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DESIGN CALCULATIONS FOR PASSIVE SOLAR BUILDINGS
BY A PROGRAMMABLE HAND CALCULATOR

David B. Goldstein, Metin Lokmanhekim, and Robert D. Clear
Lawrence Berkeley Laboratory
University of California, Berkeley
Berkeley, California 94720

USA

ABSTRACT

The hehavior of room temperature in a passive solar building without
backup heat is of great interest to the building designer. This paper
presents programs for card-reading programmable hand—ca]cu]ators which
compute room temperature over the course of a design day. Instructions
for calculating the input parameters, and for'running fhe programs

are given, and a briéf revfew of the fheory is provided. The program
can presently be used only for single-zone unmanaged,'direct-gain

buildings.
INTRODUCTION

Floating, or non-thermostat-controlled, room temperature in a pass{ve solar
building is an fmportant measure of the building's perfofmance. Optimally
designed buildings will provide temperature which floats within the comfort
range of the occupants without the usé of heaters or air conditioners.

Even if some supplementary heating or cooling is used, the fioating
performance of the building is of interest to the designer in -assuring

that full uyse is made of the solar energy cé]lected by a building, and

that the optimum window area is chosen.




'Sotar'energy chlected by'a passive solar building is useful only to the
extent that it either balancestheatingn]pads during sunny periods or can

be stdred for use at ndqht If solar heat dain increases’room'temperature ‘
.bevond the comfort ranqe, then the excess heat is e1ther Tost throuqh

| vent11at1on or’ e]se 1t results 1n d1scomfort In e1ther case, a des1qn
whose max1mum;temperature 1s_1ower than the designer's upper 11m1t, (e.g.,

800F (26.7°C)) is preterab]euto'one-Whichuheats up beyond this Timit.

The lowest floating temperature is -also of .interest to the designer.
The magnitude of the minimum,'and’the'time of day ‘at which it dccurs, will
'determtne,'for a given occupant's thermal‘preterencevcharacteristics, whether

supplementary heat is needed;:

Tradeoffs can be made in bu11d1ng des1gn which affect different aspects V
of float1ng temperature behav1or Increas1ng the w1ndow area increases

the maximum room temperature but may a1so decrease the minimum temperature
Adding to the bu11d1ng s thermal mass decreases the magn1tude_of daily |
f]uctUations in temperature without changing the daiTy average' Therma]-
mass can a1s0 delav the times of temperature extrema, for . a Trombe wal]

these de]ays can exceed 12 hours.

This paper presents a hand-calculator program which ‘can -be used to predict‘

the floating temperature of a building, -given a few simp]e'building parameters

and weather data. The calculations describe the building's response to

a des1gn day -- that is, a day w1th 1dea11zed (s1nuso1da1) weather Two

versions of the program are ngen, one for a Hew]ett Packard HP-67 calculator

and the other for a TeanJInstruments‘TI-SQ. Listings of the program are

given in Appendix A.

@
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The programs described heré can be run in 1éss than one-half hour; in some
cases (e.g., those in which é few parameters are varied from an initial
design), the run-time is considerably less. The methodology used in thé
programs can be generalized beyond the level of detail qvai]ab]e in the
programs . Some‘of these extensions can be done és hand calcuTations using

intermediate outputs of the programs.

Use of this program will allow the building designer to easily predict
the floating performance of a proposed single-zone, unmanaged passive
solar building. The effect on floating temperature of varying parameters
such as properties of the thermal mass and area of windows can be seen

aﬁd, thus, Optimél values can be chosen for such parameters.

The theoretical basis of the programs is described in Appendix B, and de-
tailed derivations can be found in Ref. 1. Some familiarity with the theory
will be helpful to the user of the programs, as it will assist in evaluating
the input parameters to the program. As can be seen, the theory parallels
that used in many public-domain building energy use analysis computer programs
(e.g., NBSLDZ, DOE-2%:%, TWOZONE®, BLAST®), except that Fourier trans-
‘formafibns are used instead of Laplace transformationé, and some‘additional

approximations are made.

The program has been validated by comparing its predictions with the
measurements of floating temperature performed in two passive solar test
cells at Los Alamos Scientific Laboratories.7 Predictions of the temperature
elevation (above average ambient temberature) were accurate to within

+10% of measurements at all hours of the day for two tests days (see

figure, page 27).8




THEORY: RESPONSE FUNCTIONS

This sect1on descr1bes the use of response funct1ons 1n the programs

Their der1vat1on is d1scussed Append1x B  The response funct1ons descr1be
the response of temperatures in the bu11d1ng to dr1v1ng forces such as ?_ ' -,
nsun11ght and outs1de air temperature. They are functions of frequencx

(denoted by(n);-that is, they give the effect of'regular varfations in

the driving forces at a frequency m_on'the vartat{on of bui]ding tempera-ﬂ

tures at the same frequency. The most tnteresting frequency-is generally

one cycle per day.

The surface temperatures on~thedinside surface of bui]ding e1ements (e. g ,
walls and floors) are descr1bed by the materials response funct1ons R1
and R2. These are complex-va]ued functions which are eva]uated by the
sub-programs for each building element. . R] describes the response,to‘sun{

light inside the room,-and R2_gives.the response to outside temperature.

The overa11 buf]ding performanCe 1S'described by three bui]ding'response

funct1ons A, B, and C, wh1ch are computed us1ng the Ry and Rz resu]ts for

each bu11d1ng e1ement A and c have the form of design heat 1oss rates

The A function re]ates the f]oat1ng of room temperature to heat1ng or

coo]1ng loads, while the C function describes the bu11d1ng response to

. . . ) _ ) . “%
ambient temperature variations. Response to sunlight is given by the B
function. | . S S o ’ 7 v
Room temperature as a function of time is'ca]culated using the building

response functions A, B,band C, and weather data for a design day.:



PROGRAM INPUT PARAMETERS

The passive solar programs require some simple weather inputs, and some
data on building parameters.  The building parémeters are in a form which
differs somewhat from other building models, since a simple format which

accounts for most of the passive solar effects is desired.

Before any building parameters can be'eva]uated,_the building must be divided
into a small number of different types of construction sections. Each.
construction section is associated with a surface which faces the inside

of the building. A typical house, for example, might have envelope wall

~sections, ceiling, floor, partition walls, and windows.

If.a section is of thermally light construction (e.g., a window or a wall or
floor with an insu]atfng material on the inside) the 'U-value' (overall

heat transfer coefficient) should be calculated, and no further data entries
are needed. If a section is heavy (e.g., masonry construction; solid wood,

gypsum board), then more detail is needed.

A heavy wall is divided conceptually into two layers: a thermally massive,
inside-facing layer (e.g., concrete walls or floor) and an outside insulating
layer (e.g;; foam insulation plus sheathing or dry soil). For the inside
thermally massive layer, data are needed on conductivity, heat capacity

per unit volume, and thickness of the massive layer. For the insulating
layer, only U-value of the insulation is needed. If there is no exterior

insu]atidn, the outside film coefficient is used.




For thermally massfve elements connected to the room by an insu]étihg
laver, such as face.brick oﬁ the outside of an insulated wall, the
therma] masé of the.ther layer 1s\ignoréd. For wa]]s with two 1ayers
of similar but not exactly equal thermal properties, such as drywall or
p1aster on soiiq wood, averaged parameters are used as an apPrdximation. | f o
For'examp1e, a 4-inch wood wall covered on the'Qutside by sheathing -and
on the inside by 1/2-inch plaster may be considered as ‘a 4-1/2-inch wall
with an insulating layer outside whose -resistance is equal to that of the
sheathing plus the outside air film. .The properties of the thermal mass-

are ‘the weighted average brdperties of the wood and p]aster.*

Walls which cannot be,approkihated by this two-layer method are beyond . -
the scope_of the present brograms because different formulas are-needed-

to evaluate their response functions Ry and R,. Hand calculation methods
which can compute these response functions are discussed in Ref. 1,
appendix.2.4. An ekamp]e 6f such7aV§ection might be a 1-inch-thick wood '

panel covefing‘the inside of an 8-inch concrete wall or floor.

The program'i;.faétest to run when the number of different surfaces or.
sections fs'minimizéd.- The TI-59 program can only treat three different
sections. To reduce the number of sections, differenf walls or floors -
with simiTlar thermal properties can bé combinéd fhto a singlé ;ection;
and sections which‘are‘much lighter than the rest of the house can be

considered 1ight} : - ' | , | | .

To make the whole wall's U-va]ue come out correct, one should average
the inverse of conductivity rather than conductivity itself.



One can, for example, combine 4-inch frame éhvelope walls, é—inch frame
ceilings and floor, and 4-inch frame partition walls into a single section

(call it a 6-inch frame wall) if the outside Tayer's U-value (U.) is adjusted

Y\)
such that the heat transfer coefficient is the same as it would have been
if each'section were treated separately. (See Appendix E for an illustration

of this process.)

In detailed building energy use analysis programs,.such és 5OE-2; NBSLD,
BLAST and TWOZONE, frame walls are comsidered as two different sections; one
with the properties of the solid wood (stud) fraction, and the other with

the properties of the insulated section. This approach will also work in the

hand-calculator programs, at the expense of adding an extra surface.

Once the number of Suffaces has heen established, thé user must estimate
how much of the solar radiatioh entering'fhe house 1is ébsorbed on each
surface. The fraction'of solar gain absorbed on é surfacé is designated by
a. The sum of a's for ai] heavy surfaces is less than one, because some
fraction of the sunlight is absorbed by light surfaces or furniture. This
fraction is released immediéte]y to the-room, and is called op -

There afe at present no simpTe méthods.for determ%ning the values of the
a's from theory, even for simple room geometries. For complex geometries,
even the detailed computerized methods break down. Empirical evaluation

is a possibility. Fortunately, building performance does not appear to

depend crucially on the exact evaluation of these parameters.

As a rough guideline, for a dark floor and light walls and ceiling,

%“f1oor = .45, oLenve]ope walls = .10, 0L'partition walls = -20, %ceiling = .10,

o = .15, These estimates are based on computer runs using the "Lumen




" program9 to calculate radiatiqn balance for a prototype passive solar

room in winter.

If the walls are dark, this changes to: %fioor = .30, Cenvelope walls = .20,

%partition walls-=.35, 0ceiling =.05, ap =.10.

Following is a list of input parameters needed.

For

each massive surface:

K- The thermal conductivity of the inside massive layer (in Btu/OF-
ft-hr). '(Note that many handbooks express K in other units;-such-as
Btu- in/OF-ft2-hr). | ' | |
pc - The heat capacity per unit vd]ume,(Btu/OF-ft3).. This is usally
_obtainedlby_finding theidensity_ p.and specific heqﬁ'c from'handbook
tables, and multiplying thesevva1yeé. oé = ¢ for wood and varies
.frqm about-15:t6v30 for‘concrefe ]

d - The thickness (in feet) of the mass1ve part of the section.
.For the part1t1on walls use half the wal] thickness.

h - The 1ns1de f11m heat transfer coeff1c1ent coup11ng the surface

to the room air (1n Btu/OF-hr-ftZ). A typical value is 1.5, although

- sparsely furnished buildings withifew partition walls may'havé lower

values (v1). -

U. - The U-value of the resistance between the outside of the massive

r
part of the sectiopzand the ambient air (in Btu/OF-ft2-hr). Typically,

Ur = 5 for 'a bare thermal mass or about 0.1 for an insu1ated mass.

Concrete slab floors on grade with perimeter insulation have Ur v

0.01. For partition walls, Ur ='0.

r



e o - The fraction of solar energy entering the house which is absorbed
on the surface (including multiple ref]ections);_ a is dimensionless.

e A - The total area of the surface facing the room (ft2).

For tﬁe whole building:

A

] Uq - The design heat loss of the bui]ding,pek degree tempergture
difference through all quick heat transfer mechanisms, including window
heat loss, infiltration loss, and conduction through quick constfuction
sections (in Btu/OF-hr).

® op - The fraction of solar enefgy entering the house which is absorbed
on light surfacés, furniture, carpet, etc. (aR is dimensionless.)

® H - The daily average heater output plus internal loads (Btu/hr),

Typica11y, internal loads are about 2000 Btu/hr for a residential

unit in the United States.

Weathér parameters:

® w, - Daily frequency: 2r radians/24 hr.

° fd - The length of the day (in hours) from sunrise (or time of first
solar gain through the window) to sunset (or time of last solar gain).

e [S;| - Amplitude of daily solar gain thrOugh'thé windows (Btu/hr).
In practice this is obtained by requiring that daily total solar gain
is correcf; that is, fIS]lsin w]t equa]svthe daily solar gain.

Thus

S =_"_ x daily solar gain
1 2%

Daily solar gain can be obtained for a sunny day from ASHRAE solar

10

heat gain factors, or it can be approximated by multiplying window
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transmfssivity by'measured solar heat flux on a surface oriented in

the same direction as the window. Typical winter transmissivities

for eouth-facing windows are ~0.85 for Single-pane,v0;75_for double-
pane, and 0.65 forvtrip1e-pane»g]a$sl To mode1'e1oudy'days;fthe value
~of Sy must be reduced. Solar gain through a11;w1ndows is considered

in computing Sl.' Errors can result tf east or west window area is

large compared to south window area.

. TA - Average ambient temperature in OF;
e |A TAl - The amplitude of diurnaI\temperature_fluetuations'(OF) or
one-half the difference between maximum and minimum temperature.

° ty - The, number of hours between sunrise aﬁd maximum ambient

temperature Note ‘that minimum temperature is mode]ed as occurr1ng

. 12 hours from max1mum, so choose t¢ for best overa11 f1t of
sinusoidal temperature, S )
Ty = TA'+ATA,COS(wo(t't¢))
to real temperature. |

® S - For a weather cycle in which Isll varies sinusoidally from

day to day, the average va]ue'bf,lsil,'(Btu/hr).

' AS, - For a weather cycle, the amplitude of'variatidn'of Y

over the cycle, (Btu/hr).

® u, - Frequency of weather variations (in radiang/hr). Wy is smaller

than g typically Wy =- lu,. |

® ATA - Amplitude of weather cyc]e variation 1n ambient temperature

(°F)
e t_ - The time in the weather cyc1e at which the ambient temperature

a
is maximized (hrs).
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® t. - The time in the weather cycle at which solar gain:is maximized

(hrs).

Results of weather cycle variations are not presently computed in the HP-67
program; however, the respdnse functions can be obtained from the program
and the weather cycle response may be computed by hand, as discussed in

the HP program description.
PROGRAM OPERATION

This section describes the operation of the program from thé point of
view of the user. It assumes fhat the user has already eva1uatéd a11 the
building and weather parameters. A more detailed description of-the HP-
67:and TI-59 programs is given in'Append{x C. A listing ofAthé programs
will be found in Appendix A. ‘The HP-67 program and the TI-59 program are
différent in structure, so they are described separaté1y be]ow.' The

instructions must be followed exactly to assure correct output.

To check the performance of the prbgrams and the selection of input para-
meters, a sampie problem is set up and solved in Appendix E.

HP-67 Program

This program consists of three sub-programs. The first, sub-program
'R1p', calculates the Ry and Ry functions for a surface, given the building
parameters for its construction section. The functions as evaluated at

five frequencies (0, Wyys W 2w0, and 3w0) and the results are read out

0’

on a data card. This program is run once for each surface.

The results on the data card produced by this program are valid for any

material surface with the same construction as the one computed, so that
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if many runs are to be made on buiidings_of similar constructfon, the user
may wish to build up a library of R12 data 6ards for common]y,uéed construction

sections.

For construction sections beyond the scope of the'Rlz sub-pkogram, response
functions can be computed manually and written onto‘data cards to bhe used - -

in the rest of the calculation.

The-second sub-program, 'ABC', computes the Building Response Functions
fromlthe>data stored on R12 daﬁa cards, 'chh,data'card is read into-the
ca1cu1atof bncé;_some édditibna1 data are eﬁtered,-énd the calculator computes
'theieffects of the n;w surféce on A, B,'ahd C. Ahy'number of surféces»

E may be used. Wheh tHe ABC sub-program is comp]etgd,'the resﬁlts a;e written

on a data card; the card contains A and B.(evaluated at all five fréqdéncies)

and C(ww and wo).- Note that C(0) = A(0). N

The final sub-prdgram, ‘TR‘, takes the data from thev'ABC' sub-pfogram and

computes coefficients of ein from.Eq. (Bll) in Appendix B. The pfogram

next eva]ﬁates tﬁe temperafure for each houf of'the desigh day ﬁsingl(éll)._

It displays t, the‘giﬁe (ré]ative to sunrise), for one second; then disb]ays

Tp(t) for 5 seconds (or prints it); then displays t for the next hour and

the new Tp+ The first time ahd temperature disp1ayed'COrrespond to (solar)
midnight,'the second to 1a.m.,uetc, The coefficients Qf.Eq..(Bli)'used to o

evaluate Tp are retained in memory.

At present,‘thé éffects of internal load and heater butput must be added
manually by reading A(0) from the ABC data card, decoding the entry using
subroutine 'd' of the_ABC or TR sub-programs, and adding the temperature

difference H/A(0) to the results for Tp. Response to weather cycles longer
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than one day must also be computed manually, as described at the end of

the TR sub-program.
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7512 sub-program: Run this once for each material. Angle mode must be

set to ‘radians’'.

1) -Enter Input: w,. in STO A

0
w_Q in STO B <w_o is the '.period of the weather'-cycle in dé'ys>
Wy W, :

| K in STO 1

pc in STO 2
d in STO 3 .

h  in STO 4

U. in STO5

. 0 (zero) in STO I.

2) Press E.
Wait 2 minutes.

-Program will stop and read ‘Crd' in display.
3)  Feed in blank data card (both sides).

Note that the data card applies to this particu]ar material.

Output:

_ The output'Rl and R2 are encoded; can be interpreted with D routine
of ABC program. The 'D' routine places the maghitude of Ry or R, in the

'x' register and the phase angle in 'y'

*Program will not run if this storage register contains ]zero'.

-



15

R;(0)  in STO O
Ry(0) in STO 1
Ry(w,) in STO 2
Ry(w,) in STO 3
Ry(w,) in STO 4
Ry(w)) in STO 5
Ry(2w,) in STO 6
Ry(2w;) in STO 7
Ry (3w,) in STO 8
"Ry (3w,) in STO 9.

ABC sub-program: Run this once for the whole building after all Ri2 dat&

cards have been obtained. Angle mode must be set to

‘radians’.

1) First: press E.
| Calculator will display '8'.
2) Press 'g' MERGE (or 'f' MERGE on HP 97).
3) Read in Ryp data card for 1lst material.
4) Input h in STO A
A in STO B y  for the 1st material.
o in STO C |
5) Press R/S; waitn 2 minutes.
Calculator will stop and display '8'.
6) Repeat steps (2) - (5) for each surface.
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7) After inputting all Rip data cards,

A

enter Uq in'STO.A
aRlin STO B. _
‘Set Flag 0 (press"h' ISF' '0').
8)V;Press R/S; wait v2 minutes. |
Djsplay will read 'Crd'. -
9) Feed in blank data card for ABC data.
| Note that output is encoded. Output for A and C can be decéded using
by pressiné 'd'. Output for B can be . decoded by pressing 'D' The
magnitude of the'feSponse function‘appears in 'x' register and the
phase angle in‘thé 'y' register.
"0utput;. , A(d) iﬁYSTOnO
| © B(0) dnsTOl
A(ww) in STO
'B(w,) in STO
A(Qo) “in STO
B(w,) 1in STO
A(ZMO) in STO
B(2ub) in STO-
' A(3w,) in STO

W 0O ~N o G &>»® W ™N

'B(3w,) in STO
C(w,) in STO 10
Clw,) in STO 1L,

Ié(t) sub-program:

1). Read ABC data card. (This may be unnécessary if ABC has just been

calculated.)
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2) Press P<«S,

3) Enter weather data
0 (zero) in STO I
|ATy  in STO 5

o ty in STO 6
* .
td in STO 7
Sy in STO 8
Ty in STO 9
w, in STO C. : -

4) Press 'E',

Output: After v1 minute ca]cu]atbr_wi11 flash for 1 sec the time* at
midnight, then for 5 sec, the temperature at that time; then flash for
1 sec the time 1 hour later and flash for 5 sec the temperature at 1 a.m.;
etc. Note that these tehperatures do not include the effects of internal

loads or supplementary heat.
On HP 97, hour will flash, TR will be printed.
T also provides the following coefficients from Eq. (B11)

syl d, %{8% in  ST0 0

o S - 'Bﬂuw) .- o i

| $4 ds L\ in STO 2 -3
(4 '

Proqram may fail for td =6 or 12; if there is a prob]em, try 6 or
12+,001.

*Relative to sunrise.

i

Magn1tude of complex number is in the first register; argument is
in the second.
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(w '

-|51|. % Ay o n STO 4-5
.’I51.l d, ;gﬁo')f i Sfo 6-7

; wo B | » |

IS, dy ;g-:)ﬂ)y in STO 8 - 9*

. ‘ 0 R h :

C(ww) . . . *
m ’fln | ._STO 10 - 11
| Clwy) © in sT0 12 - 13*
Au, )" ) S

Subroutine D of Tp decodés representations of Rl,'RZ,'and B into polar

format.

Subroutine d of‘TR decodes representations of A and C.

Calculating response to weather cycles:

As discussed in Appeﬁdix D, only three tefms néed;be added to the daily
responée calculatignﬁto:gompute_response;on;any.given qdy;of’a,weatﬁer
cycle. These.tefmﬁ are'given ih Eq. (04) of Appendix D,'"Lohg—ierm Weather
Response.ﬁ | | | _ .
“To perform the compdtation; set ISI! equal to the amplitude of solar gain

on the day in question:

. ISll - S+ AS, cos w, (t-t.)

where t is evaluated at noon of the day of -interest.

*
Magnitude of complex number is in the first register; argument is in the
second. ‘ o 3
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TA is set equal to the average temperature for the whole cycle. The
program is then run and results recorded for TR‘at each hour. To these

results are added the three terms from Eq. (D4).

The first term, (S - |S;|) B(0)/A(0) d,, is computed by pressing RCL O

o’
and multiplying the result by (§ - ]Sl|)/|Sl|; This temperature change’

is added to TR at all hours.

t'té); is obtained as follows:

Thelsecond term, ASW B(ww)(A(ww) d0 eiww( |
Compute ww(f-ts) and then enter '1', Press RCL 3, then RCL 2. Press 'B!
for complex multiplication. Then multiply thé result by AS /|Sq|to get
the complex number represented by this term;' The temperature change is
the real part of this number; Press - R and read the result from the x
register. In principle, this result is different each hour of the day,
but the variation is usually so slow that only two or three hours need

“be calculated; the rest can be obtained by linear interpolation.

jwy(t-t

The third term, ATA Clw )/Alw, ) e ‘w( a)
W W W

t-t

, is obtained similarly

to the second. w

a)

w( is computed, then 'l' is entered. The programmer

presses P«—S, then RCL 1 and RCL 0, then (subroutine) B. The result is

mujtip]ied by-ATA and the real pdart taken by pressing -R.
W _

Addition of these three terms completes the calculation of response to

long-term weather.

TI - 59 Program

This program consists of two sub-programs, PSA-1 and 2, which take input data
on the building and weather and compute building response. The response

is calculated at each frequency, and the results added cumulatively.
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‘When the next term changes the results by a'sufficiently.small.amount,v
usually when the frequency is greater than 3 cycles per day (m-> 3w0), the

‘user terminates the calculation.

The first,sub-program,~P$A-1,.accepts at1;thevbui1ding parameter data and
most. of the‘weather data in its firstvsteps.v It calculates and.displays'

the steady-state room temperature response of the budeing, then Fourier
ana]yzes the solar ga1n function S (t ) into its amp11tudes d These resu]ts
are d1sp1ayed (and pr1nted) by the ca1cu1ator, and must be retained by

the user for manual entry in PSA- 2

The secohd_sub-program,hPSA42 uses the:data which were stored ih the memory
registers by PSA-1, and the d's generated from'PSA-l. The program calculates
the room:temperature~component at a given frequency,. then adds'these»results
to the sum of those previously computed at otherrfrequencies.f After four '
to five passes through this program, the results for TR( ) converge to.

the finat ahswer. To get the room temperature, the user must input the

_ steady state term computed in PSA 1.

This program expresses the time de]ays-somewhat different1y than they are
defined in the parameter'section of this.paper., It.uses the variable ¢

. to represent the phase delay (in hOUrs)‘of a given weather term.

° ‘For the ATA terms, ¢ = - (the number of hours from midnight to
the time of the temperature max1mum)

o For the ATA term, ¢°'= - (the number. of hours from the beg1nn1nq
of the temperature cycle to the time of maximum temperature).

9. For the ASw termv¢ = - (the number of hours from the begthning

to the weather cycle to the maximum of solar amplitude Sl)'
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® For the ISll solar terms, ¢ = - (the number of hours from midnight

to sunrise).

Note the negative signs in the definitions of all ¢'s.

PSA-1 sub-program instructions: (using Master Library module)

1) Read in program by entering 1, then pressing INV 2nd WRITE and feeding
in the first side of the card. Next, enter 2, press the same keys,

and read in side 2.

2) Choose the surface (i=0,3) for which you will enter the parameters.
Surface 0 refers to general parameters such as ISll and Gq. Up to

three surfaces are allowed.
2a) Enter surface number (i) and press E. Calculator will display. '20'.

3) Enter parameter in order for surface i

(0) “Enter d, or 1511 Press A
(1) Enter (%E) i or ‘ﬁq Press A
(2) Enter hi or TA Press A
(3) Enter K, or m/ty Press A
(4) Enter (pC)i or H : Press A
(5) Enter o or ag Press A
(6) Enter A; or ATp .‘ Press A

Then return to Step ?a.

3b) To correct a parameter, return to step (2), and enter the number of
 the surface; then press E and enter the substep number shown in

step 3 (é.g., *4' for pc) and press B, then enter the correct’
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parameter value and press.-'R/S'.
4) Enter the‘nUmber of surfaces .used; press E. Calcu]étor will display '20‘.
5) Press C;bca1tu1ator computes H/A(0) and prints result.

6) Press 'R/S'; calculator combutes and adds steady-state ambient

temperatureyanduprints ?A.
7)  Enter td*; press R/S.._CalcuTator prints dolsll B(0)/A(0).

8) Press 'R/S'. Ca]cu]ator'prints'steady-state’component of TR. Record:

this value for future use.

 9) Compute Fourief components of sojar gain dh for. each freduency 6f

interest 'n'. | | '

a) Enter n (you will need n=1, 2, and 3 in most cases).

b) Press D*. |

c) Calculator displays Im(dn) (imaginary part of dh)’ Record this
value for later entry. o | '

d). Press x<—t.

e) .Ca1cu1atdr displays Re(dh) (rea1 part of dn):
Récord this value for:later keybbard entfy.

f) Go back to step 9a) and enter another value of n.
10) Press 2nd D; calculator computes and displays do.'

11) Keep calculator on and run sub-program PSA-2.

' *Forvt ='6, 12, or few other values, célcu1ator will attempt to divide
by zepo, resulting in an error. If this happens, re-enter td as .001
larger or smaller and try again. . v
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PSA-2 sub-program instructions:

1)

2)

Read in PSA-2 (after having run PSA-1 to £i11 the calculator memories
with data). Enter 'l', press INV 2nd WRITE and feed in the first
side of the card, Then énter 2, préss the same'kéys, and read in

side 2.

Run through steps 3 - 10 once for each frequency of interest

(except w=0). Choose a frequency w.

Computes Rq(w) Ro(w), and A(w) B{w) and Clw).

‘Enter the period length in days (w,/w); préSé A.

Calculator will display Im(Rl(w)) for the first surface.
To see Re (Rl(w)), press 'x«—t'. ’

To see Re (Rz(@)), press RCLv10.

To see Im (Rz(w)), press RCL 11..

Press R/S. (If Ry or R, has been examined, press R/S twice.)

For two or more surfaces press 'R/S' to compute Rlland Ry for each
surface. Display is as shown'in Step 3.
Press R/S

Compute ambient temperature term at'frequency w., If there is no

 such term, go to step 9.

Enter AT, or IATAWI.,

Press B.

Calculator displays Imaginary Part of weather term. To see real part,
press 'x<~—t', To see the term hour by hour, press 'R/S'. Calculator

flashes time for 1 sec and temperature from this term for 4 sec.




24

8) Enter ¢ for\the!weather term, press E; calculator will djsp]ay"Z'.
"9) To oompute so]arvterm at frequency. w, enter.Re(dn)'and press C.
(Ifiw = w,, enter db). Enter Im(d ) and press JR/S‘._ Ehter |51| or
IASwl'and press 'R/S.
Calculator will display tmaginary part of solar term at frequency w.
Press 'x+—t' to see real partt B |
To see the term hour-by—hour, press R/S; calculator flashes hour
. for 1 sec and so]ar term for 4 sec.
10)  Enter ¢ for solar term, press E. Ca]cu]ator will dlsp1ay '2"
11)  Go back to Step (Zl,andiruh,through the program for another frequency.
12) If all freqoencies of interest have been‘run,>enter Ovand press
| STO 23 and STO 4. Then enter the‘steadyfstate.part of T, obtained
from Step 8 offPSA-l and press STO 3.3-Press E, then press D and
ca]cu1ator will print Té(t) for every other:hoor‘of the day beginning
With midnight;"lf*ho printer is.available,"these 12 temperatures are

found successively in RCL 48-59.
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" APPENDIX B: Theory

This section describes the mathematical model which is the basis for the

programé. The model looks ét'fhe-responSe of interior (that i§,Aroom-sidé)

surfaces. of building e]éments, such as envelope and partition walls, on whfch'

solak heat may be:absorbed; An equation is deve]oped'to desCribé the résponse ;
of material sufface temperatureé.fo weéther variéb]es in terms of Fourier :

materials response _functiohs'R1 and RZ’ which are evaluated in the programs.

Next, the room temperature-respOnSe is computed from the surface temperatufe
results. Room temperaturé'can be given as a functfon of weather Variab]es
in terms of three Building Responée»Functions, called A, B, and C. These

functions are also evaluated in thevpkdgrams.[

The final reéu]tg for room temperature are derived from'the‘wéAther descrip- -
tion and the Building Response Functions, énd hourly temperature is disb]ayed

or printed by the programs.

We now proceed to the theory,

Solar enefgy:enfering a direcf;gain building passes through the room‘air'
until it reaches a surface (e.g., a floor). When it strikes the surface,
'some fraction is absorbed and the rest is reflected. The reflected
component'eQentUa11y is absorbédvon some surface. The fraction of sunlight
which is-absorbed a given surféce depends on the sun.angles'an& room geometry
ih a very complex way. We assume that the_interné]'so]ar radiation balance
is aTready known, either from airect méasuremént or through‘Simulatfon;

and that the amount of shn]ight absorbed on a surface "j" is given by

+
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o S,‘where S is the total amount of sunlight enteking the'building (in

watts or Btu hr'l).'

For each surface "j", the surface temperature, Tsj’ can be determined by

a surface heat balance, which is expressed as:

" A aTj(x,t
AiTs5TR) = Ak =51

where

h; is the combined radiation/convection film heat

J _
transfer coefficient for the jth surface (watts m'2
oc™! or Bty hrl ft'? ofly,

Aj is the area of the surface (m? or ftz),

TR is the room temperature, (°C or °F),

' Tj(x,t) is the temperature distribution within

the jth material, (°C or °F),

Kg is the conductivity of the jth material (watts

ml oc=l or Btu hrl of=1 £¢-l .

%3 js the fraction of sunlight absorbed on the jth

surface,

x is the distancevinto the materia]_ (m or ft), énd
S is the solar gain transmitted through all the windows

(watts or Btu/hr).
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fhjs eduatton sets heat-losées from;the_Surfaeev(1eft-hand side ofu(Bl))_v
| equal to heat gains (right-hand side). It assumes that the,surﬁace
transferé heat directty to the room air, rather than beihg in'radiative
contact w1th other surfaces, which resu]ts in a substant1a1 s1mp11f1cat10n
of - the computat1on effort, B2.- o | o o

Heat-f]ows within a material.satisfy the diffusion equation:

2TJ(X t) (00) aT;(x,t). | , |
K5 A B 1 - (82)
where (pc)j is the heat capac1ty per unit volume of the Jth mater1a1
(watt-hr °c “In=3 or Btu oF~1 ££73).B3

Equations (Bl)'and (B2) describe heat-t{oWs at the inéide'surface of a
material and in its interior; at_the‘outsjde surface we assume that'the
material is coupled to the ambient air (at temperaturevTA) by a pure
resistance which can be described by a heat transfer eeefficient Ur'

(For an uninsu]ated‘materia[ thislcoeffjéient is jUst.equal to an exterior
surface film coefficient).. | ‘

This descr1pt1on a]]ows the so1ut1on for surface temperatures in terms
. of the~dr1v1ng forces of so]ar_ga1n,and ambient temperature. This solut1on

can be written in simple form if‘Wealook at the amplitudes of temperature

(and solar) fluctuations at a steady ha}mohiq'frequency; The result can -~ o

be expressed as:

where le and sz are frequency-dependent response functions whose forms-

are given in Table Bl. These response functions give all the information
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needed to describe the thermal behavior of theAmateria1 and its surface.

They are evaluated and can be displayed ih'the programs.

Response functions are computed for all surfaces of materia1s with significant
thermal mass. They would be needed, for example, for surfaces of mason;y
materials, and also for surfaces of wood or drywall if the house is

relatively lightweight. For surfaces of materials with little fherma]

mass, such as upho]stefy furniture, thin wood,  carpet, insulation, etc.,

no computation of response functions is necessary. Solar absorption on
these_surfaces is accounted for by the parameter ap, which appears helow

in Eq. (B4), and represents the portion of solar energy absorbed on light
surfaces. If the light weight surface is an eﬁve]dpe wall, the U-value

of the wall is computed by conventional methods. The sum of U-value times
areas for all thermally light elements, including windows, is added to

the heat loss rate due to infiltration, given by the heat capacity of air
(0.018 Btu/°F-ft3 at sea level) times the volume QfAthe building (in ft3)
times the air’change rate (in air changes .per hour), to produce a single

term, called U which describes a11‘quick heat transfer. Heat losses

q°
through massive elements are already taken into account in the R2 functions.
In most cases, only a few.sets of response functions need be evaluated.

For example, if both wai]s and floor are made of masonry with similar thermal
properties, they can be combined into‘a single surfacé. No distinctiqh |
need be made between directly solar-illuminated materials and those in

the shade -- all that is required is .that the total solar absorption on

the surface be correctly specified kas a fraction of total solar heaf gain

S)..
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We combine the surface temperature results into an expression for room

temperature using a heat balance for the room air. This is given by: -

20 TR=Tyg) 0 Tp=Ta) =g s 0 (89

M=

where .
hy = hj,AJ, y
H is thé heater output,
ap is theifractfon'onSUnlight absorbed directly into'the'room ,
~éir or on the surfaces of;light;weight:objécts (e,g.;'uphd1sfery),
ﬁq is*the‘qufck’hgatltransfer/coeffﬁcieht, the sum of U\valueg
. time areas for all pure conductqnces-(e.g.,'windows) plus the

Tbss rate due to infiltration.

This heat balance says that heat losses from the room air to material
surfaces plus losses directly to the qutside air are equal to heat gains
ffom the heater or from solar absorption on light material surfaces‘(Which
Cdnduct immédiate1y into the room air).

We can use Equations (B4) and (B3) to derive the room temperature; at any

frequency, the amplitude of room temperature is‘givén'by:

TR‘f.A(w) -5 . B(w)i; TA ;,C(Q).+ H '_A' (85)
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where
N i o
Alw) = 3 h. (1-h Ryj) + Uy > (B6a)
=1 |
N , ) .
B(w) = 2 o a5 hy Ryj + aR , and ' (B6b)
j=1
N ~ A
C = h .+ 6
(w) 1’§1 ; R2J uq (B6c)

For the case of Trombe wall buildings, an additional term is included in
each of the three building response functions; this term is not presently

computed in the programs.

The bu11d1ng response funct1ons are comb1ned w1th weather data to g1§e

an express1on for room temperature at each hour weather data are expreased
in idealized (approx1mate) form, as s1mp1e sine waves. Ambient temperature
is given by

jwgt
A A ’

A"

Tp(t) = Ty + [8T,] cos (w(t - ty)) = T, + AT, e

where

TA is the average temperature for the day,

|ATA| is the amp1ithde of diurnal temperature variation,

t¢ is the number of hours from sunrise until the hour
at which temperature reaches its makimum,

AT, is the complex number given by [ATAI e-iw°t¢, and

Y,

= 21/24 hrs.
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Solar heat gain is’ given by a half-sine wave corresponding to hrperiod’

of td hours of sunlight per day.

S(t) =\[S;| sinwjt  daytime . vﬁ - (B8)
0. : ‘night |
where
wp =ty

To perform the calculations, S(t) is Fourier }na1yzed_into;COMponents at
frequencies of zero, one, two, and three cycles per day. Fdrfher terms
are unnecessary for two reasoné: their size is smaller than the first .
%ew termg, and the bu{lding re;ponsé‘functionsvreduce their'effect on ropmv

température.: This Fourier ahalysfs allows us to express $(t) as:

: 3 . K ' R
_ , -~ inwgt \
S(t) = |Sl| Y d, e (B9)
n=0
where = 27/24 hours
and t is measured beginning at sunrise.
This expression requires that .
= w.t
dn = 02d n=0
B s
TR : oo ' ' B10)
® -inwotq ' v (810
"0 l+e nf0 ¢
td 2
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The programs calculate dn and evaluate TR using the equation

3 B(ny,) inugt

Tr(t) = Isll Aé% Alne,] dy e e11)

- . C{w)) iwet
0 0
+ TA + AIA KTGET, e

If a heater is present, then Tp is increased by the constant H/A(0) where
H is the heater output and A(0) turns out to equa1 the conventional design

heat loss of the building per degree.

Notes and References

Bl. Simulating radiant energy interchangé in bUi1dings in very complex.
One computer program which performs this ca]culétion is G.P. Mitalas
and D. G. Stephenson, "Fortran IV Programs to Calculate Radiant Energy
Interchange Factors." Computer Program No. 25 of the Division of
Building Research, National Researcﬁ Councﬁ] of Canada; Ottawa,

Canada, 1966.

B2. D. B. Goldstein. Some Analytic Models of Passive Solar Building

Performance. Lawrence Berkeley Laboratory, LBL-7811, November, 1978,
and Garland Press, New York City, 1979. See Section 2.2.5 and

Appendix 2.4.

B3. If the material consists of several layers, a separate'diffusion
equation is needed for each layer; but in practice, all layers beyond
the first (inside) layer can usually be modeled as pure resistances,

as is done in the programs.
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- Table Bl. ‘Eqdations3forrrespoﬁsgifunctions. L

Materials Response Functions Rl and R,:

cosh kd + ok sinh kd -~

Rylw) = — R
) (h""ﬁ) lC()Sh kd +. (Kk"’m) sinh kd
o 1
v Rz(w) >=. 2 1 ) | a R . h ¢ R .
| . (h¥g) cosh kd + (Kk + pp) sinh kd
where

K is the thermal conductivity of the material,
d is the thickness of the material,

R is the thermal fesistance of the exterior
, _ _ - . _1) , ,

. 'insulatingvlayer; (R = Ur _
k = V?;¥E7Eiwith pc ='£he'vonmetric Héét v
Eaﬁacity'of the métefial, and j |

h is the ff]m ﬁeat tfan§fer coéfficient for

the surface.
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APPENDIX C: Detailed Description of the Programs

R12 Program

Calculate and store
R,.{0) and R, (0)

\

Compute w,, /wo

Set Flag 2

Compute k

Compute sinh kd
cosh kd

Y
RTN

/

Calculate denominator 3
of R; and R,

Y

Compute and Store R,

and R,

write'data

XBL 7910- 4517
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Ry,_Sub=-Program

Calculates Rl(w) and RZ(Q) for aisurface{ at w = 0, w&, wo’_?MO’ 3wb
Inputs:  STO 1 K
| STO 2 © pc
S0 3 d°
S0 4 h-
STO 5+ U, .
STO - A ' mo '
STO "B - woﬁbw (or 1; can't be zero)
SO 10 |

Outputs: (encoded on data card)

ST 0 Ry(0)

SO 1 Ry(0)
ST0 2 Rylw,)
STO ',3 Rzﬁuw)
S0 4 Rylog)
STO 5 RyW,)
ST0 6 Ry(20)-
STO 7 Ry(2w)
STO 8 Ry(3u,)
STO 9 Ry(3w,)

Outputs are decoded}with subroutine D of ABC or Tp prbgrams. Noté that
outputs are calculated in registefs 10-19 and switched to the primary registers
for readout. Note also that R2(2w0) and R2(3wo) will not be used in subsequent

calculations.
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Rio_Sub-Program:® Subroutines

A- Complex addition: _Rle + R?e

Requires STO D and STO E

Input: x Rl

y o 9
z- R2
t 62

Output: complex sum (polar) R in x, 8 in y.

o . 9 oy
B- Complex multiplication: Rle 1 X R?e -2.

" input, output, and storage reauirements like A.

0- Cosh and sinh: Ca1cu1ate§ cosh r (1+i) and sinh“r (1+i) for r
: real. Requires STO C, D, E; calls subroutine A
Input: - X r ' . |
Output: STO 6-7 cosh r (1+i) (polar)
STO 8-9 sinh r (1+i) (polar).
C- Complex encode:  Concatenates two components (R and 8) of a complex
number into one. number for storage. Decoding is accurate to 5-
‘place accuracy§ can be done with subroutfne D of ABC and'TR programs.
Valid fok‘R;ZhiO and 6< 10 radians. |
Loses one significant fiqure for R < ioil; two for R 2 loiz, etc.
: Acédrac&Ais lost from ® for large R‘ahdlfrom R for small R.
requires LBL 1 and LBL 2
Input: x -.R
y -6

Qutput: x - encoded number.
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ABC Program ' . ». : ot

Clear all registers Add U_ to
and flag 0 N
_Tlag A(w) and
GR tO B(w) at
»{ e ' one frequency |

Place 8 in STOI

R/S

Y

Enter data:*

either merge ( (9] ')

Ry, data card and enter

hi Ai-“i'.gF enter

Uq and ap and SET FLAG 0

Add U_ to

C(ww and ;..o)

Write data

Compute additions
to A and B at one
" frequency

Calculate additions
- to C(u_)w and w, )

* - performed by user

STOP

XBL 7910 - 4515
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ABC Sub-Program

Calculates A(0,w,,,045,204530,) 5 B(0,w,swys2wys 3w,), and C(w,,w,) given

;] w’ 0)
Rl and R2. _
Inputs: R12 data card and hi Ai o for each surface

Data card fills STO 0 - STO 8

STO A - h;
STO B - A;
ST0 C - o

Outputs: (encoded on data card)

STO 0 A(0)
ST0 1 B(0)
ST0 2 A(w,)
STO0 3 B(ww)
STO 4 A(wo)
STO 5 B(w)
STO 6 A(2u,)
STO 7 B(2u,)
S0 8 A(3u)
STO 9 B(3wy)
ST0 10 C(w)

STO 11 C(wo)
A's and C's are decoded with 'd' subroutihe; B's are decoded with 'D'.
Note that program reverses p<«—s before output is fiﬁishéd, SO
A(0) > B(3w,) are accumulated in STO 10-19. |

C(w ) is accumulated in STO 9.

W
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Clwy) is accumulated in STO 7, but transferred to STO E during data or
‘card entry. . | o -

A1l storage registers are used.

ABC Sub- Program:l SQbroutines

Co 191 o 1‘62"
A- Complex additiqn:' Rle + R,e

<

requiresvSTO,D and STO E

Input: xRy B
y 9
z R2
t 62

Outpufz compiex sum (polar form in xfy)
- C- Comp]ex_encode: | M _
Concatenates two components (R and 6) ofva'compiex number into
one number to 5-djgit accuracy. . | |
Good fbr ﬁ f,lQ_and 6< 10 radians. _
Loses one significanf'figure toR 2 1011, twd for R 2 10t2, etc.
Accuracy. is lost from © for 1érge R and from R for small R.
Requires LBL 1,VLBL.2,'and LBL ‘3. :
Input: x - R" i
v.v-,e
._Outpdt:\encodéd number.r_gf‘
C- complex ehcode,‘ ; .
~ like C only for R < 1000 and ‘e<“10.“« o
D- Complex decode - inverse of C.
- d- inverse of c.
D and d both require'flag 2, LBL 4, LBL 5, LBL‘S, STO D, and STO E.

D and d are structured so as to preserve the contents of the y and z
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stack registers. Thus, two complex ﬁUmbers caﬁ be recalled from
memory, decoded, and added or multiplied using these routines,
as follows: |
RCL 1 (recall encoded number)
D (decode and place in g('and y)
RCL 2 (reca11,§gcond encoded number)
D (decode and place in x-y; number from RCL 1 now in z-t)

A (add the two complex numbers)



TR (t) Program

——— i tt—.

. LRead ABC data card '1

P_“ 5*

[ Enter weather data * ]

54

Calculate _1

[ Calculate dn 1

Calculate and store

1511 d, & (w)

" Calculate t
.at midnight

!

Store result
in STOI

"Evaluate Tr (t)

equation for
t=RCLI

1

Flash t for
1 sec

1

Flash TR for

5 sec (or print)

Calculate —%— (w)

and store

* Performed by user

XBL 7910 - 4516

Y
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| Tp(t) Sub-Program
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, inwat -
Evalulates coefficients of e %% in the following equation:

3
2 B(nwo) inwat C(‘-UO)‘ iwgt _
TR(t) = |Sll =0 m‘)’ dn e 0" + ATA W(w—) e + TA
. - 0 S0 .
(C1)
B(w,) : Clw.) .
W iw t w' o iwt
+(|Sll A(wwj do e W Alww5 € w)

(Terms in parenthésis are not correct, but are eva]uated in the form
given.) |
Evaluates TR(t) using Eq. (Cl) (but not the part in parentheses) for each
hour of the day, beginning at solar midnight. |

Inouts: ABC data card fills STO 0-11

ST0 1 0
STO 15 | AT, |
STO 16 ty
STO 17 ty
STO 18 |5,
ST0 1 T
? A
ST0 C W

(o]




56

Oufputs: Time.(t).at midnight'flaéhed for 1 sec, then room temperature
"TR(tj f]ashed for 5 sec (or pr1nted) «.E o |
Time (t) at 1 a.m.
Iterates for > 24 hours. »
Outputs of TR(t): J',’ : ,- " o | o

ST 0 |51|

>|w

©
' vaSTO.. 23 1511 ¢ u'(ww5
sT0. 4}§i-"lsil & 8 ()

S0 67 Is 48

o o
STO  8-9 |51| dy x (3w,)

STO 1q-11 . % (w,)
sto 12-13 * ¢ (w,)
. R
Subroutines:

- D- decodes complex numbers leO (e;g., B(@))
‘requires flag 2, LBL 4, LBL 5, LéLvG, éTQ:D and STO E
InpUt:. ‘enbbdéd‘number\in '
~ Output: comp]exvnqmber (p diar)'iﬁ X-y i
d- like D;idetodes complex numbers N102 (e.g., Aw), (w))
B- complex md]tfp]y Rleiel X R2e162 '
requires STO D, E
Iﬁbut;. X 'Rl'
. y ey
z Ry
t 9,

Fo
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Output: complex product (polar) in x-y
'07 calculates dn using contents of STO_I for n,
requires STO D - .
Input: STO I STO I = 1,3; calculates d .

5 9
d
d3
STO € - u
STO 17 -ty

Output: d, in X-y

A- calculates Tp(t) given coefficients of Eq. (B11) in STO 10 - STO 19
‘and STO 0 - STO 3, as described in "TR(t) Program Output” above, -
with primary and secondary storage registers reversed, and

[Tyl in STO 5

t, in STO6
T, in STO9

w,  in STOC
t in STO I

Iterates until t > 24 hr,
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Sub-Program - PSA-1

PSA-1 stores weather and building data in memories 20-46. It then
computes aﬁd prints:the steady-statevfemperature.térms‘fhaf'arige»from
the heater, ambient temperature, and 561ér'qaiﬁ.' The sum is 6Finted last.
Finally the Fourier components for the solar gain combonent éan be calculated,
but are not stored. o | |
Procedure: _ »
| - LBL E (46-59) sets the counter at 20 + (i x 75_wheré i is the index

of the surface (equal tolO for the weather terms). -
LBL A (60-66) stores an input parameter at the 1ocafionlspecified

by the counter and adds oﬁe to .the cquntefﬂ

If the User wishes to change a‘pa;aﬁeter'fhe'§urfacé’humber:1s re-entered
(LBL E) and then the‘barameter'numbEr and its new value and entered via LBL
B (67-76). LBL B also adds one to the counter so further Changesfcan be
made through LBL A. After all parameters are entered'thé'number of surfaces
used is stored via LBL E. o o : »
CLBL C (77—233) éohputes, store§, and prints the steady-sfate components -
from the input‘parameters entered in LBL E aﬁd'LBL'A. Steps 77-90 |
are used for initfalization. A loop from steps 91-140 computes Aj(O),

Bj(O) and UjAfor'each surface j and keeps a running sum. A subroutine

» l;,

call (93-94) to SBR RCL (00-45) is used,toﬂswap the iocations'of_
the jth surface pafameter with thpse of the firsf sufface‘so thaf
direct address arithmetic can be used in the loop. A second call

at 135-136 swaps the 1ocat16ns back‘again. Steps 142-233 prinf

an identifier for each steady-state term and compute and print
their values. The hours of sunshine must be entered at stép 174-175

and is echoed by print-out at steps 180-183.



The formulas used in this section are:

- B -1 ) o . .
A;(0) = (Area)1.<(_1__) +1 + d_1> (95-118)
u’1i h, K.J - : .
: r i i S
' Tmax - A
CAMO) = Y A(0) + U
i=1

(A(0) was initialized U, is steps 83-86).

q

Bi(O) (1 - Ui/hi) qi

(119-132, with U; computed in steps 110-112. U;

; is the U-value of the ith

construction section.)

1max

B(0) = | 22 "Bi(O) + ap
i=1

(B(0) was initialized to ap in steps 87-90)

dO = td/12W

(174-194 with input and echo to print of t;)
TH = H(0)/A(0)
(142-160 with print commands)

Tg = 15,1 dyB(0)/A(0) (195-219 with print command)
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‘The definition of thevvariab1es‘can be found in the input list. 1In addﬁtion.
to the abqye calculations LBL C also recalls and display Ta (161-173) and

prints T, =

LBL D computestthe Fourier components for sunshine from theyfo]lowing formula

, -inw t
q = “1 . (1+e - 04
n 7 7 |
T 12(w " - (nm/12)7)

)

where wo = /12 and wy = w/ty

n 1s entered in steps 236 237 and the first factor accumu]ated in steps |
236-262. The master- 11brary routines for complex exponent1at1on and mu1t1p11-
cation are then used in steps 273-290 to compute d, Steps 291-316 generate
the label and calculate dp in both po]ar and rectanqu]ar form. Only the latter

is automat1ca11y pr1nted

LBL D' (317-339) comutes and displays the zeroth Fourier cOmponent}.qo =
W,/ Twy = td/12n

~ Storage registers:

10 - A5 (0) | ; 27‘di

11 - 2B; (0) 28 (1/U,)1
12 - T, (0) |

13- Tg (0) 34 d,

14 - Tp (0) | _

20 - S ' | 41'd3

21 - U
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Sub-Program PSA-2.

PSA-2 calculates the frequency dependence of the response functions. From
these functions the time dependent temperature terms can be calculated
and summed with specified phase lags.between them. The results for every

other hour of a sample day are summed into memories 48-59.
Procedure:

LBL A (94-320): Compute; the material response functions, and the building
respbnse functions for a specified w. w jis calculated’
in steps 94-104 from the period entered by the user.
After counters and initializations are performed (95-125)
the imééinary and real componentsof the Ry, R, A, B and
C are ca]cu]ated in the loop from 126-320. The subroutine
calls 128-129 and 313-374 to SBR RCL(00-45)perform the
identiéé] purpose‘as in LBL C‘of PSA-1. The formulas for
Ry and R, are taken from Table Bl. R; is calculated in
steps 130-219 and 238-254.

The compléi hyperbolic functions cosh and sinh are evaluated by a
subroutine call to SBR cos (58-93) which uses the master library's complex
trigonometric functions and the relationships cosh z = cos iz and sinh z
= - 1 sin iz;, The numerator is calculated in steps 130-180 and the denominator
is calculated in re-arranged form in steps 181-219. Rq (w) 15 then ca]culéted

with a complex divide in steps 238-254.
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. Rz(w) is cé]cu]ated in steps (130-237).. Since Ro(w) isso sihilar“"}
to Rl(w) the initial sums are carried out in the same location. The final
Acomplex divideis calculated in steps 220-237. . .. . v

A'R/S'is present at step»254 so that the R (w) can .be examined if‘:-'

it is so desired. A(w), B(w); and C(w) are-computed as:

Alw) = .ES Aghy (L-hgRyg) +Ug  (273-302)
j=1 o

Imax o S g
B(w) = 25 (ash5 Ryj) + op - (255-272)

Cw) = > (AhsRpg) + Ug (273-294 and 303-310)

J=1

where the,Aj_are the jth sunface areas. Steps 311-320 merely control the

Toop.

LBL B (410-429) computes a frequency dependent weather term;
Tp(w) = AT, C(w)/A(w).
The complex divide (C (w)/A(w)) is computed by a call (424-425) to SBR ':'
(321-339) which divides a ;omplex‘number in registers 01 and 02 by Alw)
via the complex divide routine of the master library.

~LBL C (430-458) compufes a frequency dépendent solar term:

n___ o (438-455)
- Alnw_) . o
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The real and 1maqinary componepts of d, and ISll.are entered'jn steps 430-
438, If a weather frequency_solar term is examined, substjtute fhe maqnitude
of thislterm for |Sll and use d, in place of d. Thé complex divide by
A(nwo) is performed by a call to SBR.f%'5

Both LBL B and LBL C can call SBR ﬁRT (375-404). SBR PRT prints hourly

temperature increments over the period of the term.

LBL.E (340-374): This subroutine calculates bihourly temperature increments
for a given frequency dependent so]af or weather term.
The results are summed into registers 48-59. The'phase
of the term (¢) is gntereh at the béginning. The sub-
routine ca]cu]ates.the temperatures in a loop from the

formula:

T(t) = Real part (gTe ot + ¢)) (352-373)
The AT from LBL C or LBL D are complex numbers. LBL E

calls SBR X (46-57) to perform the complex multiply.

LBL D (459-466): LBLvD advances thé paper and prints thergontents of regis-
| ters 48-59,

- A note oh speeding up the program. If the program is not‘inteﬁded
to be modified it can be noticeably sped up by replacing labels by absolute
addresses. In particular, the loops to LBL SIN and LBL LIST in LBL B and
LBL PRT.respectively; are very slow. De]eté LBL SIN (352-353) and insert
one pause. Insert one step at 370 and rewrite the decrement statements
as DSz, 9, 352 (steps 370-373). Do the same with LBL LIST. Since these
labels are called many times, this replacement is very.noticeable in terms

of program execution time.
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APPENDIX D: Long Term Weather Responses
To evaluate the effect of multi-day cyc]es of temperature and sun]1ght,

we assumelthat the cyc]e can be descr1bed hy s1nuso1da1 terms. Amb1ent

temperature is taken to be of the form. - 3 | | T,
- ju (t-ta)  dwt | I o

+) = w 0 A o J

Tp(t) = Ty # IATAWI e +AT) e o . (01) B

where Wy is the frequency at which ueather variattonS'take place
(typically 2n/1}week),
IATA f'is the amplitudevOf weather- variation of temperature,
t: is the t1me at wh1ch the amb1ent temperature is at
its max1mum,‘ ‘
| and TA is now the average temperature over the whole cyc]e
vSo]ar gain is st111 taken as a half sine-wave for each day, but the amplitude

1s assumed to be s1nuso1da11y modulated, as shown

‘ . ,
S(t) = (§ + ASw cOsww (t-ts)> sin wl(t°tsr) day ‘ (D2) .
0 | - night |

where

S is the auerage amplitude of solar qain‘(averaqe‘lsllj,
AS is the amp11tude of modu1at1on of |Sll over the cyc]e,
ts is the time at which the so]ar energy . in the cyc]e is at 1ts
-maximum, and - |
| Tep is the time of the most recent sunrise.

It can be shown Dlthat room temperature is then given by:
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To(t) = (S + A5 cosw (t-t_)) g E(hwo) 4 einuwot 4 o B(O)
R W W s’! n=1 Ainwoi n > K0T %
Blo,) g (t-t) Clu)  du, (t-t,)
w wW S’ W W a
+ A ﬁﬂﬂa7'd0 e | ’ + TA:+ATAW LX) e
Clw )
0 iw_ t H .
+ A,\TA —(——)—A (Uo e o + ——(—” 0 . (D3)

Comparing Eq. (B11) with Eq. (pl); it can be seen that if we éét Sl'= S
+ ASW cos ww(t-ts), Eq. (D1) says
. Y < v B(0)
Tp(t) = (old terms) + (S ~|51|) A(O)'do
Blw )  dw (t-t.) Clw) e (t-t,)
W w'" s W w oo
+ ASW W dO e + ATAW —_)-A(ww e ‘
(D4)

Thus only three new terms and only two new combinations of Building Response

functions are needed to account for multi-day weather cycles.

Notes and References

D1. D. B. Go]dstein, Some Analytic Mode]s of Passive Solar Building
. Performance. Lawrence Berkeley Laboratoky, LBL-7811, November, 1978,
- and Garland Press, New York City, 1979. See Section 2.4 and

Appendix 2.4.
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APPENDIX E: Example Problem Using the Program

This section sets.up a simple problem of modelling a passive solar house
on a sUnny winter design day, and -computes the input parameters to the
programs. Iptermediate and final reSths are given. The user can employ

- this example fo check the answers he computes using the programs.

The‘example house is a single-story wood-frame residential structure of
.conventidnal‘Aﬁerican construction. 1Its only passive solar features are
it§ bare (or tiie-éqvéred) slabeon-graae f]oor'énd its large south-facing
collector window area. As thé resu]t;-ih*fable E.4 show,.jt éhou1d not

be considered "optimized."

The use of a wood-frame house for the example illustrates some of the
simplifications that can be hade in uéing the'modelrto describe é house.

In principle, seven material ‘surfaces would be needed for a model of this
building: the stud pbrfioﬁ of envé]ope_wa1]s, of partition walls, and of

the ceiling; the cavity portion of envelope wé]]s, partition wa]Ts, and ceil-
ing; and the floor. 'But to increése computational speed and convenience,

1p this problem we use only three surfaces. This procedure can be shown'

to Tead to less than 1°F errors. .

Consider a 30 X 50 foot single-story house with 8-foot ceiling. The walls
have R-11 insulation between 2 X 4 studs; the ceiling uses R-30 insulation and

"2 X 6 joists; while the floor is a bare concrete slab on grade. There are 250

2 2

ft® of south-facing doub1e-g1azing and 30 ft° of glazing on each of the other

2

elevations. We assume 1.5 ft™ of partition wall per ft2 of envelope wall.

(%)



67

We consider three surfaces:
1) Wall and ceiling studs (25% of envelope wall area,
"+ 15% of partition wall area
+ 10% of ceiling area)
2) Wall and ceiling cavities

3) vF]oor

For the first two, we consider a wall section composed of the fo110wing
layers (from inside to outside)

1)' Inside film resistance

R = .68 hr - ft2- %F/Btu (walls)
.61 (ceiling)
2) Gypsum wall b8ard 3 o
K = .075 Btu/ F-ft«hr - ‘pc = 13 Btu/ft™ - °F
d =1/24 ft
3) Insulation | R - 11 wall
R - 30 ceiling
or
studs: K = .068 Btu/°F - ft - hr  pc = 9 Btu/ft3 - F
d = .292 envelope wall
= ,146 partition wall
= ,458 ceiling
4) (Ceiling studs only) Insulation over studs . R - 11
5) Stucco plus exterior film coefficient R = .41
or attic (for the ceiling) RT3

Areas are:

1) Studs: .25 X (8 X (30 + 50) X2 - (250 + 3 X 30))

——mmm T T T et T

gross wall area window area

+

15 X 1.5 X8 X (30 + 50) X 2
+ .10 X 1500

235 + 288 + 150
673 ft2
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2) Cavities .75 X (8 X (30 + 50) X 2 - (250 + 3 X 30) + .85 X 1.5

X 8 X (30 +:50) X 2 + .90 X 1500

705 + 1632 + 1350 .

n

3687 ft?

3) Floor: 1500 ft°

‘For two-layer wall app?dximation; we avefage the parameters as follows:

)

Studs

5’_The ma%sive 1ayer'has the average-brbperties of-thevgypsum board

and the studs.

o FoF the ehvelope walls, wevtakthhe weighted average ofil/K and

pc.for 1/2" of gypsum and 3 1/2" of wood

.  u. . 1 | P >||v‘ 1 ) AN "1 _’
Ke = ((1/2" X 75— +»3 1/2" + 7068_) T4n) = .0688

(pc)e = (172" X 13 +3 1/2" X 9) = 4" = 0.5

dg = 1/3 ft

" For the ceiling, we take the weighfed'averége of 1/K and pc for

1/2" gypsum and 5 1/2" wood:
‘ = " I 1 n 1 -] -1 _
(pc). = (172" X 13 +'5 1/2" X 9) + 6" = 9.333

The thickness d is 1/2 foot

o
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For the partition walls, we do the same .average for 1 3/4" of

wood (half the stud thickness) -

Kp = (172" + —h X 1 3/4" X Tu%gf) + 2 1/4)°71 06944

(pc)p = (1/2" X 13 + 1 3/4" X 9) + 2 1/4" = 9.889
The thickness d is 2 1/4 inches or .1875 ft )

We take the area-weighted average of K, pc, d, and h?to‘deriye the properties

of the first material (the studs).

K, = (235 ft? X .0688 + 288 ftZ X .06944 + 150 fi2 X .06853)
: 673 ft2
= .06901 Btu/OF-hr-ft
(oc); = (235 £t2 X 9.5 + 288 2 X 9.889 + 150 ft? X 9.333) * 673 t°
= 9.629 Btu/OF-ft3
di = (235 £t2 X 1/3 + 288 £t2 X .1875 + 150 ft2 X .5) + 673 ft2
= .308l ft .
hy = (235 £t% X Lz + 288 £t2 X —g + 150 ft2 X ) + 673 ft?
= 1.508 Btu/ft” -hr-OF
A, = 673 ft?

To compute U., we require that the steady-state heat loss through the
approximate version of material 1 is the same as for the exact case.
For the exact case, the heat loss rate is .

Ugho + UCA,

or
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2

- - X2+ T ~ X 150 ft2
075 L0681 075 .068 '
Gmr S92 4 g RSy " (g 458) + 11+ 3

' 51.22 Btu/OF-hr

For the model, the heat loss fate is

. ' -1 .
Ky =1 =1
1 : A
-1
o A _ f; =y
5122 %) T 'n ,
or U 117 Btu/OF -hr-ft2

Note that we have ignored the inside film resistance in computing Ur

for both cases.

2) Cavities
The same process is followed. The massive layer is the gypsum'
vboard'énd the outside Tlayer cohtains everything else. Sinée the
_'massive.]éyer has only one component, the avéraging procéss is
©unnecessary ahd‘Kz, (oc‘)z, and d2 are just given by the parameters

2

of gypsum board. A2 is 3687 ft~. We calculate the average h for

this surface as the area-weighted average:

2, 1 2, 1
h, = (705 ft X —g + 1632 ft° X _63

1350 ft2 X - ) + 3687 £t

1.532 Btu/ftz-h;-oF

We still have to calculate Ur2

oA
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For the exact case, the heat loss rate is

UeAe * UCAC
TE—t— X 705 ft2 + —preett _ X 1350

99.15 Btu/%F-hr

For the model, the heat loss rate is
{71 -1

(Kz) ey -1l g

.HE oor 2

[ Ry dpl ’
99.15 K2) r2

U = .0273 Btu/OF-ft%-hr

re

3) Floor

For the f1oor'parameters; we ésshme that the slab floor is coupled
to the ground, and that the ground-water migration is notvimportant

in the area of the house. The mean length of a pafh of heat flow

£12

from the floor through the ground to the outside air is on the

“order of 20 feet, so, we assume a 20-foot floor thickness. (The

reéu]ts’are not sensitive to exact floor thickness.)
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We use typical materials properties for condrete (and soil) of '

' 0 ' 0. .3 1
- K = .8 Btu/ F-ft-hr, pc = 20vBtu/ F-ft™; h = .61

= 1.639 Btu/OF-ft2-hr

%

For U, we take the outside film coefficient at the soil, h = 6 Btu/ft%-
0F-hr,'though the results would not change if. h were-Chahged from

- this value.

To compute the a's, we use the "typical" values given in the text for a -

dark floor and.light walls. Thus ag = .45, op = .15,

To combute 015 and 0o, We avéfage the sb]ar gain on the envelope walls,
partition walls, and cei]ing over surféces‘l and 2 on an a%eafweighted

~basis. The total so)ar géin ébsorbed on these surfaces is

.10 + .20 + .10 = .40, so o4 = .40 X = ft373 £t ,
+ 3687 ft
~ and N
| v . 3687 ft2 C
% = -40 X 7 : 7 or &y = .062 and a, = ,333

673 ft° + 3687 ft

We neXt compute the final remaining parameter for the house, Uq. This
term is composed of.infiltration losses (assumed to be at 0.6 air changes

per hour) and window losses. : . ' o

Infiltration loss rate is (8 X 30 X 50) ft3 x 0.018 Btu/_oF-ft3 X 0.6 air

changes/hr = 129.6 Btu/%F-hr. window Tosses through double glazing with

U = 0.49 Btu/OF-ftZ-hr (1/2" air space) are given by UA or 0.49 X (250 ft°

+ 3 X 30 ft2) = 166.6 Btu/OF-hr. So Gq = 296.2 Btu/OF-hr.
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Weather Parameters

The example we fake describes a northern Catifornia c]imaté on a relatively
cool but clear winter design day in January. We set TA = 45° and ATA =
10°F, so the daily highvtemperature is 55 and the low is 35. We set the -
length of day at nine hours (td = 9 hr). Maximum ambient tempefature is

at 3 pm or 7 1/2 hours after sunrise (t o = 7.5 hr).

Solar gain is taken from Ashrae solar heat gain tables for 40°N. latitude

for January and summed over all four elevations:

S: 250 ft2 X 1630 Btu/day

E&W: 2 X 30 ft° X 508 Btu/day

407,500 Btu/day

30,480 Btu/day
N: 30 ft2 X 118 Btu/day

3,540 Btu/day

Total 441,520 Btu/day

This total is modified by a shading coefficient of about 0.85 for double- -
pane glass and multiplied by 0.9 to account for opaque window frame area,
so total daily solar gain entering the house is 337,760 Btu/day. 5 is

given by: (daily solar heat gain) X ?%_ o) Sll= 58,950 Btu/hr.
p _

We set w, = I%_wo to calculate response functions; however, this will not

be used in the calculation. To run this problem on the TI-59, the phase
terms are: ¢ = -7.5 for the solar terms and ¢ = -15 for the temperature

term.

This completes the derivation of the building and weather parameters.

They are summarized in Tab]e'E.l.



74

Resd]ts of the Calculation

We neit.disp1ay intermediate results to check the oberqfidn of eéch of -
the proérams. The parameters for each surface are used to coMpute R1 and:
R,. Table E.2 gives the va]ues.of the response functions for each of the
three surfaces,,while TabTe E.3 gives:the bui]ding'response functions.
The room temperature results are given in-Table E.4 undeﬁ the assumbfion"
of no heater output. To include the effect of 2000 Btu/hr of internal
1oadé; add .4%F (= 2000 Btu/hf/A(O» to}each entryvin‘Téb]e E.4. (This

'effect is calculated directly in the. TI1-59 program);*'

As seen in the results from Table E.4, the response of the example building
is not optimal. Afternoon temperatures are too warm and morning temperatureé'
too éoo]. As -an alternate to this design, one could consider the effects

of more insulation and smaller collector area, or more thermal mass.

o
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Table E.1

House Parameters for Example Problem

Surface 1‘ Surface 2 Surface 3
K .06901 - .075 - 0.8
pC _ | 9.629 13 20
d .3081 .04167 v 20
h 1.508 1.532 1.639
v, 117 L0273 6
A ‘ 673" 3687 1500
o | .062 .338 45 -

Uy = 29.2
OLR = .15
ATy =10

t¢ = 7.5
ty =9

Sl = 58950
Ta = 45

1

*Ur— is used for input in the TI-59 program.
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Table E.2

Response Functions for the Example Housé*'

Ry (hr-CF-ft?/Btu)

¢
P

w | Surface 1 }SurfaceIZ ~ Surface 3

0 6309 L6418 5956
o 54730 10 I g TI0-089L 5g33,710-4385
20, soppe-10-2163 o -i0.1752 p3794-10-5068
" 4700-10-243 soe10-2558 2054e™10- 54383
| Ry

0 0484 0172 .0236

W 0201 12970 gyp-10.1281 0

20 .0161¢”11-9614 .0167¢710-2531 0

s ol02e 2403 gy6p,m10-3725 .

X' gX-2m fdr‘any X.

- _
Note that e

<)

2.
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n Table E.3
; Building Response Functions for the Exampie House
w A(Btu/OF-hr) B C(Btu/°F-hr)
0 502. 2 .9802 - s02.2"
g 233230 10-514 73600~ 10-1783 202.0g-10-1016
2 0, 2953.0e 10-562 .6847efi°'2231' oy
3w 3493.4¢ 10-588 .6504¢ 102631 i
*Set equal to A(0)
FNot computed

ol

P
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R
Table E.4 .
Room Temperature as a Function of .Time - 4
Tr_(no heater
't Solar Time ~or_internal loads)
~7.5 12 m 68.0
-6.5 1 am. - 67.1
-5.5 2 * 66.4
-4.5 3 . - 65.9
-3.5 -4 65.3
-2.5 5. 64.6
-1.5 N 6 64.1
-.5 7 64.2
.5 8 65.5
1.5 9 68.4
: 2.5 10 72.7
’ 3.5 11 77,7
4.5 122n | 82.1
5.5 1pm . 85.0
6.5 2 : - 85.7
© 7.5 3 84.3
8.5 4 - 81.5
9.5 5 78.4
10.5 6 . 75.6
11.5 7 73.6
12.5 8 72.3
13.5 9 71.3
14.5 10 70.3
15.5 1 . 69.2
16.5 12 m 68.0
' 2 t
LI
&
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ru

This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.




~
emg - T e

TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





