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CHAPTER T

INTRODUCTION

Concern with energy availability and with the cost of total volume
air-conditioning in high ceiling industrial plants has generated an
interest in thermal stratified cooling systems. This system, also

known as "vertically-zomed," or " low level system,"

involves cooling
only of the lower, occupied space while leaving the upper space uncooled.
It provides satisfactory comfort for the workers and significant savings
in installed and operating costs of the air-conditioning system. This
system has not been extensively used, primarily because of complexity

of design and lack of complete design information. However, successful
systems do exist (5).

In the process of thermal stratification, the high temperature air
surrounding the intermal heat sources rises up gradually due to its
bouyancy. This air accumulates near the ceiling, in the upper strata,
preventing or reducing the transfer of roof heat load into the plant.
This will result in a reduction in the plant cooling lead.

Interaction of load sources such as roof, lights, and internal loads
will produce a thermal stratification temperature pattern which has
relatively low, uniform temperature in the lower occupied level while
the temperature in the upper level increases with height. Temperature
rise of stratified air in the upper level has been observed to generally
range from 1 to 2 OF per foot of height above the lower occupied level.

The upper level can be ventilated to remove a considerable portion of the

roof heat gain and sensible heat from lights (6). However, some designers



disagree with this technique and prefer to keep the upper level as
motionless as possible (8).

The aim of this work was to design and build a structure to obtain
data on thermal loads and temperature distributions as functioms of
geometric and thermal variables. Because the numerous wvariables
(ceiling height, light height, supply air height, range of roof thermal
load, floor amd lights leoads, supply flow rate, supply air temperature,
ventilation flow rate, and return air height) are hard to control for
system modification in an actual plant and also because full scale experi-
ments are expensive in cost and time, scale model techniques were considered
for this study. The model studies will provide experimental temperature
distributions under the actual range of operating conditions which occur
in industrial plants. These temperature distributions will be used for
predicting thermal behavior in protcotype or full scale enclosures.

The purpose of this thesislis to present a description of the
design, construction, and calibration of a physical model of a high
ceiling industrial plant to be used to provide design information about
stratified cooling systems. The design information will include temper-
ature distributions in the cooled zone and in the strata, and plant cooling
loads as functions of ceiling height, light height, roof thermal load,
light load, floor load, supply height, supply rates, supply air temperature,
return air height and ventilation rates.

To obtain some design information prior to final design of the main
model, a preliminary model 3' x 1' x 2' high was constructed and tested
over a limited range of loads. A more detailed description of the

preliminary model is presented in the Appendix.



The main chamber is 8' x 8' x 8' high, built of 2 x 4 stud con-
struction with the stud space fully insulated. Electrie heating panels
were used to supply the thermal load at the roof and floor. The roof,
lights, and supply air ducts could be adjusted to any level within the
8-foot high structure. Thermocouples were placed at the floor and
every one foot above the floor and at the roof.

After design and construction were completed the model was tested
to verify measurement techniques and to determine energy losses. In the
following chapters, expected range of loads in real factories and simu-
lated range of loads in model chamber are discussed. Also, chamber con-
struction, instrumentation, and reduction of data are described. A
discussion of thermal similarity of the model to a real industrial
plant (prototype), which allows interpretation of results and extrapolation

of model data to other systems, is presented in the Appendix.



CHAPTER IIT

PREVIOUS INVESTIGATIONS

During the recent decade the process of thermal stratification by
natural convection heat transfer in lakes and liquid containers has
been the subject of numerous analytical and experimental investigatioms.
Winter and Schoenhals (1) analvzed and experimented with stratification
of a contained fluid under transient natural convection heat transfer.
Armaly and Lepper (2) presented an article concerning diurnal temperature
distribution in a deep water impoundment exposed to heating and cooling
loads at the surface. In their investigation, they used models to simulate
the diurnal behavior and to demonstrate the stratification developments of
the reservoir. Also Dake and Harleman (3) studied thermal stratification
in lakes theoretically and, for verification of the theory, model
techniques were used. They concluded that the development of the strati-
fication phenomena may be simulated under laboratory conditions. The
previously named references provided some information as background for
the present study since use of a scale model was considered for development
of understanding of the basic phenomena.

The idea of industrial building air-conditioning by the use of a
thermally stratified cooling system is not new. There have been many
attempts to cool the lower level of high ceiling factories with uniform
worker population and successful systems with significant reductions in
the cooling loads have been reported (4-11).

Beier (4) presented a theoretical analysis of the thermal strati-
fication process. In his study, he considered lights as the only internal

heat load sources which affect the stratification process. He also



concluded that the cooling load can be reduced by exhausting ventilation
air through the roof. Beier and Gorton (5) continued this investigation
and presented a load calculation method for design of air-conditioning
system discussing the influence of the thermal loads, ventilation, and
ceiling height on temperature stratification pattern.

Dralle (6) and Olivieri (7) reported of significant reduction in
energy load through usage of thermal stratification and using of venti-
lation exhaust fans at the roof to remove a portion of the roef heat
load and convection heat from lights. Dralle (6) also presented
interesting case studies of some industrial plants and estimated that
70% of the roof heat gain and 50% of convected heat from lights would
be removed by ventilation of the upper level, while Dean and Reese (8)
stated that the upper level air should be kept motionless.

Allen (9) presented the design of an air-conditicning system for
building modification of a major industrial plant to recognize the effect
of stratification upon the cooling load.

In search of a new design concept for air-conditioning of industrial
buildings to save energy, Holness (10) evaluated several different
techniques. Thermal stratification with low level air supply providing
comfortable conditions at the working zone was one of the systems to which
he gave his major consideration. He described low level supply outlets,
located 12 feet above the floor, which he believes can reduce the normal
mixing action of air and, thus which can accentuate the stratification
profile. In his analysis he used 3 cfm/ft2 to be a conventional supply
air flow rate.

The effect of supply and return outlet locations on stratification

were investigated by Olivieri and Singh (11). For their study they



constructed a 1/3 scale model chamber and tested it at the ranges of
8.33 watts/ft2 and 4.16 watts/ftz of roof load, 3.65 watts/ft2 and

2.08 watts/ftzﬁof floor load, and 8.2 watts/ft2 and 4.1 WattS/ft2

of ceiling lights load. In their conclusions, they stated that most
effective stratification is obtained by either using a supply-return
combination diffuser or by introducing the supply air at the floor level
and returning from the floor at a very low velocity.

Parczewski and Renzi (12), Katzoff (13), Vickers (14), and Thomas (15)
discuss the thermal similarity criteria between a model and its prototype.
Their studies were helpful in determination of the thermal similarity of
the model chamber to a prototype enclosure.

Using some of the design parameters selected from the information
obtained from these previous investigations, the model chamber was

constructed.



CHAPTER IIT

DESCRIPTICN OF THERMAL STRATIFICATION PROCESS

From the previous investigations of thermal stratification, a
condensed description of the stratification process is presented here
to provide some basic ideas about this phenomena as it occurs in high
ceiling industrial plants.

In a stratified cooling system, the space is divided into two parts,
a lower, air conditioned zone of practically uniform temperature and an
upper zone of higher, varying temperatures. These two zones are pictured
in Figure 1.

Figure 2 describes the distribution of load components and resulting
stratified temperature pattern in an industrial plant. In the strati-
cation process, the heat gained at the roof is radiated to the floor or is
stored in the roof structure, and convection transfers the remaining part
of the roof heat load into the air of the upper strata. The high temper-
ature of the upper strata tends to block the convective roof heat load
from entering the space.

The floor heat load partly convects to the air conditioned zone and
the rest is stored in the floor or is conducted into the ground. The
earth acts as a heat sink since far below ground level its temperature is
uniform.

The lighting load divides into two portions; one portion radiates to
the floor and the other portion is convected to the surrounding air. The
air surrounding the lights becomes heated and rises to the upper strata due
to the decrease in its density. The heated air moves up to the ceiling
and then spreads out uniformly. Air circulation caused by the thermal

plume above the lights causes mixing of the warm, upper air with the cool,
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lower zone air. The ventilation of the upper level can reduce the
intrusion of upper zone hot air into the lower conditioned level.
In the occupied zone, the hot air rising from the internal heat

sources is neutralized by mixing with cool supply air.



CHAPTER IV

PHYSICAL DESCRIPTION OF FACILITY

To provide a facility for simulation of the thermal stratificatiom
process in a high ceiling industrial plant it was necessary to construct
a scale model. The model is an 8' x 8' x 8' high chamber, built with
nominal 2 x 4 wood studs at 16 in. o.c., with the stud space fully
insulated. The insulation material used in construction of the chamber
was 3" thick figerglass with thermal resistance of 11. The wall insul-
ation and studs were covered with a thick plastic sheet. Then 1/8 inch
hardboard was used for the inside and outside surfaces of the walls.

The wall thermal transmittance (U-value) was calculated to be 0.08
Bnu/hr—ftz—F. A perspective view of the model chamber is shown in
Figure 3.

The roof was constructed with eight 2' x 4' heating panels resting
on angle supports. The panels were covered with two layers of 3-inch
fiberglass insulation, one layer of plastic sheet and one layer of poly-
styrene insulation with thermal resistance of 16. The plastic sheet was
taped to the surrounding walls to eliminate air leakage through the roof.

The chamber floor was built with the same type of construction
materials used for the walls with the additiion of 1/2-inch plywood on
the floor surface. The floor heating panels were located 6 inches above
the flcor on small wooden studs.

In the middle of the front wall, a 27" x 78" access door with a
glass window (20" x 20") was built. The door had the same thickness as

the walls and was of similar construction materials.

11
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The construction materials of the model chamber were selected
because of ease in fabrication, durability, low thermal conductivity,

light weight, and availability.



CHAPTER V

DESCRIPTION OF FACILITY

The description of the facility is discussed in three sections:
the features inside the model, instrumentation, and data reduction. The
major consideration throughout the comstruction of the model chamber was

to obtain equal distribution of thermal loads and uniform air distributionm.

FEATURES INSIDE THE MODEL

The main characteristics of the model were the features used inside
the model such as: supply, return and ventilation exhaust air ducts, roof
and floor heating panels, lights, and thermocouples. Figure 4 shows the
inside view of the model, and the following is the description of these
features.

Supply air ducts consisted of four 7' long, 4-inch diameter hori-
zontally parallel commercial poly-vinyl chloride [(PVC) ASTM 2729 Grade
C] white pipes, adjustable to any height within 7-feet. Perforations
(9/32 in. diameter) through the duct were positioned at 4 inch increments
along the axis. To obtain good air distribution two openings were located
horizontally at 180° apart and four more below at the interval of 30° and
1" to the right of previous openings, as shown in Figure 5. Volume flow
rate of supply air was selected to range up to 3.2 cfmfftz, and could be
controlled by a gate valve, and measured with an annubar and two mano-
meters.

Return air ducts were composed of four 7'-2" long, 3-inch diameter
horizontally parallel ABS black schedule 40 pipes. The openings on the

pipe were 3/8" diameter, located horizontally at 180° apart every four

14
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Figure 5. Supply air duct perforations positions.
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inches along the axis. Figure 6a shows the perforations on the return
air ducts. These ducts were positioned initially on the floor as in
Figure 4, but they could be moved to any level within 7 feet. The
return air flow rate was also controlled by a gate valve and measured
with an annubar and two manometers.

Ventilation exhaust air ducts were made of two 7' long perpen-
dicularly crossed horizontal PVC (ASTM 2729 Grade C) white pipes. The
duct diameter is 4 inches with two 9/32" diameter perforations at 180°
apart located horizontally at 4 inches of increments, as shown in Figure
6b. Flow rate of ventilated air was adjustable and could be controlled
to be zero to 100% of supply air flow rate.

PVC and ABS pipes were selected for the means of supply, return,
and ventilating air because the interior is smooth and the material is
light and easy to work with. Also 4-inch white flexible pipes were used
at the entrance of supply and ventilation air ducts into the chamber for
easier raising or lowering the main horizontal supply and ventilation
exhaust ducts.

The roof was built with eight 2' x 4' electric heating panels
adjustable to any height within the maximum of seven feet from the floor.
The panels were supported by four aluminum angles and a horizontal T-bar
in the middle. The T-bar was hung by a steel wire which was tied to a
2' x 10' wood beam above the roof and supported by the two side walls.
The aluminum angles were screwed to the chamber walls. These heating
panels were used to simulate the roof thermal load in an industrial
plant.

Six 2' x 4" electric heating panels were positioned near the floor

to simulate the internal disperse loads. The panels used on the floor
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were of the same type as the ones for the roof. The description of a
heating panel is given in the appendix.

Nine 40-watt incandescent light bulbs were located inside the
chamber to provide equally distributed lighting. The light bulbs were
set 32 inches apart, with the bulbs at the corners 16 inches away from
the walls. The height of the bulbs was variable. A top view of the
light bulbs positions is shown in Figure 7. The power input to the
lights was selected to simulate the lighting load in a factory. Figure
8 pictures the roof heating panels along with ventilation ducts, lights,
and supply air ducts in the chamber.

The electric power input to the roof and floor heating panels and
light bulbs was designed to range from zero to 13.2, 8.7, and 4.2
watts/ftz, respectively. These were controlled by separate watt-meters
and variacs.

For purposes of measuring the temperature inside the chamber,
copper-constantan thermocouples were positioned on five wooden posts
forming a square with one post in the center. They were adjusted so
that temperatures could be measured from floor to the roof in one foot
increments. The thermocouple-located at the floor was numbered 1 and the
thermocouple near the roof, 8. For convenience in room air temperature
measurements, the thermocouple posts were recognized by letters A through E,
as shown in Figure 7. Figure 9 pictures the thermocouple posts with the

heating panels and supply air ducts in the chamber.

INSTRUMENTATION
The equipment was selected for purposes of supplying cool air to the

chamber, discharging warm air from the chamber and controlling the power
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input to the load components. A system of temperature measurement
versus height was included for use during testing of model strati-
fication. The instruments and a side view of the chamber is shown in
Figure 10. The specifications and description of the equipment are
given in the Appendix.

Cool air was supplied to the chamber by a Whirlpool packaged air
conditioning unit. With this unit the cocl air temperature was within
60 to 65 OF. To test the chamber at lower supply air temperature,
another back up unit air conditioner was used, which is not shown in
Figure 10. The resulting supply air temperature was in the range of
55 to 60 °F. A blower was used to blow the cool air into the chamber.
Two blowers of the same type were installed for purposes of drawing
warm air from the chamber through return and ventilation exhaust ducts.
Three 2 1/2" gate valves were connectéd to the blower piping to adjust
the amount of air flowing through. Also, three flow element annubars
with high and low pressure connections and two vertical manometers
were used for means of measuring supply, vent, and return air volume
flow rates. The two manometers were to indicate the static pressure
(Pg) and pressure difference (AP) across each annubar.

The method of calculation of actual flow rate under laboratory air
conditions is described later in this chapter. The calibration of
annubars is discussed in the appendix.

The power input to the roof, floor, and lights were varied by
variable transformers (variacs) installed on the outside wall of the
chamber. Wattmeters were wired in the circuit to indicate the amount of

input loads.



Figure 10. Side view of the chamber with instruments.
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Temperature senscor control switches were set on a wooden beard,
and were recognized by letters A through G. Switches A to E were
numbered from 1 to 8, corresponding tc the air temperature at a
certain level, since the thermocouple at the floor was known as 1 and
the thermocouple near the roof as 8. Contrel switch F was .to
indicate the surface temperatures of fourteen roof and floor heating
panels, and of supply air at the inlet, and return and ventilation air
at the outlet. Switch G was used to select the sensors indicating the
temperatures at: the chamber roof on the outside, the cutside surface
of north and east walls, an inside wall surface, and the chamber ambient
temperature.

Measurement of thermocouples emf's was made using a Honeywell
multichannel potentiometer using an ice bath as a reference junction.
A sling psychrometer was used for measuring dry bulb and wet bulb
temperatures of the supply, return, and ﬁentilation air. A barometer

was necessary for pressure measurement for calculation of flow rates.

DATA REDUCTION

Through the use of instruments described in the previous section
temperatures at various points and surfaces of the chamber, and power
input to the load components of the chamber could be measured. Also,
the static pressure and pressure drop across the supply, return, and
ventilation air annubars can be measured. In this section, the method
of reduction of experimental data is presented and derivation of an
expression for energy loss of the chamber is discussed.

For each of the experimental runs, roof surface temperature was

determined by the average of temperatures sensed by thermocouples



positioned at center of each of the roof heating panels. The same
method was applied for the floor heating panels.

The space air temperature was measured from floor to roof at
one-foot intervals at five different positions inside the chamber.
Average temperature of five thermocouples at the same level was taken
as the temperature of air at that level. A thermocouple in the supply
duct line at the entry to the chamber indicated the cool supply air
temperature. The return and ventilation air thermocouples were located
in the return and ventilation lines at the exit from the chamber.

Power input to the roof, floor, and light fixtures was indicated
by the wattmeters, and was controlled using wvariacs.

The flow elements (annubars) in the supply, return, and ventilation
air ducts were calibrated and curves relating pressure difference (4AP) wversus
flow rate across each annubar at standard conditions of air (density =
.075 lb/ft3) was established. The method of calculation of volume flow
rates is given below.

1. Barometric pressure, dry bulb and wet bulb temperatures were

measured and recorded.

2. The barometer reading was corrected for room temperature

using Table 3 in the Appendix.

3. Total pressure was calculated by

PT = PC.B. + 0.0736 (PS)
where
PC.B. = corrected barometric pressure
.0736 = ratio of density of water to density of mercury
P = measured static pressure at the annubar.
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4. With total pressure, dry bulb temperature and the dry bulb-
wet bulb temperature differential, air density was found from

the Air Density Chart (Figure 16) in the Appendix.

wn

With the measured pressure difference (AP) across the
annubar, the wvolume flow rate at standard conditioms

of air was read from Figure 17 in the Appendix.

6. The actual volume flow rate at laboratory conditions was then

calcunlated as:

L
Q =Q

actual (07370

)

standard measured

where

Q's are in cubic feet per minute and P is the air density

measured

found from air density chart (Figure 16).

The energy balance of the system as a result of difference in
temperature (AT) between the incoming air and leaving air flowing at
standard conditions of air assuming no moisture content (AW = Q)
required that:

(Energy input) - (Energy output) = (Energy loss)

or simply;

P, - m Cp(TR-Ts) =P

in loss

which also can be written as

By = 'p{60)(CFM)Cp(TR-TS) = (1)

i Ploss
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Density of air (ideal gas) at standard conditions is defined as p

where

g
]

14.7 lbf/in2

w
I

53.3 £t. 1b.f/lbm oR
substituting for p into Eq.(l) results

T ) =

P .
P, - = (60) (CFM) Cp (TR - T Ploss

in

2
14.7 1b_./in . 2 2
P - ( f Y (144 in“/ft7) (60

in o
(53.3 ft. lbf/lﬁm R) Ty

min
hr )

(.24 BTu/lbm OR)(CFMR)(TR - TS) ol S

or

_ 571.893

in TR _ (CFMR)(TR - Ts) = Ploss

P

The above equation simplies to

T
P, - 571.893 (CPM) [1 - 5? ] = Pyoee
where P, = power input —- Btu/hr
CFMp = return air volume flow rate -- ft3/min
TS = supply air temperature -- °rR
TR = return air temperature -- °r
Ploss = energy loss through chamber comstruction -- Btu/hr

RT

(2)
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Equation (2) implies that warm air is being discharged only through the
return air ducts, and is equivalent to Pin - 1.08 (CFMS} (TR - TS) =

P ,» where TR and TS are in degree Fahrenheit. In case of drawing

loss

warm air by two different flow rates (return air and ventilation air)

Eq. (2) extends to:

T T

] i _s _
P~ 571.893(CRM) [1 - TR] - 571.893(CFM ) [1 - Tv] P

loss

(3

where

CFM ventilation air flow rate —— ft3!min

1.7

ventilation air temperature --— °rR

Equations (2) and (3) are used in determination of energy losses and

calibration of the system discussed in the next chapter.

UNCERTAINTY IN MEASUREMENTS:

The uncertainty in measurements were considered to be in the thermo-
couples and potentiometers for temperature measurements, in the wattmeters
for lcad input and in the micromancometers in measuring static pressure and
pressure difference across the annubars.

For temperature measurements, the limit of error (i) for copper-con-
stantan thermocouple was + 19 orx + 0.75%. For the portable potentiometer
used in calibration of multichannel potentiometer the limit of error is

+ (0.03% of reading + 3 uv); this will be neglected here because it is
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small compared to other errors. The fluctuations in readings of the
multichannel potentiometer were a maximum + .01 mV, which correspcnds
to + 0.5 OF.

The maximum error in wattmeter indication due to underload standing
was 0.2% of full scale reading; the maximum error due to change in ambient
temperature was + 0.01% per degree centigrade.

The micromanometers used in calibration of annubars were also used
in the experimental runs. The only uncertainty in the calibration process
was the micromanometers resolution error, which, with the smallest scale
division of .001" of water, would be .000707", which can be ignored. The
fluctuations of the water surface in the micromanometer tube was within
+ 0.1" of water, which resulted in a maximum error of 5% in flow rate.

The resultant uncertainty in instruments measurements is considered
to be 1% in single temperature measurement, and 0.2% of wattmeter span,
not including the errors due to variations in line voltage or change in
ambient temperature. Also the uncertainty in flow rate measurements

was taken to be within 57%.

For the purpose of error analysis, the energy balance equation

P, - P =P
in out loss
is broken into three parts, and each is discussed separately.
The error in power input indication was considered to be in wattmeter

indications which is 0.2% of full scale reading.
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The power output of the system could be expressed as

Py = 1.08 (CRM_) (T, - T_) (a)
or
TS
Poue = 371893 (CRY) (1= 79 (b)

when warm air is being exhausted through the return ducts only. The

error analysis of Equations (a) and (b) results, respectively, in

JSZ 2 + S2 2 % SZ 2 (e
£ = : € £ > a
’Pout LFMS CFMS TR TR Ts TS 1
or
V.2 2 2 2 2 2
Es. = § > + 8 £ + 8 € (b,
Péut CFMR CFMR TS 'I‘S TR TR 1

when some of the warm air is discharged through the ventilation exhaust

duct, from the previous section, the power output was written as

T T

" By 4 & .
P e = 571.893 (CPM)(1 - TR) + 571.893 (CRM ) (1 - Tv) (e)

and the error analysis yields

2 2
Pout CFMR CFMR Tg Tg TR TR CFHv CFMV TV Tv

) UA (AT) (d)
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where uncertainty analysis yields

°p -7 I(55s =00 + I iy i) (dy)
loss
With these sets of uncertainty equations, the expected error in
energy equation of the system can be found and compared with the balance
resulting from the summation of the measured energy quantities. Theore-
tically, this balance should be zeroc. In practice, it will be non-zero
due to measurement inaccuracies and the existence of unsteady state

conditions. In the experimental runs, this quantity should be less than

or equal toc the total expected error.



CHAPTER VI

SYSTEM CALIBRATION

After completion of construction it was necessary to determine
certain unknown parameters of the system before any meaningful data
could be obtained. In the experimental runs, the unknown parameters
were considered to be the thermal transmittance (U-values) of walls,
roof, and floor. These values were calculated from thermal resistances
(R) of the construction materials used in the structure to be .08, .04,
and .1 Btu/hr.ft2 °F for walls, roof, and floor, respectively.

With a set of three rums, the U-values were calculated using Equ.
(2) from previous chapter (for air being exhausted through return only),

which also could be written as

Pin - l.OB(CFMS)(TR - Ts) = UWAW(TaW - Tamb)

* UpfR(Tar = Tamp) ¥ Uphp(Tag = Tapp (2.2)

For the case of warm air being discharged through return and ventilation

ducts, Equ. (3) (from previous chapter) is written as

T T
s s
Pin - 571.893(CEMR)(1 = Tg) = 5?1.893(CFMV)(1 - T;)

= UWAW(TaW - Tamb) * URAR(Tar - Tamb) * UFAF(Taf - Tamb)

(3.a)

33
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Using these equations, for a set of three runs, three equations with three

unknowns (U,,, U and UF) were obtained. Solving the equations resulted

R’
in getting U-values different from the calculated wvalues. The reason for
the difference was considered to be the probable errors made in measurement
of temperatures and flow rates. Also there occured variations in power
input to the load components due to fluctuations in line voltage and change
in ambient temperature.

The temperature stratification pfofile versus height for two experi-
mental runs with different heights of supply ducts and lights are shown in
Figures 11 and 12. In these experiments the return air ducts were located
on the floor and the ventilation exhaust ducts were positioned near the
roof. The measured temperature patterns were similar to the ideal patterns
discussed in Chapter III (Figure 2), with uniform temperature in the lower,
air conditioned zone and varying high temperatures in the upper zone.

In Tables 1 and 2, the unaccounted loss (UL) is compared to total

expected error in each experimental run. The unaccounted loss was determinec

g P

by algebraic summation of Pin

and Plo . The P is the energy

out’ ss loss

transmitted through chamber consturction and was calculated using the right
hand side of Equ. (2.a) with thermal transmittances (U-values) of wall,
roof, and floor taken tc be .08, .04, and .1. The data of each rum is
given in the figures.

In run 1, the unaccounted loss is larger than the expected error,
but in run 2 it is smaller than the expected error. As mentioned in the
previous chapter, the unaccounted loss should be less than or equal to the
total expected error. For cases where this is not so, the reason is
thought to be due to the unsteady state condition of system and to variations
in power input caused by fluctuations in line voltage and change in ambient

temperature.
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Figure 11. Temperature stratification profile for RUN 1.
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Figure 12. Temperature stratification profile for RUN 2.
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Table 1

Calculation of uncertainties
in RUN 1 (Figure 11)

Pin = 750 watts = 2559.75 Btu/hr
Pout = 1.08 (CFMS)(AT) = 2168 Btu/hr
= = -12,
By JUA AT = -12.1
unaccounted loss (UL) = Pin - (Pout + Ploss) = 403.66 Btu/hr
earror in P. : 6 watts = 20.5 Btu/hr * 0.8% of P,
in in
error in Pout : with SCFMS =1
T
R 78.3
S = = = 3.89
TR TR—TS 78.3 - 58.2
-T
_ s _ -58.2 _
Sy *T T " 78.3-38.2 28
s R "s
) 2
& = 172+ 3.892)7% + (2.89%(W)7 = 6.96% of B_
out

error in PlDSS : taking Cya = 20% SUA and SAT =1

& =320 + 3(02.4? = 36.7% of P

“loss
loss

(.008) (2559.75) + (.0696)(2168) + (.347)(-12.1)

il

Total expected error

]

167.17 Btu/hr.

unaccounted loss > total expected error
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Table 2

Calculation of uncertainties
in RUN 2 (Figure 12)

Pin = 790 watts = 2696.27 Btu/hr
Pout = l.OS(CFHS)AT = 2581.36 Btu/hr
Ploss = L UAAT = 146.94 Btu/hr
unaccounted loss (UL) = Pin - (Pout - Ploss) = = 32.03 Btu/hr

error in P. : 6 watts = 20.5 Btu/hr = .76% of P,
in in

error in Pout : with SCFMS =1
T
R 81.5
S = = = 3.44
TR TR-TS 81.5 - 57.8
T -
_ s _ -57.8 -
S ST.oT T BL.5 - 57.8 ° 24
s R 's
. - 1252 £ 1234602 + 122.48)2 = 6.54% of P
4 out
out
error in Ploss : taking Eua = 20% SUA and SAT =1
: - 3mlen? + 3m?a.e? =Tt
oss
loss

o

Total expected error (.0076)(2696.27) + (.0654)(2581.36) + (.347)(146.94)

240.30 Btu/hr

[y

unaccounted loss < total expected error



CHAPTER VII

CONCLUSIONS

For experimentation with thermally stratified cooling systems in
high ceiling industrial plants, a model chamber has been designed and
built. It was constructed by conventional techniques with awvailable and
light weight materials. The necessary instrumentation was obtained,
installed and calibrated with standard precision instruments using
accepted procedures.

The model chamber was designed to simulate the thermal loads of
roof, floor, and lights of an actual plant in the range of zero to 13.2,
8.7, and 4.2 watts/ftz, respectively. The height of roof, lights, and
supply, return and ventilation exhaust ducts were variable. Volume flow
rate of supply air was selected to range up to 3.2 cfm/ftz, with ventilation
volume flow rate to be within zero to 1007 of supply air flow rate.

Initial operation of the chamber for a set of test runs indicated
that the chamber can be operated as a reliable and effective means of
obtaining the data necessary for the stratification studies for which it

was designed.
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APPENDIX A

INSTRUMENTS
Whirlpool air conditiomer: 1/6 HP  208-230 wvolts
60 Hz 1050/950/800 RPM
EER = 8.7
Friedrich air conditionmer: SPo6D10 6500 BTuh
cooling capacity 745 watts
115 volts, 6.5 Amp.
EER = 8.7

Dayton blowers:

Supply and vent. flow elements:
(see Figure 13)

Return flow element:
(see Figure 13)

Vertical Meriam manometers:

Variable transformers (variacs):
(Floor and lights)

Variable transformer (variac)
(Roof)

Weston wattmeter {(rocf) Model 310

Weston wattmeter (floor) Model 31

43

Motor capacity model C2548C2

220 volts, 5.6 Amp.
60 cycle
RPM 3450
dia. wheel 10 5/8"

Type 71 - Annubar, 2 1/2" with
#5 (valve) fittings or equivalent

Type 71 - Annubar, 1 1/2" with
#5 (valve) fittings or equivalent

Type: micro

Model: A-7504

Range: 10/20

Read to: .001" of water

Type 501 STACO
Single phase, 120 volt input
Qutput: 0-120/140 volts

5 Amps

0.70 KVA

Type 1010 STACO
Single phase, 120 volt input
OQutput: 0-120/140 volts

10 Amps

1.4 KVA

Ranges: 62.5/125/250 volts with

125 volts, maximum current 10 Amps

Multiple scale reading 2

0: Ranges: 50/100/200 volts with

100 volts, maximum current 10 Amps

Multiple scale reading 3
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General Electric wattmeter (lights): Type P-3, single phase
Ranges: 100/200 wvolts, with
100 volts, maximum current 3 Amps
Multiple scale reading 3

Radiant heating panels (Singer) #3490 Model CP-5 Singer, 500 watts at

(See Figure 14) 120 volts, 1706 BTu/s
Dimensions: 23 3/4" x 47 3/4" x
I 1. 40

Copper-constantan insulated wire(Thermocouples) Pr-T-24

Honeywell multichannel potentiometer: Electronic 18
Range: -0.5 to + 5.5 mV
Smallest scale division 0.01 mV
Mech. Engg. Dept. Property No.
172704

Portable milliveolt potentiometer: Leeds and Northrup Co., Cat. No. 8686
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APPENDIX B

LIST OF SYMBOLS

Significance

Units

cross sectional area of the nozzle
cross sectional area of the annubar
constant pressure specific heat
return air volume flow rate

supply air volume flow rate
ventilation air volume flow rate
gravitational acceleration

velocity head of air

convection heat transfer coefficient,
disperse heat load sources

convection heat transfer coefficient,
floor

convection heat transfer coefficient,
lights

convection heat transfer coefficient,
velocity head of air

velocity head across nozzle

characteristic length of roof
height of upper zome

thermal conductivity

length

mass flow rate across the nozzle

mass flow rate across the annubar

a3

ft”

ft2

Btu/lb °R
m

ft3/min

ft3/min

ft3/min

2

ft/sec”

feet of air

Btu/hr . ft2<F

Btu/hr.ftz-F

Btu/hr.ftz—F
2
roof Btu/hr.ft -F
ft. of water

ft. of water,
in. of water

ft
ft

Btu/hr.ft °F

(1]

t

lbm/sec

1bm.sec



std

circulation flow rate per unit floor area

ventilation exhaust flow rate per unit floor
area

room supply air flow rate per unit floor area
room return air flow rate per unit floor area
outside air flow rate per unit floor area
atmospheric pressure

corrected barometric pressure

power input to the floor heating panels

power input to the system

power input to the light

energy loss through chamber surfaces

power input to the roof heating panels

measured static pressure of the annubar
total pressure

pressure difference across the nozzle
pressure difference across the annubar

pressure drop across annubar at standard
conditions of air

heat flow rate per unit floor area in the
model

convective energy rate per unit floor
area of model

heat loss by the floor per unit floor
area of model

internal concentrated heat flow rate per
unit area of model

internal disperse heat flow rate per unit
floor area of model

48

lbm/hr

1bm/hr

1bm/hr

lbm/hr

lbm/hr

..
lbffln

inches of mercury

watts

Btu/hr

watts

Btu/hr

watts

inches

inches

inches

inches

inches

Btu/hr ft2

2
Btu/hr ft~

Btu/hr

of

of

of

of

water

mercury

water

water

water

ft2

2
Btu/hr ft

2
Btu/hr ft~



floor internal heat flow rate per unit floor

area of model

conduction energy rate per unit area in
in the model

lights convective heat flow rate per unit
floor area of the model

radiant heat flow rate from the lights to the
floor surface per unit floor area in the model

total roof heat flow rate per unit area in
the model

roof convective heat flow rate per unit
floor area in the model

radiant heat flow rate from the roof to the
floor surface per unit floor area of the
model

total rate of heat flow per unit floor area
inithe model

heat flow rate per unit floor area in the
prototype

convective energy rate per unit floor area
of prototype

heat loss by the floor per unit floor area
of prototype

internal concentrated heat flow rate per unit

floor area of prototype

internal disperse heat flow rate per unit
floor area of prototype

floor intermal heat flow rate per unit
floor area of prototype

conduction energy rate per unit area in
the prototype

light convective heat flow rate per unit
floor area of the prototype

radiant heat flow rate from the lights to the

floor surface per unit floor area in the
prototype
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Btu/hr

Btu/hr

Btu/hr

Btu/hr

Btu/hr

Btu/hr

Btu/hr

Btu/hr

Btu/hr

Btu/hr

Btu/hr

Btu/hr

Btu/hr

Btu/hr

Btu/hr

Btu/hr

Btu/hr

2
ft



actual

standard

total roof heat flow rate per unit area in

the prototype

roof convective heat flow rate per unit area

in the prototype

radiant heat flow rate from the roof to the
floor surface per unit floor area of the

prototype

total rate of heat flow per unit floor area

in the prototype

volumetric flow rate across an annubar at

laboratory air conditioms

volumetric flow rate across an annubar at

standard air conditions

gas constant

sensitivity factor

specific heat scale factor

roof length scale factor

density scale factor

time scale factor

height of upper zone scale factor
average air temperature

inside air temperature near floor
inside air temperature near roof
inside air temperature near wall
conditioned space air temperature
disperse heat load sources temperature
floor surface temperature

lights temperature

lower strata air temperature

return (outlet) air temperature
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Btu/hr ft2

Btu/hr ft2

Btu/hr ft2
2

Btu/hr ft
ft3/min

ft3/min
ft 1b./1b_ °r
dimensionless
dimensionless
dimensionless
dimensionless
dimensionless
dimensionless

OF



roof surface temperature

supply air temperature

upper strata air temperature

upper zone air temperature

ventilation exhaust air temperature

velocity of air at the nozzle

velocity of air at the annubar

dynamic viscosity
Stefan-Boltzmann constant

the difference between any two quantities

T
r
T
s
d i
us
T
uz
T
v
V1
s
NU Nusselt
Gr Grashof
Pr Prandtl
Greek Symbols
o density
Py density
Py density
Pu density
8 time
B8 thermal
u
g
A
£
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ft/sec

ftr/sec

number

number

number

of air at the nozzle

of air at the annubar

of water

expansion coefficient

uncertainty

dimensionless
dimensionless

dimensionless

lbm/ft3

1bmfft3
lbm/ft3
1bm/ft>
sec
1
OR
2
lbfsec/ft

Btu/hr ft2 DR4

dimensionless



APPENDIX C
CALIBRATION OF INSTRUMENTATION

This section presents the procedures for calibration of the annubars
(flow elements) and of the multichannel potentiometer.

The Honeywell multichannel potentiometer was calibrated using a
portable precision potentiometer which has a high measuring accuracy.
A chart was developed (shown in Figure 13) to present the measured
millivolts versus the actual millivolt signal from the precision
potentiometer. For the experimental runs, the millivolt indication of
the multichannel potentiometer were corrected using this chart.

Calibration of the annubars was carried out using a standard 2"
ASME nozzle. Micromanometers were used to measure the static pressure
(PS) and the pressure difference (AP) for the flow through the nozzle
and each annubar.

In the calibration apparatus set up the nozzle was considered as
station 1 and the annubar as station 2. TFor steady flow, the conservation
of mass, or continuity equation at points 1 and 2 in the system may be

written as

1° ™
or
pllel = 02V2A2
or
o =
1V181 = o

The flow rate across the annubar (Qz) is then
o

Q =
2 92 11
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The basic statement of this relationship between velocity and

velocity pressure is:

vV, = K V2gn_;
where
V, = velocity of air at nozzle, ft/sec

. ' . 2
g = gravitational acceleration, ft/sec
h = head of air, feet

K = proportionality constant

Since air is being measured by a manometer reading inches of water, the

head of air should be converted to head in inches of water by the equation

p h =p h
a a W oW
or
o)
\%
h, = 0 by
a

substitute for ha into the equation for Vl and then substitute this into

the expression for Q2:

¥2gp h
Dl W Wl
G =5, 4% 3
02 /5;

but at the nozzle pl = pa , therefore

pl hw

1 (C.1)

Q = A K VI,

Pa



w
w

where

volume flow rate across annubar, ft3fmin

o
r
I

Al = cross sectional area of nozzle, (dia = 2")
K = proportionality comstant, (= .99)
o = density of water, (= 62.4 lbm/ftB)
Py = density of air at the nozzle, lbm/ft3
3

Py = density of air at the annubar, lbm/ft

h = head across nozzle, feet of water

Substituting numerical values into Equation (1) simplifies it to

rerr P10k
[a] = —_— 2.
23.677 5 (hw ) (C.2.)

2 2 1
where

hw is in inches of water.

1

Equation (2) was used to calculate flow rates to establish the relation-
ship between flow rate through each annubar and pressure drop across them
at standard conditions of air. The procedure used for collection of data
for construction of the calibration chart is given below.

1. At a certain fan speed, the static pressure and the pressure
drop across the annubar and the ASME nozzle were measured and
recorded.

2. Laboratory barometric pressure and dry bulb and wet bulb

temperatures were recorded.
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= The barometric pressure was corrected to room air temperature
by adding or subtracting the values given in Table 3.

4. Total pressure was calculated for the nozzle and the annubar
from

P = P + .0736 (PS)

T c.b
where
Pc.b = corrected barometric pressure, inches of mercury
Ps = static pressure, inches of water
.0736 = ratio of density of water to density of mercury.

5 Using Air Density Chart (Figure 16), the density of air across
the nozzle and annubar was determined.
6. Pressure drop across the annubar was corrected for standard air

density (.075 lbm/ft3) using

&sttd = AP2 (.O?S/pz)
where
AP2 = annubar pressure drop at standard air conditions
std
&?2 = measured pressure drop across annubar
Py = measured air density (read from air demsity chart).

7. Flow rate across the annubar Q2 was calculated from Eq. (2)

Py
Q2 = 23.677 (AP.) (C.2)
sy 1
8. The same procedure was followed at different fan speeds, and

flow rate across the annubar (Qz) and standardized pressure drop across

the annubar (AP2 ) were obtained.
std



Barometer Corrections for Temperature

57

Temperature
of mercury

Observed reading of mercury column, in. of mercury

colium, dag ¥ 20 22 24 26 28 30 32

=20 +0.09 +0.10 +0.11 +0.11 +0.12 +0.13 +0.14

0 +0.05 +0.06 +0.06 +0.07 +0.07 +0.08 | +0.08

20 +0.02 +0.02 +0.02 +0.02 +0.02 +0.02 +0.02

40 -0.02 -0.02 -0.02 -0.03 -0.03 -0.03 -0.03

60 -0.06 -0.06 -0.07 -0.07 -0.08 -0.08 -0.09

80 -0.09 -0.10 -0.11 -0.12 -0.13 -0.14 -0.15

100 -0.13 -0.14 -0.15 —O.l?4J -0.18 -0.19 -0.20
Table 3. Barometric Pressure Corrections [Ref. (18)]
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9. The relationship between volumetric flow rate and pressure
drop across annubars was plotted as AP versus Q2 as shown in
Figure 17.
As described in the data reduction section, this chart was used to
indicate the volumetric flow rate of air across the annubar at standard

conditions.
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APPENDIX D
THERMAL MODELING

A scale model study of the thermal stratification process with
simulation of heat loads and air quantities was undertaken to predict
the temperatures that would exist in a full scale high ceiling industrial
plant. For that purpose an 8' x 8' x 8' chamber was built and pertinent
thermal characteristics were examined over a range of variables. 1In this
section the requirements for thermal similarity between model and prototype
is discussed by developing the energy balance equations on each individual
heat source (or zones, as shown in Figure 2) in the model and prototype.

Thermal similitude is defined as the state for which the ratio between
the temperature difference between any two points in the model to the
temperature difference between homologous points in the prototype is
constant (12). A more restrictive definition would be that air temper-
ature and all surface temperatures in the prototype be identical to the
temperatures at the corresponding points in the model. Parczewski and
Renzi (12) state that thermal similarity will be achieved if convection,
conduction, and radiation heat fluxes (heat/unit area) are identical in

model and prototype, which requires

This definition of thermal similarity, in addition to equality of mass
flow rates per unit area in the model and prototype, are being considered
throughout this discussion. In developing the appropriate modeling
relationships, the subscript m is used for model quantities and P for

prototype quantities.
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LOWER ZONE
Referring to Figure 2 in Chapter III and assuming steady state
conditions in the lower zome, the energy balance in the air-conditioned
space for the model and prototype can be written as

+ + - » L] L] L]
Model qIC qID qIF (mc+mv)CpTc 5 mc CpTLs + Mrs CPTs
- mRR CpTc =0
Prototype QIC + QID + QIF - (mc+mv)CpTc + m, CpTLs + L CPTS

- mRR CpTc =0

Equality of mass flow rates per unit area of floor of the model and
prototype are assumed. Also, from the definition of thermal similarity,
identical temperatures at corresponding points were assumed in the model

and prototype. These assumptions required that in the above equations;

.

e - e ? mv = o, ? mRsm = Trg » ™Ry T mRRp

The internal concentrated load was taken to be zero in the model study
g = Q¢ =0

m p
From the above energy balance equations, thermal similitude between

model and prototype in the conditioned zone occurs if
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i) = “m) (D.1)

hr) _© QIF}p (D«2)

Equation (1) deals with internal disperse load in the lower zone and can

be written

by (Tp-T ) = by (TD-TC)P (D.1.a.)
or

th NG S (D.1.b.)

th (Ty-Tedm

If TD is equal in model and prototype (TD = TD ), Eq. (D.1.b.) reduces
m p

to

;99 -1 of H. =nh
D

P

Following the same procedure for Egq. (D.2.) it can be written

hF (TF_Tc)m = hF (TF_Tc)p (D.2.a.)
m P
or
h
F (T-T.)
= - (TF_TC)P (D.2.b.)
F F '¢'m

P
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If T =T and T =T , them h =h
(o c F

Equality of the convection coefficients (hD) and floor convection
coefficients (hF) in the model and prototype requires that they be
independent of length of the heated surface. For free convection heat

transfer on heated plates facing upward in the turbulent range

[2x10? < Gr Pr < 3x1010] McAdams (12) recommends the equation
z 2 cu Y3
_ hL _ L p” g B At D
NU = ¢ 0.14 [ u2 ( X )]

For air at atmospheric pressure and at room temperature this equation

simplifies to

ho=0.22 ac /3

For the model the product of Grashof number and Prandtl number is in the
turbulent range. A flow of the same type (turbulent) is assumed to

exist in the lower zone of the prototype. As shown in the above equation,
in turbulent free convection, the geometrical factor (L) cancels out,

and hence the convection coefficient (h) is independent of the length (L)

of the heated surface.

UPPER ZONE
Due to change in temperature of upper strata, the conditioms of air
in the upper zone are assumed to be unsteady and vary with time. The

energy balance equation for the upper zone in the model and prototype can
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then be written as

+ " . ] - _ . _ »
Model qRC qLc (mv+mc) Cp T, - m, Cp TLS m, CPTUS
d E;z
- '
DCP th dé }m
Prototype QRC + QLc + (mv+mc CP TC - m, Cp TLS -m, CpTUs

d Tuz
— ]
pCp huz do } P

From previous assumptions made between the model and prototype:
a) similar mass flow rates per unit area of floor

b) similar heat fluxes (Btu/hr—ftz)

Thermal similitude applies if

ch)m QRc)p
qLc]m - QLc)p
and _ _
d Tuz d Tuz
i = '
pCp 4 uz dé jm pCp h uz ds P

Equations (3) and (4) can be written as:

hR (Tr-Tuz)m = hRp (Tr—TuZ)P

m

(D.3.)

(D.4.)

(D.5.)

(D.3.a.)
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hLm (TL-Tuz)m = th (TL--Tuz)p (D.4.a.)

Identical temperatures of roof (Tr), upper zone (Tuz) and lights (TL)

simplifies equations (D.3.a.) and (D.4.a.) to

hp =hp (D.3.b.)

and

(D.4.b.)

I.‘Fl‘
=]
r_",:l"

The above conditions assure equality of heat transfer by convection of
the roof and lights in the model and prototype.

In Equation (5) let oy = oy and Cp = Cp then

m P
4 T.uz.m g Tuzp
1 - L7
huz de huz ds (D.5.a.}
P
'
Now let ?zm =35 height of upper zone scale factor, then substitute
uzp =
into Eq. (D.5.a.)
d -;zm & E-uzp
Su 38 a8 (D.5.b.)
m P
also let gg§-= St time scale factor, and substitute again into Eq.
(D.5.b.)
dT d T
S uzm uzp
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or

IfS =5, thend T =dT
u t uzm uzp

Example: Assume for a 1/8 scale model 5, = 1/8 and St = 1/8 then
dém = 1/8 d6p which means one hour model operation is the same as eight

hours for the prototype.

ROCF
In an actual plant, due to diurnal variations in solar radiation
the heat storage inside the roof structure is unsteady and a function of
time. Therefore for the model and prototype energy balance equations for
the roof can be expressed as
d Ty

b3

— - = ! ————
Model qp = dgg “Ip¢ " PR R PR 5 |

d T >
Prototype  Qp = Qpp = By, = op Cg hp =33 Jp

Based on assumptions made earlier, the requirements for thermal similarity

are
- QR) (D.6.)

(D.7.)
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9rc) = %e) (D.8.)
m P
dT d T
. G Bt = =g 8. B —= (D.9.)
R ‘R PR T8 m R “R "R Td8 Jp # s

In Eq. (6), dp is the total power input to the roof per unit area of the
model, which was considered to be in the range of roof heat load of an
industrial plant. Equation (7) deals with radiation heat transfer of the
roof and it is assumed that the roof radiates heat only to the floor.

Therefore Eq. (7) can be written

4 4

qRRJm _ FRFm v (Tr TF)m (.7.2.)
Q - He e
RR)p Fpp o (T] - Tp)p

P

which reduces to

4 4
F T =T
RF m _ ( r E}P (D.7.b.)
F 4 4 terE
RF . (Tr - TF)m

where FRF is the geometric shape factor. If the prototype is of the same

geometry as the model then FRF = FRF . Therefore from Eq. (D.7.b.)
m 2

there should exist the relation

(T: = 'I'4 = (T4 = T4

F)m - (T F)p (D.7.c.)

In the model, the roof and floor loads were chosen to simulate the roof

and floor loads in a prototype enclosure and to reach the same corresponding
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temperatures. Thus Eg. (D.7.c.) requires equality of temperatures of

the roof or floor in the model and prototype,

T = Tr and TF = TF
m p m P

The relation between shape factors and temperatures inside the enclosure
are discussed more, later in this section.
Equation (D.8.) is the equality of roof heat fluxes convected to the

upper zone in the model and prototype, which can be written

=T = - .8.a.
h (T i )m h (Tr Tuz)p (D.8.a.)
Near the roof, the process of natural convection heat transfer is considered
laminar since warm air in the upper strata is motionless or is being
exhausted through ventilation ducts with a small percentage of supply air
flow rate. So for heated plates facing downward in laminar range

(3x105 < Gr Pr < 3x1010) the Nusselt number is

h_ L 32
-, L p gBAT
NU = X 0.27 [ uz (

which for air at atmospheric pressure simplifies to

uT)O.QS

= 0.12 (L_

hR
This equation implies that the convection coefficient of the roof of the

model and prototype is a weak function of the characteristic length (L)

of the roof.
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Recalling Eq. (D.9)

d T, dT,
| . | = .l | I
°r ‘r "r a8 ]m °r Cr "R T3 Jp £0L9
Let
p
BEE = 5 = density scale factor
°Rp j
cRm
- SC = sgpecific heat scale factor
Rp
T
"Rm _ .
T Sd = roof length scale factor
Rp
and
6
%EE = St = time scale factor
Substitute these scale factors into Eg. (D.9.)
d $£ﬁ d T;p
Sp Sc Sd S 48 - 38 (D.9.a.)
t P
or
d T S
rm t
—— - (D.9.b.)
d Trp p e °d

From the above equation, it can be said that pCRhé for the model and

prototype can be chosen to give the relation Sp Sc Sd = St which implies
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FLOOR
The energy balance equation on the floor surface is described as
d?]

F
_ _ - & =
Model qpp * arp = dpp ~ dp = Py Cp By g5 |,

dT
F
- — = f—
Prototype Qpp + Qg = Qup = Qp = Py Cp by —5J,

In the model the floor is insulated and heat loss by the floor

(qF ) is considered negligible, and for the same reason the floor heat

m

loss in prototype is also neglected (Q, = 0). The temperature of the
“p dT

floor was assumed to remain constant. Therefore a6 = 0. Thus from

above equations, thermal similarity of model and prototype requires

UR)m ~ QLR]P (D-11.)
and
_ {D12.)

917)m = 1F)p

Equation (D.12) is similar to Eq. (D.2.) discussed in the lower zone energy

balance section.

Equation (D.10.) expands to

4 4 4
FRFm g (T = Tp)_ = FRFP o (T, - T

4

o (D.10.a.)
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or
F 4 _ 4
RF p - (Tr TF)
F__ & 4
RF o (Tr 'I'F)p

Also Eq. (D.1l.) concerning thermal heat transfer from the lights to the

floor simplifies to

4 _ b
F T, - T
1Fp _ TL = Ty (183
F 4L 4 g
LFm (T - Tp),

If the model and prototype have similar geometry (F ), and similar

R~ [RF
m P
LF ), then Equations

type lighting system is used in the prototype (FLF =F
m p

(D.10.b) and (D.ll.a) reduce to

4 4 _ 4 4
(Tr - TF)m = (Tr TF)p (D.10.c.)
and
4 4y _ 4 4
(TL - TF)m = (TL TF)p (D.11.b.)

The discussion carried out for Eq. (D.7.) also applies to equationms

(D.10.c) and (D.1ll.b).

DISCUSSION OF SHAPE FACTORS
The fraction of diffusely distributed radiation leaving one surface
and reaching another surface is called the radiation shape factor (F).
For this model and prototype shape factors arerfound using the ratio of

smaller side of the plane (roof) to the distance between the planes
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(height). For planes connected by non-conducting but reradiating walls,

Kreith (16) presents the figure shown below.

10
0.8
{ 0.6
i
3
5 0.4
e
v
I 0.2
&
9]
0 n o
0 1 2 3 4 5 6 7
Ratio smaller side
> distance between planes
For thermal similarity, the shape factors were related by the
equation

4

4
Fp _ (Tr - TF)m
Fm 4 4
(Ty - Tg),

8
From the previous figure, at model ratio of %-and prototype ratio of 3

it can be written

b 4
(To = Tg)
233 o 965 = —tr B

.57 4 4
(Tr - TF)P
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which shows the radiation heat transfer in the prototype would be 3.5%
greater than that in the model. Estimating the roof radiant load to be
30% of its total load, them 3.57% (.3) = .0105 = 1.05% is the resulting
error in total heat flux. But for a model ratio of %—and prototype

. 8 .
ratio of 3 there exists

4 4
.55 _ (T, = Tp)y
== = ,679 =
.81 (T4 B T4)
r F'p
Then the error would be 1- .679 = ,321 = 32.17% or

.321 (.3) = .0963 = 9.63%Z of the total heat flux.

In conclusion, the identical heat transfer per unit area assumption
in the model and prototype is valid for all energy exchanges except
radiant, for which requires equality of shape factors or similar geometries.
Equal heat fluxes and equal flow rates per unit area also cause corres-
ponding surface temperatures in the model and prototype to be equal,

with small error.



APPENDIX E
PRELIMINARY MODEL STUDY

To obtain some design information prior to final design of the
main model (8" x 8' x 8'), a preliminary model 3' x 1" x 2' high was
constructed and tested over a limited range of loads. The preliminary
model was used to establish the existence of stratification under
simulation of heat loads and air quantities to be used in the experi-
ments with the larger model. Figures 18 and 19 show views of the
preliminary model.

The walls of the small model were comnstructed with 3/4" hardboard
except the front wall which consisted of a 3' x 2' (1/8" thick) glass
sliding into the 1/8" slots located on the edges of the side walls.

The ventilation exhaust air ducts were positioned inside the model
chamber through an 8-inch vertical slot located in the middle of the
right side wall. The duct was 35" long (7/8" o.d.) across the length
of the chamber with 1/8" diameter perforations located horizontally at
1" increments. The ventilation duct was connected to a valve and a
U-tube manometer was used for measurement of the amount of discharged
air. Copper tubes were used as ducts in the small model.

The back wall with inside dimensions of 3' x 2' had six vertical
12-inch slots at 5 inches apart. The slots were l-inch wide and were
cut from 6" above the floor level to 6" below the roof level. The supply
ducts were placed through these slots into the chamber and their heights
were adjustable over a 12 inch range. The ducts were 12 inches in length

"
.

with an outside diameter of 3/4 For air distribution, 1/8'" diameter

perforations were positioned 2 inches apart horizontally on the ducts
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Figure 19. Isometric view of the small model chamber.
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with two more perforations located 30° from previous openings on both
sides of the ducts.

The floor of the small chamber was built of 1/8" perforated plywood
located 2" above the bottom surface of the chamber. Six 7/8" diameter
return air ducts were placed under the perforated board. Return air
through the board and into the ducts. These six ducts were connected
to one 1 1/2" duct coming out of the chamber through the front. The
perforations on return ducts were arranged the same as the ones on the
ventilation ducts.

The roof of the preliminary model was made of 3/4" hardboard with
an 1/8" aluminum plate underneath. The roof was supported by four small
angles placed into the side walls. The height of the roof was adjustable
(at 1" increments) over a 9 inch range. Twenty seven openings (5/16"
in diameter) were located through the roof at 4" increments for placing
thermocouple posts through anﬁ into the chamber. Also, there were
sixteen (1/8" diameter) perforations for positioning electric wires inside
the chamber for purposes of simulating the lighting load.

Nichrome resistance wire was used to produce the simulated roof,
floor, and lights loads. The resistance of the three load components,
roof, floor, and lights were measured to be 16, 18.5, and 5.45 ohms.

The roof resistors were placed between the aluminum plate and the hard-
board. The height of the lights resistors were adjustable, and the floor
resistors were located near the floor of the chamber. The power input
to these resistors was controlled and measured by variacs and wattmeters.

Twelve thermocouples were positioned at 1" increments on five posts
inside the chamber. The posts could be moved through the openings in the
roof to measure the temperatures at any level and any point inside the

chamber. The temperatures of supply, return ventilation air, and roof
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surface were indicated by different thermocouples. The Honeywell
multichannel potentiometer was used to indicate the millivolts sensed

by thermocouples.
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ABSTRACT

Concern with energy availability and with cost of total volume
air-conditioning in high ceiling industrial plants has generated an
interest in thermal stratified cooling systems. This system is also

known as '"vertically-zoned," or "low level system,"

and involves cooling
only of the lower, occupied space while leaving the upper space uncooled.
Thus, the space is divided into two parts, a lower air conditioned zone
of practically uniform temperature and an upper zone of higher, varying
temperature.

This thesis describes the design, construction, and calibration of
physical model of a high ceiling industrial plant to be used to provide
design information about stratified cooling systems. The model is
8" x 8" x 8' high, built of 2 x 4 stud construction with the stud space
fully insulated. Electric heating panels were used to simulate the thermal
loads at the roof and floor. WNine 40-watt incandescent light bulbs were
positioned inside the chamber to simulate the lighting load. The power
input to the roof, floor, and lights were selected in the range of zero
to 13.2, 8.7, and 4.2 watts/ftz, respectively. The supply air flow rate
can be varied up to 3.2 cfm/ftz, with ventilation flow rate from zero to
100% of the supply flow rate. The height of roof, lights, supply ducts,
ventilation ducts, and return ducts are adjustable to any level within
the 8-foot high structure. Thermocouples were positioned on five wooden
posts for measurement of the air temperature from floor to roof in ome-
foot increments. A thermocouple in the supply duct line at the entry to

the chamber indicates the cool supply air temperature. The return and



ventilation air thermocouples were located in the return and ventilation
lines at the exit from the chamber.

The chamber has been tested and was found to operate satisfactorily
over the range of variables for which it was designed. Initial test
results indicate that it is a reliable system, suitable for use in the

stratification studies for which it was built.



