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Introduction

Forced air heating and cooling systems and whole house ventilation systems deliver air to
individual rooms in a house via supply registers located on walls ceilings or floors; and
occasionally less straightforward locations like toe-kicks below cabinets. Ideally, the air
velocity out of the registers combined with the turbulence of the flow, vectoring of air by
register vanes and geometry of register placement combine to mix the supply air within the
room. A particular issue that has been raised recently is the performance of multiple capacity
and air flow HVAC systems. These systems vary the air flow rate through the distribution
system depending on the system load, or if operating in a ventilation rather than a space
conditioning mode. These systems have been developed to maximize equipment efficiency,
however, the high efficiency ratings do not include any room mixing effects. At lower air
flow rates, there is the possibility that room air will be poorly mixed, leading to thermal
stratification and reduced comfort for occupants. This can lead to increased energy use as the
occupants adjust the thermostat settings to compensate and parts of the conditioned space
have higher envelope temperature differences than for the well mixed case. In addition, lack
of comfort can be a barrier to market acceptance of these higher efficiency systems

To investigate the effect on room mixing of reduced air flow rates requires the measurement
of mixing of supply air with room air throughout the space to be conditioned. Thisisa
particularly difficult exercise if we want to determine the transient performance of the space
conditioning system. Full scale experiments can be done in special test chambers, but the
spatial resolution required to fully examine the mixing problem is usually limited by the
sheer number of thermal sensors required. Current full-scale laboratory testing is therefore
severely limited in its resolution. As an alternative, we used a water-filled scale model of a
room in which whole-field supply air mixing maps of two vertical planes were measured
using a Planar Laser-Induced Fluorescence (PLIF) measurement technique. Water marked
with fluorescent dye was used to simulate the supply airflow; and the resulting
concentrations within the water filled model show how the supply air mixes with the room
air and are an analog for temperature (for thermal loads) or fresh air (for ventilation). In
addition to performing experiments over a range of flow rates, we also changed register
locations and examined the effects for both heating and cooling operation by changing the
water density (simulating air density changes due to temperature changes) using dissolved
salt.

Experimental apparatus

A 1:10 scale model of a 14’x 12’x 8’ (4.27m x2.44m x3.66m) room was constructed from
aluminum and glass. The bottom had two glass-covered slots where the vertical planes of
laser light entered the chamber. One slot was located along the centerline, the other near the
front face of the model at a distance equivalent to 30 cm (1 foot) from the wall in full-scale.
The front wall of the scale model was made from glass to allow observation of the room
mixing flows. The room was empty with no internal partitions or obstructions to the flow.

To simulate the supply airflow, water containing a known concentration of fluorescent dye
was introduced through an opening representing a supply register. Due to difficulties in



representing the small vanes common to residential registers in this scale model, the opening
does not model any specific supply grille (i.e., 2-way or three way). Detailed laser Doppler
anemometer measurements of the near flow field for residential register grilles by Tutu et al.
(2003) has shown that the effect of grille directional vanes for both the mean and turbulent
velocities profiles are negligible within a single register characteristic dimension. Therefore
the elimination of the grille vanes should not result insignificant changes in jet development.
The use of directional vanes that significantly alter the jet entering direction was not modeled
in these tests and remains an area for future work.

The water exited the model room through a slot representing a door undercut. Both the
supply and undercut were on the centerline of the room. The water/dye solution was pre-
mixed in a 100 liter barrel and transported to the tank using a submersible pump. A gate
valve was used to adjust each of the desired flow rates. Each flow rate was measured using a
venturi-type flow meter (+0.5% manufacturers specified accuracy).

The sketch in Figure 1 shows these inlet and outlet locations within the test room.
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Figure 1: Sketch of the test room

A laser was directed through a set of optics to produce a sheet of light that was used to
illuminate planes within the test room. This laser caused the dye to fluoresce so that the flow
pattern could be observed at these planes. This measurement technique is known as Planar
Laser-Induced Fluorescence (PLIF). During the experiment, pictures were recorded using a
CCD video camera. The camera was linked to a microcomputer-based analog-to-digital
converter that provided a gray level resolution of 256 values. This camera was specially
selected to provide a linear response to light input (most video cameras are extremely non-
linear). This linear response simplifies the analysis of the resulting images. The apparatus is
illustrated in Figure 2. More details about the apparatus are given in Appendix 1. The level



of fluorescence varied with the concentration of the dye, so the light intensity at each pixel of
the picture corresponded to the concentration of the supply water at this point. The pictures
taken during the experiment were analyzed using a custom computer program developed
specifically for this study’. An outline of this analysis program is given in Appendix 2.
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Figure 2: lllustration of PLIF apparatus

! Several commercially available image analysis packages were used, but their built-in features, such as auto
zero and gain adjusting for each image, meant that they could not be used for our analyses.



Experimental Configurations
The following figures illustrate some of the test configurations used for heating and cooling
experiments.

Cooling system:
High density fluid enters the room at a register near the top of the tank and leaves through a

door undercut on the opposite side of the room
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Figure 3. Cold air entering at high register — air exits through door undercut.

Heating system:
High density air or water enters a register near the bottom of the tank and leaves through a
door undercut shaped exit at the top of the tank.
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Figure 4. Experiment performed with higher density fluid — air enters low on wall and
leaves via a high outlet



Inverting Figure 5 makes it look like a heating system with a high wall register:
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Figure 5. Inverted image of Figure 2 so that it resembles a high entry low exit heating
system

Experimental Summary

For each system configuration of inlets and outlet location, three different supply flow rates
were simulated: 25 cfm, 50 cfm and 100 cfm. These flow rates cover a reasonable range for a
room of this size. For each flow rate, three to five experiments were performed and averaged
to account for the stochastic run-to-run variability. The experiments were performed until
the total volume of water that entered the tank was equal to the volume of the tank, i.e., one
air change. Note that this does not mean that all the water originally in the tank at the start of
the experiment has been displaced. A step-by-step procedure of the experiments can be found
in Appendix 2.

To provide a uniform basis for comparison between the test configurations, flow rates and
fluid densities, we focused our study on specific locations within the tank. Figure 6 shows the
location of the nine locations studied. These areas were chosen to encompass the locations
within a room that would be occupied by standing or sitting individuals (i.e., the head and
ankle locations discussed above). Each square measures 0.475m x 0.475m (18.77x18.7”) in
full scale. The occupied zone is up to 1.7 m (5.58”) from the floor. The measured
concentrations were averaged for each square for every image analyzed. Details of the image
analysis are given in Appendix 3.
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Figure 6: Side view of model showing the locations of nine squares used in the analysis

superimposed over a sample test image

For experiments taking images on the centerline the locations are:

w

X1

X2

X3 Y1 Y2 Y3 Y4
30 21 143 295 192 124 85 38
For experiments taking pictures close to the front wall:

w X1 X2 X3 Y1 Y2 Y3 Y4

33 11 142 307 197 122 80 29




Scale modeling of room air flows
We used standard similarity theory relationships to convert between full-scale and model

parameters. Much of the following analysis is based on Thatcher et al. (2002). These
relationships require the following scales in terms of physical dimensions and flow rates.

Mean Length Scales:
Lintet = Ainlet /2 (1)

_ 1/3
Lroom = Vroom

Mean Velocity Scales:
Uintet = Qinlet/AinIet (2)
Uroom = Qinlet/Vroom2/3

Residence Times:

tintet = Alinlet 3/Z/Qinlet (3)
troom = Vroom/QinIet

Where:

L = characteristic length

A = Area

V = Volume

U = Velocity

T =time

Q = volumetric flow rate

Based on these definitions, the mean flow Reynolds numbers can be defined as follows.

Re _ U inlet I—inlet _ Qinlet
inlet — Vv - % (4)
inlet Ainlet Vinlet
Re _ U room L room _ Q inlet
room = v = % (5)
room \% room Y room

Where vinier and vigom are the kinematic viscosities for the fluids: water for the reduced scale
model and air for the full-scale room. To make the inlet jets Reynolds number equivalent
for both the full scale and the model scale:

Qinlet, full _ Qinlet,model
b 2 6
Ainlet, fuIIVair AinIet,modeI Vwater ( )

For the room flow this condition is met if:



Qinlet, full _ Qinlet, model

" "

room, full Vair room, model Vwater

(7)

Substituting the defined length and velocity scales into these equations gives the required

flow ratio:
Q inlet , full _ L full V air
=T ®)
Q inlet , model model |4 water

The length scale ratio is 10 and the ratio of the kinematic viscosities of air to water is
approximately 16 (at 20° C), and therefore the ratio between the full flow and the model flow
is a factor of 160. The test flows are 25 cfm, 50 cfm and 100 cfm at full scale, therefore the
model flows are: 0.156 cfm, 0.313 cfm, and 0.625 cfm (0.265 m%h, 0.53 m*/h and 1.06
m?>/h) respectively.

The time scale between full scale and the model can be determined from the time scale
definitions as follows:

[ \ room , full J 3
L oom , full _ Q inlet , full _ ( L room , full J ( Q inlet , model ] (9)
troom , model ( \ room , model ] L room , model Q inlet , full

Q inlet , model

For the 10:1 scale model used in these experiments and the flow rate ratio of 160 we have a
time scale ratio of 6.25. In others words, one second of flow for the model would simulate
6.25 seconds of flow for the full-scale room. With images captured at a rate of about 1.7
times a second, each image represents about 3.7 seconds of real time flow.

Scale modeling of buoyancy

To simulate heating or cooling conditions, (i.e. the distribution of hotter or colder air within
the room) the key fluid property change is density. The change in air density with
temperature is modeled by mixing water with salt to increase water density. For cooling, the
increased density is directly related to the increase air density for cold supply air. For
heating, the original plan was to mix water supply with ethyl alcohol to reduce water density.
However, this method would require the use of large quantities of alcohol: about 1.5 m® of
alcohol for 1 m® of water to achieve the required density ratios. Therefore the ethyl alcohol
option was abandoned for reasons of cost and safety. The heating air flow patterns were
therefore obtained by inverting the images obtained for cooling simulations. This has the
effect of reversing the register locations, i.e., a high supply register cooling experiment looks
like a low wall register heating experiment. This limits the density difference we can model
to be the same in heating and cooling. So the results for heating are suitable for a heat pump
(with delivery temperatures below 32°C (90°F)), but not for furnaces with their higher
delivery temperatures and therefore greater air density differences.
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For the scale model to exactly represent the effects of buoyancy and inertial forces in the full
size room, it is necessary to match the Richardson number (Ri). The following calculations
were used to determine the salt solution concentrations required for the experiments.

. QgATL
RI =
or
. gApL
Ri = 11
pLJ 2 ( )
So for equal model and full scale Ri:
AProser _ AP Lin U
Prmodel P Logr U ?ull (12)
The velocity scales are:
Q Q
U = _— = —
Equations (12) and (13) give:
AIOmodeI _ Apfu” anwodel LiU”
Pmodel e Qf2u|| L?nodel
(14)

With length and velocity scales fixed, this equation fixes the density ratio of our experiment.
As shown before, our model flow rate is 160 times higher than full scale and the length scale
factor is 10. So we have:

AProger  DPrr 1 10° _39 APy

Pmodel P 160° 1 T Pl (15)

For the cooling system experiments we simulated a 10° C temperature difference. Room air
temperature is 26°C (299K) and the supply air is 16°C (289 K). Using the density ratio to
simulate the inverse of the temperature ratio, it follows that:

Pinlet - Troom — 299 K
289 K

= 1.0346 (16)
proom Tinlet

Therefore,
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Pintet ~ Proom _ (1 0346 — 1) = 3.46% (17)

proom

The ratio of the density difference of supply and room air to room density is about 3.46%.
Our Ri analysis showed that the ratio required in the model is 3.9 times that of full scale.
Therefore, the density of the salt water required is 13.5% higher than the density of fresh
water. The density of water at 20°C and atmospheric pressure is 998 kg/m®. Therefore the
target salt water density is 998 kg/m® x 1.1349=1132 kg/m°®. Tests were carried out to
determine the quantity of salt necessary to be added in order to obtain the appropriate
density. Those tests were performed using a hydrometer (specific gravity for heavy liquids,
range 1.000-1.220, precision 0.002), and we found that 210 g of salt per liter were required.
For each experiment 21 kg (46.3 pounds) of salt was required to get the appropriate density
for a 100 liter barrel (26.4 gallons) of pre-mixed dye/water/salt solution.

Calibrating the PLIF system

Laser Sheet Non-Uniformity Correction

First, an image is taken with just fresh water as a baseline to account for the initial conditions
(e.g. ambient light). Every subsequent image will have this baseline image subtracted before
further processing. The next step is to find the relationship between the measured light
intensity at a pixel and the concentration of supply water. The supply water contains a known
concentration of fluorescent dye. In our experiment we used a dye concentration of 80 ug per
liter. The dye florescence intensity emitted at each pixel location is directly proportional to
the local dye concentration and the local intensity of the laser light.

| =C-E-A=C-E (18)
Where:
I = the level of fluorescence intensity
C = the concentration of the dye
E = the laser light intensity
A = Absorption factor to account for light absorption along its path (=~ 1 at low dye
concentrations)

The challenge is that the relatively small cylindrical lenses used in our experiment spread the
laser beam in such a manner that the intensity of the laser light in the plane was not uniform.
The light intensity was greatest at the bottom center and decreased towards the top and the
sides (as illustrated in Figure 7). The “rays” in figure 7 were due to a combination of lens
distortions, small dust particles on the optics and tank surfaces and flaws in the glass tank
insert that the sheet shines through.
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Figure 7: Distribution of laser light intensity with uniform dye concentration

To correct for this non-uniformity of the laser sheet, a reference baseline picture was taken
with the dye at a known uniform concentration. All the experimental images were divided by
this reference picture using the image processing software, i.e., the measured intensity at
each pixel of a picture is divided by the measured intensity at the same pixel obtained from
the reference picture. The second step in this correction was to multiply each the
experimental image by the mean intensity value of the calibration picture.

X,y * _
mean (Ical) - Icorrect Y
cal ,x,y

This correction was performed for all images taken during the experiments.

Calibrating light intensity to dye concentration

To determine the relationship between the intensity and the concentration of supply water,
images of the model filled with different known dye concentrations were recorded. The dye
was mixed outside the tank in a separate 26.4 gallon (100L) barrel. A single known
concentration was mixed in the barrel and pumped into the tank. The mean light intensity of
each calibration image was measured. Then the intensity obtained was compared to the ratio
of the corresponding dye concentration and the dye concentration used for the actual
experiments (80ug/L). Typically, calibration images were obtained from 0% to 100% (of the
supply 80ug/L) in 10% steps. These calibrations were repeated for two cases: along the
centerline of the tank, and with the beam shining through the near wall aperture. It was
important to obtain the calibration data at both positions to account for light absorption by
the water/dye/salt mixture on the path between the sheet of laser light and the glass front of
the tank. The calibration data were used to produce a relationship that links the light intensity
to the fraction of supply water concentration. The relationship is almost linear, as illustrated
in Figure 8. A second order polynomial was found to fit the calibration data well, with an
RMS error of 1.5%:

C =0.001312 + 0.6014 (19)
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Note that this is different from the ideal linearized Equation 18.
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Figure 8: Calibration curve at the centerline with no salt

Because the calibration was found to be sensitive to small changes in the laser beam (due to
alignment changes between the laser beam, mirror and lenses, combined with slight changes
in laser power output), it is repeated every time the tank is moved when changing the laser
position from centerline to near the wall and vice versa.

For tests using salt water, the calibrations were prepared differently because salt water and
pure water were found to have different absorption of the laser light. The differences are
apparent in the calibration curve equations shown in the following table. For the near-wall
case, the light from the light sheet only travels through a little of the tank and is unaffected.
However, the centerline results show significant absorption, as shown by the calibration
results in Table 1. Therefore we used location specific calibrations: centerline for centerline
experiments and near-wall results for near-wall experiments.

Table 1. Comparison of PLIF Calibrations for pure water
and salt water

Centerline equation Wall equation
Pure water C=0.00131°+0.6014 y=0.00131°+0.5814l

Water/salt C=0.00241°+0.60541 | C=0.00131?+0.59411
mixing

Human thermal comfort

The principal purpose of heating, ventilating and air-conditioning system is to provide
conditions for human thermal comfort. A widely accepted definition is, “Thermal comfort is
that condition of mind that expresses satisfaction with the thermal environment” (ASHRAE
standard 55). We focused our interest on the effect of a vertical air temperature difference. In
most spaces in buildings, the air temperature normally increases with height above the floor.

14



If the gradient is sufficiently large, local warm discomfort can occur at the head and/or cold
discomfort can occur at the feet, although the body as a whole is thermally neutral.

Chapter 8 of the ASHRAE Handbook of Fundamentals (2001) summarizes several studies of
vertical air temperature differences and the influence of thermal comfort by Olesen et al
(1979), McNair (1973) and McNair and Fishman (1974). Subjects were seated in a climatic
chamber and individually exposed to different air temperature differences between head and
ankles (Olesen et al.1979). During the test, the subjects were thermally neutral because they
were allowed to change the temperature level in the test room whenever they desired; the
vertical temperature difference, however, was kept unchanged. The subjects gave subjective
reactions to their thermal sensation. Figure 9 shows the percentage of dissatisfaction as a
function of the vertical temperature difference between the head (1.1 m above the floor) and
ankles (0.1 m above the floor). We used this information to assess the thermal comfort for
each experiment based on the temperature difference between head and ankle locations
within the model.
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Air temperature difference between head and ankles,°C

Figure 9: Percentage of Seated People Dissatisfied as Function of Air Temperature
Difference Between Head and Ankles
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Test Results

For each test configuration the following results will show example images together with
plots showing concentration changes with time. The dye concentration corresponds to
fraction of fresh air for ventilation simulations, where zero percent corresponds to original
room air and 100% is outside air only. Similarly for heating and cooling cases, the
concentration is a surrogate for temperature, where zero percent is the initial room
temperature and 100% is the supply air temperature (the difference being 10°C in these
experiments).

Ventilation

For ventilation simulations, the water and dye solutions have no added salt and are the same
density as the water in the tank. The inlet was located at the top of the tank with the outlet at
the bottom. Observations of flow patterns for all three experiments were similar as shown in
the centerline images in Figure 10.

25cfm 50cfm

100cfm

Figure 10: Example centerline images for neutrally buoyant ventilation simulations

Figure 11 shows the evolution of the mean dye concentration in squares 1, 2 and 3 (at
approximately head height for a standing person - see Figure 6 for locations) for different
flow rates at the centerline. These squares are at the same height but positioned at decreasing
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distances from the inlet register. For comparison purposes, the concentration development
curve for perfect mixing has been included in the figures. In the perfect mixing case, the dye
would immediately mix with all the water in the tank resulting in a uniform dye
concentration throughout the tank, and the dye concentration within the tank and the dye
concentration at the tank outlet are the same. More details on the calculation of the perfect
mixing concentrations are given in Appendix 5. The concentration results for all the sample
regions in the tank for all the experiments are given in Appendix 6.
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Figure 11: Ventilation simulation, centerline, squares 1,2 and 3

The results show that almost all points are higher than the perfect mixing curve. This is due
to the three-dimensional nature of the flow. Looking down into the tank we observed the
flow pattern sketched in Figure 12. The jet region is at the centerline and the dye
concentration remains higher in this region than in other regions of the tank. The jet strikes
the far wall and then flows back along the walls — leaving a region inbetween the centerline
and walls that is not well mixed with the main flow.
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Figure 12: Sketch of the flow pattern, plan view

The differences between concentrations for a given volumetric air exchange for the three
flow rates are small (less than 10 %), but the flow rate of 100 cfm provided slightly higher
concentrations. These results indicate that rates of 25 cfm or higher should be sufficient to
obtain reasonable mixing within the room at head height for a standing person. Square 1 had
higher concentrations than those in others areas because the jet flowed directly through this
square, whereas it flowed mostly over the top of squares 2 and 3.

There was a time delay before any dye was observed within each sample square. The time
delay is the time taken for the flow to travel from the register to the sample square. The
timing starts when the register is opened at the beginning of the experiment. This time delay
varies depending on flow rate and square location within the tank. Details of the time delay
calculations are provided in Appendix 4. As shown in Table 2, in the worst case, it takes
about three minutes for the supply air to reach the entire occupied zone in the centerline.
Time delays were higher for squares 3, 6 and 9 for the lower flow rates. For the 100 cfm flow
rate there were time delays in all squares except the square 1 because the jet flowed through
this square as soon as the register was opened.

Table 2: Ventilation simulation time delays, centerline
Square Full scale time delay Full scale time Full scale time
25 cfm 50 cfm 100 cfm
1 No delay No delay No delay
2 No delay 12 sec 23 sec
3 2 min 30 sec 1 min 24 sec 41 sec
4 No delay No delay 12 sec
5 1 min 48 sec 1 min 12 sec 44 sec
6 2 min 36 sec 1 min 18 sec 39 sec
7 48 sec 24 sec 34 sec
8 2 min 12 sec 1 min 12 sec 46 sec
9 3 min 12 sec 1 min 30 sec 13 sec
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Figure 13 shows the evolution of the mean dye concentration in squares 1, 2 and 3 for

different flow rates near the wall. These squares are representatives of others levels (4, 5, 6

and 7, 8, 9).
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Figure 13: Ventilation simulation, near wall, squares 1, 2 and 3

As observed during the centerline experiments, nearly all concentrations were higher than for

perfect mixing. This is because the flow enters the room along the centerline, and after

striking the far wall it flows around the edges of the room. This means that both the

centerline and near wall data will tend to have high concentrations compared to the region
between them that was not examined in our experiments. For these near-wall experiments

the differences in concentrations for different flow rates were also less than 10%. Figure 14
compares the centerline and near wall results for square 4. As expected, the centerline

concentrations were higher than those near the wall because the jet has had longer to mix

with the rest of the room as it flows back along the wall.
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Figure 4: Ventilation simulation. Comparison of centerline and near wall results.

Table 3 summarizes the time delays for these near wall locations. The time delays near the

0.8
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*

perfect mixing
100 cfmwall
100 cfm centerline

square 4

*

perfect mixing
50 cfmwall
50 cfmcenterline

0.2 0.4 0.6 0.8
roomvolume change

0.2 0.4 0.6

0.8 1

room volume change

wall were shorter than time delays observed at the centerline. Again, this is due to the

circulation pattern inside the room. As the jet hits the wall opposite the inlet, it then diverts

back along the sidewall and reaches square 3, 6 and 9 sooner near the wall than at the

centerline. The long time delay for Square 1 is due to there being little flow in this high

corner region.
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Table 3: Time delays, Ventilation simulation, near the wall
Square Full scale time delay Full scale time Full scale time
25 cfm 50 cfm 100 cfm
1 4 min 12 sec No delay No delay
2 No delay 6 sec No delay
3 2 min 42 sec 1 min 32 sec
4 No delay No delay No delay
5 No delay 6 sec No delay
6 2 min 24 sec 1 min 24 sec
7 No delay No delay No delay
8 No delay No delay No delay
9 3 min 1 min 24 sec

Summary of Ventilation Simulation Results

The test results showed that that there were no significant differences in fresh air
concentrations between the three flow rates used in the experiment, except for the time taken

for the air flow to reach a given location at start-up. If the system being modeled has a ten

minute working cycle, nearly the half time is required to reach all the squares with the 25 cfm
flow rate (4 min 12 sec for square 1 near the wall). So for this ventilation system, the 50 cfm
or 100 cfm flow rate would be preferred.
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Cooling

High inlet

The inlet was located at the tank top, the outlet at the bottom. The images in Figure 15 show
that the flow patterns for each of the cooling simulation experiments were not the same and

also differed from the ventilation system simulations.

25cfm 50cfm

100cfm

Figure 15. Cooling centerline example images for high inlet

At lower flow rates, the negative buoyancy of the cold jet had more impact than the initial
velocity of the jet and the jet falls down toward the floor. For the 100 cfm flow rate the jet
form appeared to be a closer match to the ventilation case. Also, the lower flow rates have
visible stratification with a layer of cold air near the floor that does not mix with the air
higher up in the room. Another observation is (as shown in Figure 16) that the final
concentrations for the cooling system experiments were lower than those obtained for the

ventilation system simulation. This is because the flow pattern with the strongly negatively

buoyant cold jet resulted in a decrease in mixing and significant stratification. Because the
outlet was on the bottom of the tank, the concentration of supply air in the outlet flow was
higher than the discharge for the ventilation system case, resulting in lower concentration
fluid left in the tank.
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Figure 16. Comparison of Cooling and Ventilation Simulations
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Observations at the centerline:

Figure 17 shows the evolution of the mean dye concentration in squares 1, 2 and 3 for
different flow rates at the centerline. In square 2 for the 100 cfm flow rate, the dye

concentration change was irregular. The supply jet appeared intermittently in this square,

sometimes flowing through it and not at other times. In squares 5 and 8, the 50 cfm flow rate
produced uniformly higher concentrations because the jet flowed directly through these two

squares.
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Figure 17: Cooling simulation, centerline, high inlet, squares 1, 2 and 3
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Table 3 summarizes the time delay for the cooling experiments. Because the jet falls toward
the occupied zone the time delays were lower in the cooling system simulation than those in
the ventilation system simulation. Time delays for flow rates 25 cfm and 50 cfm show that
there is a stratification phenomenon because areas at the top of the occupied zone were
reached last. For the 100 cfm flow rate, the greater mixing meant that the stratification was
not apparent in the occupied zone.

Table 3. Time delays on the centerline for cooling simulations and a high inlet
Square Full scale time delay Full scale time Full scale time
25 cfm 50 cfm 100 cfm
1 1 min 18 sec 24 sec 30 sec
2 49 sec 28 sec No delay
3 No delay 5 sec 34 sec
4 No delay No delay 11 sec
5 No delay No delay No delay
6 No delay No delay 34 sec
7 No delay No delay No delay
8 No delay No delay 5 sec
9 No delay No delay 30 sec
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Observations near the wall

Figure 18 shows the evolution of the mean dye concentration in squares 1, 2 and 3 for
different flow rates near the wall. These squares are representative of others levels (4, 5, 6
and 7, 8, 9).
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Figure 18: Cooling simulation, high inlet, near wall, squares 1, 2 and 3

The 25 cfm flow rate experiments were similar (concentrations are within 10% for a given
room volume change) to the 100 cfm and 50 cfm flow rates, and, in general, concentrations
near the wall were higher than those obtained at the centerline. The near wall time delays
were longer than time delays at the centerline for the 25 cfm and 50 cfm flow rates. This is
the opposite of the results for the ventilation system simulation because the negatively
buoyant jet fell to the bottom of the tank and did not develop the same circulation pattern as
for the ventilation case. For the 100 cfm flow rate the flow pattern was more like that of the
ventilation case and there was less delay near the wall.
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Table 4. Time delays near the wall for cooling simulations and a high inlet
Square Full scale time delay Full scale time Full scale time
25 cfm 50 cfm 100 cfm
1 1 min 8 sec 35 sec No delay
2 58 sec 37 sec No delay
3 26 sec 38 sec 26 sec
4 No delay No delay No delay
5 No delay No delay No delay
6 No delay No delay 18 sec
7 No delay No delay No delay
8 No delay No delay 9 sec
9 No delay No delay 20 sec

Discussion of high inlet cooling results

For the specific locations within the room that we evaluated, the dye concentrations were
uniformly greater than those for the perfect mixing case. This result occurs because the
square locations we chose to study contained the supply jet and it’s induced circulation
pattern. We observed that other locations in each measured plane had lower concentrations.
In the future, examining other planes within the tank could give more information on
locations within the room where concentrations are lower than for the perfect mixing case.
Another issue is that the water leaving the tank was not at the well-mixed concentration. In
most cases the water leaving the tank had very little mixing with the rest of the tank and was
at a high concentration as the jet flowed across the tank, impinged on the far wall, flowed
down the wall and then exited through the outlet. For the cooling experiments, the effect was
less pronounced than for the ventilation simulation because the jet fell down into the middle
of the tank and produced a relatively well mixed zone below the stratification interface.

The stratification phenomenon with the 25 cfm and 50 cfm flow rates could be a source of
discomfort. However, we calculated the worst temperature difference within the occupied
zone to be about 1°C (for 0.06 room volume change and near the wall, square 1 had about
1% of fraction of supply and square 7 had 11% of fraction of supply concentration, which
represented a 1°C temperature difference between the two squares). For this temperature
difference, few occupants would express discomfort.

The time delays to reach each square were reasonably short (ranging from no measurable
delay to about one minute) that any reasonable HVAC system cycle time (ten minutes or
more) would ensure that conditioned air reached all the locations we examined.

In conclusion, we can say that this inlet-outlet configuration seems to be a good

configuration to cool down a residential room and that flow rates of 25 cfm or higher should
be sufficient to obtain reasonable mixing within the room.
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Low inlet

The register location was changed to have the supply on the wall near the bottom of the tank,
and the return at the top of the opposite wall. This configuration of a high return is not a
usual register installation unless the system uses high mounted transfer grilles. The images
can be inverted to represent a heating system with a high wall inlet and door undercut outlet.

As a result of laser system electronic problems, we were only able to perform experiments
near the wall for this configuration. Figure 19 shows the strong stratification near the wall
for this register configuration. The two lower flow rates had approximately the same flow
patterns. The stratification interface was clearer for the 25 cfm flow rate. For the 100 cfm
flow rate we observed more turbulence and the stratification interface was nearer the top of
the room than for the other two flow rates.

25cfm 50cfm

100cfm

Figure 19. Cooling near wall example images for low inlet
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Figure 20: Cooling simulation, low inlet, near the wall, squares 1, 4 and 7

The results in Figure 20 are representative of other squares. The results in this configuration
show complete stratification. 100% of fraction of supply concentration was reached in all
cases after the stratification interface passed through the square being analyzed. The return
water flow discharge did not contain dye until the dye level reached the outlet. Time delays
(summarized in Table 5) were very long for the 25 cfm and 50 cfm flow rates due to the
stratification. The 100 cfm flow rate had better results due to slightly improved mixing at this

flow rate.
Table 5. Time delays near the wall for cooling simulations and a low inlet
Square Full scale time delay Full scale time Full scale time
25 cfm 50 cfm 100 cfm
1 18 min 13 sec 7 min 53 sec 1 min 35 sec
2 18 min 7 min 21 sec 1 min 13 sec
3 17 min 50 sec 7 min 11 sec 1 min 13 sec
4 8 min 35 sec 2 min 17 sec 11 sec
5 8 min 13 sec 2 min 48 sec 21 sec
6 7 min 53 sec 2 min 48 sec 31 sec
7 31 sec 10 sec 10 sec
8 21 sec No time delay 10 sec
9 No time delay No time delay No time delay
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Discussion of low inlet cooling results

The combination of long time delays and the temperature gradients due to stratification mean
that this register configuration should be avoided for cooling. As an example, for a 25 cfm
flow rate at 0.15 room volume change, there was no supply air in squares 4, 5 and 6 and
about 70% supply air in squares 7, 8 and 9. This translates to a 7°C air temperature difference
between the head and ankles, which would result in local discomfort for about half of the
occupants.

Heating system analysis

The heating system analyses were performed by inverting the images obtained with the high
density supply as illustrated in Figure 21. The images then represent a heating system with a
high wall supply and air leaving through a door undercut or low wall return.

Original image Inverted image

Figure 21. Example Image Inversion for Heating Analysis
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25cfm 50cfm

100cfm

Figure 22. Comparison of stratification patterns near the wall for heating with high
supply register and low return.

The images in Figure 22 illustrate the near wall concentrations after the same volume of air
has been supplied (i.e., the time between system start up and when the image were taken is
four times longer for 25 cfm compared to 100 cfm). Theses images show how the increased
flow rates lead to a less sharp boundary between the stratification layers. Also, there is
increased mixing as the flow rate is increased as indicated by the boundary extending further
into the tank at the higher flow rates. The calculated concentration results in Figure 23 are
slightly different from the cooling case discussed above due to a change in the location of the
test measurement/analysis squares relative to the supply and return locations within the tank.
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Figure 23: Heating simulation, inlet up, near the wall, squares 1, 4 and 7

The results shown in Figure 23 clearly show the stratification phenomenon. The
concentration is essentially zero until the dye interface passes through the location being
studied. It then rapidly increases to be the same as the concentration at the supply. The
speed with which this takes place is an indication of how sharp the transition is at the
interface. The results confirm the observations from Figure 22: as the flow rate increases, the

transition becomes less sharp, and at 100 cfm the quasi-equilibrium concentration after the

interface has passed the measurement location is less than 100% due to mixing elsewhere in

the tank.
Table 6. Time delays near the wall for heating simulations and a low inlet
Square Full scale time Full scale time Full scale time
delay delay delay
25 cfm 50 c¢fm 100 cfm
1 10 min 4 min 21 sec
2 9 min 38 sec 3 min 40 sec 42 sec
3 9 min 48 sec 3 min 40 sec 42 sec
4 19 min 47 sec 8 min 45 sec 1 min 45 sec
5 19 min 16 sec 8 min 24 sec 2 min 48 sec
6 19 min 26 sec 8 min 14 sec 2 min 48 sec
7 29 min 36 sec 13 min 5 min
8 29 min 13 min 8 sec 4 min 44 sec
9 28 min 43 sec 11 min 44 sec 4 min 44 sec
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Time delays were considerable for all the flow rates, and followed the usual pattern of being
shortest for higher flows. The stratification phenomenon clearly contributes to these time
delays. Almost a half an hour was required to reach squares at the bottom with the 25 cfm
flow rate. In the best case, 5 minutes were required to reach those squares with the 100 cfm
flow rate. Note that the time delays do not simply scale with the flow rate, i.e., the 25 cfm
time delays are not four times those at 100 cfm. This is due to mixing effects and changes in
jet trajectories for the different flow rates.

Discussion of low inlet cooling and high inlet heating simulations

Two significant issues were evident from those experiments. First, the time delays were too
long, mostly because of stratification. For typical residential system cycle lengths of about
ten to twenty minutes this register configuration does not get conditioned air to much of the
conditioned space during system operation (after the system shuts down there may be some
additional mixing). The stratification also led to significant temperature gradients in the
occupied zone. As an example, for 25 cfm flow rate at 0.5625 room volume change, there
was no supply air in squares 7, 8 and 9 and about 60 % supply concentration in squares 4, 5
and 6. This is equivalent to 6°C air temperature difference between the head and ankles for a
seated person, which would result in discomfort for 40% of occupants.

Summary and Conclusions

Air flow patterns inside a room due to HVAC system operation were studied using a water-
filled 1:10 scale model and a Planer Laser-Induced Fluorescence (PLIF) flow visualization
system. Three supply register air flow rates of 25 cfm, 50 cfm and 100 cfm were examined
so that we could observe differences between ventilation operation (at low flow rates) and
heating or cooling operation (at higher flow rates), and the effects of operating multi-capacity
systems in their lower capacity modes. The density differences between conditioned air and
room air were simulated by increasing the density of the water in the experiments using salt.
Heating system operation was derived by inverting the images obtained using the salt
solutions. Two register placements were examined: high inlet/low outlet and low inlet/high
outlet. The results were analyzed for comfort by looking at the spatial variation of thermal
conditions inferred from the dye concentrations determined by the experiments, and
comparing the spatial variation to acceptable limits. The time taken for certain conditions to
be reached was analyzed by comparison to typical thermal HVAC cycle times and what
reasonable expectations of performance might be for occupants.

High inlet/low outlet:

For ventilation this configuration gave good mixing. For cooling this configuration gave
good thermal distribution for all flow rates. Also the time response was fast enough to be
inconsequential for reasonable HVAC cycle lengths. For heating the results were more
variable. At the high flow rate of 100 cfm, there was sufficient mixing that the time delay for
seated occupants to receive warm air was less than five minutes. However, at only 25cfm
flow, the time delay increased to almost half an hour for seated occupants. This is longer
than is typical for residential heating systems (Walker and Modera 1998, Titus 2006 ) The
second is that the air temperature gradients are significant and this translates into thermal
discomfort for about half the occupants. Both of these effects are mostly due to the strong
stratification effect.
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Low Inlet/high outlet:
This configuration was only studied for cooling. As with the high inlet/low outlet case for
heating, the strong stratification at all air flow rates led to excessive time delays and thermal

gradients.

These results imply that register location has a stronger influence than air flow rate in
determining acceptable room air mixing. Therefore, the HVAC system designers concerns
should be focused on the register locations rather than ensuring high register exit velocities.
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Appendix 1: Test apparatus details

The test apparatus consists of several components:

the scale model,

the stand,

the pump and piping for the supply water,

the laser and cooling water circuit,

the optics to spread the laser beam

the CCD video camera and the video capture board to capture the images during
the experiments.

The following picture shows the test apparatus as it was used for the experiments.

Figure 1.1. Test Apparatus

For our experiments we used a 1:10 scale model of a 14’x 12’ x 8’ room. Using a room of
this size better represents a typical residential room than the minimum room size of 24’ x
18’ x 9’ specified by ASHRAE Standard 70, (ASHRAE 1991) for performance testing.
The room has a centered 10” x 6” high sidewall air inlet 5.6* below the ceiling. In the
wall opposite the inlet is a centered 31.12” x 1.88” door undercut serving as the return
outlet. This setup represents a commonly used arrangement in houses.

Instead of a register or diffuser we just have a plain opening in the scale model, as it
would be very difficult to built a 1:10 scale model of a register that can withstand the



pressure of the supply water. There are various types of high-end registers that aid the
mixing process by generating turbulence and directing the airflow. But these registers are
mostly used in commercial buildings while registers normally used in residential
buildings are very inexpensive.

The scale model has a single clear face on the long side for observation of the flow
pattern. The bottom has two slots with glass inserts where the vertical planes of laser
light enter the test chamber. One slot is in the centerline and the other one is 1.2” from
the front face. To drain the model after an experiment it has a sink drain in the bottom.
During testing the drain is covered by a plug to create a level surface.

The top has a removable lid for quick draining and flushing. The top seal is placed some
distance down the sidewalls so at the start of the experiment the tank can be slightly
overfilled to aid in flushing out bubbles. The bubbles create problems because they
become areas of bright light in the recorded images that complicate the image analysis.
The supply opening is shut off with a ball valve as this kind of valve can be opened
completely very quickly.

Figurel.2 Front view of the scale model

The stand was designed to be wide enough to allow the tank to slide to two different
positions, so the experiments for the center plane as well as for the near-wall plane can be
carried out without having to re-adjust the laser beam and the optics. The optics are
mounted to the stand by a mechanism that allows the adjustment of the distance between
the lenses as well as their vertical and lateral alignment.

The flow rate was set with a gate valve and the flow turned on and off using the separate
ball valve. A separate branch with is own valves was used for each of the three flow
rates. This made the flows much more repeatable because the valve that set the flows
was not reset for each experiment. The water containing the dye was stored in a 100 L
barrel and pumped from there into the tank using a submersible sump pump.
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Figure 1.3 Flow control manifold

The flow rates were measured using a Gerand Venturi-nozzle %.”-414 and a u-pipe-
manometer. The change of static pressure across the nozzle was read directly off the u-
pipe manometer. With this value the flow rate could be calculated from a calibration
equation for the manometer.

Figurel.4 Manometer and Venturi nozzle

A Spectra Physics model 168 class IV argon ion laser was used to generate the laser lig

ht

sheets. The laser head and the power supply are mounted on the test stand. The laser head

can be moved laterally and vertically to adjust the laser beam. The power supply and
laser head were connected to a water-cooling circuit. A filter guarantees that the heat

exchanger of the power supply does not clog during the experiments. A manometer and a

safety relief valve were included in the cooling water circuit at the entry of the power
supply to avoid damage by excessive water pressure.
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Figure 1.5: The power supply Figure 1.6: The laser head

Two cylindrical lenses were used to spread the laser beam and create the laser light
sheets. The lenses are mounted to the stand by a mechanism that allows adjusting the
distance between the lenses as well as their vertical and lateral alignment.

Figure 1.7: Cylindrical lenses and lens mounts

A monochrome Hitachi KP-M1 8 bit CCD camera with analog composite NTSC output
was used to measure the fluorescence emitted from the laser-illuminated plane during the
experiments. A selective light Kodak Wratten Filter # 15 was attached to the camera to
prevent scattered laser light from reaching the camera. A camera mount that allowed
three-dimensional adjustment of the camera’s field of vision was built out of aluminum
and connected directly to the tank. The images from the camera were digitized using a
personal computer connected to an NTSC composite video capture board (Grabit Pro,

Aims Laboratory). The digitized images provided a gray-level resolution of 256 values
(i.e. 8-bit).
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Figure 1.8: CCD Camera and filter
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Appendix 2: Step by step experiment procedure

Preparing the dye solution

1. Weigh 80 mg of dye with a high-precision scale (Mettler AE 240, precision
0.0001g)
2. Mix the dye in a 1-liter volumetric flask to get the 0.08 g per liter dye solution.

Mixing the dye solution and preparing the tank

1. Mix the dye solution that will be pumped in the tank. The barrels have a 100L
mark on the top of the rim. This 100 L mark was determined by pouring 100 one
liter volumetric flaks of water into the barrel. Fill the barrel to this mark with
fresh water and add 101 ml of the solution with a concentration of 0.08g of dye
per liter.

2. If this is a heating or cooling experiment, add the salt before filling the barrel with
fresh water to the 100L mark and mix the salt thoroughly with the water. Check
the density with the hydrometer.

3. When running the test for the first time or after a long break the air bubbles must
be purged from the piping. Open all three ball valves of the manifold and turn on
the pump to flush out the bubbles.

4. Set the flow rate desired. Looking in the direction of flow, the left branch of the
manifold should be adjusted to a flow rate of 1.167 gallons per minute (equivalent
to 25 cfm air flow rate in full scale), the middle one to 2.334 gpm (50 cfm), and
the right one to 4.668 gpm (100 cfm).

5. Rinse the tank thoroughly and then fill with fresh water. Use a squeegee to wipe
off the air bubbles sticking to the bottom, walls, and ceiling of the tank. Open the
bleeder valve on the slide valve the close the lid of the tank. Close the bleeder
valve.

Preparing the image capturing
Open the Grabit Pro program. Choose sequence capture. Enter the setup.
1. Under General select 256 colors (8-bit). For the file format choose bitmap (bmp).
At a resolution of 320 x 240 pixels the camera can take 1.68 pictures per second.

At higher resolutions the rate is slower.

General |Cap\ure| File |
Saving ~Image Fil

= {25k Color (8 bits] Fammot: [Windows Cbmp) 7]
Cl1B7MColors 4bits) | gza: [:2oxen =]

I | et b mvit i) —Viddeo

{Motion Filler) System: [NTSC -
7 Display image sfter Source: |Composite Video 1 [

saving
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2. Under Capture choose normal capture mode. When fast capture mode is chosen
only a limited amount of pictures can be taken. Enter the number of images you

want to take. Even if the capture interval is set to 1 second image taking is slower.

General Capture |F|\E I

Sequential Capture Mode - Digk Space Monitoring

& MNarmal capture mode Destination Disk: ’?
" Fast capture mode Free Space 2047 +B
Number of lﬁ Maxirmum Reguired: 26 MB

frames S

Capture 1 3; oo |Uncompressed)

interval Stop capturing when remaining

Mote:  Capture interval is disk b (40 3‘ MB
system dependant | |©° oo -

[ ok | cancal | Hep |

3. Under File you can choose a file name or code, e.g. 25cfm. Under Save as you
can choose the folder you want to save the pictures in. You can also choose the
next image count, normally 1. After each experiment you have to reset this field.
Unfortunately Grabit Pro does not list the images in a numerical order. Image
number 10 will appear after image number 1 instead after image number 9.

Genera\l Capture File |
File Name

File Name Composition

Currant File Inifial: grabX>X bmp
O @ o
fes

1. File Initial. To change, click at
i Bave As j "Sawve As_ " button

2. Counter. Change at "Nextimage
Nextimage: [l -~
count ¥

3. File Extension. To change. click
at"Sawve As_ " button

0K Cancel Help

Starting the laser

1. Although the test stand is covered to shield reflected laser light you should always
wear safety goggles before turning on the laser.

2. Open the cooling water circuit. Open the return valve first then open the supply
valve very slowly to avoid overpressure. Otherwise the safety valve will open for
a short moment.

3. Before turning on the power supply you have to check the settings. Make sure the
control mode switch is set to current control. Never set it to light or field, as this
will wear out the cathode in the laser head prematurely. Turn the meter dial to 50
Amps. Set the current control to zero. To switch on the power supply turn the key
of the master control to on. Then turn the switch in the bottom left corner. When
the ready light begins to glow you can start the laser. Let the cathode warm up for
10 seconds. Then turn up the power to 30 Amps on the current control.

Starting the experiment

1. Turn on the pump.

2. Turn off the laboratory lights. It is important that no light other than emitted from
the dye reaches the camera.
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3. Then open the slide valve and start the image capturing simultaneously.
4. During the experiment check that the flow rate is correct: Measure the distance
between the water levels of the u-pipe manometer. The distance must be:

o 2.8”for 1.167 gpm (£ 25cfm air flow rate)
e 11.2” for 2.344 gpm (£ 50cfm air flow rate)
e 45.0” for 4.668 gpm (£ 100cfm air flow rate)

Completing the experiment

1. After the image capturing has completed turn off the pump.

2. Turn down the power to 10 Amps on the current control then turn off the
bottom left corner switch and turn the key of the master control to off.

3. Turn on the laboratory lights and close the cooling system. Close the supply
valve first then the return valve.
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Appendix 3. Experiment image analysis

A computer program developed by one of the authors (Smith), written in the “C”
computer language was used to analyze experiment images. All variables describing the
geometry were entered in an input file. The results were recorded in an output file in
comma separated value (csv) form that can be easily imported by Excel. The images to be
analyzed must be in the same folder as the input file.

Required data are:
- Output file name
0% calibration picture filename
100 % calibration picture filename
First experiment picture filename
W, x1, x2, X3, y1, y2, y3, y4, measures marks shown as follows:

Figure 4.1 Analysis area/square locations

For centerline pictures in ventilation and cooling simulations:

w X1 X2 X3 Y1 Y2 Y3 Y4
30 21 143 295 192 124 85 38
For wall pictures in ventilation and cooling simulations:

W X1 X2 X3 Y1l Y2 Y3 Y4
33 11 142 307 197 122 80 29




For wall pictures in heating simulations:

w

X1

X2

X3

Y1

Y2

Y3

Y4

33

11

143

307

209

134

92
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The a and b calibration equation parameters (y= ax’*+bx, where y is the fraction of
supply concentration and x is the measured intensity).

Y or n, to choose if resultant images should be created. These include the calibration
image after subtracting the baseline image and other images for diagnostic purposes.

Program description:

1. The image taken with fresh water only (the baseline image) is subtracted from
each experiment image.

2. The baseline picture is subtracted from the 100 % calibration picture.

3. Then experiments pictures are divided by the new calibration picture and

multiplied by the mean intensity of this calibration picture.

The mean intensity value and the standard deviation are measured in each square.

The calibration equation is used to determinate the % fraction of supply

concentration.

6. If “y” is chosen for the “output image” flag, the program creates the results
pictures in the same folder as the experiment pictures.

oA

The results are recorded in a comma separated values (csv) file.
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Appendix 4: Perfect mixing concentration estimates

In this case, the dye added to the tank is immediately and perfectly mixed with the water
in the tank. The dye concentration is consistent throughout the tank.

Therefore, the dye concentration within the tank and the dye concentration leaving the
tank are the same.

Q* Cinlet

Q*Cx T Cu

With  Q: Flow rate (m* per sec)
Vtk: Tank Volume (m%)
Ctk: Tank dye concentration (%)
Cinlet: Inlet dye concentration = 100 %
Clu(t): Time differential for Tank dye concentration

Governing equations:

d(Vtk » C«) _ % (o
at = Q (Clnlet Ctk) (5.1)

Vik * Cltk(t) =Q *Cixe —Q * Ctk(t)

(5.2)
Clu(t +i*Ck t) = Cinl x Q
(1) V w(t) Ve (5.3)
However:
Qe _ 1
Vi  To (5.4)
Where, To is the time for one tank volume change.
So
Cuw(t) C inlet
Clu(t) + =
AL To (55)
The solution of this equation is:
Cu(t) = Cinet * (1 — exp( — —))
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So for each flow rate, the concentration within the tank is function of time.
Value of To:

Flow rate in the full scale Time in the tank scale = To
25 cfm 518 sec
50 cfm 259 sec
100 cfm 129.5 sec

The perfect mixing curve was plotted as a function of the room volume change. Since we
know that To is the time for one volume change, it is easy to determine the relationship
between the tank dye concentration and the volume change.

V tk V
= —and = —
Q =g, and Q=1 5.7)
So
. _ v
To V (5.8)

So for all flow rates there is a unique perfect mixing curve as a function of the room
volume change.

70

60 ]

50 -

40 |

30

20 -

10

% fraction of supply concentration

0 0.2 0.4 0.6 0.8 1

Room volume change

Figure 5.1 Perfect mixing curve
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Appendix 5: Time delay calculations

Time delays were calculated compared to the perfect mixing equation.
The perfect mixing equation was:

Cu(t) = Cime * (1 — exp( - T(t)—))

As we knew that the real case couldn’t be a perfect case, two parameters were introduced
in the equation to determine an equation approaching the real results.

The two parameters were b and toffset.

So the experiment equation was:

t — toffset
C t) = Cii * (1 - ex -b
w (1) et P =D ()

A computer program called ‘vin’ was used to determine the two parameters toffset and b
for each square and each flow from experimental points.

Data were entered into Stata from an input csv file (% fraction of supply concentration as
a function of time). The result was the curve drawn and the two parameters with their
confidence intervals (BO=b and B1= tyfs:) as shown below.
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i Intercooled Stata 7.0

“File  Edit Frefs ‘window Help

Predicted Fraction of S con [} Fraction of Supply Con
| 1

20 4 =

Fraction of Supply Concentration

o

28249 .2 26 1086.5076%9 S .9;]‘.3“16:1

70.19162

Std. Ere. [?5x Conf. Intervall

-9544765 -Q087806 108.70 -2363543 -9725988
3.219866 -46745%46 6._89 2_255087 4._.184645

|F “hy experiment L

Figure 6.1 : Intercooled Stata Version 7 example time evolution of concentration
analysis to find time offset

Interpretation of b and toffset results:

b is always positive and if its value is close to 1.00 it means that the data points follow
the same progression as that of the perfect mixing case.

toriset CAN be either positive or negative. A positive value has a physical significance. It is
the time delay before any dye is seen in the area, which corresponds to the time taken for
the flow to travel from the register to the sample area.

A negative value has no physical meaning because it is obvious that no dye could be in
the square before the experiment had begun. So a negative toffset means that the dye
concentration in the square studied at the instant t= 0 + &, where ¢ is a very short time, is
higher than the dye concentration in the same square at the same moment for the perfect
mixing case.

For example, squares that are in the jet direction, receive more dye than in the perfect
mixing case.

48



Appendix 6: Experimental Results
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Figure 7.1: ventilation simulation, inlet up-outlet down, centerline, squares 1-9

50



% fraction of supply % fraction of supply

% fraction of supply

concentration

concentration

concentration

80
70
60

40
30
20

80
70
60

40
30
20

80
70
60

40
30
20

square 1

room volume change

perfect mixing |
¢ 25cfm 4
50cfm N g X
X 100cfm K B
| oY
N
] m’
1 /w(w
0 0.2 0.4 0.6 0.8 1
roomvolume change
square 4
perfect mixing |
& 25cfm
50cfm o X
X  100cfm -
aAd
x>
ERN
0 0.2 04 0.6 0.8 1
room volume change
square 7
perfect mixing
& 25cfm |
50cfm .9
X 100cfm HXAL(JXIX
Wf&x
pe3
X
0 0.2 0.4 0.6 0.8 1

% fraction of supply % fraction of supply

% fraction of supply

concentration

concentration

concentration

80
70
60

40
30
20

80
70
60
50
40
30
20

80
70
60

40
30
20

square 2
perfect mixing |
* 25cfm X
50cfm x X x X
X  100cf
cfm * Y *
X
/g’}
R
0 0.2 0.4 0.6 0.8 1
room volume change
square 5
perfect mixing |
¢ 25cfm *
50cfm ﬁ%}k
X 100cfm X
/z@”/x'x :
0 0.2 0.4 0.6 0.8 1
room volume change
square 8
perfect mixing
* 25cfm |
50cfm er
X 100cfm W
0 0.2 0.4 0.6 0.8 1

room volume change

% fraction of supply % fraction of supply

% fraction of supply

concentration

concentration

concentration

80
70
60

40
30
20

80
70
60

40
30
20

80
70
60

40
30
20

square 3
perfect mixing |
¢ 25cfm 2
50cfm Q x X X
X 100cfm < - x
x x
0.2 0.4 0.6 0.8 1
room volume change
square 6
perfect mixing |
& 25cfm r;
50cfm
X 100cfm ,XFM
¥ M
0.2 0.4 0.6 0.8 1
room volume change
square 9
perfect mixing
¢ 25cfm |
50cfm }
X  100cfm fo*
W{
0.2 0.4 0.6 0.8

room volume change
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Figure 7.6: Cooling simulation, inlet up-outlet down, centerline, squares 1-9
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Figure 7.7: Cooling simulation, inlet up-outlet down, near the wall, squares 1-9
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Figure 7.8: Cooling simulation, inlet up-outlet down, comparison between centerline and near the wall, 25 cfm, squares 1-9
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Figure 7.9: Cooling simulation, inlet up-outlet down, comparison between centerline and near the wall, 50 cfm, squares 1-9
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Figure 7.10: Cooling simulation, inlet up-outlet down, comparison between centerline and near the wall, 100 cfm, squares 1-9
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Figure 7.11: Cooling simulation, inlet down-outlet up, near the wall, squares 1-9
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Figure 7.12: Heating simulation, inlet up-outlet down, near the wall, squares 1-9
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