 

window sizes. 

5.4 PIV RESULTS    

5.4.1 Interrogation Methods 

The PIV system used enables the user to analyze flow fields using single exposure 

images.  Three-dimensional vectors are resolved using two cameras, and the two images 

recorded per camera.  Thus, both cameras capture the first image at the same moment in 

time.  Then a time delay occurs, which was determined earlier to be 45 microseconds.  

Both cameras then record the second image capture.  Thus, for a given three-dimensional 

velocity field of a particular region, four images are required.  The two pairs of images 

are mapped together as briefly described in the calibration section.  The final vector field 

is found using a statistical correlation implemented in the Insight 5.0 software package.  

The interrogation window, grid engine, masking technique, correlation method, and peak 

engine are all user specified parameters that control the determination of the vector fields. 

5.4.1.1 Interrogation Window 

The resolution of the vector field is dependent upon the interrogation window 

size.  Shrinking the window results in more velocity vectors, but also more analysis 

computational time.  One representative vector is calculated per window.  The 

interrogation window is specified as a rectangular region by defining the width and 

height in pixels.  Since each camera has recorded two images for a given analysis, two 
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spot sizes are given.  A second set of interrogation spots are defined depending on the 

grid engine selected for the analysis.  One set of spot sizes is defined for the Nyquist 

Grid, and two are needed for the Recursive Nyquist Grid and Rectangular Grid.   

The size of the interrogation window is an important parameter.  The size is 

dependent upon several variables including the required resolution of the vector field, the 

flow field of the experiment, and the quality of the seeding.  Keane and Adrian (1992) 

pointed out that the size of the window depends upon the velocity gradient within a 

particular window.  The window must not be too large as to lose the detail of the flow 

field.  There is also a limit as to how small the window is set.  The limiting size is set by 

the seeding of the experiment.  For a given correlation method, different seed densities 

are required.  Cross-correlation methods only require half the amount of seeding pairs per 

window as auto-correlation methods.  This means that a higher spatial resolution of 

velocity vectors is obtainable using cross-correlation methods as apposed to auto-

correlation methods for a given seeding level. 

Seeding density affects only the reliability of the data, not the precision of the 

vectors calculated.  Therefore, increasing the seeding density does not increase the 

measurement precision.  The precision of the measurements is dependent upon the 

particle-image diameter (Westerweel, 1997).  At very high levels of seeding, the analysis 

software will be unable to discern movement among seeding particles between images.  

For this reason, a minimum integration window size is required.  This of course also 

depends on the velocity magnitudes of the flow, the seeding particle diameter, and the 

setup of the PIV system.  For the spatial resolution desired, a rather large interrogation 
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window of 128 pixels by 128 pixels was applied to both the first and second images.  

This produced 1024 vectors within a 10cm by 10cm image region. 

5.4.1.2 The Grid Engine 

The interrogation spot locations are determined by the grid engine.  The Nyquist 

Grid option produces a grid spacing equal to half the width and half the height of the spot 

size defined, or a 50% overlap.  The Nyquist Grid analyzes the images once and does not 

allow for window offsets.  Window offsets are used in an attempt to recover lost particle 

images in the second image (Gui et al, 2001).  The Recursive Nyquist Grid is similar, but 

the option involves a second analysis of images.  Results from the first analysis are used 

to determine optimal window offsets for the second analysis.  Using the Recursive 

Nyquist Grid also allows the capability of specifying a smaller interrogation window for 

the second pass of the analysis.  Due to the additional options of the Recursive Nyquist 

Grid, more accurate results may occur, or a better spatial resolution than those obtained 

using the Nyquist Grid.  The Rectangular grid is similar to the Recursive Nyquist Grid, 

but more user control is allowed in the percentage of overlap and spot size. 

5.4.1.3 Masking 

Masking is a technique used to increase the signal-to-noise ratio.  Jensen (1995) 

claimed that high values (>>1) of the signal-to-noise ratio determine the uncertainty for a 

particular measurement.  The uncertainty is then dependent on the particle size when the 

size of the particle is one pixel or greater.  These statements reinforce those of 

Westerweel (1997).  Larger particle diameters may then reduce the ratio increasing the 

uncertainty of the measurement.  Vectors were only computed using Insight if the signal-
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to-noise ratio was greater than 1.5.  ZeroPadMask was selected for the experiments, 

which may increase the signal-to-noise ratio.  However, this method only applies if the 

displacement of the particles is greater than half of the window size.  This is not possible 

in the experiments since a Max Displacement was set equal to less than 25% of the spot 

size.  Also, the time separation between images was chosen to keep the displacements 

within 25% of the chosen window size. 

5.4.1.4 Correlation Engine 

Three correlation engines are available in Insight 5.0:  Hart Correlator, FFT 

Correlator, and the Direct Correlator.  Several studies have occurred to assess the 

accuracy of using such techniques.  In particular, Gui and Merzkirch (2000) state that it is 

common to use the FFT, or Fast Fourier Transformation, to speed up the different 

correlation analysis methods.  The correlation method used in the experiments is a form 

of cross-correlation as depicted by the single exposure, double frame experimental 

procedure.  Due to the common use of the FFT method, this correlation engine was 

chosen.   

5.4.1.5 The Peak Engine 

Once a correlation map is produced from the correlation engine chosen, the peak 

engine then determines the location of the highest displacement peaks to resolve the final 

velocity vectors.  Gui et al. (2001) used a Gaussian curve fit to obtain sub-pixel 

displacement, thus decreasing the uncertainty of the measurements.  The Gaussian Peak 

option in Insight was then chosen for the experiments.  
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5.4.2 Validating the Experimental Procedure 

Before an entire experiment is completed, the selected user options in the Insight 

software analysis tool were checked.  In addition, convergence to steady state was 

verified.  The most imperative parameter to check without entering into a full sensitivity 

analysis of all of the options available in Insight is the grid engine.  It was believed that 

the Recursive Nyquist Grid option would produce better results than the Nyquist Grid.  

The two grid engines were compared by analyzing worst case flow field images taken 

15.5 inches from the front face of the model parallel to the evaporator coil with both 

engines.  The upper left quadrant, denoted as Grid 1 of Plane 1, is shown in Figure 5-11.  

The top two plots show the analysis with a standard validation scheme using a double 

correlation and a standard deviation comparison of 3.  As shown, the Recursive Nyquist 

Grid did not produce any additional vectors.  Since it is computationally more expensive 

than the Nyquist Grid engine, the Nyquist Grid was used for the analysis of future 

experiments.    
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Figure 5-11.  Vector Plots of Recursive Nyquist vs. Nyquist Grid Engines 

 In addition to the grid engine comparison, the power of the filtering tools 

available in Insight is shown.  Comparing the top and bottom plots of Figure 5-11 shows 

the differences between a filled vector field and a non-filled vector field.  The filling 

option is available while filtering the vectors during the analysis stage and is done 

automatically throughout the process when selected.  The filled vectors are calculated by 

interpolating the mean of the neighboring vectors.  Part of the experimental procedure 

included the comparison of filled versus non-filled vector fields for each plane analyzed.   

 Next, the required number of images to achieve results without small-scale flow 

structures was addressed.  To answer this question, a set of 60 images was taken at the 
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same region in the flow as those portrayed in Figure 5-11.  At increments of six image 

results, the vectors were averaged at each point using the TSI PIV plug-in to Tecplot.  

Vector components were then extracted along one slice horizontally through the center of 

the measurement plane.  The convergence to a smoothed result was monitored using the 

averaged velocity magnitudes at each point along the slice for a given number of 

averaged vector images.  Figure 5-12 shows how increasing the number of averaged 

vector images begins to converge to the results of averaging all sixty vector images.   
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Figure 5-12.  Convergence of Averaged Vector Points 

After reviewing the average percent difference of the velocity vectors along the slice, 

satisfactory damping of small-scale flow structures resulted using sixty images.  The 

remainder of the experiments recorded sixty captures per measurement location.   
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5.4.3 Resolved Velocity Fields in Vertical Planes 

Three planes of interest were measured in the return air section of the model.  The 

planes were parallel to the coil face and were located 3.0 inches, 7.875 inches, and 14.75 

inches away from the indoor coil.  The original intent was to measure a plane 0.25 inches 

parallel to the coil to match the air speed probe measurements.  But, light reflection from 

the aluminum fins of the coil interfered with measurements for all planes less than 3.0 

inches from the coil face.  Each plane was split into six grids as shown in Figure 5-13, 

with each grid measuring approximately 8 inches by 8 inches, the dimensions of the 

calibration plate.  The dashed area represents the thickness of the Plexiglas sheet that 

formed the bottom of the control box. 

 

Figure 5-13.  Grid Location for Measurement Planes Parallel with Coil 
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 Each plane was measured in the six grid sections as depicted above parallel to the 

coil as shown in Figure 5-14 below.  At grid locations in the area of the control box, grid 

1 and 2 were not measured since they would be inside the control box and out of the air 

stream.   

 

Figure 5-14.  Measurement Plane Parallel with the Coil 

All of the images were then processed using Insight 5.0 using both the filled and non-

filled options.  Figure 5-15 contains the averaged results of the filled vectors three inches 

from the coil.  
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Figure 5-15.  Filled Average Vector Field 3” from Coil 

The figure shows a range of 0 to 1000fpm.  The air stream enters grid 5 flowing to the 

right and then turns upward as the air stream gets closer to the wall of the model.  As the 

airflow curves upward, as seen in the flow visualization earlier, the turning motion 

creates an eddy rotating in grid 1.  At the center of the eddy, the velocity magnitude is at 

the lowest.  The same general depiction is seen in the non-filled version of Figure 5-16. 
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Figure 5-16.  Non-Filled Average Vector Field 3” from Coil 

 When reviewing the differences between the filled and non-filled vector plots, the 

first noticeable difference is the top portion of grids 3 and 4.  In this region of 

measurement, the thickness of the Plexiglas used to create the control box created 

difficulties in resolving the vectors on the non-filled plots.  The cameras were not able to 

view any flow through the thickness of the Plexiglas.  Here, one can see the disadvantage 

of using the fill feature.  The fill feature may place vectors in areas that contain no flow.  
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To demonstrate that the thickness of the control box was indeed the cause for these gaps, 

two additional measurements were taken for both plane 1 and plane 2.  The location of 

the measurement grids was modified to center the grid on the control box Plexiglas.  

Figures 5-17 and 5-18 demonstrate that the thickness of the Plexiglas is in fact the cause 

for the gaps.  Once more, the capabilities of the fill option are very noticeable. 

 

Figure 5-17.  Filled Average Vector Field 3” from Coil- Bottom of Control Box 

 

Figure 5-18.  Non-Filled Average Vector Field 3” from Coil-Bottom of Control Box 
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Thus, if the fill feature is used, it should always be carefully compared with the unfilled 

results.   

 The next observation is the amount of area filled by the Insight feature.  Overall, 

it appears that the parameters set in the initial stages produced the results intended.  Grid 

1 had the worst filling of the six grids.  This region of the flow is the most complex, and 

may contain large fluctuations resulting in low signal-to-noise ratios.  Therefore, a vector 

was not deemed admissible by the statistical boundaries implemented in the software, 

which required at least a ratio of 1.5.   

 Comparing the two figures further, it appears the filled results are smoother in 

velocity gradients from point-to-point.  This occurs because Insight fills each vector file 

after processing instead of computing all of the vector files, averaging, and then filling in 

the missing vectors.  By filling in the missing vectors for each capture, a natural 

smoothing affect occurs.  No smoothing options were selected in the available Insight 

options.  An example of single captures without averaging is shown in Figure 5-19.  

 

Figure 5-19.  Single Captures – No Averaging or Filling 
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 The second plane of interest, located 7.875 inches from the coil, was then 

measured using the same experimental procedure.  Figures 5-20 and 5-21 show the 

average of sixty captures per grid location.   

 

Figure 5-20.  Filled Average Vector Field 7.875” from Coil 

Plane 2 exhibits similar characteristics as plane 1, except the rotating eddy in grid 1 is 

much tighter and compact.  The center of the eddy is also shifted to the bottom left of 

grid 1 compared to that found in plane 1. 
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Figure 5-21.  Non-Filled Average Vector Field 7.875” from Coil 

Reviewing the differences between the filled and non-filled plots of plane 2 shows a 

remarkably close match.  The flow in this plane is much more readily determined by the 

PIV measurement.  The lack of velocity vectors near the top portions of grids 3 and 4 are 

still noticeable in Figure 5-21, as they should be.  The remaining plane of interest lies 

below the control box 14.75 inches from the indoor coil.  For this plane, grids 3, 4, 5 and 

6 were measured as shown in Figure 5-22 and 5-23 below. 
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Figure 5-22.  Filled Average Vector Field 14.75” from Coil 

The two top grids once again show the error due to the Plexiglas used to create the 

control box.  Notice also, however, that two different air streams seem to be meeting in 

the middle of the model.  This causes the air stream to push upward toward the bottom of 

the control box.  As the air stream nears the bottom of the control box, it turns once again 

back towards the outlet of the duct. 
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Figure 5-23.  Non-Filled Average Vector Field 14.75” from Coil 

  Like plane 2, plane 3 demonstrated that the filled vector option was not necessary.  
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5.4.4 Resolved Velocity Fields in Horizontal Planes 

In addition to the measurement planes parallel to the coil, planes oriented 

perpendicular to the coil were also attempted.  Figure 5-24 below shows the orientation 

of the PIV components in order to acquire such measurements. 

 

Figure 5-24.  PIV Setup Oriented for Perpendicular Planes 

 Three perpendicular planes of interest at 5, 11 and 17 inches from the top of the 

indoor coil were measured on the return side of the indoor section.  For these 

measurements, a 20° optical axis angle was used with an f-number of 4.0 and 2.8 for the 

left and right CCD cameras.  The increase in the optical axis angle gave greater accuracy 

in the out-of-plane velocity component as described in section 5.3.1.4.  The main 

objective of obtaining such measurements was to resolve the velocity component entering 

the indoor coil.  The experiments were performed at both 900cfm and 1200cfm in order 

to relate to the air speed probe measurements.  The results are shown in Figure 5-25. 

5-85 



 

5" From the Top

0

50

100

150

200

250

300

4 6 8 10 12 14 16 18

Distance from Left Edge of Coil (in)

En
te

rin
g 

Ve
lo

ci
ty

 (f
pm

)

1200cfm
900cfm

11" From the Top

0
50

100
150
200
250
300
350
400

4 6 8 10 12 14 16 18
Distance from Left Edge of Coil (in)

En
te

rin
g 

Ve
lo

ci
ty

 (f
pm

)

1200cfm
900cfm

17" From the Top

100

150

200

250

300

350

400

450

500

4 6 8 10 12 14 16 18
Distance from Left Edge of Coil (in)

En
te

rin
g 

Ve
lo

ci
ty

 (f
pm

)

1200cfm
900cfm

 

Figure 5-25.  Velocity Component Perpendicular to the Indoor Coil at the Coil Face 

The trends found in Figure 5-25 indicate that the flow profiles are similar at the 

two volumetric flow rates used in the measurements.  Comparing the velocities amongst a 

particular flow rate shows that certain regions do have relatively uniform velocities, but 
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other regions around the coil do not have uniform velocities and deviate as much as 

250%.  This is shown in the measurements taken 17 inches from the top of the coil. 

Figure 5-26 below shows the flow leaving the coil where the middle plane is 

located 11.5 inches below the top of the coil, and the top plane is located 2 inches below 

the top of the coil.  Scott Thomason recorded the experiments found in Figure 5-26.   

 

Figure 5-26.  Horizontal 2D Exiting Coil 

 The PIV parameters used in these experiments were not fully optimized, so three-

dimensional vector plots were not obtainable.  These planes of measurement, however, 
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are only used to verify the overall direction of the airflow.  The airflow is shown to speed 

up along the narrowing section of the indoor model.  This is expected.  For clarification, 

the vectors along the wall that are located outside of the Plexiglas model were particles 

escaping the model through a crack.  The exiting coil PIV measurements confirmed that 

the velocity profile at the coil outlet is relatively uniform and one-dimensional as 

suggested by the air speed probe measurements shown in Section 4.4. 

5.4.5 Analysis of Out-of-Plane Velocity Vectors 

Analysis of the out-of-plane velocity vectors showed that the 15° optical axis 

angle used in the experiments was not sufficient to resolve the out-of-plane velocity 

vectors in the measurement planes parallel to the coil face.  The measurement planes 

parallel with the coil in the return section indicated both positive (towards the coil) and 

negative (away from coil) out-of-plane displacements.  Figures 5-27 and 5-28 are the 

resulting out-of-plane velocity component from sixty filled vector images averaged 

together.  Comparing the two figures shows that as the measurement plane grows near to 

the coil, the out-of-plane velocity components tends to move more in the direction away 

from the coil.  Plane 2 definitely has more occurrences of positive out-of-plane 

displacement compared to that found in Plane 1.  Areas of high magnitude, negative 

displacement are noticeable in Plane 1.  Positive displacement is seen under the center of 

the eddy found in grid 1. 
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Figure 5-27.  Plane 1 Out-of-Plane Velocity 
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Figure 5-28.  Plane 2 Out-of-Plane Velocity 

 These results clearly conflict with the in-plane velocity measurements shown in 

5.4.4. and serve to highlight the difficulty in obtaining out-of-plane measurements.  When 

possible, the out-of-plane velocity component of the intended measurement plane should 

be measured by angling the PIV system perpendicular to the intended measurement plane 

and iteratively adjusting the optical axis angle. 
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5.4.6 PIV Conclusions 

The analysis of such experiments showed visually that the flow path enters the unit 

through the duct, begins curving upward as it approaches the opposite wall, and then 

enters into rotating pattern in the first grid.  The center of the rotating pattern was at the 

lowest velocity.  Thus, the results agree with the omni-directional air speed probe 

measurements.  This was true for planes 1 and 2.  Plane 3, located under the control box, 

exhibited an entirely different flow pattern.  Here, the airflow meets in the center of the 

plane, pushes upward, and then curls back toward the inlet duct.  The velocities in this 

region are much lower than those found in planes one and two.  

In the return section of the model, additional measurement planes were located 

perpendicular to the coil at three height increments.  These positions gave the ability to 

measure the air velocity entering the indoor coil.  The results of such measurements 

indicated that a non-uniform air velocity exists entering the indoor coil.  The worst case 

explored showed a 250% fluctuation for a given height along the coil. 

Next, perpendicular measurement planes located in the supply section were reviewed 

only for flow visualization means.  The two-dimensional captures in these planes verified 

the results of the one-dimensional air speed transducer.  The flow was uniform across the 

span of the coil, and the speed increased near the narrowing edge of the geometry.  

Visualization near the bottom where possible dead zones may occur near the indoor 

blower-mounting platform were not resolved do the geometry of the model and the PIV 

setup. 

Out-of-plane measurements were also shown for planes parallel with the coil face on 

the return side of the indoor coil.  Both plane 1 and plane 2 exhibited positive and 
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negative displacement of the seeding particles.  The majority of the flow was moving 

away from the indoor coil, which disagrees with the perpendicular plane measurements.  

The PIV parameters were not fully optimized to obtain the out-of-plane displacement 

measurements accurately using the vertical light sheet planes.   
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6 DEVELOPMENT OF A CFD MODEL 

The purpose of modeling the airflow in an industrial packaged air-conditioning unit 

is to obtain an overall understanding of the flow field and gain an accurate description of 

the air stream velocity entering the evaporator coil.  The velocity of the air stream 

entering the evaporator coil is one of the most important aspects of the flow field since it 

has a relatively high impact on the performance of the unit.  These solutions are found 

without the painstaking process of experiments, which is much more expensive and time 

consuming for the accuracy needed.  The expense of experimentation becomes enormous 

when considering the cost of instrumentation and laboratory time needed to give 

solutions with comparable accuracy.  The ease of simulating the flow field using a 

computational fluid dynamics (CFD) program decreases the amount of laboratory testing 

for design purposes substantially.  A designer can view the impact of adding or moving 

certain components throughout the unit without running more tests to view the impact on 

the performance of the unit.  Although CFD programs have many benefits, it is important 

to understand and utilize the correct user options in the CFD programs to obtain the best 

results at the accuracy desired without excess computational time. 

Computational fluid dynamics is used in this application to determine if the airflow 

through the air conditioning unit is accurately solved.  Background information 

pertaining to CFD is vital in selecting the correct models and solution algorithms made 

available in commercial CFD software given a certain scenario.  Fluent 6.0 was used as 

the computational fluid dynamics software for this study. 
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6.1 MESH GENERATION 

6.1.1 Grid Independence 

The first step in any CFD modeling process is the creation of a geometric model 

of the flow field boundaries.  Usually, a commercial CFD program will suggest another 

software package to use for this purpose.  In addition, a means to generate a mesh for the 

geometry is crucial before the geometry is imported into FLUENT 6.0.  For this study, 

GAMBIT 2.0 was used to both draw and mesh the geometry.  See Appendix F for further 

details regarding operation of Gambit 2.0.  For any given geometry, the ease of creating 

and meshing the structure will vary depending on the complexities and user experience. 

 The objective in this process is to create a structure that encompasses the 

necessary obstructions found in the flow stream.  With these obstructions included, the 

ultimate battle is employing a mesh structure that achieves grid independent results in the 

CFD program.  This goal is somewhat difficult to obtain when limited computing power 

is available.  To achieve suitable grid independency, the user must create a mesh that has 

sufficiently fine grid spacing at each of the walls contained in the geometry.  This is a 

direct result of the viscous effects and the no-slip condition at the wall that creates large 

velocity gradients in this region.  Since defining the entire solution domain with a fine 

grid is out of the question due to the high amount of memory required for such a task, a 

mesh boundary layer is created at the walls.  Using a mesh boundary layer, one can create 

fine grid spacing near the wall and define a growth ratio to enlarge the grid spacing 

further away from the wall.  The remaining solution domain beyond the mesh boundary 

layer is meshed with larger grid spacing since the velocity gradients are relatively small 

compared to those along the walls. 
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      The process followed to acquire a grid independent solution in FLUENT 6.0 is 

an iterative procedure.  Once a meshed structure is created and a solution found in the 

CFD program, one returns to the geometry created to generate a mesh that is significantly 

finer than previously used.  Using this new mesh system, another solution is found using 

the CFD program.  If the solution does not change significantly, grid independence was 

achieved.  Otherwise, the process of updating and changing the mesh schemes continues.  

Some CFD programs offer grid manipulation tools to alleviate the problem of returning 

to the mesh generation software.  In both methods, the solution technique used in the 

CFD software must be consistent.   

6.1.2 Modeling the Indoor Section of the Heat Pump 

At the beginning stages of modeling the indoor section of the heat pump, the 

complicated three-dimensional model was simplified into a box with square inlet and 

outlet ducts.  The model was modified several times as experience was gained in both 

Gambit and Fluent.  The indoor coil was soon added along with the side wall, condensate 

tray, and the narrowing effect of the boundaries in the supply section.  More cases 

evolved with the addition of the control box and finer meshing schemes. 

Several iterations of meshing schemes were completed by returning to Gambit 2.0 

from the CFD software to adjust the mesh structure and the model to accommodate such 

meshes.  These iterations include the following: 

a) One-inch grid size; uniform, structured mesh. 

b) One-half inch grid size; uniform, structured mesh. 

c) 0.35-inch grid size; uniform, structured mesh. 
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d) Boundary Layer:  The first row was 0.1 inches.  Three more were defined with a 

growth factor of 1.3 over a distance of approximately 0.61 inches; Remaining 

Interior: 0.35 inches. 

e) Iteration d) using both 0.25 and 0.35 inch interior mesh. 

The dimensions used to create the PIV model were preserved in the CFD model with 

the exception of the round ducts.  Square fourteen-inch ducts were used for simplicity.  In 

order to acquire reasonable file sizes, the model was significantly simplified after 

obtaining solutions using a one-inch mesh cell size.  The model was cut vertically at the 

indoor fan housing inlet.  Therefore, the entire supply duct was eliminated, which 

significantly freed more computer memory.  Since the main emphasis is obtaining the 

flow field in the return section and on either side of the indoor coil, the region behind the 

blower is not considered in the model either.  Therefore, the effects of the dual inlet fan 

will not entirely be shown.  To preserve the effects of the metal platform that the blower 

housing rests on, this section was cut from the working fluid of the model and was 

depicted as a wall boundary.  The final model is shown in Figure 6-1. 

 

Figure 6-1.  Gambit Model 
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6.2 SELECTING USER OPTIONS IN FLUENT 

To answer the question of how to model an industrial packaged air-conditioner, a 

review of several related topics is necessary to gain a good base from which to start the 

modeling process.  From the information gathered, certain options available in FLUENT 

are chosen in an attempt to achieve a more accurate solution. 

To achieve the consistency required to obtain grid independency, several user-

controlled options must be specified in the CFD program.  If a certain amount of care is 

not taken to understand the options or solution methods of the program, incorrect or 

inaccurate solutions will result. 

6.2.1 The Solver 

 The first step towards achieving accurate solutions to this steady state problem is 

the selection of the solver along with linearization methods and discretization schemes.  

This portion of FLUENT 6.0 offers numerous options, so the end results will only be 

stated here. 

 The solver selected in Fluent is actually a numerical method for solving the 

governing equations of conservation of mass and momentum.  For more complicated 

scenarios, other equations are also solved including the energy equation and turbulence 

scalars.  Two options are available in Fluent 6.0:  segregated and coupled.  Both 

numerical methods are control-volume-based and contain finite volume discretization 

procedures to solve all of the equations in question.  The main difference between the two 

solvers is that the segregated solver finds the solution to all of the equations sequentially 

in an iterative manner while the coupled solver finds the solutions to the governing 
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equations simultaneously, but the turbulence equations are still found in the same manner 

as the segregated solver.  The segregated solver uses an implicit linearization scheme 

only.  Using the segregated solver, a single variable is solved for all of the cells in the 

solution domain at once.  It then solves for the next variable.  This process is followed 

until convergence is met.  Implicit linearization is also available using the coupled 

numerical solver.  This combination solves all of the variables in all of the cells 

simultaneously.  Choosing the explicit option while using the coupled solver results in all 

of the variables in one cell simultaneously solved, but only one cell at a time. 

 For high speed, compressible flow, the coupled implicit solver is desirable, but 

this combination uses 1.5 to 2 times the amount of memory compared to the segregated 

solver.  Since all three options will result in accurate solutions, the segregated implicit 

solver is used due to the available memory in the computer hardware.  The segregated 

approach may require more iterations to converge than the coupled solvers.  It should be 

noted, however, that several options in Fluent 6.0 are only available using the segregated 

solver.   

 Once the solver has been selected, discretization schemes for the governing 

equations are chosen.  A few methods are available for discretization, but for more 

complex flows, the second-order discretization method is suggested.  The second-order 

scheme decreases the inaccuracies due to numerical diffusion encountered in a first-order 

discretization scheme.  Therefore, second-order discretization is used for this case.    

Another related option is the pressure interpolation scheme.  For problems including a 

porous media, PRESTO! is suggested since the second-order scheme is not available.   
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6.2.2 Turbulence Models 

In this particular application, the inlet flow governs the solution algorithm used in 

Fluent.  This is the case due to the jet inlet characteristics of the geometry depicted by the 

air-conditioning unit.  Therefore, this characteristic determines the best-suited turbulence 

model available in the CFD software.  Currently, two well-known methods are most 

commonly used for turbulent flows:  Reynolds averaging and filtering.  Unlike laminar 

and inviscid flows, models are invoked for turbulent flows since the solution to Navier-

Stokes equations for complex geometries are not yet solvable for exact, time-dependent 

cases.  To compensate for this dilemma, the Reynolds-averaged Navier-Stokes equations 

are used.  The additional Reynolds stress terms that result are then modeled.  Models 

included in Fluent of this nature include Spalart-Allmaras, k-epsilon variations, k-omega 

variations, and the Reynolds Stress Model.  The method of filtering used is the Large 

Eddie Simulation model.  This model is quite new, and thus will not be detailed in this 

paper, as the validity of its solutions is yet to be determined.  Basically, it is a time-

dependent model that eliminates eddies of smaller size than that of the filter size, or the 

grid spacing (Fluent, 2001a).   

6.2.2.1 Spalart-Allmaras 

This simple, one-equation model was formulated for aerospace applications and is 

often used in turbomachinery.  The one-equation model actually models the kinematic 

viscosity, and it is said to give good results for boundary layers under an adverse pressure 

gradient.  This low Reynolds-number model is not applicable to all flow scenarios 

(Spalart and Allmaras, 1992).  Since the flow has a relatively high Reynolds number, 1 x 

104, this turbulence model is not used.  The Reynolds number is defined as: 
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µ
ρvL

=Re          (6-1) 

where 

  is the bulk velocity in the duct corresponding to 1200 cfm, 882 ft/min. v

L  is the length scale or the duct width, 1.17 ft. 

ρ  is the density of air, 0.076 lbm/ft3. 

µ  is the dynamic viscosity of air, 0.0000003848 lbf·s/ft2. 

6.2.2.2 k-ε Models 

The k-ε models are two-equation models that are semi-empirical by nature, but 

are the most widely used models for the majority of fluid flow problems.  The standard k-

ε model was proposed by Launder and Spalding (1972).  Since its inception, the model’s 

weaknesses provoked modified versions including the RNG k-ε model and the Realizable 

k-ε model.   

The Renormalization Group (RNG) k-ε model is an offspring of statistical 

renormalized group theory.  This model includes an additional term in the epsilon, 

ε, equation to improve accuracy of “rapidly strained” flow situations.  To accommodate 

swirl situations, the turbulent viscosity is updated.  Also, an analytical solution for 

Prandtl numbers is included instead of relying on a fixed, user defined value in the 

standard k-ε model.  Another added modification to the RNG k-ε model is a formula for 

effective viscosity.  This allows more accuracy at low Reynolds number flow scenarios.  

Under these modifications, the RNG k-ε model is more applicable to a wider range of 

problems compared to the standard  k-ε model (Yakhot and Orszag, 1986). 
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Another modified k-ε model is the Realizable k-ε model, which differs from the 

standard k-ε model in two ways.  New formulations for both the turbulent viscosity and 

the dissipation rate, ε, were found (Shih et al., 1995).  The Realizable k-ε model 

outperforms both the standard and RNG k-ε models with these two profound changes.  

The Realizable k-ε model provides better capabilities and more accuracy with flows 

involving jets, rotation, separation, recirculation and adverse pressure gradients in 

boundary layers.  However, this model is not applicable to cases involving multiple 

reference frames (Fluent, 2001a).  For this particular study, the Realizable k-ε model will 

be used.   

6.2.2.3 k-ω Models   

Two forms of the k-ω models are available in Fluent 6.0:  The Standard k-

ω model, based on the findings of Wilcox (1998), and the Shear-Stress Transport (SST) 

k-ω model formulated by Menter (1994).  The Standard k-ω model has shown accurate 

results for wall-bounded flows and free shear flows including wakes, mixing layers and 

jets.  The SST k-ω model is actually derived by adding the Standard k-ε model to the 

Standard k-ω model.  By doing so, only the k-ω model is active near the wall while the k-

ε model is active far from the wall.  Also, the constants for the models were changed, and 

two additional changes in the ω equation and the turbulent viscosity formulation are 

found.  These changes and formulations give the SST k-ω model more accuracy over the 

Standard k-ω model, and it is also more applicable to a wider class of flows including 

adverse pressure gradient, airfoils, and shock waves.  The Shear Stress Transport model 
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is used for a comparison between the k-ε models, but the Realizable k-ε model should 

give more accurate solutions as it is the best suited for this study.   

6.2.2.4 Reynolds Stress Model 

Unlike the previous turbulence models that are based on the Boussinesq 

approximation (Hinze, 1975), the RSM solves each term of the Reynolds stress tensor in 

the transport equations.  Thus, by abandoning the isotropic eddy-viscosity assumption, 

four and seven transport equations are required for two-dimensional and three-

dimensional flows respectively (Launder, 1989 and Launder et al., 1975).  This model, 

therefore, should give more accurate solutions for complex flow situations.  This model is 

only necessary for flows such as cyclones, highly swirling, rotating flow passages, and 

secondary flows that are stress induced in ducts.  The simpler models provide sufficient 

accuracy for most flow regimes.  Also, this method is more suitable for transient 

conditions. 

As far as computation time, the one equation model is the fastest, followed by the 

standard k-ε model and the two k-ω models, the realizable k-ε model, the RNG k-

ε model, and lastly, the RSM model.  The extra computational effort required by the 

RSM model is not surprising given the complexity of the model.  Additionally, this 

model also requires more memory than the one and two-equation models (Fluent, 2001a).  

Since the RSM model requires more computation time and more powerful computer 

hardware, most designers will not consider this model.  Given the computing power 

available, the RSM model is not a feasible option for this study.   

Since the flow contains a high Reynolds number and is assumed to carry a 

rotating nature due to the geometry of the unit, a turbulence model must be selected.  
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Among the turbulence models described earlier, the Realizable k-ε model is said to give 

the best results among the two equation turbulence models.   

6.2.3 Boundary Conditions 

 Another important aspect of a CFD problem is the boundary conditions used to 

accurately define the problem.  The boundary conditions can completely change the 

solution.  Boundary conditions for an industrial air-conditioning unit include the inlet, the 

evaporator coil, the centrifugal fan, and the outlet. 

The inlet boundary condition is located at the opening of the return duct.  Several 

options are available including a mass flow rate inlet and a velocity inlet.  Although a 

velocity inlet sounds enticing, the density of the fluid must be properly defined in the 

material properties for air.  The mass flow rate inlet minimizes the chances of user error 

and is the preferred boundary condition if the user wishes to also model the temperature 

field.  For this reason, the mass flow rate inlet is used in preparation for more advanced 

modeling purposes.    

The next major boundary condition to define is the evaporator coil.  As stated 

previously, modeling the evaporator coil as a porous media has produced sufficient 

results in the velocity profiles in previous studies.  In Fluent 6.0, three similar cases exist:  

porous jump, radiator, and porous media.  The porous jump and radiator models are 

similar, except the radiator model allows for more advanced applications such as heat 

transfer effects.  The inputs required for the radiator boundary condition are not complex, 

and the inputs are somewhat obtainable.  The porous media inputs in Fluent 6.0 are more 

complicated and depend greatly on the user’s knowledge of the flow through the porous 
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media.  Due to the above simple descriptions of the three boundary conditions available 

for an evaporator coil, the radiator model was chosen.   

After leaving the evaporator coil, the air stream enters the portion of the unit 

designated as the supply section.  For an accurate depiction of the flow field in the supply 

section of the unit, a centrifugal fan model is required.  If the only objective is the flow 

field entering the evaporator coil, the centrifugal fan should be neglected.  When 

modeling the centrifugal fan, Fluent 6.0 has a fan boundary condition in which known 

characteristics of the fan are required.  Without these characteristics, one would have to 

model the actual fan blades and the housing in a separate rotating reference plane.  This 

also requires a sliding mesh scheme to solve the problem.  Since the objective here is to 

achieve the velocity profile entering the evaporator coil, these extra complexities needed 

to model the centrifugal fan are neglected.  Instead, an outlet boundary condition is used 

at the fan inlet.  When the fan is neglected, a means of simply determining the fan’s 

effects is required.  To accomplish this task, the pressure outlet boundary condition is 

used at the outlet.  The pressure at the exit is simply the pressure at the inlet.  Hence, the 

pressure drop encountered through the coil is placed back into the air loop by the fan via 

the pressure outlet boundary condition. 

6.2.3.1 Evaporator Coil 

 One of the first steps in the modeling process is to decide how to attack the 

problem of the evaporator coil.  The evaporator coil is a finned-tube heat exchanger that 

entails a staggered tube formation.  Indeed, if one modeled the minute detail of the heat 

exchanger, the computational time would be enormous.  Although several findings have 

occurred from numerically modeling the detail of the heat exchanger (Atkins et al. 1998, 
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Min and Webb 2001, Zhang and Dahl 2000, Halt et al. 1996), other techniques are 

available in Fluent to estimate the effects of the heat exchanger.   

 One such technique includes modeling the heat exchanger as a porous media.  

Using this method, however, requires the user to define a relation of the pressure drop 

and porosity of the evaporator.  This is not easily done (Bernsdorf et al., 2000).  Several 

case studies have been reviewed including those of Xu (1996 and 1998), Prakash et al. 

(2001a and 2001b), and Willoughby et al. (1996).  The most relevant research is found in 

the case studies of Xu (1996 and 1998) where the airflow of industrial packaged air-

conditioning units were experimentally and numerically compared.  In both cases, the 

porous medium approach applied to the evaporator with an estimated porosity of 85% 

gave satisfactory results (Xu 1998).  

6.2.3.2 Centrifugal Fan 

 Just as the evaporator coil was simplified for modeling and computational efforts, 

simplification of the centrifugal fan complexities is also desired.  The main complexity 

lies in the rotational reference frame required to model the actual blade motion to achieve 

flow characteristics throughout the fan housing.  Since the blades need a separate 

rotational reference frame as the rest of the unit is on a stationary reference frame, a 

sliding mesh scheme is required.  This drives up the computational efforts and eliminates 

the Realizable turbulence model as a modeling option.   

 To effectively model the fan, Xu (1996) added Coriolis and centripetal forces into 

the momentum equations as source terms.  Other options available include using the fan 

boundary condition and the pressure outlet boundary condition in Fluent 6.0 (Fluent 

2001a).  When using the fan boundary condition, additional information pertaining to the 
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performance of the fan is needed to obtain accurate results.  This is definitely the case 

when the correct visualization of the swirl of the airflow approaching the inlets to the 

blower housing is needed.  This aspect of the design process is excluded in this study 

since the primary area of intent is the flow entering the evaporator coil. 

6.2.4 Summary of CFD Options Selected for the Indoor Section of the 

Heat Pump 

To recap on the user options selected in Fluent 6.0 for mesh iteration exercises, the 

following were used: 

• Segregated, implicit solver using default discretization methods 

• Standard k-ε turbulence model using default coefficients 

• Velocity Inlet boundary condition set to 662fpm/900cfm or 882fpm/1200cfm 

• Operating pressure of 0 Pascal 

• Pressure Outlet boundary condition with a specified 0 Pascal at the outlet 

• Radiator model used for the indoor coil volume 

The radiator model requires a user input for non-dimensional pressure loss coefficient as 

defined by: 

p
vkL ∆

=
2

2ρ           (6-1) 

where 
Lk  is the non-dimensional pressure loss coefficient. 

ρ  is the density of air.  
v  is the face velocity normal to the coil. 

p∆  is the pressure drop across the coil. 
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The face velocity was estimated by assuming uniform inlet velocities across the 

coil at the specified volumetric flow rate.  The pressure drop across the coil was 

estimated from empirical data at the assumed velocity.  The pressure jump was estimated 

to be 0.17iwg for 900cfm and 0.22iwg for 1200cfm.  Using this information, a constant 

non-dimensional pressure loss coefficient of 61.74 at 900cfm and 79.8 at 1200cfm were 

used as the input parameter for the Radiator model.  A constant heat transfer coefficient 

of 0 was specified since the energy equation is not solved for in these cases. 

6.3 CFD RESULTS 

With the model described in Section 6.2, adequate grid independency was 

achieved.  This is demonstrated by viewing Figure 6-2 and 6-3 below.  No significant 

changes in the overall flow field occurred.  More detailed velocity magnitudes are found 

in the final mesh scheme of Figure 6-3.  This was the best possible for the 1.5-gigabyte 

RAM computer used to run the Fluent model. 

 

Figure 6-2.  Contour at Coil Face – Boundary Layer, Equivalent Interiors 
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Figure 6-3.  Contour at Coil Face- Boundary Layer, Mixed Interiors 

6.3.1 Sensitivity Analysis 

Due to the number of user options available for solving a particular problem in 

Fluent, a comparison of some key input parameters is useful.  A sensitivity analysis of 

such options not only demonstrates the impact of specific parameters and models on the 

flow field, but also gives some indication of the benefit associated with computationally 

expensive options.  Four parameters, including the turbulence model, outlet boundary, 

inlet boundary, and discretization method specified, are investigated to determine their 

affect on the flow field.  

6.3.1.1 Turbulence Model 

The turbulence model initially selected was the standard k-ε model.  According to 

previous studies, the Realizable k-ε model is believed to give better results in cases of 

swirling flow.  Both cases were simulated to decipher any differences between the 

models.  The results of the two turbulence models were similar in run time and numerical 
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solutions produced.  Since the difference in run time was minimal, the Realizable k-ε 

model was used thereafter due to previous findings.  The differences between the two 

models were not studied in depth for this reason. 

6.3.1.2 Outlet Boundary 

The outlet boundary used in the beginning stages was the Pressure Outlet with a 

user defined 0 Pascal.  For the initial geometries modeled, the entire back face where the 

fan inlet plane lies was set as a Pressure Outlet. 

The first change was to add an additional volume representing the fan enclosure 

to the coil outlet.  Thus, the pressure outlet boundary condition was moved from the back 

plane of the coil to the outlet for the fan enclosure.  This action was thought to give a 

better depiction of what the fan would actually do instead of spreading out the effects of 

the fan over the entire back plane.  The results proved this conjecture as backflow was 

eliminated.   

The “Exhaust Fan” option in fluent was then substituted for the “Pressure Outlet” 

boundary at the outlet of the fan enclosure.  The Exhaust Fan boundary produced similar 

results, but differences are found in the velocity distribution of the inlet to the fan 

enclosure as shown in Figures 6-4 and 6-5 below. 
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Figure 6-4.  Contour Plot of Fan Inlet – Pressure Outlet Boundary Condition 

 

Figure 6-5.  Contour Plot of Fan Inlet – Exhaust Fan Boundary Condition 
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Since no other changes in the flow field occur of significance, either boundary condition 

could be used.  The remaining experiments used the Exhaust Fan outlet boundary 

condition.   

 Another portion of the outlet boundary condition is the specification of the 

hydraulic diameter at the fan enclosure outlet and the turbulence intensity at this point.  

The hydraulic diameter is easily calculated in most cases, but the turbulence intensity is 

generally unknown in the absence of detailed measurements.  For this reason, the initial 

assumption of 10% turbulence intensity was changed to 25% for the outlet conditions.  

This action had no apparent affect on the velocities resolved in the return section of the 

indoor model. 

6.3.1.3 Inlet Boundary 

The turbulence intensity was then changed for the inlet boundary.  The initial 

assumption of 10% was change to 5%, 15% and 25% to view what possible impact the 

inlet turbulence intensity had.  Small fluctuations occur at 5% and 15%, but the overall 

flow field was not affected.  Larger fluctuations do occur at turbulence intensities of 25% 

compared to 10%, however.  The differences are visually shown in Figures 6-6 and 6-7. 
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Figure 6-6.  Contour Plot at Coil Face – 10% Turbulence Intensity 

 

Figure 6-7.  Contour Plot at Coil Face – 25% Turbulence Intensity 
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Turbulence intensity has a significant impact on the velocity field near the coil.  Away 

from the indoor coil, the turbulence intensity does not significantly affect the overall 

flow.  The original assumption of 10% was kept for the remaining simulations.   

6.3.1.4 Discretization Method 

The next parameter that may possibly affect the solution is the discretization 

method associated with the pressure.  It was mentioned earlier, that a more accurate 

discretization method was available.  Presto was chosen as the discretization scheme for 

pressure to view what impact occurs.  The results obtained are not similar since the flow 

pattern has changed significantly.  This is shown in Figure 6-8. 

 

Figure 6-8.  Contour Plot at Coil Face – Presto Results 
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6.3.2 Final Results 

Due to the sensitivity analysis performed, a final model with specific user options 

selected in Fluent was used to acquire the final results to compare with the experimental 

data.  The final Gambit model simulated included the following characteristics: 

• Square, fourteen-inch inlet duct 36 inches in length 

• Return Section:  Modeled taking into account the control box, the condensate tray, 

and the thin piece of sheet metal along the side of the indoor coil; Split into 12 

volumes to enable meshing; Boundary layer with 0.1 inch initial row with a 

growth rate of 1.3 specified over three additional rows; Interior mesh a 

combination of 0.25 and 0.35 inches. 

• Coil:  0.25 inch mesh; initial meshing of the model began with the coil. 

• Supply Section:  Split into three volumes to enable 0.35 inch meshing and the 

boundary layer used in the return section. 

• Indoor Fan:  Small, square extension volume of equal diameter to the inlet of the 

fan; 0.25 inch mesh incorporated with no boundary layer. 

Once the mesh file was imported into Fluent, the following parameters were specified: 

• Operating Pressure:  0 Pascal. 

• Inlet:  Velocity Inlet; 14 inch hydraulic diameter, 10% turbulence intensity; 

velocity boundary of 662 fpm normal to the boundary to match PIV results and 

882 fpm normal to the boundary to match the air speed probe measurements. 

• Coil:  Radiator boundary condition; 61.74 dimensionless pressure loss coefficient 

for the 900cfm case and 79.8 for the 1200cfm case. 
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• Outlet:  Exhaust Fan boundary condition; 0 Pascal pressure; 14 inch hydraulic 

diameter, 10% turbulence intensity. 

• Turbulence Model:  Realizable k-ε; Default coefficients. 

• Discretization Method:  Presto for pressure; Default for the remaining parameters.    

Using the above specified model and user specified boundary conditions, the final results 

were obtained and compared with experimental data.   
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7 COMPARISON OF CFD AND EXPERIMENTAL 

RESULTS 

The stereoscopic PIV results and the air speed probe results were compared with 

the CFD results.  Each of the three planes taken in the PIV measurements are compared 

with the CFD simulation results.  For the PIV measurements, a plane was measured under 

the control box as shown in Figure 7-1. 

 

Figure 7-1.  PIV Results at 14.75” from the Coil at 900cfm 

The CFD counterpart to the above figure is shown in Figure 7-2.  It is seen that the PIV 

and CFD results differ in the overall pattern, but the velocity magnitudes seem to 
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coincide.  The overall pattern in the PIV shows two flows combining and flowing 

upward.  This is not the case in the CFD solution.  A more pronounced and apparent eddy 

is shown in the lower right hand corner of the CFD solution.   

 

Figure 7-2.  CFD Results at 14.75” from the Coil at 900cfm 

The next two planes captured by the PIV measurements are similar, so only the 

closest to the coil will be compared to the CFD solution here.  Figure 7-3 contains the 

results of the PIV measurements in plane one, three inches from the front face of the coil.  

The PIV measurement shows the inlet portion from the duct curling up into an eddy in 

the first quadrant, or the upper left portion of the plane.  Fluctuations in the velocity 

magnitude around this swirling flow are shown.  The PIV measurements do not exhibit a 

nice even rotating eddy.  The lowest velocity of the rotating pattern is in the center of the 

rotation. 
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Figure 7-3.  PIV Results 3” from the Coil at 900cfm 

 Unlike the PIV measurements, the solution obtained from CFD exhibits a 

smoothly distributed swirl.  The CFD solution, Figure 7-4, does agree with the PIV 

measurements in the location of the rotating swirl.  The upward curling tendency is found 

in both results, and the center of the eddy is at the lowest velocity in the CFD solution.    

From these comparisons, the PIV and CFD results compare well with one another. 
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Figure 7-4.  CFD Results 3” from Front Face of Coil at 900cfm 

 To investigate the out-of-plane flow through the return section, additional 

horizontal planes were measured using the PIV system.  At 900cfm, the PIV results 

indicated a wavering 150fpm velocity entering the upper half of the coil.  The horizontal 

plane taken 17 inches from the top of the coil indicated a downward slope from the left of 

the coil to the right of the coil.  The results are displayed once more in Figure 7-5 below 

for ease of comparison. 
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Figure 7-5.  PIV Perpendicular Plane Results Entering the Coil 

The results acquired using CFD at 0.25 inches from the coil face is shown in Figure 7-6 

and Figure 7-7 below.  Comparing the 900cfm case at the 5-inch and 11-inch height 

locations of PIV to CFD indicates very little similarities between the two.  The magnitude 

of the velocity in the PIV measurements is approximately 25% below that found in the 

CFD solution.  The contours shown in Figure 7-6 are not represented in the PIV results.  

The PIV results indicate larger contour variations compared to the relatively uniform 

profile of the CFD solution. 
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Figure 7-6.  CFD Solution of Velocity Component Entering the Coil at 900cfm 

 

Figure 7-7.  CFD Solution of Velocity Component Entering the Coil at 1200cfm 
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The velocity magnitudes found in the 1200cfm case for the CFD solution more closely 

resemble the result found in the PIV measurements.  Even so, the contours indicated by 

CFD do not closely resemble the trends of the PIV measurements at the indicated 

locations.   

The solution of the CFD simulation did agree with the experimental results 

pertaining to the exiting side of the indoor coil.  Figure 7-8 shows the CFD solution for 

the 1200cfm case exiting the indoor coil.  An overall exiting velocity of approximately 

300fpm is obtained from CFD and this agrees with the measurements of the one-

dimensional probe experiments.  A noticeable increase in velocity occurs due to the 

geometry constrictions in the supply section on the right side of the figure.   

 

Figure 7-8.  CFD Solution of Coil Outlet Magnitude at 1200cfm 
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7.1 CONCLUSIONS 

Using Fluent 6.0, a computational fluid dynamics software package, flow field 

solutions were obtained and compared to the experimental results measured using an air 

speed transducer and a stereoscopic particle image velocimetry system.  Several 

conclusions were formed pending the completion of the comparison.   

First, CFD solutions captured the overall flow profiles in the indoor section of the 

packaged heat pump.  The overall motion and magnitude of the velocity vectors were 

represented in the CFD solution.  This is recognized due to the results of the PIV and 

omni-directional air speed transducer results entering the indoor coil 

Exiting the indoor coil, the results of the one-dimensional probe agreed with the 

CFD solution.  The uniformity of the flow exiting the coil was further substantiated using 

PIV measurements by orienting perpendicular measurement planes to the exiting side of 

the indoor coil.  

More important is the entering perpendicular velocity vector to the indoor coil.  

This parameter is a critical measurement in terms of optimizing the coil performance and 

the overall efficiency of the heat pump.  Investigating the results of the PIV 

measurements and the CFD solutions more in depth unveiled large discrepancies in the 

out-of-plane velocity component of planes parallel with the indoor coil.  Experimental 

results using the PIV system to obtain the velocity component were difficult to obtain.  

The optical axis angle in the PIV setup is critical to obtain accurate out-of-plane 

measurements.  Solutions from the CFD simulations proved to be of similar difficulty.     

Experimental results from orienting the PIV measurement plane perpendicular to 

the indoor coil in the return section allowed closer comparison to the CFD solutions.  The 
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experimental results did not agree well with the CFD solutions.  The velocity component 

entering the indoor coil resulted in lower magnitudes as compared to the CFD solution.  

PIV measurements also indicated larger variations of velocity across the coil at a given 

measurement height.  CFD solutions predicted more uniform profiles than perceived by 

the PIV results. 

The major findings and conclusions of this research may be summarized as 

follows: 

• The one-dimensional probe adequately measured the outdoor coil velocity profile.  

The outdoor fan created a region of entering air velocities that comprised of 

approximately 16% of the outdoor coil face area and was 22% lower than the 

average inlet air velocity of the outdoor coil.  Since the entering air velocity 

profile to the outdoor coil is not completely uniform, improvement is possible.  

• Parallel placement of the inlet duct to the evaporator coil creates drastic changes 

in the flow profile through a packaged air conditioner compared to an in-line duct 

and evaporator coil.  Using a stereoscopic particle image velocimetry system, an 

eddy is found swirling parallel with the evaporator coil in the return section of the 

indoor compartment of the heat pump. 

• The evaporator coil studied served as an effective settling means to obtain a 

uniform exiting velocity profile given a swirling inlet profile.  This was concluded 

due to the uniform exiting flow profile measured with a one-dimensional air speed 

transducer and the PIV system.  CFD simulations also confirmed this conclusion. 

• In the return section of the heat pump, PIV measurement planes perpendicular to 

the coil and parallel to the bottom of the heat pump cabinet were compared to the 
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out-of-plane velocity vector component of the PIV measurement planes parallel to 

the coil.  The out-of-plane velocities were shown to be invalid, highlighting the 

importance of the optical axis angle of the PIV system for measuring out-of-plane 

velocity components, and the need to independently verify out-of-plane PIV 

measurements.   

• The results of the perpendicular PIV measurement planes showed areas of non-

uniform air velocity profiles entering the evaporator coil.  Comparison among the 

PIV measurement planes showed a 250% deviation in air velocity entering the 

indoor coil in both vertical and horizontal directions across the face of the coil.  

Under these conditions, a uniform air velocity profile occurred exiting the indoor 

coil leading to the conclusion that the indoor coil served as an excellent settling 

means.  These conclusions raise question to the validity of the results of 

Chwalowski et al. (1989) and Domanski (1991) when coils utilize louvered fins.   

• CFD solutions for the air velocity profile entering the indoor coil did not produce 

the non-uniform flow entering the evaporator coil as determined by the PIV 

measurements.  Further refinement of the CFD model is required to obtain the 

critical solution to the air velocity profile entering the evaporator coil.  This 

conclusion is particularly important in light of the fact that the CFD model did 

accurately capture the major flow field structures, which might lead one to 

conclude that simple CFD models can be immediately used in the heat pump 

design process to estimate coil face velocity profiles.  This, in fact, is not the case.  

The model did not capture the critical feature of the flow field for the analysis of 
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coil performance, and additional refinements to the model with experimental 

validation are required. 

7.2 RECOMMENDATIONS AND FUTURE WORK 

The use of CFD programs is recommended early in the design stages to arrange 

certain components within the flow stream.  Using this method may decrease the amount 

of test time by immediately eliminating any obvious non-uniformity in the flow field.  

However, the CFD model must be further refined before the inlet velocity profile to the 

indoor coil can be used to approximate the performance of the coil.    

The most pressing future work entails acquiring a parametric set of PIV 

measurements entering the indoor coil required to refine and further validate the CFD 

simulation.  Although good agreement between PIV and CFD results were achieved 

among the vertical measurement planes, the method used to model the coil may adversely 

affect the flow field entering the coil in the CFD model.  In addition to this important 

verification, many additional items should be explored in this area of research: 

• A comparison between a variety of duct inlet locations to the packaged heat pump 

including in-line flow to the evaporator coil, flow entering parallel to the face of 

the evaporator in a ‘side flow’ arrangement, and flow entering parallel to the face 

of the evaporator coil in a ‘down flow’ arrangement.  Side flow configurations 

occur when the ducts enter a building through the side of a wall, and down flow 

configurations occur when the ducts enter through the roof of a building. 

• A parametric study of the influence of different volumetric flow rates.  

Modification of the PIV experimental facility is required including the addition of 
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an ASME flow nozzle for accurate flow rate measurement and a variable 

frequency drive booster fan for flow rate control.  

• Acquire additional PIV measurements to acquire accurate measurements of the 

velocity component perpendicular to the indoor coil face.  This would include 

varying the optical axis angle above 20°. 

• Using the omni-directional probe, obtain the precise location of the lowest 

velocity in the eddy found entering the indoor coil. 

• Use a polynomial equation in lieu of a constant pressure drop in the CFD radiator 

model. 

• Acquire more information to perform a simulation using porous media. 

• Using accurate, measured inlet and outlet velocities of the coil, perform a CFD 

simulation with a user defined velocity inlet profile directly entering the coil to 

validate the coil boundary condition by comparing the CFD solution to the 

measured outlet velocity profile. 

• Perform a parametric study between CFD simulations using different turbulence 

models to view how the results are affected.  This parametric study will allow a 

user to decipher the accuracies associated with specific turbulence models in 

similar flow scenarios. 

• Obtain CFD results with user-defined inlet velocity profiles.  The experimental 

velocity profile is obtainable entering the Plexiglas model.  Substituting this 

profile for the outlet of the duct in the CFD model will eliminate inaccuracies 

associated the uniform duct inlet profile used in this study and will determine if a 

precise inlet profile is necessary.  
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• Implement the fan boundary condition and use fan curves to fully define. 

• Create a detailed model of the louvered finned-tube-heat exchanger. 
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APPENDICES 

APPENDIX A:  EQUIPMENT AND INSTRUMENTS 
 
 

 
 
 

 
Figure A-1.  York Heat Pump Layout (York, 2002) 

 

Figure A-2.  York Heat Pump Unit Dimensions (York, 2002) 
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Figure A-3.  Ohio Semitronics Power Transducers 

 
 

 
Figure A-4.  Setra 264 

 
Figure A-5.  Setra 206 

 
 
 

135 



 

 
Figure A-6.  Omega HX94V Relative Humidity Sensor 

 

 
Figure A-7.  TSI Omni-Directional Air Velocity Transducer 
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APPENDIX B:  DATA LOGGER CHANNELS 
 

Table B-1.  Thermocouple Channels 

Data Logger #1 Data Logger #2 Data Logger #3 
No      Location No Location No Location
A1 OD coil outside B1 OD coil U-bend C1 Duct inlet 
A2 OD coil outside B2 OD coil U-bend C2 Duct inlet 
A3 OD coil outside B3 Suction at compressor C3 Duct inlet 
A4 OD coil outside B4 Suction LVG ID coil C4 Duct inlet 
A5 OD coil inside B5 Liquid ENT exp. Device C5 Duct inlet 
A6 OD coil inside B6 Accumulator Inlet C6 Duct outlet 
A7 OD coil inside B7 Discharge ENT OD coil C7 Duct outlet 
A8 OD coil outside B8 Discharge at compressor C8 Duct outlet 
A9 OD coil inside B9 ID coil U-bend C9 Duct outlet 

A10 OD coil inside B10 ID coil U-bend C10 Duct outlet 
A11 OD coil inside B11 ID coil outside C11 Air velocity transducer, inside OD coil  
A12 OD coil inside B12 ID coil outside C12 Air velocity transducer, outside OD coil  
A13 OD coil outside B13 ID coil outside C13 Air velocity transducer, inside ID coil  
A14 OD coil inside B14 ID coil outside C14 Air velocity transducer, outside ID coil  
A15 OD coil copper tube B15 ID coil inside C15 OD coil Outside  
A16 OD coil copper tube B16 ID coil inside C16 OD coil Outside 
A17 OD coil copper tube B17 ID coil inside C17 ID coil Inside  
A18 OD coil copper tube B18 ID coil inside C18 ID coil Inside 
A19 OD coil U-bend B19 ID coil U-bend C19 ID coil Outside  
A20 OD coil U-bend B20 ID coil U-bend C20 ID coil Outside  
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Table B-2.  Instrument Channels 

Data Logger #4 Data Logger #5 
No Voltage Signal No DC source 
D1 Liquid line pressure transducer E1 Liquid line pressure transducer 
D2 Accumulator inlet pressure transducer E2 Accumulator inlet pressure transducer 
D3 Compressor suction pressure transducer E3 Compressor suction pressure transducer 
D4 ID coil header pressure transducer E4 ID coil header pressure transducer 
D5 OD coil header pressure transducer E5 OD coil header pressure transducer 
D6 Compressor discharge pressure transducer E6 Compressor discharge pressure transducer 
D7 ID coil inside relative humidity sensor E7 ID coil inside relative humidity sensor 
D8 ID coil outside relative humidity sensor E8 ID coil outside relative humidity sensor 
D9 Compressor current transducer E9 ID coil inside air velocity transducer 

D10 Fan current transducer E10 ID coil outside air velocity transducer 
D11 Voltage transducer E11 OD coil inside air velocity transducer 
D12 Refrigerant flow meter E12 OD coil outside air velocity transducer 
D13 Air velocity transducer E13   
D14  E14   
D15  E15   
D16  E16   
D17  E17   
D18  E18   
D19  E19   
D20  E20   
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APPENDIX C:  THERMOCOUPLE LOCATIONS 
 
 

 
Figure C-1.  Thermocouple Location in the B1HH036A06 
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APPENDIX D.  PRESSURE TAP INSTALLATION 

To ensure quality installation of pressure taps in the refrigerant lines, Steven 

Jones, Advanced Research Laboratory Technician of York International, aided in the 

installation of six taps.  The following steps were followed to install the taps: 

1. Evacuation of the Heat Pump 

a. Attach the low-pressure gage line of a refrigerant gage assembly to the 

heat pump low-pressure valve located on the outside of the heat pump. 

b. Hook the center hose of the gage assembly to the evacuator unit inlet.  

The evacuator unit used is the PowerMax 600 model by Thermaflo. 

c. Purge the air in the hoses. 

d. Attach a pressure hose between the discharge line of the evacuator unit 

and the inlet of the recovery bottle. 

e. Open the valves on the gages and start the evacuator unit. 

2. Installation of the liquid line pressure tap using a tee. 

a. Open one of the service valves on the side of the heat pump. 

b. Run 2psi of nitrogen through the other service valve on the heat pump. 

c. Cut a section of the liquid line out for a tee reducer (3/8” to ¼”). 

d. Using an oxygen/acetylene welding unit, braze the tee into the line. 

e. Insert 1/8” soft copper tubing into the ¼” tee junction and crimp. 

f. Braze the crimp to make a good seal. 

g. Run the 1/8” soft copper to a piece of ¼” copper tube.  Repeat the 

crimp and seal process followed for the tee in the liquid line. 
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h. The ¼” copper tube is then inserted into a ¼” v-stem valve (Tulsa 

Valve and Fitting-model V-1VS4). 

i. Place another ¼” copper tube from the valve to a brass female 

compression fitting (Tulsa Valve and Fitting-model B-400-1-7). 

j. Attach the fitting to the pressure transducer. 

3. Installation of the accumulator inlet pressure tap. 

a. Pressurize system between 20 and 30psi with nitrogen by closing one 

of the service valves on the side of the heat pump. 

b. Drill 1/8” hole at the desired location.  The pressure from the nitrogen 

charge will blow the copper flakes out of the pipe. 

c. Insert 1/8” soft copper line flush with the hole. 

d. Braze around the soft copper to seal the hole. 

e. Repeat steps g) to j) of the liquid line installation process.  

4. Repeat accumulator inlet tap process (step 3) for the remaining taps. 

5. Check the system for leaks 

a. Pressurize the system to 75psi. 

b. Monitor the pressure to make sure it does not drop. 

6. Vacuum the system. 

a. Attach the high-pressure hose of the gage assembly to the high-

pressure service valve of the heat pump. 

b. Attach the low-pressure hose of the gage assembly to the low-pressure 

service valve of heat pump. 
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c. Hook the center hose of the gage assembly to the vacuum pump.  A 

6cfm Yellow Jacket Super Evac Pump, model #93460 was used. 

7. Charge the unit. 

a. Attach the center hose of the gage assembly to the high-pressure valve 

of the refrigerant recovery tank 

b. Hook the low-pressure hose of the gage assembly to low-pressure 

service valve on the heat pump. 

c. Open the valves and turn the on the heat pump. 

d. Weigh the refrigerant on a scale until the proper charge (8lb 12oz) has 

entered the heat pump. 

After brazing each pressure tap, it is recommended to cool the copper lines with a wet rag 

to avoid accidental burns.  The purpose of using Nitrogen during the brazing process is to 

avoid contaminating the lines with metal flakes from drilling, and to avoid buildup of 

ashes in the lines.  Once the unit is recharged, it is ready to run.  This process is  followed 

once again during the coriolis mass flow meter installation into the liquid line (the copper 

tubing connecting the indoor and outdoor coil).
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APPENDIX E:  USING A PARTICAL IMAGE 

VELOCIMETRY SYSTEM 

 

WARNING:  All reflective material (watches, rings, necklaces, belt buckles, ect.) should 

be taken off when entering any facility containing laser use—even when protective 

goggles are used.  The reflections will cause permanent eye damage or burns on the skin.  

The appropriate filtering goggles for a given laser should always be used. 

Setup Procedures 

 Every operator of the particle image velocimetry system must be intimately aware 

with the setup procedures.  At some point in time, whether it be the initial setup or when 

the system must be checked, the operator will eventually need to run through the setup 

procedures.  The system setup is absolutely imperative towards achieving good results 

during experimentation.  During the initial setup, the main components are first 

connected including the computer, software, synchronizer, cameras, and laser.  First, the 

computer software, INSIGHT 5 and Tecplot, are installed.  Next, hardware connections 

are made.  The LaserPulse Synchronizer, model 610034, controls the heartbeat of the 

lasers.  The synchronizer is responsible for the correct triggering of the laser during 

experimentation.  The power to the two digital cameras is also supplied by the 

synchronizer.  For precise cable connection determinations and software installation help, 

refer to the Installation Manual (TSI, 2003a).  The manual should also be consulted 

during initial laser component installation.   

Once the cable connections are made and the laser is ready for use, system 

alignment commences in several stages.  The remaining setup is fairly dangerous, and the 
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proper safety precautions should be followed at all times.  Valuable time is also saved by 

incorporating at least two people involved in the remaining steps to setup the system.  

Awareness of the proper tools is also recommended before the system setup proceeds any 

further.  In addition, laser alignment goggles will lower the chance of any injuries.  

Before running the system above low power, the specified goggles must be purchased. 

Laser Alignment 

Once the system is ready for initial power up, the laser should be checked 

for any misalignment issues.  The laser used is a 15Hz mini-dual ND Yag laser, a 

Gemini 200 produced by New Wave Research.  For this portion of the procedure, 

the laser should be aimed in a direction where a significant amount of distance is 

traveled by the laser beam.  First, take the cover off of the laser housing.  Place 

the alignment clip in position on the two knobs at the front of the laser housing.  

This allows the laser to operate with the cover off.  At this point, turn the power 

on for both laser water pumps.  Turn on the synchronizer and then start the 

INSIGHT 5 software program.  Turn the lights off to see the laser. 

The alignment process requires one person operating the firing of the two 

lasers using INSIGHT while the other is near the black, non-reflective cardboard 

sheet in which the laser is aimed.  The first laser, the reference laser, is then fired 

on LOW power set in INSIGHT.  This is done by clicking on the green Run icon.  

To stop the laser, click on the red Stop icon.  Make sure the camera settings are 

set to enable continuous firing of the laser (Free exposure mode and Continuous 

capture mode).  The person near the black cardboard, referred to as the beam 

locator for now, then specifies the adjustment of the intensity of the laser beam.  
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This is repeated for the second laser (laser one power is off during laser two 

operation).  The intensity is adjusted on the laser control modules using the 

adjustment knobs.  When operating the laser through the software, the power level 

indicated in INSIGHT assumes that the adjustment knob is at the maximum.  

Therefore, each power level can be adjusted below what is indicated in the 

software using the power intensity adjustment knobs on the laser modules. 

Now, with the first laser firing and the second off, the beam locator then 

marks cross hairs on the cardboard sheet for reference in the center of the round 

beam seen on the cardboard.  The laser operator switches the lasers to fire the 

second laser.  If the second laser beam does not appear to be in alignment with the 

first, adjustments must be made.  To make the adjustments, both lasers should be 

off.  The laser operator then adjusts the alignment mirror in the laser housing 

accordingly.  This mirror is located along the outlet of the laser housing, but it is 

NOT the mirror directly in front of the housing outlet.  The mirror resides in an 

open area alone.  A paperclip might be beneficial for the fine adjustment of the 

mirror.  Repeat the alignment process until the second laser beam is centered on 

the first laser beam.  DO NOT ALTER ANY MIRRORS ASSOCIATED WITH 

THE FIRST LASER.  Assemble laser housing. 

 Base Arm Installation 

Once the lasers are aligned with one another, carefully move the laser 

housing (with the lasers off) to its permanent location and snuggly secure it to the 

base plate.  Do not bump the laser housing or cause any vibration to the laser 

housing as this will most likely require laser realignment.  In this system setup, a 
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base arm or Beam Launching Mount, which holds the light arm, must then be 

aligned with the laser beam emitted.  Loosely fasten the Beam Launching Mount, 

model 610015, to the metal base four inches in front of the laser housing.  Then 

complete the following: 

1. Attach white pinhole aperture into the input of the Beam Launching 

Mount.  Rotate the alignment ring on the side of the Beam Launching 

Mount to the CLOSED position.  Fire laser one at LOW power. 

2. Position the light arm base in order to center the laser beam on the 

hole.  Adjust laser housing to acquire vertical positioning, while 

maintaining a level beam position.  Fine tuning adjustments will be 

required to the Beam Launching Mount and the housing.  Tighten the 

fasteners. 

3.  Discontinue firing the laser.  Remove the white aperture.  Rotate the 

alignment ring to MIRROR. 

4. Fire laser one on LOW.  Adjust the alignment mirrors to reflect the 

beam back into the laser housing.  DO NOT LOOK DIRECTLY INTO 

THE LASER.  The mirrors are adjusted using a 2mm ball driver, 

which enters in separate holes on the input face of the light arm base.  

Discontinue firing the laser. 

5. Other fine adjustments are possible using the three positioning screws 

to rotate the base for angular corrections to the beam.  Place alignment 

ring in PINHOLE to view the beam on a target above the base. 
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 Light Arm Installation 

Once the base is aligned with the laser housing and the lasers are 

disengaged, the light arm assembly, model 1098915, is then attached to the top of 

the base.  Next, the output ring mount and shutter are fastened to the end of the 

light arm.  This fixture allows the attachment of different lenses required to create 

a light sheet.  Attach the wire cross hair accessory to the end of the light arm.   

 Light Arm Alignment 

The final step in the setup process is aligning the laser beam through the 

light arm using the adjustment mirrors.  The mirrors are adjusted as described 

above.  If sufficient alignment is not possible at the end of this step, further 

attention is required in one of the above alignment steps.  In this step, it is once 

again useful to have two people working together.  With laser one firing at LOW 

power and the alignment ring and shutter set to OPEN, view the shape of the 

beam on the non-reflective target emitted from the light arm.  The shape should 

be round, and the center of the cross hairs should be in the center of the beam.  

Adjust the mirrors to obtain this case.  Stop firing laser one, and repeat the 

alignment steps for the second laser.  This is definitely an iterative procedure.   

Once the mirrors are adjusted correctly, remove the cross hair accessory 

and replace it with a spherical and cylindrical lens used in the upcoming 

experiments.   Repeat the alignment process followed above, except with a few 

minor changes.  Instead of looking for a round beam centered on the crosshairs, it 

is now imperative that the mirrors be adjusted to obtain the correct light sheet 
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thickness.  Using a narrow light sheet lens will make this part easier.  In addition, 

laser one and laser two should still be aligned with one another.  The straight line 

of the light sheets should lie on top of each other.  The adjustment mirrors are 

toyed with until these two conditions are met.  The end result of this alignment is 

very important in obtaining quality experimental results. 

Calibration 

 Now that the system is operational, the beginning stages of experimental setup 

follow.  Each experiment requires calibration images in order to analyze the images more 

precisely.  Before one can go any further, however, the experimental rig should already 

be built and operational.  When building the experimental rig for the PIV system, one 

must keep in mind that the rig must allow the laser light arm to move perpendicular and 

parallel to the cameras.  The cameras should be allowed movement between themselves 

as well as allowed to adjust the distance from the laser light arm.  The vertical center of 

the camera lens must be on the same vertical plane as the center of the lenses on the light 

arm.  

 Calibration Grid Placement 

With the laser completely aligned from the housing through the light arm, 

the next step involves positioning both cameras, the laser light sheet, and the 

handmade calibration plate.  The following steps are followed: 

1. Turn on the laser water pumps, the synchronizer, and start INSIGHT. 

2. Create a new experiment file.  Make sure the component setup is correct in 

the EXPERIMENT menu.  (Turn the lights back on in the facility.) 

3. In the VIEW menu of INSIGHT, select Zoom—1:1. 
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4. Turn both lasers off in INSIGHT.  Click on CAPTURE MODE—

CONTINUOUS; DATA SOURCE—DUAL CAMERA; EXPOSURE 

MODE—FREE.  Click on the Camera Icon to begin image acquisition. 

5. Adjust the camera optical axis angles greater than 15° toward each other.  

This is read from the degree markings on the camera mount.  The optical 

axis angle is important for obtain reliable information in the z-direction.  

As a trade off, the amount of reflected light entering the cameras 

decreases.  Optimal angles are between 25° and 35°.  This may become an 

iterative process for a given experiment if adequate pictures cannot be 

obtained at higher optical axis angles.  Set the distance between the center 

of the two cameras and the edge of the lenses on the light arm according to 

the desired height of the light sheet from the lens focal length.  For a 1m 

lens, the distance between the lenses and the center of the two cameras is 

approximately 1m, but can be less if the camera lenses and light arm lens 

are on the same plane. 

6. Place the mirrored edge of the calibration plate facing the light arm.  

Roughly align the plate to the center of the light arm and the center 

between the two cameras.  The vertical position of the plate is also 

centered with the center of the camera lenses. 

7. Adjust the distance between the cameras and the calibration plate, lens to 

light sheet distance, by moving the camera platform until the view on the 

computer monitor is filled with the calibration plate.  All of the calibration 
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points on the plate should be contained in the views of both cameras on 

the monitor. 

 Light Sheet Alignment 

Once the calibration plate is roughly in position, it is then aligned exactly 

with the light sheet.   

1. Stop image capture: Click on the Stop Icon.  Select LOW power for laser 

one.  Turn off the lights.   

2. Click on the green Run icon.  Adjust the intensity of the light sheet to a 

fairly low power using the intensity adjustment knobs. 

3. Now, keeping the calibration plate roughly in the center of the cameras, 

position the calibration plate so that the light sheet is hitting the mirror on 

the edge of the calibration plate. 

4. Adjust the legs of the calibration plate to make the mirror parallel with the 

light sheet.  (The light sheet should be perpendicular to the ground already 

from the experimental test rig.) 

5. Place the calibration plate so that the light sheet is hitting the mirror.  

Adjust the back angle of the calibration plate so that the reflected image of 

the light sheet aligns back to the center of the lens on the light arm.  Do 

NOT look directly into the lenses on the light arm. 

6. Stop laser firing. 
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Camera Calibration 

Once the calibration plate is in position, both camera positions are fine 

tuned.  The following steps are an iterative procedure until good calibration 

images are acquired for experimentation. 

1. Turn the lights back on.   

2. Set both lasers to off in INSIGHT. 

3. Click on VIEW—CROSSHAIRS—ON.  Click on VIEW—ZOOM—4:1.  

Click on the Camera Icon. 

4. Adjust the focus and f# of the camera lenses.  The camera pointed away 

from the light arm most likely will require a smaller f#.  The f# requires a 

calculation check to make sure that, for the given experiment, no lost 

particles will result due to inadequate Depth of Field.  The available DOF 

should correspond to the assumed speed out-of-plane in relation to the 

laser light sheet and the dT chosen.  Depth of Field is defined as follows 

(Adrian, 1991): 

λ221 #)1(4 fMDOF −+=   

where M is the Magnification and λ is the wavelength. 

5. Adjust the camera placement from the center of the calibration plate to 

align the vertical line of the crosshair and the center of the crosshair point 

on the calibration plate. 

6. Adjust the legs on the camera base to position the horizontal line of the 

crosshair in the center of the crosshair point on the calibration plate. 

7. Tighten all fasteners. 
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8. Refocus the camera lenses to obtain a crystal clear view of the calibration 

plate.  Marks from the tooling used to make the plate should be visible, 

and the calibration points should be clear. 

9. Adjust the Scheimpflüg angle.  This is done by moving the back of the 

CCD cameras while tightening the desired angle by and knob on the side 

of the cameras.  The Scheimpflüg angle is the tilt angle used to bring the 

entire calibration plate into focus:  from one corner of the plate to the 

opposite.  This is viewed on the monitor by the amount of red in a given 

calibration point on the calibration plate.  The goal is to fill them red. 

Repeat steps 5 through 8 to acquire the correct alignment and focus.  The camera 

optical axis angle may be adjusted slightly to avoid repositioning the cameras 

along the camera base plate.  Once finished, DO NOT MOVE ANYTHING. 

Calibration Images 

 Next the actual calibration images must be recorded.  The following 

explanation is based on the assumption of both cameras lying on the same side of 

the light sheet with a two-plane calibration plate available. 

1. Stop image capture.  Shield the calibration plate from direct or reflected 

light sources.   

2. Click on CALIBRATION—CAPTURE CALIBRATION IMAGES—

CAPTURE SEQUENCE. 

3. Click on IMAGES—SELECT IMAGES.  Select the two images.   

4. DEFINE GRID.  Specify the correct grid parameters.  See Operations 

Manual for further details (TSI, 2003b). 
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5. Adjust threshold value and click on ANALYZE ONE.  Verify that a circle 

or diamond surrounds the correct calibration points.  No circles or 

diamonds should appear anywhere else on the image except around the 

calibration points.  Continue adjusting the threshold level until this is the 

case.  If this is not possible, take a new set of images with more shielding 

around the calibration plate. 

6. Batch analyze both images.  Verify the calibration points, grid, and lines. 

Operating the System and Performing Experiments 

 The following is an overview of the procedure for acquiring images and analyzing 

the images captured.  For a detailed description, refer to the Operations Manual (TSI, 

2003b). 

Startup 

A high respect for the safety of the equipment should always be 

maintained in the facility.  Each component of the system has an attached price 

tag that no one would want to replace due to carelessness around the system.  BE 

CAREFUL!  First things first:  Whenever an experiment is about to start, turn on 

the laser water pumps and position the equipment to acquire the desired location 

for experimentation.  Next, turn on the synchronizer and open the desired 

experiment file in INSIGHT 5.  If a new experiment is desired, but the system 

does not need to be recalibrated, copy ALL of the files in the calibration folder of 

the old experiment and paste them into the calibration folder of the new 

experiment.  Always turn the synchronizer on before opening INSIGHT 5.  

Otherwise, the synchronizer may not control the camera image captures correctly. 
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Once the synchronizer is ready, the lasers are ready, and the calibration is 

complete, set the power level of the first laser to LOW and the second to OFF.  

Turn the lights out and fire the laser with the intended optics.  Verify that the 

position of the light sheet is aligned in the correct orientation and placement for 

the desired location.  This may be an iterative process to get the light sheet at a 

certain location and angle relative to the geometry, but this is highly dependent on 

the setup of the test rig created.  Stop the laser.   

 Capturing Images 

To acquire stereoscopic images, Click on DATA SOURCE—DUAL 

CAMERA; CAPTURE MODE—FRAME STRADDLE; EXPOSURE MODE—

FREE.  Unfortunately, the remaining steps for acquiring images to analyze is 

highly dependent on an individual experiment.  Therefore, most of the following 

will be done through trial and error.   

1. Set the laser power for both lasers to MEDIUM.  

2. Set the dT parameter, pulse separation time between laser one and laser 

two, based on the assumed maximum velocity in and out of plane.  Keep 

in mind the Depth of Field.  This value must be greater than 30µs due to 

the camera shutter speed.  The shutter speed is important because each 

camera takes two pictures.  Therefore, if the second laser pulse occurs 

while the shutter is closed, the second image from the cameras will be 

black.   

3. Set the Pulse Rep Rate, the frequency of captures taken.  This value must 

be less than one if the images are to be saved to the hard drive during 
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experimentation.  Otherwise, a maximum of 24 captures can be taken and 

stored on RAM. 

4. Set Camera Trigger Delay Time to 0 for this setup. 

5. Set the Pulse delay time.  This is the time between the start of an image 

capture sequence and the start of the laser pulse sequence.  Therefore, this 

is the amount of time required to delay the first laser in order to pulse the 

first laser when the aperture is fully open.  Also, the pulse delay and dT 

must coincide to correctly pulse the second laser after the shutters have 

reopened fully from the first exposure.  This setting is very important.  To 

effectively find the pulse delay for a particular system, set the Pulse Rep 

Rate low.  Set the dT around 40µs, and definitely lower than used in 

experiments.  Slowly increase the Pulse Delay by 0.01ms from 0.25ms 

until the first image captured is black.  Decrease the Pulse Delay and 

repeat by increase in 0.005ms.  At the point of blackness, subtract 0.015ms 

and use this pulse delay value for the experiments.  This allows the user to 

set dT fairly close to the minimum value for high velocity flow fields.  

Without the correct specification of the pulse delay time, double exposures 

may result, and black images will sporadically occur.  To effectively 

complete this step, images must be taken with the lasers firing.  Seeding 

will also be needed. 

6. If the seeding is not that bright, switch the laser power to HIGH—check 

calibration of the light arm and laser before switching to high power.  

Significant damage may occur to the light arm if not properly aligned. 
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7. Adjust the seeding so that individual particles are seen.  A cloud of 

particles is not desired, but either is an image with only a few seeding 

particles.  Finding the correct level of seeding is truly an art and changes 

from experiment to experiment, and location to location in a given 

experiment. 

8. When the seeding seems reasonable, stop the laser and cameras.  Analyze 

the images on the monitor to verify (see steps 11 to 13). 

9. When adequate velocity fields are found, set EXPOSURE MODE—

SEQUENCE.  This will store a specified amount of captures.   

10. Capture Images by clicking on the Camera icon. 

11. Once the images are taken, go to PROCESS—SETUP.  Many options are 

available to process the images.  See Operations Manual for more details 

(TSI, 2003b).     

12. Create or modify the Pass Validation or Final Validation macros.  This 

must be done if the holes in the vector fields are to be filled.  Otherwise 

the default will be used, which includes a standard deviation and double 

correlation check.  See Operations Manual for more details (TSI, 2003b). 

13. Now, click DATA SOURCE—ARCHIVE.  Select all of the images that 

are to be processed. 

14. Click on the Whole Field button, 3D Processing, Automatic Vector 

Validation and Dynamic Display.  If a Pass validation macro was created, 

click on Pass Validation icon as well.  Press the green arrow icon to begin 

processing the images.  
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A Few Tricks 

 Throughout the PIV learning curve, several instances occurred that created time 

consuming efforts to find a solution as to why something was going wrong.  The 

following is a list of a few tricks or items to check while using the system. 

• The order in which the system is started was found to be significant.  Always turn 

the laser pumps on first, then the synchronizer, and then start INSIGHT 5. 

• After starting INSIGHT, toggle through the various capture and exposure modes 

and verify the LED’s on the back of the cameras are giving the correct flash 

codes.  For example:  In FREE and CONTINUOUS, the red LED’s should be 

rapidly pulsing and the yellow constant.  In FRAME STRADLE, the red LED’s 

should be giving two pulses and then a time delay.  The pulse repetition will have 

to be lowered to check this.  If either of these is not the case, power down the 

synchronizer for five minutes and try again!  TSI is in the process of correcting 

this problem in the software. 

• The laser pumps themselves may not initially come on.  Be sure the toggle switch 

on the back is set to EXT and the power intensity knob on the module is set to 

MIN.  If these are all true, check the water level.  Next, just keep pressing the 

Standby button on the module a few times in a row.  Sometimes the motor just 

needs a little kick. 

• When building the test rig and setting the rig up, be sure the light arm is free to 

move in the direction intended for the full length intended. 
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• The surface of the model must be clean and clear.  If a scratch is visible, or if a 

certain area is not visibly clear due to seeding build up, the images from the 

camera will not be good.  The model should be built to allow internal access for 

cleaning.  Also, spray paint any metal pieces on the model to avoid reflection. 

•  Check calculations for the f# or f-stop.  Incorrect settings will not resolve the z-

velocity.  Also, make sure the optical axis angle is an acceptable level for 3D. 

• Seeding is an art.  Do NOT cloud the picture.  The correct seeding will look like 

clear night sky with all the stars out.  No matter what, there should be at least 10 

particle image pairs per interrogation spot.  This creates a high probability that a 

valid detection will be made using the analysis tools provided (TSI, 2003b).  

• The amount of seeding is highly dependent on the flow profile and the 

interrogation spot size.  The fewer the pairs in a given spot, the more likely 

another particle may enter in the second image and confuse the analysis method.  

By keeping the flow field unclouded, this increases the probability of determining 

the correct velocity vector.  This is so because there is less chance associated with 

two different particles being in the same spot in consecutive image captures. 

• To effectively increase the number of pairs per interrogation spot size, the spot 

size can be increased.  This action results in a higher accuracy of the vector fields. 

• It is highly recommended to read through the six rules of thumb found in the 

Operations Manual (TSI, 2003b).  The rules are: 

1. Interrogation-Spot Size Should be Small Enough for One Vector to 

Describe Flow for That Spot. 

2. Should Have More than Ten Particle Image Pairs per Interrogation Spot. 
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3. Maximum In-Plane Displacements Should be Less than One-Fourth 

Interrogation Spot Size. 

4. Maximum Out-of-Plane Displacement Should be Less than One-Fourth of 

Light sheet Thickness. 

5. Minimum In-Plane Displacement Should be Two Particle Image 

Diameters. 

6. Exposure Should be Large Enough to Show Particles. 
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APPENDIX F:  FLUENT 6.0 AND GAMBIT 2.0 
 

 The following is an overview or essentials of using Gambit and Fluent.  For in 

depth details concerning the software and the options included, see FLUENT and 

GAMBIT User’s Guides (Fluent 2001a and Fluent 2001b). 

Using Gambit 

 Before running a CFD simulation, the geometry or model must first be 

constructed.  This is done using Gambit 2.0.  Gambit is cable of importing CAD files to 

create the mesh desired, but the following describes creating the geometry from scratch. 

 Drawing 

The first step in Gambit is creating the model.  Drawing tools are provided 

in Gambit, but they are limiting in comparison to the complex CAD software 

available today.  In Gambit, two or three-dimensional structures are allowed.  

Also, one can construct a three dimensional object from two dimensional tools, or 

even down to the bare bones of vertices. 

To create a moderately complicated geometry in 3D, the most efficient 

method is creating the geometry using volumes.  Several different volumes are 

available including:  cubes, cylinders, pyramids, and cones.  Any volume can be 

united, subtracted, or even intersected with another volume as long as they are 

touching.  Before creating a geometry, however, an understanding of walls and 

interiors is needed.  For any given geometry, the sides or boundaries of the 

geometry are walls by default.  The space in between the boundaries are interiors.  
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The interior can be fluid or solid.  Any space outside of the boundaries does not 

exist in the simulation.    

For a first time user, it would be beneficial to go through the different 

menus available in Gambit and just try a few out.  It would be most beneficial to 

step through a few tutorials that accompany the software to gain a sense of 

familiarity and capabilities of Gambit.  One of the biggest challenges in Gambit is 

creating a complicated geometry without double faces occurring during the 

drawing process.  This is an area not spoken of in the tutorials, but they are 

definitely show stoppers in simulations.  An important step in any geometry is 

renaming every face and every volume to something meaningful.  Doing so 

allows the user to spot duplicate faces, or even duplicate volumes.   

Duplicate faces occur due to several different scenarios, but the most 

common is from placing volumes side by side.  In this case, the volumes must be 

united, or the geometry imported into Fluent will create walls at areas intended to 

have fluid flowing through them.  The best option for creating a geometry is to 

assemble all of the multiple volumes.  Then, unite them all together to create one 

volume.  At this point, the geometry can be broken down into other volumes for 

meshing purposes or for different boundary conditions.  This is done by splitting 

the volume with a face or another volume.  When using the split volume feature, 

do not retain the geometry used to split the main volume.   

The subtract and intersect features also work well for certain applications.  

If a solid structure exists inside a volume, but heat transfer will not be simulated, 

the solid does not need to be included as a volume.  Instead, subtract this portion 
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out of the fluid volume.  Fluent will automatically place a Wall boundary 

condition outlining the solid. 

 Grid Generation 

Once a geometry is created, the next step is to generate a mesh or grid 

structure.  Mesh generation is very tricky, and this portion of Gambit can become 

a time consumer.  A few precautions are given for this stage in the process: 

• Be aware of the RAM available in the workstation simulating the problem.  

Too fine of a mesh will lead to huge memory requirements.  If  the file 

becomes too large for the computer power available, Fluent will crash. 

• When meshing by volume, the first volume determines the face size of the 

volume next to it.   

• The order in which the volumes are meshed is important.  Do not skip 

around the model.  Mesh a volume next to a previously meshed volume.  

• In many cases, a complicated model will have to be split into smaller 

volumes to generate a mesh.  Especially when intermixing circular and 

rectangular volumes.  This is also true for acquiring two different 

boundary conditions for a given face. 

• Create separate volumes along the walls to generate small meshes along 

the wall.  Or, create a Boundary Layer. 

• When using the Boundary Layer Tool, high skewness may occur.  Adjust 

the number of transition rows and the growth factor in the Boundary Layer 

to overcome this obstacle.   
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• The mesh properties chosen by Gambit when selecting a volume is usually 

the best option.  Specifying the interval size seems to work well. 

• Always analyze the mesh carefully to check that skewness is less than 0.9. 

Boundary Conditions 

Once the mesh is generated, specify the solver in the Solver menu of 

Gambit.  Then enter into the boundary conditions tool.  Every face that lies within 

the volume that is not intended to be a wall must be specifically set to another 

boundary condition.  Interior is usually the case.  Faces must be set individually to 

ensure accurate import into Fluent.  The inlet and outlet of the geometry can also 

be specified at this time.  Or, they can be entered as an interior and changed later 

in Fluent.  Anything that is imported into Fluent as a wall will not be allowed to 

change to an interior, so make sure all the interior faces are specified. 

Once the boundary conditions are set, the zones must also be clarified as a 

fluid or a solid.  Each volume should be set individually as good practice. 

 Export 

Once the above three steps are complete, a mesh file is then exported.  

This is done in the File menu.  The mesh file is then recognized by Fluent as a 

case file. 

Using Fluent 

 Before Fluent 6 even starts, the user must select what type of simulation is 

intended: 2D, 2D double precision, 3D, 3D double precision, or any of the 

aforementioned solved on multiple processors.  Once Fluent has opened, a mesh file or 

previously saved case file is opened by clicking on FILE—READ—CASE.  If no errors 
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occur, then GRID—CHECK.  Now, it is possible to start setting up the parameters Fluent 

6 uses to solve the given problem.  Several steps are required to ensure all of the 

components have been checked and adequately defined for Fluent can solve the problem. 

 Grid  Scale 

Display  Grid  

Define  Models 

Define  Materials  

Define  Operating Conditions 

 Define  Boundary Conditions 

 Solve  Monitors 

 Solve  Initialize 

 Solve  Iterate 

See Fluent User’s Guide (Fluent, 2001a) for more details outlining these steps or Chapter 

6. 

 Post processing in Fluent can become very tedious.  To acquire the pictures from 

Fluent, Print Screen is easily done.  Otherwise, import in TecPlot is required.  Thus 

beginning the difficulties.  Numerical Data for a given plane can be exported (File  

Export) in ASCII.  Select the planes and the variables required.  Write the data and save 

as a .dat file for later use. 
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