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CHAPTER I
INTRODUCTION

Recently there has developed iﬁcreasing interest in air conditioning
large industrial buildings and manufacturing facilities. This activity is
due to reports of incréases in worker productivity and reductions in
absenteeism in air-conditioned surroundings (1). Concurrent with the
increased use of air conditioning systems runs the desire to reduce the cost,
both initial and operating, of these systems.

One proposed method of reducing plant cooling load, and therefore air
conditioning system cost, is known as thermal stratification. A thermally
stratified system operates by supplying conditioned air to only the Tower
occupied levels, known as the conditioned zone. The temperature of air above
the conditioned zone, known as the stratified zone, is uncontrolled. At its
lower boundary, the air temperature approaches the conditioned zone tempera-
ture and at the upper boundary it approaches the roof temperature. Hence the
name thermal stratification.

It is currently believed that proper design of a stratified system will
isolate certain loads (e.g., lighting loads, roof loads, and other load
sources located in the stratified zone) from the plant cooling load.

Upon review of previous investigations in the area of cooling load
reduction, the approaches taken can be separated into two general areas. One
method essentially involves application of numerous methods of air condition-

ing load reduction (e.g., thermal storage, stratification, and spot cooling)
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to a proposed building (2). The effects of these methods are then qualita-
tively estimated; savings from these systems is often reported to range from
30% to over 50%. As in many field investigations, these results are comparéd
to poorly defined data, usually not noting all of the design parameters used
to obtain the results.

Despite the general Tack of quantitative evaluations of these systems,
there are a number of them operating successfully (3). This success can, in
most cases, be attributed to appropriate use of basic engineering judgement.

The other method of investigation attempts to discover the influence of
geometric and load parameters on the temperature profile and cooling loads
(3, 4, 5, 6, 7). One investigation was conducted under controlled steady-
state Toad conditions in a scale model test chamber (5, 6). The model studies
provided steady-state experimental temperature distributions under the actual
range of operating conditions which occur in industrial plants.

Additionally, a computer model was developed to assist in analyzing the
stratification process and to aid in experimental data reduction (5, 7).

There appears to be reasonable correlation between the computed and experimen-
tal results.

Due to the steady-state Toad Timitation of the previous investigation, it
was proposed to extend this work to include non-steady-state load conditions.
The purpose of the current work is to determine the transient effects of
internal and external loads, supply, return, and ventilation rates, and also

structural thermal storage on air temperature patterns and plant cooling load.



CHAPTER I1I
SYSTEM DESCRIPTION

To initiate discussion of a typical stratified air conditioning system,
it is first necessary to identify the modes of energy transfer influencing the
air temperature withinrthe structure. Figure 1 is a representation of the
energy and mass transfers included in the model developed here. These
approximate the exchanges occuring in a typical installation.

The building envelope exchanges energy with the exterior envirciment by
convection and radiation at the exterior roof surface and by transmission
through the walls. For the exterior roof, radiation and convection effeéts
(qr) are combined in the model and treated purely as convection by the sol-air
temperature (SAT) method (8). Figure 2 is a plot of the daily roof SAT and
ambient air temperature patterns used in this analysis. Daily patterns may be
adjusted according to building location.

For the walls, energy transfer by transmission (qw) occurs between the
ambient air and the air within the building. Transmission through the walls
is approximated as occuring instantaneously (no storage) because of the common
practice of employing low thermal mass walls in industrial building
construction.

The plant cooling Toad is rejected to the ambient through the air condi-
tioning system. Additionally, plant exhaust air (mv) and its associated

energy may be rejected to the ambient via the ventilation system.



The floor slab conducts energy to the ground (qf) beneath the slab. A
relatively constant deep ground temperature is assumed for the transient
conduction model of the floor slab.

Internally, the floor upper surface receives energy by radiation from the

roof interior (q..) and from the lights (q1r). The floor exchanges energy

rr
with the air in the conditioned space by convection (qfc).
In addition to radiation to the floor, the interior roof surface

exchanges energy by convection (q__) with air in contact with it in the

rc
stratified zone. Concentrated loads (qic) within the stratified zone
contribute energy by convection to the air in this region.

The convective portion of the 1ighting load (q1c) will be contributed to
either the conditioned zone or the stratified zone depending upon the location
of the lighting fixtures. Equipment and occupant loads (qid) contribute
energy by convection to the air within the conditioned zone.

If only the sensible portion of the energy transfer is considered, the
energyAba1ance of the entire system, shown in Figure 1, is as follows.

qr ¥ c.Iw . q1c * q1r * did * éic - Qf - rir]v CT(M) - mr C T(MRET)

a(Energy StOFEd)air, roof, floor.

AB

+ me CTS =
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Figure 1. Energy and Mass Transfer Model as Approximated by the Computer
Model.
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CHAPTER TIII
COMPUTER MODEL DESCRIPTION

The computer model development is discussed in five distinct sections:
Finite-Difference Analysis, Mass Balance Model, Energy Balances of Air
Elements, Energy Ba1anées of the Roof and Floor Elements, and the Buoyancy
Approximation. A complete listing of the computer program is contained in
Appendix C.

The following assumptions, basec¢ on the results of experimentation with
the scale model test chamber (5, 7), are employed in development of the
transient model. -

1. The boundary between the conditioned zone and the stratified zone is
assumed to Tie directly above the level at which supply air is introduced.

2. Supply air is assumed to be distributed "perfectly" among all air
elements below the level of supply (i.e., it is distributed uniformly in the
conditioned zone).

3. Consistent with the above_ assumption, all convective loads that
originate below the level of supply will be distributed evenly in the
conditioned zone.

The Tlast two assumptions represent the well-mixed assumption which

approximates a well designed distribution system.



Finite-Difference Analysis

Due to the complex nature of the boundary conditions present in this
investigation, analytical methods of solution are not practical or possible.
However, the numerical finite-difference method of approximation is both
possible and convenient. These methods are particularly well suited for use
with digital computers.

In this analysis, the in-plant air, roof, and floor are each subdivided
horizontally into a number of smaller elements. Each element is then
assigned a reference point at its center, beginning with Element (1) in the
floor, and continuing sequentially through Element (II) at the outside roof
surface. Each discrete elemeiit is assumed to have constanf physical
properties throughout.

The next step is to-perform a fundamental energy balance upon each
element previously determined. The general form of the energy balance used
-k = AE will consist of energy

is: E where Ein and E

stored’® out

transfer rates in the forms of conduction, convection, radiation, and bulk

in out

mass transfer. The AE term is approximated in the following manner,

stored

1) - T()

stored - AB

AE p C Ax .

Finite-difference equations for all elements constitute a system of
simultaneous equations of the following form, with the past temperatures, T,

included in the constants, C.



+

g T+, T 6y T e
+ + +

3, 4 T(1) +a,,T (2) + . ta, T (n) = C, » and
+ + + _

B T *ag, T+ vay (Tn) =€

Solution of the above simultaneous equations by the Gauss-dJordan
reduction method will yield the temperature profiles in the floor, air, and

roof at the comp1etion-of the desired time step.
Mass Balance Model

A mass balance s performed on the entire building to determine the

ventilation flow rate (hv) from the supply (hs) and return (m_) flow rates.

r
Supply air is distributed evenly among all air layers below the Tevel of
supply. Even distribution of air within the conditioned zone simulates the
assumption of "perfect" air distribution and uniform mixing (5, 6). The
supply air flow rate to each element is determined by: mse(I) = ﬁS/N, where
N is the number of air elements that receive supply air. The total building
return air and total building ventilation air, are each extracted from
individual air elements. The following element flow rates apply: hre(MRET) =
mr and mve(M) = mv , where MRET and M are the integer number of the air
elements where the system return and ventilation outlets are located.

Mass balances are applied to individual air elements. Supply, return,
and ventilation flow rates for Element (1) have previously been determined as
noted above. Refer to Figure 3 for the energy and mass transfer model of Air

Element (1). Circulation with the element above (mce) is the remaining

unknown quantity, which can be calculated as follows.
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(1) = i (1) = i (1) = i (1),

e
In this equation, if MRET # 1, then mre(1) =0, and if M # 1, then
mve(1) = 0. Refer to Figure 4 for the energy and mass transfer model of the
typical air elements: Air Elements (2) through (K-1). Beginning with Air
Element (2) and continuing through Air Element (K-1), circulation with the

element above is calculated in the following manner.

m. (I)=m__(I)-m, (I)-m (I)+ mce(1-1).

ce re ve

| Energy Balances of the Air Elements

Figure 3 represents the energy and mass transfer model of the air element
adjacent to the floor. The following modes of energy transfer influence the
element.

Conduction, from Afr E1emeht (2), which is calculated by:

k + k

u-3§m15-[T+(NAIR + 1) - TT(NAIR)T,

where k is the thermal conductivity, k is a macroscopic mixing parameter

mix
representing turbulent mixing effects, and where NAIR is the integer number of
the first air element.

Transmission, through the walls, which is calculated by:

U PER ax [TO - TT(NAIR)].

wall
The term LOAD represents convection from heat sources located within this
element.
The term LTCLD represents the convective portion of the lighting load, if
the 1ights are located in this element. Consistent with the "perfect" air
"~ distribution assumption, LOAD and LTCLD are evenly distributed within the

conditioned zone.
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The term FLDLD represents the portion of the floor convective load which
is distributed to each individual air element in the conditioned zone, consis-

tent with the "perfect" air distribution assumption. FLDLD(1) can be computed

by:
Rag +
FLDLD(1) = —ﬂ—-[T (NFL) - T (NAIR)1,

where the inside floor surface convection coefficient (hfi) is calculated

according to (9):

he, = T.7LT(NFL) - T(NAIR)]"2> .
Energy transfer due to supply, return, and ventilation flows respectively, are
calculated by:

mse(1) c TS,

) + '
mre(]) C T (NAIR), and

; +
mve(T) C T (NAIR) .
The transient energy balance for Air Element (1) is written as follows.

TT(NAIR) - T(NAIR)
AB

p C Ax = mse(l) C TS + LOAD(1) + FLDLD(1} + LTCLD(1)

(k + k
AX

-
MX" rTH(NAIR + 1) - T (NAIR)]

+U .. PER ax [T0 - TT(NAIR)] +

wall

- (1) € TT(NAIR) - (1) C TT(NAIR) .

By defining:

Y
CT p C Aax °

_ A8
CZ p Ax ?
; Uwa]l PER A8
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(k + k .. ) A8
Cy = m1x2 , and
p C AX
.. hes 48
5 NpCax ’

This can be rewritten:

TH(NATR) [1 + Cs + Cq + Cp + Cy i (1) 4 Cp i (1)] - TT(NAIR + 1) [c,]

- T+(NFL) [C5] = T(NAIR) + C, ﬁse(T) TS + G4 LOAD(1) + o LTCLD(1)

+ 63 TO .

Figure 4 represents the energy and mass transfer model of the typical
air element. The result of the energy balance on this air element is given
by:

+ . . .
T (I +NFL) [1 + C3 + 2 C47+ 62 mve(I) + C2 mce(I) + C2 mre(I)J

+ TX(NAIR) [C.] - TT(NFL) [Cg] - T7(I - 1+ NFL) [C, f_(I - 1) + C,]

ce

ST+ 1 + NFL) [C,] = T(I + NFL) + C, (1) TS + C; LOAD(I)

Z se( 1

+ C1 LTCLD(1) + C3 TO .

The air element adjacent to the roof is handled in a special manner due
to the possible inclusion of the roof truss structure as a thermal storage
mechanism in this element. Figure 5 represents the energy and mass transfer
model of this element.

By defining:

AB

C. = .
6 [o C Ax + My . Ctr]

C A8
7  [p ax + My Ctr]
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. (k + km.x) AB
8 [p C ax + My Ctr Ax]_
- Uwal] PER A6 AX
9 Lo C Ax + My e Ctr]
h . A®
Cop= 8 , and
10 [p C ax + M e th]
.. hﬁ. A8
11 Nlp C ax + M Ctr]

the energy balance of Air Element (K) can be written:

T (KAD) [T + Cg + Cg *+ Cqp + Cy M (K) + Cpin (K)] + TF(NAIR) [y 7]
- TH(NFL) [Cy;] - THKAT + 1) [Cyo] - THKAT - 1) [Cg + Cyom_ (K = 1)]

ETCLELK) + Gy TO.

= T(KAI) + C 9

(K) TS + C. LOAD(K) + C

7 Mse 6 6

Energy Balances of the Roof and Floor Elements

The roof and floor energy balances are handled in a similar manner, with
the following exceptions.

1. Provisions have been made to allow for both the roof and floor to
consist of a number of materials each with different thermal properties.

2. Each separate material consists of three elements arbitrarily chosen
to include two surface nodes and one itnerior node.

Refer to Figures 6 and 7 for the energy transfer models of the roof and
floor, respectively.

Consider the following constants for simplification of the energy
balances of the roof elements.

) 2 hY‘O A8

Ly B e |
1 Py Cr Axr



r
Axr/Z
] Axr
Axr/Z_
q
Qe e
Figure 6. Energy Transfer Model of the Roof
q
Gpr 9 fc\\\
Axf/Z
. AX f
Last Element of Floor Material &xf/Z
7 EFI J’i ,,r Il _.f'f ."r f, .fl %"71[ rl I’ zl .'I 7‘, II r! ﬁi
Soil AX
TGR = 55°F

Figure 7. Energy Transfer Model of the Floor
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0 - 2 kr AB
2 2’
Py Cr &Xr
2 h . A6
D, = N T—— , and

3 o Cr Axr

o - 2% 3 0 [(r(kar + 1) + 460)% - (T(NFL) + 460)°]
4 P Cr Axr (1/51 + 1/52 - 1) )

Where the outside roof surface convection coefficient (hro) is given

by (8): hro = 3.0, also, the inside roof surface convection coefficient
(hri) is given by:
_ : .8
hei = A+ (B (g (K)/C)),
A= .35,
B = .30, and
c=7.0.

Constants A, B, and C were chosen by comparison of computed results with
results from the steady-state experiments.

The constant D4 is calculated based on the principles of thermal
radiation between parallel plates with surface emissivities (ET’ 52) and an
ané1e factor which is equal to unity. The floor surface density factor (SF)
is included to allow for approximating the net transfer of thermal radiation
between the roof and floor, considering various densities of equipment on the
floor (acting as radiation shields).

The energy balance of the outside surface roof element may be written:

+

TO(I1) [1+ Dy + 0,1 - T(IT - 1) [D,] = T(II) + D, SAT.

1 1
Similarily, the energy balance of the inside surface roof element may be

written:
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TT(KAT + 1) [1 + D, + Dy +D,] - THINFL) [0,] - THKAT + 2) [0,]

- TT(KAI) [0,] = T(KAL + 1) .

Consider next, the similar set of constants for use in the development

of the energy balances of the floor elements.

2 ke a6
E L S
1 o A2’
£ lF %
. _ 248 :
2 or Cf Axf
2 0, SF[(T(KAL + 1) + 460)° - (T(NFL) + 460)°]
E, = , and
3 pf Cf Axf (1/51 +]/82' ])
2 he, a8
£, e s
4 Ps Cf Axf

The following equation represents the simplified energy balance of the

inside surface floor element.

TONFL) [1 + E, + Ey + Egl - THNFL - 1) [E,] - TT(KAT + 1) [E,]

1
- THNFL + 1) [E,] = T(NFL) + E, LTRLD.

With the constant ground temperature boundary condition, the energy

balance of the first floor element is written in the following manner.

+
T (1) - T(1) ax k k
f N + s +
AB L AXg [r(2) -7 (] + Mg Tgr - T (M.
By defining:
2 k. A8
E =_._.__$._..._._,,

5 7
pg Cp BXg
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this can be rewritten:

T +E +E]-T(2) [E]=TO) +E T

1 gr -

Continuing in the same manner as with the surface elements, energy
balances are next performed on interior roof and floor elements. The follow-
ing equations represent the simplified energy balances of the interior roof

element and interior floor element respectively.

ers - 1 1 4 D,] - T [D,/2] - T » 2] [0,/2] = T(II - 1), and
T'(2) [1+ €1 -T°01) [E/2] - T7(3) [E;/2] = T(2) .

Hence the complete system of equations, in the desired form, that
describe the relationships between the air, roof. and floor elements have

been developed.
Buoyancy Approximation

The equations presented earlier have not accounted for mass flow of
space air due to buoyancy effects. These flows occur when a fluid is locally
heated which decreases the fluid density; differences in density are the
driving forces behind buoyancy effects. Localized heating by convective heat
transfer will possibly occur in the vicinity of 1ights or concentrated loads
located in the stratified zone. "Perfect" air distribution will preclude the
formation of buoyancy flows in the conditioned zone.

[t is assumed that the buoyancy mechanism will operate naturally to
prevent the formation of cool air layers above warm air layers.

Consistent with the above assumption, the following approximation is
employed in place of a thorough buoyancy flow analysis. Upon determination

of the temperature profile of the air elements, a check is made to locate an
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element whose temperature is greater than the one above. This condition
would indicate that the buoyancy action should operate. If an inversion is
found to exist, the temperatures of the involved elements are averaged in the

following manner.

gy = T YY(I) + T(I + 1) Y¥(I +1)
YWl

(I) + YY(I + 1) ’
where:
YY(I) =p C 8x 5
or:
YY(K) = [p C ax + My . Ctr] ,

Next the temperatures of the two affected air elements are reassigned in
the following manners.

T(I) = XX, and

T(I +1) = XX .

This pattern is then repeated until no further temperature inversions
remain. This procedure is justified by noting that the one hour computational
time step used tends to disguise the details of buoyancy transport and
reports only the larger scale effect of the energy transport during the one

hour period.



CHAPTER IV
VERIFICATION

Initial verification of the validity of the computed results has been
carried out for two specific areas: verification of steady-state behavior,

and no-load verificatién of transient behavior.
Verification of Steady-State Behavior

Comparison has been made t» the actual temperature profiles acquired
from the steady-state model studies (4, 5, 6); Figures 8, 9, and 10 illustrate
this comparison. Measured experimental results are shown as discrete points,
while the computed results are shown as solid Tines.

The transient computer program was modified to allow for steady-state
heat input to the inside surrface roof and floor elements. This approximates
the heat input from the roof and floor heating panels used in the steady-state
experiments. Further, the thermal properties of the floor, roof, and wall
were assigned so as to approximate the conditions in the scale model test
chamber.

Figure 8 shows the comparison of computed and experimental resulits when
the applied load is within the inside surface roof element; floor and Tighting
loads are zero. The curves show very good agreement within the conditioned
zone. Reasonable agreement, within four degrees maximum, is also shown in the
stratified zone. Very close correlation is also shown for the inside surface

roof temperature.
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Figure 9 shows the comparison between the experimental and computer
results with a floor level load only; roof and 1ighting loads are zero.
Computed results yield a four degree higher inside roof temperature and a
maximum difference in air temperature of five degrees at the six foot level.
Predicted air temperatures within the conditioned zone are within one degree
of those obtained from the scale model test chamber.

Representing results with only a Tighting Toad at the five foot level,
Figure 10 shows the comparison between computed and experimental results.
Temperature correlation within the conditioned zone is very good, within one
degree throughout. Computed results yield a four degree Tower inside roof
temperature. Predicted air temperatures within the stratified zone are a
maximum of ten degrees higher at the four foot level, which is below the
lighting level, and a minimum of three degrees higher near the roof.

The above situations were analyzed to demonstrate that the transient
computer program properly accounts for the effects of Toads that originate
internally in the air or ét the roof or floor. 1In all cases, temperature
agreement between the computed and experimental results within the conditioned
zone was within one degree. Considering the situations with only floor and
roof level loads, the accuracy of prediction indicates radiation from the roof
to floor and convection into the conditioned zone are properly accounted for.

With only a Tighting load applied (Figure 10), the computed vs. experi-
mental temperature profiles differ by the greatest amount of all cases. The
largest temperature difference occurs at the four foot level, one foot below
the lighting level. This difference is probably due to the fact that the
buoyancy approximation does not properly account for actual flows in the

presence of a concentrated heat source. In the actual case, buoyant plume
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originates below the actual Tevel of heating and causes mixing below the
level of the Tights.

These three cases are intended to demonstrate that the transient
computer model adequately represents the influence of the three individually
occurring load sources. A more extensive comparison of experimental results
and the referenced steady-state program, has been reported (5, 7). The
previous report covers many more comparison cases for both individual load
sources and combined load effects. The authors of that study concluded that
the computed results provide an "adequate" representation of the experimental
results for all cases investigated.

An extensive comparison of the transient program results to the steady-
state program results was performed, but not reported here. The general
conclusion was that the transient program and the steady-state program
developed previously (5, 7), are accurate predictors of the internal

conditions present in a stratified air conditioning system.
No-Load Verification of Transient Behavior

A trivial case with no internal loads has been investigated to verify
the behavior of the computer program under transient conditions. The roof
and air temperatures were initially set at 80°F while the floor was
initialized at 55°F. OQutside air temperatures and the supply air temperature
were also set at 55°F. The supply air flowrate used was .25 cfm/sqft.

Figure 11 shows the variation of the building temperature profile as a
function of time. Curves are presented to represent the initial conditions
(t = 0), as well as the conditions after six hours (t = 6), and after twenty-

four hours (t = 24).
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Due to the constant 55°F applied sol-air temperature, the exterior roof
surface experiences a faster rate of cooling than does the interior roof
surface which exchanges energy with the space air and also the upper floor
surface. After six hours (t = 6), the temperature of the air in the
stratified zone approaches the conditioned zone temperature at it's lower
boundary, and approaches the roof temperature at it's upper boundary.

Considering the boundary conditions present, it is expected that the
entire building temperature profile would eventually approach a uniform
temperature of 55°F. This condition is reasonably approximated after twenty-

four hours (t = 24).



CHAPTER V
COMPUTED RESULTS

The computed results discussed in this section were chosen to illustrate
the effects of system variables on the peak pTant cooling load (required
capacity of the coo1in§ equipment) and the total daily rejected cooling load
(daily cooling system energy usage). Additionally, the time at which the peak
plant cooling load occurs is reported. The system variables investigated
were: supply air inlet height, return air extraction height, roof construc-
tion, lighting height, ventilation air extraction height, ventilation air
flow rate, and occupancy patterns. A detailed description of all cases
investigated is contained in Appendix B.

The temperatures of all elements (roof, air, and floor) were initialized
(T(I)) and the temperatures of all elements at the end of the computationai
time step were calculated. Iterations in time, using hourly temperature,
load, and flow rate patterns, were continued until hourly temperature profiles
indicated a daily perijodic pattern had been obtained which was independent
of the initial condition.

A constant roof height of twenty feet was used throughout the transient
portion of this investigation. Effects of variable roof height were
discussed in detail in the previous steady-state investigation (5, 7).

A Ax of two feet for the air elements was used throughout this
investigation. Average internal load values, lighting (8.0 Btu/hr-sgft) and

equipment (30.0 Btu/hr-sqft), were chosen from typical values in the
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lTiterature. Equipment loads include the convective portion of both equipment
and occupant loads.

The supply air flow rate was adjusted to maintain the conditioned space
air temperature in the range 75°F-78°F while occupied. A supply air temp-
erature of 55°F was used during periods of occupancy.

During periods of non-occupancy, where possible, 100% make-up air is
introduced into the space to dissipate residual Toads; space air temperature
is maintained in the range 80°F-85°F, by varying supply air flow rate.

In all cases investigated, an incidental portion of the supply air was
extracted as ventilation (to remove odors and fumes). Additionally, higher
rates of ventilation flow were also investigated to establish the influence of
ventilation rate on Tload.

Calculated results are discussed in related groups and the effects of

system variables on air conditioning loads are determined.
Effect of Supply Air Inlet Height

Computed results of the effects of supply air inlet height on the plant
cooling loads are shown in Table 1. The complete range of supply air inlet
heights, Case 5 (supply at the ten foot level) to Case 3 {total volume ---
supply to entire building), were investigated. In addition, an intermediate
case, Case 10 (supply at the eighteen foot Tevel), was investigated.

For all three cases, the return is located at the floor. Ventilation
air for these cases is extracted directly below the roof.

If conditioned air is supplied to the entire building (total volume
system) the interior convective roof load becomes a portion of the plant
cooling Toad {in contrast to the stratified system, where'the convective load

is blocked as discussed below). In addition, a lower inside surface roof
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temperature occurs. This lower temperature promotes added heat transfer from
the ambient into the space.

In addition to the roof convective load, a small amount of energy due
to heat transmission through the walls is added to the plant cooling load.
In the case of the total volume cooling system, the added heat load due to
wall transmission amounted to only 0.4 Btu/hr-sqft (0.6%) of the peak plant
cooling Toad. The wall transmission Toad is small compared to the peak
plant cooling load, therefore, it is not discussed in further cases.

Also, a part of the plant cooling load in the total volume system is
the convective portion of the lighting Toad. Although this load is also
relatively small, when supply air is introduced at the roof, there is no
other choice except to locate the lights within the conditioned zone.

Comparison of Case 3 (total volume system) to Case 10 (supply to eighteen
foot level) yields a 44.0 Btu/hr-sqft (45%) reduction in peak plant cooling
load, accompanied by a 286.9 Btu/sqft (36%) reduction in total daily rejected
cooling load. If the supply air inlet height is further lcwered to the ten
foot level (Case 5), an additional reduction in peak plant cooling load of
only 1.0 Btu/hr-sqft will occur, accompanied by an 8.2 Btu/sgft total daily
rejected cooling Toad reduction. This additional small change is due to the
decreased temperature gradient between the upper air element in the condi-
tioned zone, and the lower a{r element in the stratified zone.

Overall reductions in plant cooling loads from Case 3 to Case 5 were:
45 Btu/hr-sqft (46%) in peak plant cooling Toad (required capacity of cooling
equipment), and 295.1 Btu/sqft (38%) in total daily rejected cooling load

(daily cooling system energy usage).
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From these examples it is abundantly clear that by supplying cénditioned
air below the actual roof height (even only two feet below as in Case 10), as
opposed to supplying conditioned air to the entire system (as in Case 3),
there are enormous plant cooling Toad savings to be realized. For actual
system design purposes, this indicates that every effort must be made to allow
formation of a stagnant, warm air Tayer immediately adjacent to the interior
roof surface. Presence of this layer prevents convective cooling of the roof
and thus "blocks" the convective portion of the roof load which occurs in the

total volume system.
TABLE 1
EFFECT OF SUPPLY AIR INLET HEIGHT ON PLANT COOLING LOADS

Time Of Total Daily

Supply Air Peak Plant Peak Plant Rejected
Case Inlet Height Cooling Load Cooling Load Cooling Load
No. (Feet) {(Hour) (Btu/hr-sgft)  (Btu/sqft)
5 10.0 TE B33 485.5
10 18.0 17 54.3 493.7
3 20.0 17 98.3 780.6

Effect of Return Air Extraction Height

The cases run in this section were intended to compare the effect of the
position of the return air duct on the plant cooling loads. The effects of
return air heights of nineteen feet (Case 7), five feet {Case 6), and one
foot (Case 5) were investigated. Air supply height was ten feet. Table 2

1ists the computed results for all three cases investigated.



34

Results of the previous experimental steady-state model studies (5, 6)
indicated that the return air duct location had no effect upon the temperature
profile in the space, as long as the return was located in the conditioned
zone. Computed results of Cases 5 and 6, return located in the conditioned
zone, indicate that only negligible changes occur in the plant cooling
loads when changes of return location within the conditioned zone occur.
Results of the transient computer program, therefore, corroborate the
results presented previously.

I[f, however, the return air duct is located directly below the roof, as
is often considered standard practice with roof-top units, the plant cooling
loads increase dramatically. Although the temperature of the conditioned zone .
is not affected appreciably by the return location, if the duct is located
directly below the roof (Case 7) the desirable stagnant air layer is destroyed
and the convective portion of the roof load is added to the plant cooling
load.

Due mainly to the isolation of the convective roof Toad from the return
air, the peak plant cooling load is reduced 12.2 Btu/hr-sqft (18%), from
Case 7 to Case 6, with a 98.4 Btu/sqft (16%) reduction in total daily
rejected cooling Toad.

In general, it can therefore be concluded that return air duct height
is an easily controlled system variable that allows reduction of plant cooling

loads.
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TABLE 2

EFFECT OF RETURN AIR EXTRACTION HEIGHT ON PLANT COOLING LOADS

Return Air Time Of Total Daily
Extraction Peak Plant Peak Plant Rejected
Case Height Cooling Load Cooling Load Cooling Load
No. (Feet) (Hour) (Btu/hr-saft) (Btu/sqgft)
B 1.0 17 53 .3 485.5
6 5.0 7 17 54.1 501.3
7 19.0 16 66.3 599.7

Effect of Roof Construction

The purpose of this section is to devermine the influence of roof
construction on plant cooling loads. Table 3 lists the computed plant cooling
loads for all four cases. Four different roof construction techniques were
investigated.

1. Case 8 - Nine inches of concrete with two inches of insulation.

2. Case 5 - Four inches of concrete with two inches of insulation.

3. Case 4 - Steel sheet with two inches of insulation.

4. Case 25 - Steel sheet with no insulation.

Essentially, the effects of two separate system variables were analyzed.
Cases 4 and 25 investigate the effects of roof insulation on the plant
cooling loads, while Cases 4, 5, and 8 investigate the transient effects of
thermal roof mass on plant cooling loads.

For the four cases investigated, supply air is distributed at the ten
foot level.

Recently there is renewed interest in insulating the exterior envelope

of buildings. However, the relative energy savings are rarely more
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pronounced than when insulation is added to the exterior roof surface of an
air-conditioned building. With only the addition of a two inch insulation
layer, the.peak plant cooling load was reduced, from Case 25 to Case 4, by
18%. Furthermore, the total daily rejected cooling Toad (daily cooling
system energy usage) was reduced by 21%.

By adding insulation (low thermal conductivity material) to the
exterior roof surface, a higher exterior roof temperature is possible without
affecting the interior surface roof temperature. The elevated exterior roof
surface temperature promotes added convective heat transfer to the surround-
ings which reduces the heat load imposed on the building.

Due to the low thermal mass of the steel sheet roof (Case 25), the peak
plant cooling load occurs coincidentally with the peak sol-air temperature at
hour fifteen (3 p.m.), whereas the peak plant cooling load in Case 4 is
delayed by one hour until hour sixteen (4 p.m.). The time of occurance of
the peak plant cooling load may be used beneficially in conjunction with
occupancy patterns to achieve a largé reduction in peak plant cooling load.

Cases 4, 5, and 8 were investigated to determine the effects of roof
mass (thermal storage) on plant cooling load. With these cases it can be
seen that by increasing the roof mass, both the peak plant cooling load and
the total daily rejected cooling load can be reduced.

It is currently believed, and verified by this group of cases, that some
energy from solar loads, ambient convective loads, and to a limited extent,
internal loads, can be stored in the roof and released at a later time. This
thermal storage effect would account for the decrease from Case 8 to Case 4
of 8.6 Btu/hr-sqft (15%) in peak plant cooling load, and in the decrease of

47.6 Btu/sqft (9%) in the total daily rejected cooling load. Furthermore,
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this storage effect would account for the delay in time of occurance of the

peak plant cooling load.
In general, it can be concluded that these roof construction features,

insulation and thermal mass, can provide reduction of the plant cooling loads.
TABLE 3

EFFECT OF ROOF CONSTRUCTION ON PLANT COOLING LOADS

" Time Of - Total Daily
Peak Plant Peak Plant Rejected
Case  Roof Cooling Load Cooling Load Cooling Load
No. Construction (Hour) (Btu/hr-sqft) (Btu/sqgft)
8 Heavy roof, 17 49.5 476.1
with insulation.
5 Medium roof, 17 53.3 485.5
with insulation.
4 Light roof, 16 58.1 523..7
with insulation.
25 Light roof 15 70.9 666.9

without insulation.
Effect of Lighting Height

Transient Cases 5 and 19 were investigated to determine the influence of
1ight height on plant cooling load. The convective portion of the lighting
lToad (here assumed to be 20% of the total lighting load) is contributed to
either the conditioned zone or the stratiffed zone depending upon the Tocation
of the Tighting fixtures. The convective portion of the lighting load (1.6
Btu/hr-sqft) is only a small portion of the total internal load (30.0 Btu/hr-
sgft), and an even smaller portion of the total imposed load. The radiant

portion of the lighting load (80% of the total lighting load) will strike and
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be absorbed by interior surfaces irrespective of the light height.

Table 4 1ists the computed plant cooling lToads for Case 5 (lights in the
stratified zone) and Case 19 (1ights in the conditioned zone). For both cases
the supply air is distributed at the ten foot level.

The peak plant cooling load occurs for both cases during hour seventeen
(5 p.m.). It can be seen that the lighting height has an almost direct
additive effect on both the peak plant cooling load and the total daily
rejected cooling load."

If the 1ighting fixtures are Tocated above the level of supply (in the
stratified zone) a portion of the convective 1ighting load may be exhausted
by ventilation air. The remainder of the convective 1ighting load may raise
the air temperature within the stratified zone and the roof temperature, which
will increase radiation to the floor and increase the plant cooling load.

Considering these cases it can be seen that the 1ight height has only a
negligible effect (less than 2%) on the peak plant cooling load, and also a
negligible effect (6%) on the total daily rejected cooling load. However, if
increased 1ighting loads were used, or internal loads were decreased, the

effect of 1ighting height on air conditioning cooling load would become more

pronounced.
TABLE 4
EFFECT OF LIGHTING HEIGHT ON PLANT COOLING LOADS
Lighting Time Of Peak Peak Plant Total Daily Rejected
Case Height Plant Cooling Load Cooling Load Cooling Load
No. (Feet) (Hour) (Btu/hr-saqft) (Btu/sgft)
5 12.0 17 53.3 485.5

19 10.0 17 54.4 518.4
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Effect of Ventilation Air Extraction Height

The transient effects on plant cooling load of ventilation air extraction
height were investigated. Using incidental ventilation only (0.1 cfm/sgft),
Case 5 (ventilation directly below the roof) and Case 20 (ventilation at the
twelve foot level) were computed for comparison purposes. For both cases,
the supply air is distributed at the ten foot level. ‘Table 5 lists the
computed plant cooling loads for both cases.

One previous investigation into the design of stratified air conditioning
systems (2) indicates that by ventilating near the roof (disturbing the
stratified zone) the plant cooling load will be increased.

However, ventilating near the roof may in fact remove a portion of the
convective lToads affecting the §trat1fied zone (e.g., convective lighting
Toads, concentrated loads). Furthermore, some cooling of the interior roof
surface may occur. By reducing the interior surface roof temperature,
radiation to the floor and thus the cooling load may be reduced.

Peak plant cooling load for both cases occurs during hour seventeen
(5 p.m.). Although the peak plant cooling load reduction from Case 20
(ventilation at the twelve foot level) to Case 5 (ventilation directly
below the roof) was only 1.6 Btu/hr-sqft (3% of the peak plant cooling load),
and the reduction in the total daily rejected cooling Toad was only 38.4
Btu/sqft (7% of the total daily rejected cooling load), the effect of
ventilation location may become more pronounced when increased convective

lToads are located in the stratified zone.
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TABLE 5

EFFECT OF VENTILATION HEIGHT ON PLANT COOLING LOADS

Time Of Total Daily
Ventilation Air Peak Plant Peak Plant Rejected
Case Extraction Height Cooling Load Cooling Load Cooling Load
No. (Feet) (Hour) (Btu/hr-sqft)  (Btu/saft)
5 19.0 17 63.3 485.5
20 12.0 ' 17 54.9 523.9

Effect of Ventilation Rate

Cases 5, 21, and 22 were investigated to determine the effect of
ventilation air flow rate on plant cooling load. Air that is extracted as
ventilation must be replaced by make-up air; before make-up air is introduced
into the conditioned spéce, it ﬁust be first cooled from the ambient air
temperature (T0) to the supply air temperature (TS). Make-up air is,
therefore, a portion of the plant cooling load.

Table 6 shows the computed plant cooling loads for Case 5 (incidental
ventilation only), Case 22 (20% of supply flow to ventilation), and Case 21
(30% of supply flow to ventilation). Ventilation air is extracted for these
cases directly below the roof. The remaining portion of the supply air is
extracted through the return air system located at the floor. For all three
cases investigated, supply air is distributed at the ten foot level.

Ventilation air may remove a portion of convective loads located within
the stratified zone (e.g., 1ighting loads, and concentrated loads).
Additionally, some cooling of the interior roof surface may occur, which will

reduce the amount of radiation to the floor and reduce the cooling Tload.



The relative influence of removing a portion of the convective loads in

the stratified zone and reducing radiation to the floor, must be related to

the effect of additional make-up load.

As a rule, the minimum practical ventilation rate should be used

whenever the ambient air temperature is greater than the temperature of the

ventilation exhaust air.

The peak plant cooling load occurs for Case 5 during hour seventeen

(5 p.m.) and for Cases 21 and 22 during hour sixteen (4 p.m.).
effect of reducing the interior surface roof temperature and, therefore, the
radiation to the floor, are indicated by these cases.

Due to the increased make-up air load, both the peak plant cooling load

and the total daily rejected cooling Toad increased with increases in

ventilation rates.

Increased ventilation rates may, however, be employed

during periods of relatively low ambient air temperature to decrease the

average roof temperature and increase its storage capacity in preparation

for peak solar times.

TABLE 6

EFFECT OF VENTILATION RATE ON PLANT COOLING LOADS

Time Of Total Daily
Ventilation Peak Plant Peak Plant Rejected
Case Rate Cooling Load Cooling Load Cooling Load
No. (% of Supply) (Hour) (Btu/hr-sqft)  (Btu/sqft)
5 Incidental Only 17 53.3 485.5
22 20 16 57.7 514.5
21 30 16 61.0 538.3

41

The transient
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Effect of Occupancy Pattern

In this set of cases, the effects of the internal occupancy pattern
(Toad pattern) on plant cooling loads were investigated. Table 7 lists the
computed plant cooling loads for Case 5 (ten hour load pattern), Case 17
(eighteen hour load pattern), and Case 15 (twenty-four hour load pattern).
An occupancy pattern of eight hours is assumed to represent a Toad pattern
of ten hours (add one hour before and one hour after océupancy).

For all three cases, supply air is distributed at the ten foot level.
Additionally, the roof construction in all cases consisted of two inches of
insulation over four inches of concrete.

There is no measurable effect ofroccupancy pattern on the time of
occurance of peak plant cooling load.

The total daily rejected cooling load (daily cooling system energy usage)
increases with increases in the duration of internal occupancy, as might be
expected. However, a reduction in peak plant cooling load will occur with
an increase in the duration of occupancy.

During periods of occupancy, the conditioned zone temperature was
maintained in the range 75°F-78°F. Conversely, during periods of non-
occupancy, the conditioned zone temperature was controlled in the range
80°F-85°F.

For all three cases investigated, the primary periods of occupancy
coincide with the periods of peak solar Toad. However, Cases 17 and 15 also
extend their periods of occupancy (periods of reduced conditioned zone
temperature) into periods of low solar load. The effects of an increased

duration of reduced conditioned zone temperature, during periods of low
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solar load, yield additional storage capacity in the roof (and floor) during
periods of peak solar load.

It generally can be concluded that by maintaining a lower conditioned
zone temperature during periods of low solar load, an increased thermal
storage effect in the roof (and floor) during times of peék solar load will

be realized.
TABLE 7

EFFECT OF OCCUPANCY PATTERN ON PLANT COOLING LOADS

Duration Of Time Of Total Daily
Internal Peak Plant Peak Plant Rejected
Case Loads Cooling Load Cooling Load Cooling Load
No. (Hours) (Hour) (Btu/hr-sqft) (Btu/sqft)
5 10 : 17 - 53.3 485.5
17 18 17 52.4 783:2

15 24 17 50.8 1053.4
Summary of the Effects of System Variables Investigated

From the data presented and discussed in this chapter, the following
conclusions may be drawn.

1. The height of the supply air inlet has a direct effect on the plant
cooling load. If supply air is introduced below the roof level, allowing
for stratification between the supply level and the roof, certain convective
loads (e.g., lighting loads, solar loads, and other loads located in the
stratified zone) will be partially isolated from the plant cooling load.

2. Although the return air duct height has a direct effect on plant
cooling load, it has an almost negligible effect on the conditioned zone

temperature.



44

3. The effects of roof construction influence not only the plant
cooling loads (peak plant cooling load and total daily rejected cooling
load) but also the time at which the peak plant cooling loads occur. A
relatively massive, well insulated roof, compared to a low thermal mass,
un-insulated roof, will not only reduce the plant cooling loads but also
delay the time of occurance of the peak.

4. The height at which the 1ight fixtures are located (in the condi-
tioned zone or in the stratified zone) will determine to which zone the
convective portion of the lighting load is contributed. If the 1ights, or
other convective Toads can be isolated {n the stratified zone, only a
portion of their total convective load will appear as plant cooling load.

5. Ventilation air flow rate and ventilating near the roof can reduce
cooling loads if a substantial tonvective load is Tocated in the stratified
zone. Also, increased ventilation flow rates during non-occupancy periods
can increase the storage capacity of the roof during occupied periods.

6. Although longer periods of occupancy do promote increases in the
total daily rejected cooling load, there is to some extent a limited
reduction in the peak plant cooling load.

7. Results indicate reductions on the order of 50% in peak load, and

40% in energy conservation, are possible.



CHAPTER VI
RECOMMENDAT IONS

This program attempts to include a wide variety of factors that
influence the air temperature within the structure, however, certain important
elements were represenfed by rather gross approximations (e.g., mass flow of
space air due to buoyancy effects).

Further study to determine the behavior of buoyancy driven plumes in
stratified environments should be considered. Particular attention should he
placed upon experimental and analytical determination of mass flows in the
vicinity of convective heat sources. Additionally, the effects of conflicting
flows (e.g., supply, return, and ventilation air flows) which may alter the
buoyant plume flow, should be carefully examined.

Before complete confidence can be placed in results acquired from ihe
transient computer program, full-scale verification of the computed results is
needed. Comparigons with data acquired from actual full-scale experimental
testing would provide the means for achieving the desired levels of confidence
in the computed results.

The intent of this investigation has been to determine the transient
behavior of stratified air conditioning systems in an attempt to aid in proper
building design. However, in the building design process, proper determina-
tion of the design heating load and system behavior is equally as important as

determination of the design cooling load. Therefore, analytical as well as



experimental investigations into the cold weather (winter) behavior of

stratified air conditioning systems is needed.
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APPENDIX A

LIST OF SYMBOLS

Significance

Units

Number of level of ventilation.
Number of ﬁpper level of supply.
Number of upper level in building.
Number of air node adjacent to floor.
Number of level of return.

Number of floor elements.

Number of air node 5djacent to roof.

Convective and radiant heat transfer at
outside of roof per unit floor area.

Heat transfer by transmission through the
walls per unit floor area.

Convective portion of 1ighting load per unit
floor area.

Radiant portion of lighting load per unit
floor area.

Internal disperse load per unit floor area.

Internal concentrated load per unit floor
area. ,

Conduction from floor to soil per unit floor
area.

Temperature of element at completion of
desired time step.

Temperature of element at beginning of
desired time step.

Btu/hr-sqft

Btu/hr-sgft

Btu/hr-sqft

Btu/hr-sqgft

Btu/hr-sgft
Btu/hr-sqft

Btu/hr-sqft

“F

°F
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APPENDIX A
(Continued)

Significance

Units

50

Supply air temperature.

Qutside air temperature.
Deep-ground temperature.

Sol-air temperature.

Size of desired computational time step.
Thickness of air element.
Thickness of floor element.
Thickness of roof element.
Density of air.

Density of %100r material.
Density of roof material.
Specific heat of air.

Specific heat of floor material.
Specific heat of roof material.
Specific heat of truss material.

Mass of truss material per unit area of
floor.

Ventilation flow rate per unit area of floor.

Supply flow rate per unit area of floor.
Return flow rate per unit area of floor.

Return flow rate from each element per unit
area of floor.

Ventilation flow rate from each element per
unit area of floor.

°F

°F

aF

F

Hour

Feet

Feet

Feet
1b/cuft
1b/cuft
1b/cuft
Btu/1b-°F
Btu/1b-°F
Btu/1b-°F
Btu/1b-°F
1b/sqft

1b/hr-sqft
1b/hr-sqft
1b/hr-sqft
1b/hr-sgft

1b/hr-sqft
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(Continued)

Significance

Supply flow rate to each element per unit
area of floor.

Circulation flow rate between elements per
unit area of floor.

Thermal conductivity of air.
Macroscopic mixing coefficient.
Thermal conductivity of floor.
Thermal conductivity of roof.
Thermal conductivity of soil.

Convective heat transfer coefficient for
inside roof surface.

Convective heat transfer coefficient for
inside floor surface.

Convective and radiant heat transfer
coefficient fcr cutside roof surface.

Transmission coefficient for walls.
Perimeter of building per unit area of floor.

Hourly internal element loads per unit area
cf floor.

Hourly convective portion of element lighting
load per unit area of floor.

Hourly radiant portion of 1ighting load per
unit area of floor.

Distributed convective floor load per unit
area of floor.

Stefan-Boltzman constant.

Floor surface density factor.

5

Units

1

1b/hr-sqft

1b/hr-sqft

Btu/hr-ft-°F
Btu/hr-ft-°F
Btu/hr-ft-°F
Btu/hr-ft-°F
Btu/hr-ft-°F
Btu/hr-sqft-°F

Btu/hr-sqft-°F

Btu/hr-sqft-°F

Btu/hr-sqft-°F
ft/sqft
Btu/hr-sqft

Btu/hr-sqgft

Btu/hr-sqft

Btu/hr-sqft

Btu/hr-sqft-°R

4
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Significance

Emissivity of floor.

Emissivity of roof.

Units

52
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DETAILED DESCRIPTION OF TRANSIENT
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CASE 3
Roof Supply Return Ventilation Lighting
Height Height Height Height Height
(Feet) (Feet) (Feet) (Feet) (Feet)
20.C 20.0 1.0 19.0 18.0
Name Of Thickness Name Of Thickness
Roof Material (Feet) Floor Material (Feet)
Roof Insulation 0.17 Floor Slab 0.33
Built Up Roofing 0.33 Soil 5.00
) Internal
Solar Supply Supply Return Lighting Disperse
Time Temp. Rate Rate Load Loads
(Hour) (°F) (cfm/sqft) (cfm/sqft) (Btu/hr-sqft) (Btu/hr-sqft)
1 76.0 1:2 1.1
2 76.0 1.2 1.1
3 75.0 1.2 1.1
4 74.0 1.2 1]
5 74.0 1.2 1.1
6 74.0 1.2 1.1
7 75.0 B 1.1
8 55.0 1.8 | 8.0 30.0
9 55.0 1.9 1.8 8.0 30.0
10 55.0 1.9 1.8 8.0 30.0
11 55.0 2.2 2.1 8.0 30.0
12 55.0 2.4 2.3 8.0 30.0
13 55.0 2.9 2.8 8.0 30.0
14 55.0 3.0 2.9 8.0 30.0
15 55.0 B 1 3.0 8.0 30.0
16 A5.0 3,4 3.3 8.0 30.0
17 55.0 3.7 3.6 8.0 30.0
18 55.0 1.1 1.0
19 55.0 0.8 0.7
20 55.0 0.6 0.5
21 55.0 0.5 - 0.4
22 55.0 0.5 0.4
23 79.0 1.2 1.1
24 77.0 | 5
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CASE 4
Roof Supply Return Ventilation Lighting
Height Height Height Height Height
(Feet) (Feet) (Feet) (Feet) (Feet)
20.0 10.0 1.0 19.0 12.0
Name Of Thickness Name Of Thickness
Roof Material (Feet) Floor Material (Feet)
Roof Insulation 0.17 Floor Slab 0.33
Steel Roof Decking 0.02 Soil 5.00
Internal
Solar Supply Supply Return Lighting Disperse
Time Temp. Rate Rate Load Loads
(Hour) (°F) (cfm/sqft) (cfm/sqft) (Btu/hr-sqft) (Btu/hr-sqgft)
1 76.0 1.2 1.1
Z 76.0 1.2 1.1
3 75.0 1l 1=1
4 74.0 1.2 1.1
b 74.0 .2 1.1
6 74.0 Tl |
7 75.0 | £ 1.0
8 55.0 1.4 1.3 8.0 30.0
9 55.0 1.4 1.3 8.0 30.0
10 55.0 1.4 158 8.0 30.0
11 55.0 17 1.6 8.0 30.0
12 55.0 b7 1.6 8.0 30.0
13 55.0 2.0 1.9 8.0 30.0
14 55.0 2.0 1.9 8.0 30.0
15 55.0 2.0 1.9 8.0 30.0
16 55.0 2.1 2.0 8.0 30.0
17 55.0 2.1 2.0 8.0 30.0
18 55.0 0.6 0.5
19 55.0 0.6 0.5
20 55.0 0.3 0.2
21 55.0 0.3 0.2
22 81.0 1.2 1.1
23 79.0 1.2 Tgl
24 77.0 1.2 1.1
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CASE 5
Roof Supply Return Ventilation Lighting
Height Height Height Height Height
(Feet) (Feet) (Feet) (Feet) (Feet)
20.0 10.0 1.0 19.0 12.0
Name Of Thickness Name Of Thickness
Roof Material (Feet) Floor Material (Feet)
Roof Insulation 0.17 Floor Slab 0.33
Built Up Roofing 0.33 Soil 5.00
) Internal
Solar Supply Supply Return Lighting Disperse
Time Temp. Rate Rate Load Loads
(Hour) (°F) (cfm/sqft) (cfm/sqft) (Btu/hr-sqft) (Btu/hr-sqgft)
1 76.0 1.2 11
2 76.0 1.2 1.1
3 75.0 1.2 1.1
4 74.0 1.2 T
5 74.0 1.2 P
6 74.0 1.2 1.1
7 75.0 1.2 1.1
8 55..0 1.4 1.3 8.0 30.0
9 55.0 1.4 1:3 8.0 30.0
10 55.0 1 1.3 8.0 30.0
11 55.0 j 1.6 8.0 30.0
12 55, 0 1.7 1.6 8.0 30.0
13 55.0 2.0 1.9 8.0 30.0
14 55.0 2.0 1.9 8.0 30.0
15 55.0 2.0 1.9 8.0 30.0
16 55, 2.1 2.0 8.0 30.0
17 55.0 2.1 2.0 8.0 30.0
18 55.0 0.6 0.5
19 55.0 0.6 0.5
20 55.0 0.3 g.2
21 55.0 0.3 1.2
22 81.0 1.2 1.1
23 79.0 1.2 1.1
24 77.0 ]s2 1.1
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CASE 6
Roof Supply Return Ventilation Lighting
Height Height Height Height Height
(Feet) (Feet) (Feet) (Feet) (Feet)
20.0 10.0 5.0 19.0 12.0
Name Of Thickness Name Of Thickness
Roof Material (Feet) Floor Material (Feet)
Roof Insulation 0.17 Floor Slab 0,33
Built Up Roofing 0.33 Soil 5:0
Internal
Solar Supply Supply Return Lighting Disperse
Time Temp. Rate Rate Load Loads
(Hour) (°F) (cfm/sqft) (cfm/sqft) (Btu/hr-sqft) (Btu/hr-sqgft)
1 76.0 1.2 1.1
2 76.0 1.2 1.1
3 75.0 1.2 1x1
4 74.0 T 2 1.1
5 74.0 1.2 1.1
6 74.0 1.2 1a 1
Z 75.0 1.2 - 14
8 55.0 1.4 1.3 8.0 30.0
9 55.0 1.5 1.4 8.0 30.0
10 55.0 1.6 15 8.0 30.0
11 55.0 1.8 Tl 8.0 30.0
12 55.0 1.8 L7 8.0 30.0
13 55.0 2.1 2.0 8.0 30.0
14 55.0 2 | 2.0 8.0 30.0
15 55.0 2.1 2.0 8.0 30.0
16 55.0 2.2 2.1 8.0 30.0
17 55.0 2.2 2.1 8.0 30.0
18 55.0 0.8 8.7
19 55.0 0.7 0.6
20 55.0 0.3 0.2
21 B8.0 03 0.2
22 81.0 Tl 1.1
23 79.0 ] i 1.1
24 77.0 1.2 1.1
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CASE 7
Roof Supply Return Ventilation Lighting
Height Height Height Height Height
(Feet) (Feet) (Feet) (Feet) (Feet)
20.0 9.0 19.0 19.0 12:0
Name Of Thickness Name Of Thickness
Roof Material (Feet) Floor Material (Feet)
Roof Insulation 0.17 Floor Slab 0.33
Built Up Roofing 033 Soil 5.00
) Internal
Solar Supply Supply Return Lighting Disperse
Time Temp. Rate Rate Load Loads
(Hour) {°F) (cfm/sqft) (cfm/sqft) (Btu/hr-sqft) (Btu/hr-sqgft)
1 76.0 T 151
2 76.0 1s2 1.1
3 75.0 1.2 Toud
4 74.0 1.2 1.1
5 74.0 1u? 151
6 74.0 1:2 1.1
7 75.0 1.2 -1
8 55.0 1.4 1.3 8.0 30.0
9 55.0 1.5 1.4 8.0 30.0
10 55.0 1:8 1.5 8.0 30.0
11 55.0 1.8 1.7 8.0 30.0
12 55.0 1.8 1.7 8.0 30.0
1.3 55.0 241 2.0 8.0 30.0
14 55.0 2 el 2.0 8.0 30.0
15 55.0 2.1 2.0 8.0 30.0
16 55.0 2.2 2.1 8.0 30.0
17 55.0 2.2 2.1 8.0 30.0
18 55.0 0.8 0.7
19 55.0 0.7 0.6
20 55.0 0.3 0.2
21 55.0 0.3 0.2
22 81.0 1.2 1.1
23 78.0 1.2 1.1
24 77.0 1.2 1.1
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CASE 8
Roof Supply Return Ventilation Lighting
Height Height Height Height Height
(Feet) (Feet) (Feet) (Feet) (Feet)
20.0 10.0 1.0 19.0 12.0
Name Of Thickness Name Of Thickness
Roof Material (Feet) Floor Material (Feet)
Roof Insulation 0.17 Floor Slab 0.33
Built Up Roofing 0. 75 Soil 5.00
Internal
Solar Supply Supply Return Lighting Disperse
Time Temp. Rate Rate Load Loads
(Hour) (°F) (cfm/sqft) (cfm/sqft) (Btu/hr-sqft) (Btu/hr-sgft)
1 76.0 1.2 1.1
2 76.0 ] i 1.1
3 75.0 1.2 1s1
4 74.0 1.2 1.1
5 74.0 1.2 1.1
6 74.0 1.2 1.1
7 75.0 1:2. I
8 55.0 1.4 1.3 8.0 30.0
9 55.0 1.5 1.4 8.0 30.0
10 55.0 1.6 1.5 8.0 30.0
11 55.0 1.8 17 8.0 30.0
12 55.0 1.8 1.7 8.0 30.0
13 55.0 2.1 2.0 8.0 30.0
14 55.0 2.1 2.0 8.0 30.0
15 550 2.1 2.0 8.0 30.0
16 £5.0 2.2 2.1 8.0 30.0
17 55.0 2.2 2.1 8.0 30.0
18 BE .0 0.8 0.7
19 55.0 0.7 0.6
20 55.0 0.3 0.2
21 55.0 0.3 0.2
22 81.0 1.2 1]
23 79.0 12 1.1
0 1.2 1.1
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CASE 10
Roof Supply Return Ventilation Lighting
Height Height Height Height Height
(Feet) (Feet) (Feet) (Feet) (Feet)
20.0 18.0 1.0 19.0 12.0
Name Of Thickness Name Of Thickness
Roof Material (Feet) Floor Material (Feet)
Roof Insulation 0.17 Floor Slah 0.33
Built Up Roofing .33 Soil 5.00
. Internal
Solar Supply Supply Return Lighting Disperse
Time Temp. Rate Rate Load Loads
{(Hour) (°F) (cfm/sqft) (cfm/sqgft) (Btu/hr-sgft) (Btu/hr-sqgft)
1 76.0 152 1.1
2 76.0 1.2 1.1
3 75.0 1.2 1.1
4 74.0 1.2 1.1
5 74.0 1.2 1.1
6 74.0 1.2 1:1
7 75.0 1.2 1.1
8 55.0 1.4 1.3 8.0 30.0
9 55.0 1.4 1.3 8.0 30.0
10 55:0 1.5 1.4 8.0 30.0
11 55.0 1.8 1.7 8.0 30.0
12 55.0 1.8 T:7 8.0 30.0
13 55,0 241 2.0 8.0 30.0
14 55.0 2.1 2.0 8.0 30.0
15 55.0 2.1 2.0 8.0 30.0
16 55.0 2.2 2ol 8.0 30.0
17 55.0 A 2.1 8.0 30.0
18 55.0 0.6 0.5
19 55.0 0.6 0.5
20 55.0 0.3 0.2
21 55.0 0.3 0.2
22 81.0 1.2 1.1
23 79.0 1.2 1.1
24 70 1.2 1.1
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CASE 15
Roof Supply Return Ventilation Lighting
Height Height Height Height Height
(Feet) (Feet) (Feet) (Feet) (Feet)
20.0 10.0 1.0 19.0 12.0
Name Of - Thickness Name Of Thickness
Roof Material (Feat) Floor Material (Feet)
Roof Insulation 0.17 Floor Slab 0.33
Built Up Roofing 0.33 Soil 5.00
) Internal
Solar Supply Supply Return Lighting Disperse
Time Temp. Rate Rate Load Load
(Hour) (°F) (cfm/sqft) (cfm/sqgft) (Btu/hr-sgft) (Btu/hr-sgft}
1 55,0 2.0 1.9 8.0 30.0
2 55.0 2.0 1.9 8.0 30.0
3 55.0 2.0 1.9 8.0 30.0
4 55.0 2.0 1.9 8.0 29.0
5 55.0 2.0 1.9 8.0 30.0
6 55.0 2.0 1.9 8.0 30.0
7 55.0 2.0 - 1.9 8.0 30.0
8 55.0 2.0 1.9 8.0 30.0
9 55.0 2.0 1.9 8.0 30.0
10 55.0 2.0 1.9 8.0 30.0
11 55.0 2.0 1.9 8.0 30.0
12 55,0 2.0 1.9 8.0 30.0
13 55.0 2.0 1.9 8.0 30.0
14 55.0 2.0 1.9 8.0 30.0
15 55 .0) 2.0 1.9 8.0 30.0
16 55.0 2.0 1.9 8.0 30.0
17 55.0 2.0 1.9 8.0 30.0
18 55.0 2.0 1.9 - 8.0 30.0
19 55.0 2.0 1.9 8.0 30.0
20 55.0 2.0 1.9 8.0 30.0
21 55.0 2.0 1.9 8.0 30.0
22 55.0 2.0 1.8 8.0 30.0
23 55,0 2.0 1.9 8.0 30.0
24 550 2.0 1.9 8.0 30.0
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CASE 17
Roof Supply Return Ventilation Lighting
Height Height Height Height Height
(Feet) (Feet) (Feet) (Feet) (Feet)
20.0 10.0 1.0 19.0 12.0
Name OF Thickness Name Of Thickness
Roof Material (Feet) Floor Material (Feet)
Roof Insulation 4,17 Floor Slab 0.33
Built Up Roofing 0.33 Soil 5.00
) Internal
Solar Supply Supply Return Lighting Disperse
Time Temp. Rate Rate Load Loads
(Hour) (°F) (cfm/sqft) (cfm/sqft) (Btu/hr-sqft) (Btu/hr-sqft)
1 76.0 1.2 1.1
2 76.0 1.2 1.1
3 75.0 1e2 i 1
4 74.0 T 1.1
5 74.0 1.2 1.1
6 74.0 1.2 g1
7 75.0 12 - - 1.1
8 55.0 1.4 1.3 8.0 30.0
9 55.0 1.4 1.3 8.0 30.0
10 55.0 1.4 143 8.0 30.0
11 55.0 1.6 1:5 8.0 30.0
12 55.0 1.7 1.6 8.0 30.0
13 55.0 2.0 1.9 8.0 30.0
14 55.0 ) 1.9 8.0 30.0
18 55.0 2D 1.9 8.0 30.0
16 55.0 2.0 1.9 8.0 30.0
17 55.0 2.0 1.9 8.0 30.0
18 55.0 2.0 1.9 8.0 30.0
19 55.0 1.9 1.8 8.0 30.0
20 55.0 1.9 1.8 8.0 30.0
21 55.0 1.7 1.6 8.0 30.0
22 55.0 1 o7 1.6 8.0 30.0
23 55.0 15 1.4 8.0 30.0
24 55.0 1.5 1.4 8.0 30.0
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CASE 19
Roof Supply Return Ventilation Lighting
Height Height Height Height Height
(Feet) (Feet) (Feet) (Feet) (Feet)
20.0 10.0 1.0 19.0 10.0
Name Of Thickness Name 0Of Thickness
Roof Material (Feet) Floor Material (Feet)
Roof Insulation 0.17 Floor Slab 0.33
Built Up Roofing 0.33 Soil 5.00
- Internal
Solar Supply Supply Return Lighting Disperse
Time Temp. Rate Rate Load Loads
{Hour) (°F) (cfm/sqft) (cfm/sqft) (Btu/hr-sqft) (Btu/hr-sqgft)
1 76.0 142 1.1
2 76.0 1.2 1.1
3 75.0 1.2 1.1
4 74.0 12 L1 -
5 74.0 1.2 1.1
6 74.0 i 1.1
7 75.0 1.2. - 1.1
8 55.0 1.4 1.3 8.0 30.0
9 65.0 TaD 1.4 8.0 30.0
10 55.0 1.6 1.5 8.0 30.0
11 55.0 1.8 1.7 8.0 30.0
12 55.0 1:8 1 57 8.0 30.0
13 55.0 2.2 2.1 8.0 30.0
14 55.0 2.2 2.1 8.0 30.0
15 55.0 2.2 2.1 8.0 30.0
16 55.0 2-3 2.2 8.0 30.0
17 55.0 2.3 2.2 8.0 30.0
18 55.0 1.0 0.9
19 55.0 1.0 0.9
20 55.0 0.6 0.5
21 55 1 0.6 0.5
22 81.0 1.2 1.1
23 79.0 1.2 1.1
24 77.0 1.2 1.1
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CASE 20
Roof Supply Return Ventilation Lighting
Height Height Height Height Height
(Feet) (Feet) (Feet) (Feet) (Feet)
20.0 10.0 1.0 12.0 12.0
Name Of Thickness Name Of Thickness
Roof Material (Feet) Floor Material (Feet)
Roof Insulation 0.17 Floor Slab D+:33
Built Up Roofing 0.33 Soil 5.00
, Internal
Solar Supply Supply Return Lighting Disperse
Time Temp. Rate Rate Load Loads
(Hour) (°F) (cfm/sqft) (cfm/sqft) (Btu/hr-sqft) (Btu/hr-sqft)
1 76.0 | 141
2 76.0 1.2 1.1
3 75.0 1.2 1.1
4 74.0 Ts2 1s1
5 74.0 1.2 e 1
6 74.0 1.2 1.1
7 750 1.2 1.
8 55.0 1.4 1:8 8.0 30.0
9 55.0 1.5 1.4 8.0 30.0
10 55.0 1.6 1.5 8.0 30.0
11 55.0 1.8 T 8.0 30.0
12 55.0 148 1.4 8.0 30.0
13 55.0 2.2 2.1 8.0 30.0
14 55.0 2.2 2.1 8.0 30.0
15 55.0 2u 2.1 8.0 30.0
16 55.0 2:3 2.2 8.0 30.0
17 55.0 2.3 2.2 8.0 30.0
18 55.0 1.0 0.9
19 55.0 1.0 0.9
20 55.0 0.6 0.5
21 55.0 0.6 0.5
22 81.0 Tud 1.1
23 79.0 1.2 1.1
24 77.0 1.2 1.1
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CASE 21
Roof Supply Return Ventilation Lighting
Height Height Height Height Height
(Feet) (Feet) (Feet) (Feet) (Feet)
20.0 10.0 1.0 19.0 12.0
Name Of Thickness Name Of Thickness
Roof Material (Feet) Floor Material (Feet)
Roof Insulation 0.17 Floor Slab 0.33
Built Up Roofing 0.33 Soil 5.00
] Internal
Solar Supply Supply Return Lighting Disperse
Time Temp. Rate Rate Load Loads
(Hour) (°F) (cfm/sqft) (cfm/sqft) (Btu/hr-sqft) (Btu/hr-sgft)
1 76.0 1.2 0.8
2 76.0 1.2 0.8
3 75.0 1.2 0.8
4 74.0 1.2 (.8
5 74.0 1.2 0.8
6 74.0 T 0.8
7 75.0 [ - 0.8 '
8 55.0 1.4 1.0 8.0 30.0
9 55.0 1.4 1.0 8.0 30.0
10 55.0 1ad 1.0 8.0 30.0
11 55.0 lsd 1.2 8.0 30.0
12 55.0 1.7 1.2 8.0 30.0
13 55.0 2.0 1.4 8.0 300
14 55.0 2.0 1.4 8.0 30.0
15 55.0 2.0 1.4 8.0 30.0
16 55.0 2.1 1.5 8.0 30.0
17 55.0 2.1 1.5 8.0 30.0
18 55.0 0.6 0.4
19 55.0 0.6 0.4
20 55.0 0.3 0.2
21 55.0 0.3 0.2
22 81.0 T 0.8
23 79.0 1.2 0.8
0 1.2 0.8
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CASE 22
Roof Supply Return Ventilation Lighting
Height Height Height Height Height
(Feet) (Feet) (Feet) (Feet) (Feet)
20.0 10.0 1.0 19.0 12.0
Name Of Thickness Name Of Thickness
Roof Material (Feet) Floor Material (Feet)
Roof Insulation 0.17 Floor Slab b 0.33
Built Up Roofing 0.33 Soil 5.00
i Internal
Solar Supply Supply Return Lighting Disperse
Time Temp. Rate Rate Load Loads
(Hour) (°F) (cfm/sqft) (cfm/sqft) (Btu/hr-sgft) (Btu/hr-sqft)
1 76.0 152 1.0
2 76.0 1.2 1z0
3 75.0 1.2 bl
4 74.0 1.2 1.0
5 74.0 142 1.0
6 74.0 1.2 1.0
7 75.0 1.2 1.0
8 55.0 1.4 1] 8.0 30.0
9 55.0 1.4 Tl 8.0 30.0
10 55.0 Y 1.1 8.0 30.0
11 55.0 1.7 1.4 8.0 30.0
12 55.0 1«7 1.4 8.0 30.0
13 55.0 2.0 1.6 8.0 30.0
14 55.0 2.0 1.6 8.0 30.0
15 55.0 2.0 1.6 8.0 30.0
16 55.0 2.1 1.7 8.0 30.0
17 55.0 241 1.7 8.0 300
18 55.0 0.6 0.5
19 55.0 0.6 0.5
20 55.0 0.3 0.2
21 55.0 0.3 0.2
22 81.0 1.2 1.0
23 79.0 1.2 1.0
24 170 1:2 1.0
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CASE 25
Roof Supply Return Ventilation Lighting
Height Height Height Height Height
(Feet) (Feet) (Feet) (Feet) (Feet)
20.0 10.0 1.0 19.0 12.0
Name Of Thickness Name Of Thickness
Roof Material (Feet) Floor Material (Feet)
Steel Roof Decking 0.02 Floor Slab 033
Soil 5.00
, Internal
Solar Supply Supply Return Lighting Disperse
Time Temp. Rate Rate Load Loads
(Hour) (°F) (cfm/sqft) (cfm/sqft) (Btu/hr-sgft) (Btu/hr-sqft)
1 76.0 1:2 Is1
2 76.0 1.2 1.1
3 75.0 1.2 1.1
4 74.0 1.2 1.1
5 74.0 1.2 P
6 74.0 1.2 1.1
7 75.0 1.2 B
8 55.0 1.6 1+5 8.0 30.0
9 A5.0 1:6 6. 8.0 30.0
10 55.0 1.8 1.7 8.0 30.0
11 55.0 2.0 1.9 8.0 30.0
12 55.0 2.0 1.9 8.0 30.0
13 55.0 2.6 2.5 8.0 30.0
14 55.0 2.6 2.8 8.0 30.0
15 55.0 2.7 A6 8.0 30.0
16 55.0 2.8 2.7 8.0 30.0
17 55.0 2.8 2.7 8.0 30.0
18 55.0 1.5 1.4
19 55.0 1.5 1.4
20 55.0 1.0 0.9
21 55.0 1.0 0.9
22 81.0 1.2 1.1
23 79.0 1.2 1.1
24 77.0 1.2 1.1



APPENDIX C

LISTING-OF THE COMPUTER PROGRAM
USING THE FORTRAN LANGUAGE



FILE: TRANS FORTRAN Al

o000 00000000 AO000O 0000 A0 AOOC0OON0N0OO000000O0

SIMULATION OF THE TRANSIENT BEHAVIOR QOF
STRATIFIED AIR CONDITIONING SYSTEMS

NOTE: FOUR AIR NODES SHOULD BE CONSIDERED THE MINIMUM
PRACTICAL NUMBER

HSAT= HOURLY SOL-AIR TEMPERATURE (DEG F)

HTS=HOURLY SUPPLY AIR TEMPERATURE (DEG F}

HTO=HOURLY OUTSIDE AIR TEMPERATURE (CEG F)

HSUP=HOURLY SUPPLY AIR FLOWRATE (CFM/SQFT)

HRET=HOURLY RETURN AIR FLOWRATE (CFM/SQFT)

HLTS=HOURLY LIGHTING LOAD IN BUILDING (BTU/HR SQFTI]
HLOAD=HOURLY INTERNAL LOAD FOR EACH ELEMENT{BTU/HR SQFT)

SOLLD=SOLAR AND CONVECTIVE LOAD ON QUTSIDE OF ROOF (BTU/HR SQFT)

RFCLD= CCNVECTIVE ROOF LOAD INTO SPACE (BTU/HR SQFT)

RFRLD=NET RAODIANT ROOF LOAD CNTO FLOCR OR ROOF (BTU/HR SQFT)

FLCLD=CONVECTIVE FLOOR LOAD [NTO SPACE {BTU/HR SQFT)

¥.LCLD=CONVECTIVE WALL LOAD INTO SPACE (INSTANTANEOUS) (BTU/HR SQFT)

LTCLD=CONVECTIVE PORTION OF LIGHTING LOAD (BTU/HR SQFT]
LTRLO=RADIANT PORTION OF LIGHTING LOAD {BTU/HR SQFT)
VENTLD=VENTILATION PORTION OF SPACE LOAD {BTU/HR SQFT}
RETLO=RETURN AIR PORTION OF SPACE LDOAD (BTU/HR SQFT)

HRO=0UTS IDE ROOF FILM COEFFICIENT (BTU/HR SQFT DEGF)
HRI=INSIDE ROOF FILM COEFFICIENT (BTU/HR SQFT DEGF)
HFI=[NSIDE FLOOR FILM COEFFICIENT (BTU/HR SQFT DEGF}

MSE=SUPPLY TO INDIVIDUAL ELEMENT(LB/HR SQFT)

MRE=RETURN FROM INDIVIDUAL ELEMENT(LB/HR SQFT)
MVE=VENTILATION FROM INDIVIDUAL ELEMENT(LB/HR SQFT)
MCE=CIRCULATION BETWEEN ELEMENTS (LB/HR SQFT)

MS=SUPPLY AIR FLOW TO ENTIRE BUILDING (LB/HR SQFT)
My=VENTILATION AIR FLOW FROM ENTIRE BUILDING (LB/HR SQFT)
MR=RETURN AIR FLOW FROM ENTIRE BUILDING (LB/HR SQFT)

PER=PERIMETER OF BUILDING PER SQUARE FOOT OF FLCCR SPACE
TRMASS=MASS CF ROCF TRUSSES (LB/SQ FT}

CPSTL=SPECIFIC HEAT OF ROOF TRUSS MATERIAL (BTU/LB DEGF)
SF=RADIATION SHAPE FACTOR

M=NQ OF LEVEL OQF VENTILATION

N=NO OF LEVEL OF SUPPLY

K=NQ OF UPPER LEVEL IN BUILDING

MRET=NO CF LEVEL OF RETURN

NLTS=NQ OF LEVEL OF LIGHTS

NRCOF=NUMBER OF RCOF MATERIALS
NFLOOR=NUMBER OF FLOOR AND SOIL MATERIALS
NN=NUMBER OF ROOF TEMPERATURE NODES
NFL=NUMBER OF FLOOR TEMPERATURE NODES
II=TOTAL NUMBER OF TEMPERATURE NODES IN MODEL
NATR=FIRST AIR NODE

KAT=UPPER AIR NODE

(FT/SQ FT}
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T FORMAT (18A4%)
8 FORMAT (12,2(3X,121,8X,F10.2)
9 FORMAT (5A4s4F10.41}

11 FORMAT {12F6,.2)

15 FORMAT (12,4(3X,1211

16 FORMAT (2Fl0.2,5F10.%}

18 FORMAT (' ',T15,'NAME OF FLOOR' T34, 'THICKNESS!
+9y 770, '"CONDUCTIVITY 'y 790, *DENSITY'sTL106+"HEAT")

20 FORMAT ('0,40X,'HOURLY LOADS FOR DAY!', 2X,12)

21 FORMAT ('Q!,6X,'SOLLD',T20,'RFCLD',T32,"RFRLD',T44,'RFST',T564,
+'FLCLD', 768, '"WALCLD',T8G,'LTLD?,T92, 'EXLD',T104, 'RETLD?,T116,
+1MUALD?)

22 FORMAT I* ',lX,'TIME'.lOIlX.'BTUIHR-SQFT'!)

23 FORMAT (' ', 1X,! L Lo p B LT ) |

24 FORMAT ('0',2x.12,1x.1011x,F11.31r

30 FORMAT ('-!,T5,'MASS OF ROOF TRUSSES '+T30.
+!SPECIFIC HEAT OF TRUSS MATERIAL',TB80,'RADIATION SHAPE FACTOR')

31 FORMAT (' ',T104'(LB/SQFT)',T35,'(BTU/LB DEGFI'!}

32 FORMAT ('0",T10,F10.4+T35,F10.4,T88:F10.4)

39 FORMAT (*11, 30X, 1844}

40 FORMAT ('=! ,5X,60(*'% 1))

41 FORMAT ('0',5X,60(0'* *))

42 FORMAT {'0',52X, 'GENERAL PROGRAM VARIABLES: ')

43 FORMAT ('=! ,10X,'SPECIFIC HEAT',T34,'DENSITY CF!,T50,
+!'THERMAL CONCUCTIVITY',T80:'MIXING",T100,"INITIALY,TL14,
+!'SIZE OF')

44 FORMAT (1 v, 12X, 'OF AIR',T38+'AIR',T56,'0OF AIR',T78,
+!'COEFFICIENT',T99, '"TEMPERATURE",T115, 'TIME STEP*)

45 FORMAT (' 1 ,9X,'(BTU/LB DEGF}',T34,'{LB/CUFTIF,T53,
+"(BTU/HR FT DEGF)!,T76,'{BTU/HR FT DEGF1',T101,
+'(DEGF)*,T118,'(HR}")

48 FORMAT ({*-1,T12,'TOTAL NUMBER QOF ', T36,'NUMBER OF LAYERS',TS8,
+'NUMBER OF LAYER!',T78,'NUMBER OF LAYER',T98, '"NUMBER OF LAYER'}

49 FORMAT (' ',T10,'LAYERS IN BUILDING',T36,'WITH SUPPLY',T&0,
+!WITH VENT' 4778, 'WITH RETURN!,T98, 'WITH LIGHTS')

50 FORMAT (*=-!,T20,'PERIMETER OF',T40,'FLOOR AREA QF',T6l,
+'OVERALL H.T. COEFFICIENT',T90, 'THICKNESS OF')

51 FORMAT {*' " ,T22,'BUILDING’ +T43, *BUILDING',T&7,'0F NALLS'.T?Z.
+'AIR LAYER')

52 FORMAT (' ¢ ,T24,'(FT}',T44,'(SQFT)*,T63, '(BTU/HR SQFT DEGF}',T95,
+1{FTIY)

53 FORMAT ('-',T772, '"THERMAL 'y T104,
+ISPECIFIC)

54 FORMAT (' 1',T15, 'NAME OF ROOF', T34y "THICKNESS!
+yTT0,'CONDUCTIVITY !, TS0, 'DENSITY ", T106, 'HEAT ')

55 FORMAT {* *,T17,'MATERIAL' ,T37,'(FT)*,
+T68,4 'IBTU/HR FT DEGF)',T89,'(LB/CUFT!’,T102,'(BTU/LB DEGFI'}

€0 FORMAT ('0%,T20,"ELEMENT',T80,!' TEMPERATURE PRCFILE")

61 FORMAT (' ', T3Q,'HEAT LOADS',T84,'0F AIR'}

62 FORMAT (' ' ,T30,'(BTU/HR SQFT)',T84, '{DEGF) ')

T4 FORMAT (' ',T30+F10.2,T80¢F10.2)

75 FORMAT (' *,T80,Fl0.2)

80 FORMAT (10" ,10XsF10,4+11XsFl0e4+11X,Fl0e4,15X,
+Fl0444 10X, F10.1, 5X+F1044)

81 FORMAT ('Q",Tls,12,T40,12,T62,12,TB2,12,7102,12)

82 FORMAT (101, T20¢F842+1T40+F10a2,TE5+FB8essT91,FBal]

83 FCRMAT ('01,T10,5A4+T31,F10.2:T71.F10.2, 788,
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+F10.2,7T102,F1Ca4)

84 FORMAT {'=!,75,'SOL-AIR TEMP,',725,'0UTSIDE AIR TEMP.',T46b,

85 FORMAT (!

86 FORMAT (' ',T10.?

+'SUPPLY AIR TEMP.',T&T,'SUPPLY RATE',T85,'RETURN RATE!',T100,
+1VENT RATE')

+1,T85, ' (CFM/SCFTY' ,T100, ' (CFM/SQFTIY)
e 11 T30, YyTE 1y "2 TET,

+! T85! mmrnia  V100 0 ')

87 FORMAT (107 T5,F1002¢T25 F 1042, T46+F1022,T67¢11042,T85,F10.2,

88 FORMAT ['0',730,'HOURLY AIR TEMPERATURES AND FLOWS FOR DAY ',12)

+7100,F10.2)

B9 FCRMAT ({'Q',T55, 'SUMMATION FOR HQUR ',[2}

(o e Bl e W' 3 CEP Ty

[ |

Rl

IO O

e ke Nl

REAL MSE(15)+MVE(15) +MREILI5),MCE(L15) +KATRyKMIX4KRFI12),L0ADI15)
REAL LTRLD,LTCLD(15) ,05(15}

REAL MS,MR, MV,RFRLD,KFL1{2)

DIMENSTON A(25,26) ,T{25),YY(25)

DIMENSION RHOFL(2) ,CPFL(2),DELXFL(2),FLNAME (5,2}, THFL(2}
DIMENSION RHORF(Z),CPRF(2),DELXX(2],ANAME(S,2],THRF( 2}
CIMENS ION HLCAD{15,24) +HLTS( 241, HSATI24) sHTO(24) ,HTS(24)
DIMENSION HSUP{24) ,HRET(24),HVENT(24]

DIMENSION DESCP(18),S0LD{7,24),SRFCLD(7,24) ,SPFRLD(T24)
DIMENSION SRFST{7,24),SFLCLD(T,24) +SWALCL(T7,24),SLTLD(7,24)
DIMENSION SEXLD(7,24) ,SRETLD(7,24%4)»SVENLDI7,24)

DEF INE GENERAL PROGRAM VARIABLES : .

TI=80.

Fede e 3 o e e sk ar Acalolt e ook e el 2 A o e ake ke e aje kol ok 3k ek

THE INITIAL FLOCR TEMPERATURE SHOULD 8E SET AT 55 DEG F FOR ALL
ACTUAL RUNS--DUP ING TESTING SET TO DESIRED VALUE

TF1=55,

Ao sk s ook e o e sk olesie i Sateale 3 Aok Ml Mok N ok ok e

CPAIR= .24
RHOA IR =,075
KAIR=.015
KMIX=0.075
PERRLT=,8C
EPS1=,30
EPSZ=.80
SIGMA=,1714E-C8

READ CASE DESCRIPTION

READ (5,73} DESCR

REAT TIME STEP VARTABLES

READ (5,8) NDsNHO,NSTP+THETA

READ FLCOR MATEPIALS

READ {5,8) NFLOOR
0O 100 [=1,NFLOGR
READIS,9) [FLNAME[J,1),J=0,5)KFLOI),PHOFLIT),CPFLLTYTHFL (T
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aoon

a0

GOOoOMNOOO0000 0

OO0

e ERE .

100 CONTINUE
READ ROOF MATERIALS

READ (5,8) NRCOF

Do 110 T=1,NROOF

READ(S,9) (RNAME(J,I),J=1,5),KRF(I},RHORF(I),CPRF{I},THRF(I)
110 CCNTINUE

REAT BUILDING VARTABLES
PEAD(5,15) K¢NyM,MRET,NLTS

READ{S,16) DELX,AREA+PER UWALL+TRMASS:CPSTL,SF
el ol ok 2Rk ok 2 ok ke Ak *k

THE NEXT TWO LINES ARE JUST USED WHEN COMPARING TCQ THE STEADY STATE
MODEL-— COMMENT THEM QUT IN ACTUAL RUNS

READ (5,100 QROOF,QFLOOR
10 FORMAT (2FlQ.4)

eafeale e oo e o e o ook e ol ek e et e o o of ok e ol ook Sk ok
REAC HOURLY FEAT LDADS, TEMPERATURES AND FLOWRATES

READ (5+11) (HSATII}.I=1,24})

READ {S5,11) (HTS(I)s1=1,2%)

READ (5511} (HTO(I)yl=1,24)

READ (5,11) {HSUP(I1,I=1,24)

READ (5,11) (HRET(I),I=1,24)

READ (5,11) (HLTS{I),I=1,24)

DO 120 JJ=1.K,

READ {5,11) (HLOAD(JJ,I):1=1,24)
120 CONTTNUE

SET ALL ELEMENT FLOWRATES AND LOADS TO ZERD AND INITIALIZE
ALL ELEMENT TEMPERATURES

13

cCooar
e

moooo—
PO

chonouon

IMITIALIZE FLOOR TEMPERATURES

NFL=MFLCCR*Z o +1
NFLL=NFL+1
DO 205 I=1, NFL
T(I)=TF{

205 CONTINUE

NN=2*NROCF+ 1
[I=K+NMFL+NN
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TRANS FCRTRAN Al

I[11=11+1
NATR=NFL+1
KAI=NFL+K
NAIRY =NA [R+1
KAM1=KAI-1

TIALIZE RCOF AMD AIR TEMPERATURES
00 210 I=NFL1,II

T(I1=T1
CONT INUE

CALCULATE THE THERMAL CAPACITY OF AIR NODES

220

225

KMl=K~-1

DO 220 T=1,KM}

YY{I1)=RHOATR*CPA [R*DELX

CCNTINUE
YY(K}={RHCAIR*CPAIR*DELX)+(TRMASS*CPSTL)

WRITE {6:29) DESCR

WRITELGE ,40)

WRITE (& ,42)

WRITEl&E,41)

WRITE(&,43)

WRITE(&444)

WRITE{ & ,45)

WRITE{6,80) CPAIR.RHOAIR KAIR,KMIX, Tl ,THETA
WRITE(6,48)

WRITE(&,49)

WRITE(&,81) Ky¢MyMyMRET,NLTS
WRITEt 6,5C)

WRITE(64E 1]

WRITE{6,52

WRITE(&,82) PER,AREAsUWALL.DELX
WRITE(&, 3C)

WRITElE,21)

WPITE{&,321 TRMASS,CPSTL,SF
WRITE(&,52)

WRITE(E, S4)

WRITE[6,55)

0N 225 I=%,NRCCF

WRITE16,83) {(PNAME{J,1},J=1,5), THRF{I),KRF( 1) ,RHMRF[I],

+CPRFI(T)

CONT INUE

WRITE (6,52)
WRITE(&,18)

WRITE (6,55)

D0 230 [=1,NFLOQR

WRITE {(6+83 ) (FLMAME(J,11,J=1,5), THFLLD),KFL(T).PHOFL(D),.CPFL(I)

220 CCNTIMUE
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alaleNe]

[zXelel (e Xg] aNeNal

OO0

REENTRY POINT AFTER EACH COMPLETE DAY
DO 1080 NDAYS=l,ND

WRITE (6,40}
WRITE (&6,88) NDAYS
WRITE (6,41)

REENTRY POINT AFTER EACH HOUR
00 1050 NHOURS=1,NHO_

WRITE (6,41}
WRITE 16,89) NHOURS
WRITE (6,411}

SET ALL HOURLY LOAD SUMMATIONS YO ZERO

SOLLD=0.0C
RFCLD=0.0
FLCLD=0.0
WALCLD=0.0
RFRLD=0.0
VENTLD=0,0
RETLD=0.0
RFST=0.0
EXLD=0.0

INTTIALIZE TEMPERATURES AND FLOWRATES FOR THIS HOUR

SAT=HSAT(NHOURS)
TS=HTS (NHOQUR S)
TO=HTQO {NHCURS)

CALCULATE CONVECTIVE AND RADIANT PORTIONS OF LIGHTING LCAD

DO 240 I=1,K
LTCLD(I)=0.0
240 CONTINUE
LTRLDO=HLTS{NHCURS)*PERRLT
LTCLDINLTS) =HLTS(NHOURS)}*{1-PERRLT])

INITIALIZE ELEMENT HEAT LOADS FOR THIS HOUR

DO 250 I=1,K
LOAD(I)=HLOADI I, NHQURS)
250 CONTINUE

THE NEXT TWO DD=-LOOPS EVENLY DISTRIBUTE THE CONDITIONED SPACE LDADS

ATL=0.0

DO 260 I=1,N

ATL=LOADIT)+ATL
260 CONTINUE

DO 270 I=1,N
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LOAD(I)=ATL/N
270 CONTINUE

THE NEXT TWO DO-LOOPS EVENLY DISTRIBUTE THE CONVECTIVE LIGHTING
LOAD INTQO THE CONDITIONED SPACE

CMG=LTCLODINLTS)

DO 290 [=1,N

LTCLD(I)=CMG/N
290 CONTINUE

INITIALIZE SUPPLY,RETURN AND VENTILATION IN ELEMENTS

HYENTINHOUR S)=H5UP (NHOURS) -HRET { NHQURS)
DD 300 I=1l,N
MSE(T)1=HSUP (NHOURS )*460 +*RHCAIR/N

300 CONTINUE
MRE(MRET)=HRET(NHOURS 1 *60, *RHOA IR
MVE(M) =HVENTINHOURS) *60.*RHOAIR
MS=HSUP({NHOURS ) *60.*RHOA IR
MR=HRET({ NHOURS)*60 ,#RHOAIR
My=MS-MR

CALCULATE CIRCULATION BETWEEN ELEMENTS

MCE{ 1) =MSE({1)-MRE(L1}=-MVE(l)

KM1=K=-1

DO 305 I=2,KM1

MCE(I}=MSE({I)+MCE(I-1)1=MRE (I)-MVE(])
305 CONTINUE

REENTRY POINT AFTER EACH TIME STEP
DO 1010 NSTEPS=1,NSTP

HRO=3,.0

DTFL=ABSITINFLI-TINAIR])
HFI=1,7* {DTFL )**,25
HRI=,35+(,30% ({MVE(M) /T=Q) *%.8)1]

CALCULATE COMMON CDEFFICIENTS [FOR AIR NODES)

Cl=THETA/(RHOAIR*CPAIR*DELX)

C6=THETA/ ((RHOATR*CPAIR*DELX )+ (TRMASS*CPSTL!)
C2=THETA/{RHDAIR*QELX)
CT=THETA*CPAIR/ ( (RHOATR®=CPAIR*DELX )+{ TRMASS*CPSTL})
C3=(THETA*{ KAIR+KMIX) ) /(RHOAIR*DELX*DELX*CPAIR}

CMS
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C5=(THETA#HFI )/ {RHOAIR*DEL X*CPAIR)
ClOo={THETA*HRI)/ ([(RHOAIR*DELX*CPAIR}+(TRMASS*CPSTL})

INITTIALIZATION OF A ARRAY

DC 310 I=1,I1I
00 310 J=1,11I1
A(T1,J0=0.0

310 CONTINUE
DO 312 I=1,IT
A(I:I1=1.0

312 CONTINUE

CALCULATE RADIATICN COEFFICIENT(FLOOR TO ROOF)

RC=(SIGMA*SF*{(T(KAI+1)+460)%*%4,=(T{NFL)+460)%%4,))
+/{({1/EPS1)1+(1/EPS2) =1} #(T{KAI+1)=-TINFLI}}

CALCULATE CDEFFICIENTS FOR ROOF NODES

DO 315 [=1, NRCOF
DELXX{I)=THRF(I)/2.0

315 CONTINUE
D1=(2*THETA*KRF({1))/ (RHORFI(1)*DELXX(1)*DELXX(1)*CPRF{1))
D2=( 2%« THETA*HRO) /{RHORF (1) *CELXX (1 )*CPRF {1} )
A(Il,11I-1)==01/(1+01+D2)
ACTILITL)={T(II})+D2%SAT)/(1+DI+D2)
Dl={2*THETA*KRF (NRCOF ) } / (RHORF ( NROOF ) *DEL XX { NROOF } *DEL XX (NROOF)
+#C PRF {NROOF ) )
D2=(2*THETA*HRI ) /({RHORF (NRCOF ) *DELXX (NROOF ) *CPRF (NROOF) )
D3=(2%THETA*RC)/ (RHORF (NROOF 1 *DELXX (NRDOF)*CPRF{ NROQOF )
A(KAT+1,NFL)=-D3/(1+D1+D2+D3)
A(KAT+1,KAL)={=-D21/(1+D1+D2+D3)
A(KAT+1 ,KAT+2)=(=D1)/(1+D1+02+03}

b P L2 2] % el A e ok k2 ke

COMMENT OQUT THIS LINE WHEN COMPARING THIS MODEL TO THE STEADY STATE
MODEL-- OTHERWISE LEAVE THIS LINE IN

A(KAI+1l, IT1}=T(KAI+1)/{1+D1+02+D3)

e e e 2geoke 3ol ek ook o skl kR ok e L
THESE TWO LINES ARE TO BE USED ONLY FOR COMPARISON TO THE STEADY
STATE MODEL--COMMENT THEM OUT WHEN MAKING ACTUAL RUNS

D4=2*THETA/ { RHORF(NROOF) *CPRF(NRDOF ) *0EL XX (NROOF })
ACKAI+1,II1)=(TIKAI+1)+QROCF*0D4) /{1+D1+D2+D3}

e a2 e ek 2ol e ok 2 ook s dfalcale ale dnals sl i ok 3 i il sl sl i i ok
NM1=NN=-1
00 318 I=2,NM1,2
KK=1/2
D1=(THETA®KRF(KK ))/(RHORF(KK ) *DELXX{ KK)}*DEL XX{KK)*CPRF[KK))
ACTI1=I,1I=-1)==01/(1+2%0D1)
A(TII1-1,111=[+1l)==01/11+2%D1)
AIII=-1,II1)=T{II1=I)/(1l+2%D1)

318 CONTINUE
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TRAQ4000
TRA 04010
TRA04020
TRAQ4030
TRAQ4040
TRAO4050
TRAO04060
TRAOQ40TO
TRAO04080
TRAQ4Q90
TRAQ4100
TRAQ4L10
TRAQ4120
TRAC4130
TRAO4140
TRAQ4150
TRAQ&160
TRAO4170
TRAQ4180
TRAO4190
TRAO%4200
TRAQ4210
TRAQ4220
TRA04230
TRAQ4240
TRAD%250
TRAQ4260
TRAO4270Q
TRA04280
TRA04290
TRAQ4300
TRAD4310
TRAQ4320
TRA04330
TRAQ04340
TRAQ04350
TRAO4360
TRAD4370
TRAQ43B0O
TRA04390
TRACG4400
TRAQ4410
TRAD4420
TRAO04430
TRAO4440
TRA 04450
TRAQ4460
TRAQ4470
TRAQ4480
TRAO4490
TRA04500
TRAO4510
TRAO4520
TRAQ4530
TRAQ4540
TRAQ4550
TRAO4560
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FILE:

(e leNel

OO0 o0

OO0 O00nNn 00

319
320

CAL

415

*ax

COM
MOD

*kk

THE
ONL

Aok

418

TRANS FORTRAN Al

IF(NROOF.LE.1.0} GO TO 320

NM3=NN=3

00 319 [=2,NM3,2

KK=1/2

KK1=KK+1
D1=(2*THETA) /(RHORF{ KK} *DELXX( KK )*C PRF (KK} )
D2=(2*THETA} /{RHORFIKKL)*DELXX(KK1 }*CPRF(KK1)}
A(IT=-I,111=1)=(=-(D1+D2)*KRF(KK) /DELXX(KK}]/
+{1+(1D1+D2)*KRF{KK)}/DELXX{KK))+( (D1+D2})*
+KRF{KK1) /JDELXXTKK1))
A(II-I4II=-1-1)=(=(D1+D2)*KRF{KK1}/DELXXIKK1))/
+(1+((D1+02) *KRF(KK }/DELXXIKKI)+( (D1+D2)*
+KRFIKK1) /DELXX{KKL)I) '
ATTI=-T,II0)=T(II=1}/(1+((D1+D2)*KRF{KK)/DELXX(KK))+
+((D1+D2)*KRF(KK1 })/DELXX(KK1)IY

CONT INUE

CONTINUE

CULATE COEFFICIENTS FOR FLOCR NODES

DO 415 I=1,NFLOOR

DELXFL{I)=THFL({TI)/2.0

CONT INUE
El=(2*THETA®KFL (1} )/ (RHOFL (1) *0ELXFL{(1)*DELXFL(1)*CPFL(1))
Al{l1,2)==ELl/ (14+2*E1)

A(Ll,ITI1)==(-T(1)-E1*TFI)/(1+2%E1)
El=(KFL{NFLOOR)*2*«THETA) /(RHOFL{ NFLOOR) *DELXFL(NFLOCR ) *
+DELXFL (NFLOOR }1*CPFL{NFLOOR
E2=(2*THETA*HFI)/{RHOFL(NFLOOR)*CPFL {NFLOOR ) *DEL XFL (NFLOOR )
E3=(2*THETA*RC)/ (RHOFL(NFLOOR) *CPFL (NFLOOR) *DELXFL(NFLOGR)}
E4=(2%THETA)/ (RHOFL{NFLOCR )*=CPFL {NFLOOR ) *DELXFL { NFLOOR} }
A{NFL/KAT4l)==E3/{1+EL1+E2+E3}

AINFL,NFL+1 )=(=E2)/(1+E1+E2+E3)
ACNFLsNFL-1)=(=E1}/(1+E1+E2+E3)

Ee EE ELL Aok

MENT QUT THIS LINE WHEN COMPARING THIS MODEL TO THE STEADY STATE
EL--OTHERWISE LEAVE [T IN

A(NFL, II1)=={=T(NFL)-E4*LTRLD)/( 1+EL+E2+E3 |

Ak E ik

NEXT LINE IS USED WHEN COMPARING TO THE STEADY STATE MODEL
Y=-WHEN MAKING ACTUAL RUNS COMMENT IT OUT

A(NFL:; IT1)=(TINFLY+E4*LTRLD+QFLOCR*E4) / (1+EL+E2+E3)

a2 ienr i ealk e o i 20 ol il i ok ol 2k R s kiR ok o
NM1=NFL-1
DO 418 [=2,NM1,2
KK=[/2
El={THETA*KFL (KK} )/ {RHOFL(KK}*DELXFL(KK)*DELXFL (KK}*CPFL{KK]))
A{L,I=1)==E1/(1+2%E])
AlT,I+1)==-E1/(1+2%E1)
ACL,IIT)=T(I)/{1+2%EL)
CONTINUE
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TRAQ4570
TRAO4580
TRAQ4590
TRAOQ4600
TRAQ4610
TRAO4620
TRAOQ4630
TRAQ4640
TRAQ4650
TRAD4660
TRAO46TO
TRAG4680
TRAQ4690
TRACSKTOOQ
TRAD4T10
TRAQ4T720
TRAQ4T30
TRAO&T40
TRAO47S0
TRAQ4760
TRAO4TTO
TRAQ4T80
TRAO4TS0
TRAQ4800
TRAO4810
TRAQ4820
TRAQ4830
TRAQ4840
TRAO4850
TRAO4860
TRAO4870
TRAO04880
TRAQ4890
TRA04900
TRAOQ4910
TRAQ4&920
TRAO4930
TRAQ4940
TRAD4950
TRAO4960
TRAG4970
TRAO4980
TRAQ4990
TRAG5000
TRAQ5010
TRAQS5020
TRAQ5030
TRADS040
TRAQS050
TRAQS060
TRAQS5Q70
TRAQ5080
TRAOS090
TRAQS100
TRAOS110
TRAQ5120
TRAGS1320
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FILE: TRANS FORTRAN Al

Ao 00

IF{NFLOOR.LE.120) GO TC 420

NM3=NFL-3

DO 419 [=2,NM3,2

KK=1/2

KK1=KK+1

El=(2%=THETA) /(RHOFL(KK)*DELXFL(KKI*CPFL (KK} )

E2=(2*THETA)/{RHOFL(KK1 1 *DELXFL (KK1)#*CPFL{KK1})

AfT+1,0)=(=(EX+EZ)=KFL(KK) /DELXFLIKK) )/
+(1+({EL+E2} *KFLIKK)/DELXFL(KK) )+ ({E1+E2)*
+KFLIKKY) /DELXFL{KKY )1}

AlI+l,I+2)=(-(EL+E2) *KFLIKK1)/DELXFL{KK1}}/
+(1+({E1+E2) *KFLIKK)}/DELXFLIKK)I Y+ ((EL+E2)*
+KFLIKK1) /DELXFLIKKL) )]

AT+, TI1 =T (1+1)/ {1+ ((E1+E2)*KFLIKK)/DELXFLIKK) )+
+({ELI+EZ2) *KFL{KKL) /DELXFLIKKL)) )

419 CONTINUE
420 CDONTINUE

CALCULATE COEFFICIENTS FOR AIR NCDES

CALCULATE FLCOR TC AIR CONVECT ICMN COEFFICIENT TO TISTRIBUTE
IN THE COMBITIOMED SPACE

DO 450 I=1l,X

D5(1})=0.0 : =
450 CONTINUE

DO 460 I=1,N

CS(1)=C5/N
460 CONTINUE

IF(MCE(1).LE.Q0.0) GO TO 500
IFIMCE{1).GT.0.0) GO TC 520

KANSAS STATE UMIVERSITY WM/SP CMS

TRAGS140
TRAQS5150
TRAD5160
TRAOS5170
TRAQS180
TRAQ5190
TRAO5200
TRA05210
TRAD5220
TRA05230
TRAQ5240
TRAQS250
TRAQS52¢60
TRAO05270
TRAQ5280
TRAQ5290
TRAO5300
TRAOS5310
TRAQS220
TRAOQS330
TRAQGS340
TRAND5250
TRAOQ5360
TRAOE3TO
TRAQ5280
TRAQ5390
TRAQS400
TRAQ5410
TRAQ5420
TRAO5430
TRAD5440
TRAQ5450
TRAQS5460
TRAQ5470

500 A(NAIR,NAIR+1)={-C3+MCE(1)*C2)/(1+MVE(1)*C2+MRE[1}*C2+C2+C4+D5(11)TRAO05480

A(NAIRy [I1)==(-T(NAIR)=LOAD( 1)*C 1-MSE{1)*C2*TS~=C4*TO~C1*LTCLD(L1})

+/11+C3+MVE(]1 )*C2+MRE (1)*C2+C4+D5(1))

A(NAIR,NAIR=1)=(=DS(1) 1 /{1+MVE (1 }*C2+MRE (1} *C2+C3+C4+D5(1)}

50 TC 550

520 A(NAIR yNAIR+1)==C3/(1+C2+MCE{1)*C2+MVE (L )*C2+MRE (1) *C2+C4+05(1))
AINAIRyNAIR=1}=(~-D5111)/(14C3+MCET 1) *C2+MVE [ 1)*C2+MRE (11 *C2+C4+

+DE11))

A(NATR, I T1)==(=TINAIR)=LOAD( 1) *C1l-MSE({1)*C2*TS=-C4*TC=C1*LTCLD(1}]

+/{1+C3+MCE[1 1 *C2+MVE (1 )*C2+MRE (1 I*C2+C4+D5( 1))
GO TO 550
550 IF(MCE(K-=1).LE.0.0) GO TO 560
IF(MCE(K-1).6T.0.0) GO 7O 570

560 A(KALyIT1l)==(=T(KAI)=LOAD(K)*CE=MSE(K)®CT%TS=CO9%TO=CH*LTCLD(K))

+/(1-MCE{K-1)%CT+MVE( K)®CT+MRE (K )*C7+C10+CB+LT)

A(KAT,KATI=11=(~-C8) /( 1-MCE{K=1)*CT+MVE (K)*CT+MRE (K)*C7+C10+C8+C9)
ALKAT ) KAT#+1 V1=(=-C10)/ (1-MCEIK-1)*CT+MVE(K )*C T+MRE (K ) *CT+C10+CB+CS)
A(KAT+NFL)==DS5(K)/ (1=-MCE(K~=1)*CT+MVE (K)*CT+MRE(K)*CT7+C10+C8+C9)
ACKALyNAIR)I=+D5{K)/(1-MCE[K=11*CT+MVE(KI*CT+MRE(K)*CT+C10+C8+C G}

GO TO 600

570 A(KAIsKAI=l)}={~MCE{K=-1)%*CT=CB)}/(1+MVE (KI*CT+MRE (K)*CT+C1l0+C8+CT}
ALKATy 111 )==(=T(KAI)=LOAD(K)*Co=MSE(K )*CT*TS=C9*TO=C6H*LTCLDIK) )/

+(1+MVE(K}*C 7+MRE (K ) *CT+C10+CB+C9)

TRAQS490
TRAQ5500
TRAQS510
TRAOS520
TRA05530
TRADS540
TRADS550
TRAODS5560
TRAQS57T0
TRAQSS80
TRAQS590
TRADS600
TRAQS610
TRADS620
TRAQS5620
TRAQS640
TRAQS5650
TRAQS660
TRAQS56T0
TRAQ5680
TRAO5690
TRAQSTQO
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AKAI KAT+1 )={=-Cl0)/{1+MVEIK)}*C T+MRE (K]} *CT+C10+CB+(9)
A(KAI,NFL)==D5(K)/ {1 +MVE[K |*C7 +MRE{K) #CT+C10+CB8+C9I)
A(KAT,NAIR]I =+DS5{K} /({ L+MVE{ K) *CT7+MRE (K)*CT+C10+C8+C9)
KMl=K-1

6Q0 DO 650 ‘I=2,KM1 ;
IF{MCE{1)+GT+0s0.ANDMCE(I~1).GT,0.,0) GD TO 610
IFIMCE!I)WoLEa0s0.ANDMCE([-1).LE.0.0) GO TD &20
IF(MCE[I)eGT+0s0+ANDJMCE({I-1).LE.0.0! GO TO 630
IFIMCE(TI}aLE«Qe O+ ANDLMCE( [=1).GT0.0) GO TO 640

610 A(NFL+I,NFL+T1+41)==C3/{1+MRE{1}*C2+MVE(])*C2+2%C3+C4+MCE(1)*C2)

TRAOST10
TRAQST20
TRAQS730
TRAOS5740
TRAOS5750
TRAOST&60
TRAOSTTO
TRAOS5T780
TRAOQST90
TRAQS5800

A(NFL+I,NFL+I-1l=(-C3-HCEII-l)*c21ll1+MRE(I?*C2+HVE1II*C2+2*C3+C4+TRA05510

+MCE(T)*C2)
A(NFL+Iy [11)=={=T(I)=LOAD(I}#C1=MSE( [ )*C2*TS~C4*xTO~C1*LTCLD(I} )/
+{1+MRE({ T }*C2+MVE ([ ) RC2+2#C3+C4+MCE( [ }*C2}
A(NFL+I NFL)==DS(I)/(1+MRE(I}*C2+MVE( I} *C2+2%C2+C4+MCE(T 1*C2}
AUNFL+I NAIR)I=+DS(I)}/ L 1+MRE( T)%C24+MVE(I)SC2+2#C3+C4+MCE([[)*C2)
IF (1.GT.2) GO TOQ 615
A(NFL+ Iy NAIR )= {=C3=MCE(I=1)*C2+D5(I})/{1+MRE(L)*C2+MVE (] }*C2+
+2%C3+C4H+MCE (1 1%C2)
615 GO TO 650
620 A(NFL+I NFL+I+1)=(=C3+MCETI1*CZ2 ) /(1+MRE[II*C2+MVE( [ 1 *C2+2%C3+C 4~
+MCE{1-1}=*C2}

TRAOS5820
TRAOQS5830
TRAQS840
TRADS850
TRAQ5860
TRAO587Q
TRAOS5880
TRAQS890
TRAQ5900
TRAO5910
TRAOQ5920

A(NFL+LyNFL+[=11=(=C3} /{1+MRE(] ) *C2<AVE( 1) #C2+2%C3+C4—MCEI1-1)*C2) TRAO5930

AINFL+T,IT1 )==(-T{I)=-LOAD( 1) *C1=MSE(T )*C2%*TS=C4*TO~-CL1*LTCLDI 1)}/
+(1+MRE(I ) #C2+MVE (1} %C2+24C3+C4~MCE( [-1)*C2} ’
A(NFL+FI NFLI==0S (T }/{L+MRE{ I 1*C2+MVE( 1) *C2+29C3+C4-MCEI][~-1)*L2)
ACNFL+T¢NAIRY=+DS(1) /{ L+MRE( I *C2+MVE {1} *C2+2*C3 +C4=MCE(I-1)%C2)
IF (1.G7.2) 60 TD 625
A(NFL+I NATR)=(=C3+DS( 1)1/ (L+MRE (I } *C2+MVE( I)*C2+2%C3+C4-MCE{I~1)
+2C2}

625 GO TO é50

630 AINFL+I NFL+I+1}={~C3} /{1+MRE[I)#C2+MVE{ 1) HC2+2%C3+C4~
+MCE( I=1)*C2+MCE(I}*C2)
AINFL+I o NFL+T>1)==C3 /U{1+MRE[I) *C2+MVE(I) *C2+2%C3+C4~MCE(I=-1)%C2+
+MCE(11%C2)
AINFL4T, II1 1o=(=T{ ) =LOADII1*C1=MSE( ] ) *C2%T S=C4%=TO=-C1*LTCLDLI) )/
+{L+MRE{ 1 )*C 2+MVE (1) 2C24+2%C3+C4=—MCE{ I-1}*C2+MCE{ [ 1*C2)
AINFL+T NFL)==D5 1)/ (1 +MRE{I)*C24MVE( [ ) *C2+2%C3+C4~MCE{ [~-1)%*C2+
+MCE( 11%C2)
A(NFL+IsNATRI=+DS(I)/ (1+MRE( [ *C2+MVE( [ )1 *C2+2+C3+C4-MCE({ I-11%C2+
+MCE{1)=*C2)
IF (1.G7.2) GO TO 635
AINFL+I,NAIRI={ *C3+05(I)II(I+HRE(1)*CZ+HVEIII*C2+2*C3+C4
+=MCE(I=-1)*C2+MCE(T)1%C2)

635 GO TO 650

640 AUINFL+I yNFL+I+1)=(~-C3+MCETII*C2)/(1+MRE(TI)*C2+MVE(])*C242%C3+C4]

TRAOQS940
TRAQ5950
TRADS5960
TRAOQS5970
TRAQ5980
TRAOQS5990
TRAQ06000

TRAOG010

TRAOGD20
TRAQ&Q30
TRAQ6040
TRAQ&0S50
TRAD6060
TRAQ&QTO
TRAQ6080
TRAQ&090
TRAQ61 00
TRAO&110
TRAO&120
TRAQ6120
TRAQG140
TRAC&LS50
TRAQG&1 60

AINFL+T,NFL+1-1)=(=C3=-MCE( I-1)*C2)/{ L +MRE{ [ )*C2Z+MVE ([ )*C2+2*C3+C4) TRAD&LTO

AINFL+I, I 1=s=(~TUI)=LOAD(T}*CI-MSE(T ) *C2%*T S-C4*TO-C1#LTCLDI 1))/
+(1+MRE(I)*C2+MVE (1) %*C2+2*%C3+C4)
A(NFL+I,NFL)==05(I)/{L+MRE(I)*C2+MVE( 1) *C2+2%C3+C4%])
AINFL+I  NATR)Y=+D5(I) /{1+MRE(II%RCI+MVE ([ ) %C2+2#*C3+C4 )
IF (1.6T.2) GO TO 650
AINFL+IyNATR)=(=C3+DS(T}=MCE{I-1)%*C2)/(1+MRE(I)*C2+MVE| 1 )*C2+
+2*C3+C4)
650 CONTINUE
c
c

TRAO&180
TRAD&190
TRAGS200
TRAGG210
TRAD&220
TRAO6230
TRAD6240
TRAO6250
TRAO06260
TRAOE2TG
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s ixEuEake]

ILE: TRANS FORTRAN Al

CALL GAUSS (II,II1,A)
Do 800 I=1,I!
TtIY=A(I,II1]

800 CONTINUE

SUMMATION CF LOADS FOR THIS TIME STEP

SOLLD=SOLLD+{SAT-T(II))*THETA*HRQO
RFCLD=RFCLD+(T{KAI+1)=T(KAI)}*THETA*HRI

KANSAS STATE UNIVERSITY VM/SP CMS

TRAQ&280
TRAQ6290
TRAQ&300
TRAQ&310
TRA06320
TRAQ6330
TRAQ6340
TRA06350
TRAO06360
TRAD&3T0

RFRLD=RFRLD+{THETA*S IGMA¥SF*{ {TIKAI+1 }+460)%*4, = T{NFL ) +460)**4, ) } TRAOS3 B0

+/((1/EPS1)+(1/EPS2)-1)

FLCLD=FLCLD+{TINFL}=T(NAIR | ) *THETA®HF [

DO 750 T=NAIR,KAI

WALCLD=WALCLD+(TO=T(I))*UWALL*PER®DEL X*THETA
750 CONTINUE

EXLO=EXLD+(MV#CPATR*T{ M) *THETA)

CALCULATION OF VENT AND RETURN LOADS FOR THIS TIME STEP

VENTLD=[MV*CPATR*{TO-TS}*THETA) +VENTLD
RETLD= (MR*C PAIR* (T {MRET+NFL}~-TS )*THETA)+RETLD
RFST=SOLLD=-RFCLD=-RFRLD+RFST

TEMPERATURE AVERAGING SEGMENT- TO SIMULATE THE
BUOYANCY FROM CONCENTRATED LOADS

905 DD 910 I[=NATIR,KAM]
XX=T(I+1)+. 1-T(I]
IF [XXeLT.0.) GO TO 920

910 CONTINUE
GO TO 940

520 DO 930 I=NATR,KAM1
IF (T{IDLLE.TII+1)) G2 T7 930
XX=(TUI)®YY ([=NFL)+T ( T+1)*YY[I+1=NFL) )/ LYY I=-NFL)+YY( I+1-NFL))
TOI)=XX
TLI+#11=XX

930 CONTINUE
GO TO 905

940 CONTINUE

1010 CONTINUE
SOLD(NDAYS,NHOURS)=50LLD
SRFCLD(NDAY SsNHOUR S)=RFCLD
SRFRLDINDAY Sy NHOURS I =RFRLD
SRFST{NDAYS ,NHOURS )=RFST
SFLCLD (NDAYS,NHOURS)=FLCLD
SWALCL {NDAY S+ NHOURS)=WALCLD
SLTLD(NDAYS , MHOURS I=LTCLD{NLTS) +LTRLD
SRETLD{NDAY S,NHOURS)=RETLD
SVENLD (NDAY S+ NHOURS)=VENTLD
SEXLDUNDAYS ,NHOURS 1 =EXLD
WRITE (6,84)
WRITE (64851
WRITE (6,86)
WRITE (6,87) SAT,TO, TSyHSUP{NHOURS} ,HRET {NHOURS) HVENT[{NHOURS)

TRA06390
TRAQ6400
TRAQ6410
TRAQ6420
TRAO&430
TRAO6440
TRA0&450
TRAD&460
TRAOG4TO
TRAQ6480
TRAQ6490
TRAQ&500
TRAOGES10
TRAO0&520
TRAQ&530
TRAQE54Q
TRAQ&S50
TRAO&560
TRAD6570
TRAQ6&580
TRAO65S0
TRAOD6600
TRAQ6610
TRAO6620
TRAD6630
TRAQ6640
TRAOQ&650
TRAOG6660
TRAQ&6TO
TRAQ6680
TRA06690
TRAOETOO
TRAQ&T10
TRAQO6T20
TRAQ6730
TRAQET40
TRAQ&TS0
TRAQ6T60
TRAQ6TTO
TRAQ6780
TRAQ&T90
TRA06800
TRAO6810
TRAQ&820
TRAQ&830
TRA06 840
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FILE:

1011
1012
1012
1050
1030

1090
1095

201

202

204
202
200

TRANS  FORTRAN Al KANSAS STATE UMIVERSITY VM/SP CMS
WRITE (6460) TRAC68B50
WRITE (6,61) TRA06860
WRITE {6462) TRA06BTO
00 1012 Ial,I! TRA 06880
IF (T.LE.NFL.CR.I.GT.KAI} GO TO 1011 TRA06890
WRITE (6,741 LOAD (I-NFL},T(L] TRADE900
60 70 1012 TRAQ6910
WRITE (6,75) T(I) TRA06920
CCNTINUE TRA 06930
CONTINUE TRAC6940
CONT INUE TRA06950
CONTINUE ) TRA06960
00 1095 J=1,ND TRA06970
WRITE (6,39) DESCR TRA06980
WRITE (6,20) J TRA06990
WRITE (6,21} TPA07000
WRITE (6,22) TRAOT010
WRITE (6,23 ) TRAQT020
DO 1090 I=1,NHO TRA070320
WRITE (6424) 1,SOLD(J,11,SRFCLD(Jy1),SRFRLD (J,1) ,SREST(J,1), TRA07040
+SFLCLD(J s 1) SWALCL (Jy 1) SLTLDU s 1) 4SEXLD(Jy 1) 4SRETLD(J, 1), TRAQ7050
+SVENLD(J, L) TRA07060
CONT INUE TRAQ7070
CONTTNUE TRAOT080
STOP TRAOTO90
END _ _ TRAO7100
SUBROUTINE GAUSS(N,NL,A} TRAJT11O
REAL AUNGNL) TPA07120
DO 200 J=1,N TF AO7130
DIV=A(J,J) TRAOT140
S=1.0/DIV TRAGT150
D0 201 K=J.NL TRANT 160
AUJ KY=ALJ, K)*S TRAOT170
00 202 I=1,N TRAQ7180
IF(I-J1 2C3,202,203 TRAQT 190
AlJ==ALT1,J) TRA07200
DO 204 K=J, N1 : TRAOT210
ACT K)=ALT,KI+ATJ*ALS,K) TRAQ7220
CONT INUE TRAOT 230
CONT INUE TP AT 240
RETURN TRAOT250
END TRAQ7260
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ABSTRACT

Concurrent with the increased interest in air conditioning large
industrial buildings and manufacturing facilities runs the desire to reduce
the costs, both initial and operating, of these systems. One method of plant
cooling load reduction-is known as thermal stratification. Thermal stratifi-
cation, in a single story high ceiling building, operates by supplying
conditioned air to only the lower occupied level, known as the conditioned
zone, while allowing the air above the conditioned zone,. known as the
stratified zone, to remain relatively unaffected.

The purpose of this investigation is to extend the applicability of
previous work to include the transient effects present in full-scale industri-
al buildings. To this end a computer program has been developed, based on the
finite-difference method of approximation, for use in calculation of building
(roof, air, and floor) temperature profiles in the presence of transient
internal, and boundary conditions. Loads are then determined from energy
balances using the computed temperatures.

Full-scale experimental verification of the validity of the computed
results was not attempted. Limited verification of the validity of these
results has been carried out. Comparisons were made to the actual
temperature profiles acquired, under steady-state conditions, from the
previous model studies. It has been generally concluded that the transient
computer program developed here provides an acceptable prediction of the

internal conditions present in a stratified air conditioning system.



Computed results indicate that substantial savings (50% reduction of
peak load) can be realized through proper location and timing of supply
air introduction and of return and ventilation air extraction. Additional
savings are possible by proper management of storage effects (e.g., roof

mass) and internal load location.



