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Abstract

A model of the transient and steady-state performance of a
single-effect lithium bromide-water absorption chiller has been
developed. A1l startup transients are assumed to be accounted for
by the thermal storage of the solution and hardware in the generator.
The generator is treated as a singTe node thermal capacitance, lead-
ing to a model in which the temperature of solution in the generator
exponentially approaches its steady-state value. When the chiller
is idle the solution temperature decays exponentially towards the
temperature of the surroundings. The generator temperature tran-
sients are characterized by two time constants, one applying to
startup and one applying to cooldown. The instantaneous perfor-.
mance during transient operation is a function of the instantaneous
generator and condensing water temperatures.

TRNSYS simu1ations of residential qir-conditioning systems
were in Miami, FL, Charleston, SC and Columbia, MOand were runusing
this model, with performance data and time constants for a com-
mercially available three-ton absorption chiller. Qver the course
of a cooling season, chiller transients were found to lead to re-
ductions of approximately 5-8% in COP and air conditioning Toad
met by solar. The effect of the transients was most pronounced
during the months in which the cooling load was lowest and was less
noticeable in months with high cooling loads. Increasing the room
thermostat deadband decreased the frequency of chiller cycling and

significantly improved system performance.

®xid




Four different auxiliary strategies were also examined and
compared. In three cases, auxiliary was provided in the form of
heat to operate the absorption chiller. Heat was either added di-
rectly to the generator with no solar contribution in the auxiliary
mode (parallel heat auxiliary), to the firing water stream between
storage and generator (series heat auxiliary). One mode ﬂseries-
parallel heat auxiliary) chooses between series and parallel heat
auxilijary based on storage tank temperature. The fourth mode uses
a separate vapor-compression air conditioner as a backup.

Series heat auxiliary required 9-10% more auxiliary energy
than did parallel heat or series-paralliel heat auxiliary. Vapor
;ompression auxiliary led to a slightly higher fraction by solar
than any of the heat auxiliary modes. Any choice between heat and
vapor compression auxiliary would have to be made on economic grounds.

When heat auxiliary was used, the optimum auxiliary supply
temperature was found to be approximately 90°C for the particular
chiller simulated. This corresponds to the temperature at which
the chiller shows the highest steady state COP.

The optimum value of the minimum solar source temperature on
chilier operation was found to be 77°C, which is very close to the
minimum firing water supply temperature for chiller operation. The
value of the optimum minimum temperature was not affected by col-

lector UL’

x1ii



CHAPTER 1

Introduction

7.1. Objectives

The objectives of the work leading to this thesis were twofold.
The first goal was the development of a model for simulating solar
powered absorption air conditioning which accounted for startup
transients in the absorption chiller. This phase of the project
s described in Chapters 2 and 3.

After developing the absorption air conditioner model, the
next objective was to simulate residential solar air conditioning
systems; Topics investigated included the effects of chiller start-
up transients, room thermostat deadband and auxiliary control strat-
egy on system performance. The simulation phase of this project

is described in Chapters 4, 5 and 6.

1.2 Previous Work

There has been significant research and development effort
on the design, construction and testing of absorption air con-
ditioning units. The report of Farber et al. (1) contains an ex-
tensive data base and bibliography for absorption air conditioning.
The report of Auh (2) of Brookhaven National Laboratory provides
a description of the principles of absorption air conditioning and
a survey of research in solar absorption air conditioning as of
July, 1977. The reports by Farber et al. and Auh provide a good

overview of past research in salar absorption air conditioning.



In 1959 Chung, Lof and Duffie (3) proposed using solar energy
to operate a lithium bromide-water absorption air conditioner. They
simulated, on an hourly basis, a system comprising a collector,
storage tank and absorption air conditioner for one clear and one
cloudy day and conciuded that solar absorption air conditioning
was technically feasible.

In 1973, Butz (4) simulated the performance of a residential
solar heating and air conditioning system in Albuquerque, New Mexico.
The air conditioning system used a 1ithium bromide-water absorption
chiller controlled by a room thermostat. A quasi-steady chiller
model was used, i.e. the chiller responded instantly when it was
turned on or when operating conditions changed. Butz found that
solar energy could provide a significant fraction of the cooling
needed in the residence simulated. An economic analysis was per-
formed to determine the combinations of collector, fuel and elec-
tricity costs under which a solar heating-cooling system was econ-
omically justifiable.

Allen, Moore, et al. (5) performed a simulation study of a
solar air conditioning system comprising an ammonia-water absorption
chiller, collectors anH a storage tank for chilled water (cold side
storage). Effects of non-idealities in the absorption cycle (i.e.
finite temperature differences across heat exchangers, and pressure
drops in fluid flow paths) were evaluated. In addition, results
obtained using high and Tow performance flat plate collectors were

compared. This study, Tike the Butz study, used a quasi-steady



chiller model. The ratio of heat taken up in the evaporator (cool-
1hg produced) to insolation on the collectors ranged from 0.1 for
the low performance collectors to 0.5 for the high performance col-
lectors.

Experimental studies of a solar absorption air conditioning
system have been in progress since 1973 at Colorado State University
Solar House I in Fort Collins, CO (2,6,7,8,9). Initially (6) an’
Ark]a*Servel Tithium bromide-water air conditioner (modified for
solar operation) and flat plate collectors were used. Later an
advanced lithium bromide-water chiller (Arkla model WF-36) and
Corning evacuated tubular collectors were added (7).

1t was found that a significant fraction of the cooling load
could be met by solar. As an example, in August, 1977 the Arkla
WF-36 chiller and Corning evacuated tubular collectors met 43% of
the house cooling load for the month (9).

It was observed at CSU that the average coefficient of perfor-
mance of the chiller was degraded significantly when thé‘ch111er
was cycled on and off. frequently by the room thermostat during
periods of Towcooling 1oad (2,8,9). For example, the Arkla-Servel
chiller gave-a COP of 0.37 during September, 1974, a month of Tlow
cooling load. This compares unfavorably to a 1974 seascnal average
COP of 0.59. Figure 1.2.1 shows the effect of cycling on the cool-
ing capacity and COP of the Arkla-Servel chiller during one day.
(As of this writing no similar data has been published for the Arkla

WF-36 chiller in CSU House I.)
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Hoover, Ochs and Bradley (10) have simulated the transient per-
formance of an Arkla WF-36 chiller using an empirical relation be-
tween the chiller idle time and the ipitial reduction in COP and
capacity over a specified time interval fo]?dwing startup. A chiller
used to cool a laboratory building in Boulder City, Nevada was simu-
jated on ah hourly basis for the month of June, 1976. Chilier cy-
cling during the first half of the month led to a 7% reduction in
chiller capacity. Significant improvements in system performance
were observed when cold side storage was added to reduce chiller
cyciing.

In light of the experience of the researchers at CSU House
I and the work of Hoover et al., further study of the transient
performance of solar absorption chillers is needed. In this thesis
a simple theoretical model is developed to describe the operational

transients of a single-effect absorption chiller. The model is

then applied to‘simulations of residential solar air conditioning

systems.




CHAPTER II

Transient Modeling of a Single-Effect Absorption Chiller

2.1 The Absorption Refrigeration Cycle

A simple single-effect lithium bromide-water refrigeration
machine is shown schematically in Figure 2.1.1 The corresponding
thermodynamic cycle is sketched on & pressure»temperature~composition
(PTX) diagram in Figure 2.1.2.
| Heat is supplied to the generator to boil off water vapor from
a solution qf 1ithium bromide and water. Solution enters the gen-
erator at concentrationTXw and leaves at point G on Figure 2.1.2.

The water vapor evolved in the generation is condensed in the
condenser (point C on Figure 2.1.2) and sent through a pressure
reducing device to the evaporator {point E in Figure 2.1.2) where
it boils at a Tow temperature and pressure to provide the refriger-
ation effect.

The solution leaving the generator (the so-called "strong solu-
tion") travels through a sensible heat exchanger (SHX in Figure
2.1.1) where it is cooled and the weak solution entering the gen-
erator is preheated. The strong solution enters the absorber, where
it is contacted with water vapor from the evaporator. The water
vapor is absorbed into the strong solution, and the resulting weak
solution (point A, Figure 2.1.2) is pumped to the generator through
the sensible heat exchanger.

Heat is rejécted frbm the absorber to some Tow-temperature

sink (e.g. cooling water) to remove the heat of mixing and the
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sensible heat transported in by the strong solution.

The rate of cooling is approximately proportional to the rate
at which the water vapor is evolved in the generator. The rate
at which water vapor is evolved can be shown to be a function of
the ratio of Xy to X . A material balance on lithium bromide flow

S
through the generator yields:

moX o= fh__X (2.1.1)
which may be rearranged to

Meg = Mys % (2.1.2)

An overall mass balance for the generator yields:

mvap = mws-mss (2.1.3)

Inserting 2.1.2 into 2.1.3 gives

X
mvap = mws(l-‘}‘(‘;') (2.1.4)

if mws is fixed by the solution pump, it follows that the re-

frigeration effect is proportional to(_fsﬁxw )

s
Chiller cooling capacity can be increased by increasing XS
or decreasing Xt An increase in X, may be achieved by lowering
the generator pressure (which is set by the condenser temperature)

or by raising the generator temperature. A decrease in X may

be obtained by raising.the absorber pressure (which is set by the



condenser temperature) or by raising the generator'temperature.

A decrease in X, may be obtained by raising the absorber pressure
(which is set by raising the evaporator temperature) or by lowering

the absorber temperature. Thus, cooling capacity will depend on
evaporator, absorber, generator and condenser temperatures.

When the chiller is not operating, the 1ithium bromide and
water charge in the chiller will form a solution of concentration

X (Figure 2.1.2). If the chiller has been idle for a long time,
the solution will have cooled to a temperature near that of its

surroundings. If heat is then added at the generator, the generator
temperature Tg will begin to rise. The pressure in the generator
will rise until it reaches a value at which vapor begins to condense
in the condenser. Up to this point, no 1iquid water has left the

condenser to be boiled in the evaporator, and therefore there has

peen no refrigeration effect.

As the generator temperature is increased further, the generator
pressure does not increase due to the fact that generator pressure
is now determined by the vapor pressure in the condenser. To main-
tain equilibrium, X_ must increase. Water vapor hust be evolved
in the generator as per equation 2.1.4, and heat will began to be
taken up in the evaporator.

 Thus it can be seen that there is a minimum value of Tg below
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which no cooling will occur and that this value is fixed by the
initial lithium bromide concentration and the equilibrium vapor

pressure in the condenser.

2.2 Transient Modeling of Absorption Chiller

It is possible to rigorously model the steady-state perfor-

mance of an absorption chiller by sotving all of the appropriate

thermodynamic and heat-transfer equations that apply to the cycle,
for all operating conditions of interest. This approach would prob-
ably be taken in designing a chiller to meet a known set of per-
formance objectives.

An easier approach to simulating the steady state performance
of an absorption chiller is to use an empirical or "black box" model.
The performance of the chiller at steady state is expressed as a
function of operating conditions, often by a curve fit Qf gxpgrit
menta1'operating data. This approach has been used by Butz ét al.
to simulate solar-operated absorption ajr conditioning.

Unfortunately, in a residential application, the chiller often
does not operate at steady state. This is a result of the control
strategy most commonly employed, in which a room thermostat calls
for cooling when the room temperature rises above a set point, and
shuts the chiller off when the room temperature drops below this
point. If the chiller's cooling capacity 1is significantly greater
than the building cooling load, the thermostat will cycle fairly

frequently and the chiller will spend most of its opekéting time in
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a trénsient mode. Because of this, it is desirable to have some
way of evaluating the effect of cycling on chiller performance.

- The model described below was developed for use in TRNSYS
(11), a transient simulation program. In a TRNSYS simutation,
system conditions are calculated at timesteps on the order of 0.25-
1.0 hours apart. Thus, a monthly simulation can include several
thousand timesteps. Since the chiller model subroutine in a
TRNSYS simulation will be called so often, it is definitely de-
sirable to make it as computationally simpie as possible.

A rigorous. heat-transfer and thermodynamic approach to chil-
Ter transient modeling was rejected as being computationaily too
complicated. A purely empirical appreach was unpromising because
of the scarcity of transient-mode chiller performance data. The
model that was finally developed combines elements of both of these
approaches.

Consider the lithium bromide-water chiller diagrammed in Figures

2.1.1 and 2.1.2. The key variables, as discussed in Section 2.1,

are condenser temperature (which fixes the condenser and generator

pressures), avaporator temperature (which fixes the evaporator and
absorber pressures), the genekator temperature (which, with con-
densing pressure, fixes the strong solution concentration) and
absorber temperature {which, in conjunction with the evaporator

pressure, fixes the concentration of the weak solution going to

the generator). The rate of water vapor evolution in the generator
is fixed by the difference between the weak and strong solution

concentrations.
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To model the transient behavior of the chiller, the following

assumptions are made:

1. The generator behaves as a single node system with effective

 thermal capacitance Cg. |

2. The absorber, sensible heat exchanger and generator may-
be characterized as constant effectiveness heat exchangers
when Tg is below Tgmin and mvap is zero.

3. The absorber and sensible heat exchanger respond very
rapidly to changes in temperature.

4. The thermal capacitance rate of the firing water supplied
to the generator is greater than the thermal capacitance
rate of the weak solution.

Consider the chiller shown in Figure 2.1.1, in the case where

heat is being supplied to the generator but water vapor is not being

generated (i.e. Tg is less than T ). From the assumptions above,

gmin
the rate at which heat is supplied to the generator is given by

Qgen = ©g (M€ ) s Ty = T2) (2.2.1)

A transient energy balance on the generator yields:

dTg
943t

C = Eg (me)wS (Thw"‘Tz)"(me)ws (Tg-Tz) (2.22)

For the sensible heat exchanger
- = - 2.2.3
£ (Tg Ta) T2 Ta (2.2.3)
which rearranges to

T, = EsTg + (1<gs)Ta (2.2.4)
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Inserting 2.2.4 into 2.2.2 and rearranging,

qu _ (mC )ws _ :
- _ch - [Ty + (1meg) (e T, (e (e gITD - (2:2.5)

which may be further rearranged to yield

(mC (1-e_){(1-g_)
a1, ohs (17550 (-2 [nghw #(1-e) (1-e )T, 1 (2.2.6)
dt "Cg | 1-55(1-59) T g

The steady-state generator temperature is obtained by setting

the right hand side equal to zero:

EgThw+ (1-55)(1~e YT

- g/ 'a
Tg,ss EREN (2.2.7)

Defining the startup time constant, T, as
C

T, = _ g (2.2.8)
h - (me)w (1*55(1~€g))
equation 2.2.6 may be rewritten as
dTg = Tg,s57Tg (2.2.9)
dt

Th

1f the chiller is at a temperature Tg 0 at time Ty the solu-

-

tion to 2.2.9 is

_ {t-t.)
Tg(t) = Tg,ss + (Tg!}0 - Tg’ss)exp {- _ o’ )
h

when the chiller is shut off, colution will drain to the lowest

(2.2.10)

part of the chiller and cool down by conduction and free convection.
A transient energy balance on the solution shutdown yields

dTS

Coat ° (UA)fc (Tenv'Ts) (2.2.11)
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If at t=t0, TS=Ts 0’ equation 2.2.11 has the solution

5

(t-t,)
Ts(t) = Tenv + (Ts,o - Tenv) exp (- T (2.2.12)
where the cooldown time constant Te is defined as
Cs
TC =-(U—‘B_‘).Fc (22]3)

To complete the transient model, it is assumed that the con-
denser, evaporator and absorber respond to changes in temperature
much more rapidly than the generator, and that the instantaneous
performance of the chiller is a unique function of generator tem-
perature, cooling water 1n1et_temperature (which fixes condenser
and absorber temperatures) and chilled water delivery temperature
{which fixes evaporator temperature). These assumptions are'justi—
fied by noting that the Iargest temperature swings occur in the
generator (the absorber, evaporator and condensor operate fairly
close to ambient temperature, while the generator operates SOME
50°C higher) and that the thermal capacitance of the solution in
the generator~absorber Toop is much greater than that of the vapor
in the condensor and avaporator.

Additionally, although equation 2.2.9 was derived for the situ-
ation in which fg is less than Tgmin’ we assume that it 1is approxi-
mately valid over the entire range of operating temperatures en-

countered. The difference hetween room temperature and Tgmin 15

usually considerably greater than the difference between T and

gmin
the maximum generator temperature. It will be shown in Chapter 4
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that equation 2.2.9 provides a good fit to an observed generator
tempergture history for Tg hoth above and below Tgmin.

When Tg is above Tgmin’ cooling and generator heat uptake are
expressed as functions of Tg and TC, with the chilled water tem-
perature assumed constant:

Qugor® 1 (TgeTc)

cool” (2.2.14)

Qen = 2 (TgTe) (2.2.15)

The function f] and f2 may have any convenient form. For the
simulations to be described in this thesis, f, and f2 were ex-

pressed as quadratic functions of Tg and TC

fl(Tg’Tc) = {Rated chiller capacity)xCAPY(Tg,Tc) (2.2.16)
CAPY(T ,T,) = a11+a12Tc+a13TC2+
(a21+a22Tc+a23TC2)Tg +
(a31+a32TC+a33TC2)T92 (2.2.17)
£,(T ,T.)
folTgoTe) = e (2.2.18)

g > c .
COP(Tg,TC)

_ 2
COP(TgaTe) = by o127 Pyale ¥

2
(b21+b22Tc+b23Tc )Tg ¥
. 2\ 2
(b3]+b32chb33TC )Tg (2.2.19)

Values of a5 and bij’ and graphs of f1(Tg’Tc) and CDP(Tg,TC) for

the specific chiller simulated appear in Chapter 4.
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When the generator temperature is below Tgmin’

Qppor = O | (2.2.20)
égen = (UA) (Tp,"Tg) (2.2.21)
where (UA)0 is the heat exchange pérameter for the generator under
conditions in which no water vapor is evolved (i.e. non-boiling
conditions).
 Equations 2.2.7 through 2.2.21 make it possible to calculate
the generator or solution temperature at any time, and to calculate

chiller performance as a function of generator temperature.
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CHAPTER 111

Computer Modeling of Solar Absorption Air Conditioning

3.1 The Transient Simulation Program

A solar air conditioning system consists of a number of hard-
ware components {incliuding the building, collectors, storage, con-
trols and the absorption chiller) connected by pipes and wires and
driven by time-varying forcing functions (insolation and other
meteorological conditions).

TRNSYS is a transient simulation program written at the
University of Wisconsin specifically for the purpose of simulating
solar energy systems. TRNSYS is a FORTRAN program which models
individual components with FORTRAN subroutines. The transfer of-
information which is accomplished by pipes and wires in a real
system 1is accomplished through input and output arrays in the FOR-
TRAN subroutines. Weather or other forcing data is read in from
cards or tape. TRNSYS iteratively solves the simultaneous dif-
ferential and algebraic equations in the éomponent subroutines using
a modified Euler algorithm with a fixed timestep.

The TRNSYS program is discussed in muéh greater detail by Klein,
Beckman and Duffie (71) and in the TRNSYS User!s Manuel (12). The

User's Manual, in particular, gives detailed mathematical descrip-

tions of existing standard TRNSYS components. The remainder of
this chapter is devoted to discussing non-standard TRNSYS components

used in simulating solar absorption air conditioning systems.



3.2 TRNSYS Component For Transient Chiller Model

3.2.1 Absorption Chiller Transients

The transient chiller model described in Chapter 2 was in-
corporated into a component subroutine for use in TRNSYS. In this
subroutine, firing water and condensing water temperatures are as-
sumed consiant throughout.a given timestep. The generator tem-
perature varies through the timestep as per equations 2.2.10 and
2.2.12, i.e. when chilier is operating:

Tg = Tgiss ¥ g~ Tg,ss) @0 Bt/ Tp) (3.2.1)

TH=T (T - Ty,) exe (Tat/c) (3.2.2)

There are several cases which must be considered when the
chiller is operating. If over the entire timestep the generator

temperature is below Tgm' , no cooling is delivered. The cooling

in
capacity is given by

Qeool = 0 (3.2.3)

and, by analogy with equation 2.2.19, the average rate of heat up-

take at the generator is

Qgen = (W (T Tgavg) (3.2.4)

The average generator temperature over the timestep, Tgavg

is calculated as

T
= Chyr- 7y At
Tgavg = Tg,ss © (At)rg ¥%955X1-exd"§;)) (3.2.5)
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If Tg is above Tgmin throughout the entire timestep, the average
rate of cooling and heat uptake at the generator are calculated
by analogy to equations 2.2.14 and 2.2.15 as
QcooT i fl (Tgavg’ Tc) (3.2.6)

Qen ~ ) (Tgavg’ Te) (3.2.7)
where f] and f2 are empirical functions described in Chapter 2.

A third case which must be considered occurs when Tg is below

Tgmin and Tg is above Tgmin’ or vice versa. In this case, Tg will
be above Tgmin for a fraction of the timestep, ¢, calculated as
o = - - Tt ISR (—B—’is——~) (3.2.8)
g gm1n
when Tg is below Tgmin’ or
.!.
T T -T
¢ = '}..A_% 'Iog (T ’SS_T ) (3.2.9)
' g,ss gmin

when Tgis below Tgmin‘ The average generator temperature over the

period in which Tg is above Tg in is calculated:

T
+ h

T;an ) ng ¢At)(Tgmin g, 55)(1 eXp(*Q—“J) (3.2.10)

The cooling delivered over the timestep is

QcooT= ¢f1 (Téavg’ Tc) (3.2.17)

and the heat uptake at the generator is

Q. = (1-6)(WR), (TpToavg) *

gen " gavg T (3.2.12)

of 2 (Tq gavg® ¢
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Equations 3.2.1 through 3.2.12 make it possible to calculate
the generator temperature history and chiller performance within

any timestep.

3.2.2 Firing Water Pump and Cooling Tower

The firing wateyr pump delivers a constant flowrate whenever
the chiller operates. The TRNSYS component outputs the firing water
flowrate and return temperature whenever the chiller is operating

in a mode in which firing water is withdrawn from storage.

The cooling tower is modeled by assuming that the return cooling

water is delivered at a constant increment above ambient wet bulb
temperature. A thermostatically controlled cooling tower fan is
modeled so that the cooling tower never returns water below a set
minimum temperature, Tcmin. Another thermostatic switch shuts
off the chiller if the condensing water temperature exceeds a set

X1 T .
maximum vaiue, cmax

3.72.3 Auxiliary Heater and Controls

Auxiliary energy is needed to run the chiller if the solar
source temperature is too low to operate the chiller, or if the
chiller capacity is too low to meet the cooling load imposed on
it with firing water at the solar source temperature.

In the TRNSYS component, chiller operation is called for by
an on-off signal input from an external controller (e.g. a room
thermostat). Auxiliary is called for either by-an external input

(e.g. the second stage of a room thermostat) or by a signal from
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an internal controiler which makes its decision based on the solar
source temperature,

The internal controller will call for auxiliary heat (or shut
off the chiller, if no auxiliary heat is provided for) when the
solar source temperature, Tstor’ £alls below a set value Tsmin‘
This control is necessary to prevent attempted chiller operation
under conditions where Tg,ss’ as given by equation 3.2.2, would

be less than Tgmin'

In this situation, in accord with equations
3.2.4 and 3.2.3, heat would be supplied to the generator and re-
jected into the cooling water circuit at the absorber without any
cooling being delivered.

Four auxiliary modes are provided. In three of the modes,
an auxiliary heater is included which provides firing water at a
set temperature Taux whenever auxiliary is called for and Tstor
is below Taux; The heater is modeled as responding instantly with
no standby losses on startup transients. In the fourth mode, no
~auxiliary is provided, and the interna] minimum-solar-source-
temperature controiler shuts the chiller off if Tstor falls below
Tsmin'

in all four modes, if the chiller is operating from solar
source, Firing water is returned to storage at a temperature given
by .
Q

_ en
Thw,ret - Thw h chpihw (3.2.13)
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If auxiliary is calied for, the firing water return tempera-
ture and flow rate will depend on the auxiliary mode selected.
These differences will now be explained.

The first mode will be referred to as series heat auxiliary.
In this mode, as shown in Figure 3.2.1, when auxiliary is called
for firing water circulates from storage to the auxiliary heater
where it is heated to Taux’ then to the absorption chiller. Firing
water is returned from the absorption chiller to the storage tank.

When auxiliary is operating

Quux ~ (me)hw (Taux"Tstor) (3.2.14)
and . .
Quen~@
T o . _gen ‘aux
hw,ret stor (#C.) (3.2.15)
p’hw

It is possible, if Tstor is sufficient Tow, that éaux will
exceed dgen’ in which case equation 3.2.15 shows that firing water
can be returned to storage at a higher temperature than when it
was removed.

A second scheme for providing auxiliary heat to operate the
chiller is diagrammed in Figure 3.2.2. When auxiliary is called
for, firing water circulates between the absorption chiller and
the auxiliary heater, bypassing storage completely. In this case

Qaux = Qgen (3.2.16)

and

hhw (from storage) = 0 (3.2.17)

This will be referred to as parallel heat auxiliary.
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FLGURE 3.2.1 SYSTEM WITH SERIES HEAT AUXILIARY
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A third scheme for providing auxiliary heat is shown in Figure
3.2.3. This mode is referred to as series-paraliel heat auxiliary.
A controller causes the system to operate in series heat auxiliary
mode if the solar source temperature is above a sef changeover tem-
perature Tcr’ and in parallel heat auxiliary if the solar source
is below Tcr'

| The fourth mode (which strictly speaking, is not an auxiliary
mode) dispenses with the auxiliary heater entirely. The chiller

js shut off if the solar source temperature falls befow T Back-

smin’
up cooling, if needed, must be provided by some other means, €.4.
by a vapor compression air conditioner. This mode is diagrammed

in Figure 3.2.4.

3.3 Air Conditioning Load Model

The building cooling load is simulated using existing TRNSYS
Type 17 and 18 wall and roof models. The wall models are based
on the ASHRAE transfer function method (13).

An existing TRNSYS building 1oad component, Type 19, uses the
ASHRAE {14) method for the time-distribution of instantaneous
sensible heat gains and losses. Type 19 calculates an instan-
taneous space heating or cooling Toad and a floating room temper-
ature. This load component provides a very‘detai1ed treatment of
sensible cooling Toads, but does not provide any treatment of latent
1o0ads or of dehumidification. The Type 19 subroutine was there-
fore modified to calculate latent loads and model dehumidification

as describéd below.
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performing a mass balance on the moisture in the room:

_.....ﬂ:V w)-l-

infPair (wamp" r i (3.3.1)

mgen" cond
Moisture gain by diffusion through the building envelope 1is usually
much less than the moisture gain due to infiltration, and is neg-
lected.

The room moisture capacitance, Cm, is defined as the ratio
of the moisture present in the structure (including room air, build-
ing envelope, and contents) to the humidity ratio of the room air.
The humidity ratio is expressed as a mass of water vapor per mass
of dry air. Therefore Cm expresses the room moisture capacitance
as an equivalent quantity of dry air.

1f it is assumed that the moisture content of the building

structure and contents is in equilibrium with the humidity of the

room air, equation 3.3.1 may be rewritfen as

dw
___(ﬂ‘-=- - . -.
Cm dt Vinfpair (wamb wr)+ mgen Meond (3.3.2)
Performing an enevrgy balance on the same space yields
dTr . ] .
(chp)space'H€" - ZQshg'(qcool'mcond Ahvap) (3.3.3)

The quantity (Emcp)space is the thermal capacitance of the
space. The guantity (Qcoo1"mcondﬂhvap) is the difference between
the heat removed from the space at the cocling coil and the heat
released in the condensation process. Thus, this quantity is equal

to the net rate of censible heat removal from the space, i.e.
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Qat = M eond®Mvap (3.3.4)
Qens ~ ool Wrat (3.3.5)
Equation 3.3.3 may be rewritten as
‘ dT
Y o . N
(zmcp) space dat - ZQshg—Qsens (33-16)

Equations 3.3.2 and 3.3.6 are coupled by the mcond term. To
estimate the rate of moisture removal it is necessary to model the
processes which occur at the cooling coil.

The coil is modeled based on a method suggested by Stoecker (15).
The temperature and humidity ratio of the air Teaving the coil
satisfy the relation

e (3:37)

in 's in s

where the subscript "in" refers to the condition of air entering
the coil, the subscript nout" refers to conditions at coil exit
and the subscript “s" refers to saturation conditions at the coil
surface temperature. This is equivalent to saying that the exit
conditions 1ie on a straight line on a W-T psychrometric chart be-
tween the room condition point and a point on the saturation curve

at TS, as shown on Figure 3.3.1.

Fquation 3.3.7 may be rearranged to give
W =W
p = Ty ) (3.3.8)
in s

Tin"Tou

The sensible heat removal per unit mass of air is equal to
Cp(Tin“Tout) and the latent heat removal per unit mass of air is

equa]to'Ahvap(win"wout)’ so from equation 3.3.8 it follows that
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Qsens Q1at ( in Ts ) (3.3.9)
Cp Ah

W,
vap in s
This may be rearranged to give

Qens * Quat © (Tin'Ts) Cp * (win'ws)Athg (3.3.10)
(W, -W_)ah
in "s'T va

Q1at
Inserting equation 3.3.5 into 3.3.10 and rearranging yields

'é1at = Qcoo1 (Nin'ws)ﬁhvap (3.3.11)
TW%n'ws)Ah * (Tin-Ts)Cp |

vap

and

Qens = deool Cp(Tm T,) (3.3.12)
[CRC I T (R PR

Inserting 3.3.11 into 3.3.2, and 3.3.12 into 3.3.6 gives the
" two coupled ordinary differential equations which describe room

temperature and humidity:

d7 '
....._._Y_‘.z s C ( "T ) (3-3.13)
(chp)space dt - ZQshg Qcocﬂ TW w AL” (T TG

in s'°p
and
C o v (W =W} + -Q (W;nQg) a0y (3.3.14)
m dt mf air' amb v gen cool (w w Ah é—(T -T )C

The ambient humidity ratio, wamb, is calculated from the ambient
temperature and relative humidity using an algorithm provided by
_ ASHRAE (16) . The ASHRAE algorithm is basically an empirical curve

£it which describes the saturation curve. The saturation humidity

?f! ratio at the coil, ws, js calculated from Ts using the same algo-

rithm with a relative humidity of 100%.



Equations 3.3.16 and 3.3.17 are readily sol

give timestep-by-timestep values of Tr and wr.

ved by TRNSYS to

30
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CHAPTER TV

Description of System Simulated

4.1 Building

4.1.1 General Description

The same house was modeled in all simulations described below.
A sketch of this house is presented in Figure 4.1.1. The two-story
building is 9.1 m on a side, with a total floor area of 167 mz.
There is no basement, and the attic is insulated and outside the
conditioned space of the house. _

The roof has a pitch of 25° and faces north and south. The
north and south walls are 4.9 m high. The east and west are 6-1
m high at the centers and 4.9 m high at the edges. The total roof
area is 92.1 m2 divided equally between the north and south faces.
The east and west walls have areas of 53.4 m2 and the north and

south walls have areas of 44.6 m2 each.

4.1.2 Walls

The walls are of frame construction, consisting of 1 inch wood
siding, 1 inch insulation between 2 by 4 inch (nominal) studs on
16 inch centers, a 3 inch air space and 0.75 inch plaster on the
inside surface. The U-value of this wall construction is reported
by ASHRAE as 3. 64 kJ/hr m °C (.178 BTU/hr ft °F) The walls are
painted white (e=0.8, o= 0.3).

Window area in each wall amounts to 12% of the total wall area.

The windows are of single-pane clear glass without shading, and
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have a U-value of 21.7 kd/hrm2eC and a cransmittance of 0.8.

The walls are simulated using the TRNSYS Type 17 transfer-

function wall subroutine developed by Pawelski (17) based on the

method of Mitalas and Stephenson. (18). Detailed explanations

of the transfer function method are given elsewhere (13). A brief

descr1pt1on of the mode1 is presented below.
The instantaneous heat flux into the conditioned space is re-

lated to the past history of heat flux and temperature difference

across the wall:

9%,t ~ Eg (Te,t-nA-Trc);E?nqe,t-nA (4.7.1)

Usually all b and d coefficients for n greater than about 6 are

The ASHRAE 1977 Handbook of Fundamentals {13) contains

negligible.
values of d and b for a number of walT types.

The advantage of using a transfer function wall model is that
the time dependence of heat conduction through the wall is ac-
curately calculated with considerably less computational effort
than would be required for a finite-e1emeht unsteady state heat

flow calculation.

Transfer function coefficients for the wall simulated (ASHRAE

wall type 38) are given in Table 4.1.1.

4.1.3 Roof and Attic

The roof and attic are simulated using the TRNSYS Type 18

transfer function pitched roof and attic subroutine developed by
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Pawelski. The subroutine calculates the conduction heat gain to
the conditioned space through the ceiling using an approach similar
to that described above for the walls. Transfer function coeffi-
cients for an attic of the construction illustrated in Figure 4.1.2

are stored in the TRNSYS subroutine.

4.1.4 Room Load

The space cooling 1oad is calculated using a modified version
of TRNSYS Type 19. The modifications, as set forth in Chapter 3,
deal with calculations of the raie of moisture gain into the space,
the rate of moisture and sensible heat removal from the space at
the air conditioning coil, and determination of the temperature
and humidity of the air in the conditioned space.

' Sensible heat gains occur via conduction through the walls
and ceiling, by radiation through fenestration, by infiltration,
and by internal generation. The conduction and infiltration gains
appear instantaneously as components of the space cooling load.
Solar heat gains and the radiant portion of internally generated
heat gains do not contribute instantly to the space cooling load:
the radiant contribution must first be absorbed by the building
structure or contents and then be transferred into the room air
by conduction and convection. The Type 19 subroutine includes an
algorithm which calculates this time delay.

The infiltration rate way calculated assuming a constant rate
of 0.5 air changes per houvr. The volume of the conditioned space

15 408 m3, and thus the volume infiltration rate is 204 m3/hour.
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The building thermal capacitance, (chp)space in equation 3.3.3,
was set equal to 15,000 kJ/°C. The building moisture capacitance,
Cm’ was set equal to 5000 kg dry air, or approximately 10 times
the room air mass, as suggested by Mitchel1(19). The cooling coil
surface temperature, Ts’ was set equal to 7.5°C. (The absorption
chiller was modeled as delivering chilled water to the coil at

7.2°C.)

4.1.5 Room Thermostat

The control configuration used to command air conditioning
and heating was not identical in all simulations. In general,
however, solar source heating was commanded by a Type 8 thermo-
stat when the room temperature fell below 20°C. Cooling was com-
manded either by a Type 8 thermostat or a Type 2 controlier.
Cooling auxiliary (in the form of heat from the auxiliary heater,
or cooling from a backup air conditioner if no auxiliary heat was
provided) was commanded by a Type 2 controller.

Un1es§ otherwise specified, first stage cooling was called
for when the room temperature exceeded 24.5°C and second stage

cooling was commanded for room temperatures above 25.5°C.

4.2 Collector and Storage

4.2.1 Collector
The collector is simulated with the TRNSYS Type 1 Mode 1 col-
lector component. The TRNSYS component is pased on the model of

Hottel, Whillier and Bliss (23,24).
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The rate of useful energy collection is defined as
Q, = AGC, (To-Ty) (4.2.7)
The Hottel-Whillier-Bliss analysis leads to an expression re-

lating Qu to solar irradiation, ambient and fluid inlet tempera-

tures, fluid flowrate, andrcertain collector properties:

q, = AFg [Hy (g -4y (T:-T)] (4.2.2)
-F7U, )
where Fo = _ER M1-exp ( & Y] (4.2.2)
p

In the simplest form of the Hottel-Whillier-Bliss model, UL’

(Ta)e and FR are assumed constant for a given collector flow rate.
From equation 4.2.2, this leads to a simple two-parameter expression

for collector efficiency:

c.}u Ti-Ta
i (Ta) FR L (—Tr*—J (4.2.3)

T

values of F7, (T&)e and UL were chosen to simulate a fairly
high-performance double-glazed flat plate collector with a selec-
tively coated absorber, using water as the working fluid. The

values of FR(Ta) FR L and UL were:

FR(Ta)e = 0,785

_ 2o
Ul - 12.2 kd/hr m°°C
U . 14.4 K/hr m2°C

L
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Collectors were mounted facing due south at a tilt angle equal

to the latitude of the site being simulated.

4.2.2 Radiation Processor

Radiation data was provided in the form of hourly integrated
insolation on a horizontal surface. This was converted to radia-
tion on a tilted surface using the TRNSYS Type 16 radiation proc-
essor. The daily correlation of Liu and Jordan was used to divide

insolation into beam and diffuse components.

4.2.3 Storage, Pump and Relief Valve

The collector uses water as the working fluid. The storage
tank is unpressurized, and water circulates directly from storage
to co1iector with no intermediate heat exchanger.

The tank is modelled using the TRNSYS Type 4 tank subroutine.
The tank is divided into two modes to simulate the effect of ther-
mal stratification. The fank igs 1.5 m high and is insulated for
a loss coefficient of 1;0 kd/hr m2°C (approximately R-20 hr ftz/
BTU). Unless otherwise noted, the tank was sized at 75 liters
per square meter of collector. The storage tank is located out-
side the conditioned space of the building.

A pump (TRNSYS Type 3) operates at a flowrate equal to 50
kilograms of water per hour per square meter of collector when
commanded by the pump controller. The pump controller (TRNSYS
Type 2) commands pump operation when the collector outlet tempera-

ture exceeds the collector inlet temperature. A relief valve
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(TRNSYS Type 13) dumps energy from the fluid stream leaving the

collectorso that the top node of storage never exceeds 100°C.

4.3 Absorption Air Conditioning System

4.3.1 Absorption Chiller

The model used to simulate the absorption chiller is described
in general terms in Chapters 2 and 3. The specific chiller simu-
1ated is a three ton rated capacity 1ithium bromide-water unit
whose steady state performance matches that of a commercially
available chiller (Arkla model WF-36, Arkla Industries Inc.,
Evansville, Indiana). Figures 4.3.1 and 4.3.2 show the steady state
capacity and coefficient of performance (COP) of the Arkia Chiller
as a functioﬁ of firing water and condensing water temperatures (20).

parameters needed to describe the transient performance of
the chiller were estimated from measurements taken on an Arkla
mode] WF-36 chiller located at Colorado State University and
on calculations for a hypothetical chiller. ‘Table 4.3.1 1ists
the parameters used to describe the steady-state and transient
performance of the chiller.

The steady state generator temperature is related to the firing
water temperature by equation 2.2.7. It is assumed that Ta is
approximately equal to TC, ahd the effectiveness of the generator
and sensible heat exchanger are arbitrarily assigned values of
0.65. Inserting these values into equation 2.2.7 gives an ex-

pression for the steady state generator temperature:



Table 4.3.1

Parameters to Simulate Arkla WF-36 Absorption Chiller

Rated Capacity = 37980 kd/hr

v, = 0.133 hr r, = 1.05 hr (A), = 1900 kd/hr
Tanin = 68.2°C = 2420 kg/hr
aj, = 1.405 ay, = -3.602844 aj; = -100965
ayy = 1.044028 | 2y = 1.883088x107% 2,y = 1.37682x10"°
ag = 11.40388x1078 g, = 5012843107 agy = O
by = 5.048 by = -1.921 by = 4.290611x1072
by = -4264 byp = 1.522715x1072 by = -5.696471x107
by = -6.250574x107° by, = 1.304397x107"  byg = 0

Cooling Tower Parameters
Approach = 5.5°C T . =23.1% T = 32.2%C

cmin cmax

39
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Toss = 083 Ty ¥ 017 Tc (4.3.7)

The empirical functions describing CAPY (T ,TC) and COP
(T ST ) were obtained from steady state performance data for the
Ark]a model WF-36 chiller as shown in Figures 4.3.1 and 4.3.2.
Performance data shown as functions of Thw and TC were converted
to functions of Tg and Tc using equation 4.3.1. The coefficients
353 and bij were obtained by fitting the curves for CAPY and COP
to functions of the form 2.2.17 and 2.2.19 using MINITAB (21), a
statistical program of the Madison Academic Computing Center. The
resulting functions were:

a) 68.2°C < Tg < 85.3°C

. - 2
CAPY (Tg,TC) = 1.405-3.602844 TC + ,100965 Tc

+(1.044028+1.883088x1o‘2Tc-1.376819x10T3T62y7g

+(-1.403839x10*2+4.01284x1o'4TC)T92 (4.3.2)
COP (TjuT,) = 5.048-1.921 T ¢ 4.290611x107T 7
+(.4264+1.522715x1o‘zTc-s.696471x10‘4TCZ)Tg
+(<6.250574x10~3+1. 3043971074 )T ° (4.3.3)
b) Ty < 68.2°C
QCOO1 =0 (4.3.4)

copP =0 (4.3.5)
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The quantity (UA)0 referred to in equation 2.2.21, which
characterizeé heat transfer to the soiution during the part of
the startup process in which Tg is below Tgmin‘ was calculated

using Arkla data and equation 4.3.7. Fquation 4.3.1 may be re-

arranged to give

Thw - Tg,ss = 0,17 (Thw'Tc) (4.3.6)
Therefore
Q
(UA) = o (4.3.7)
0 0.17 (Thw TC)

The heat transfer coefficient, U, increases as the rate of
boiling increases. To estimate UA under conditions in which the
boiling rate is low, the operating point reported by Arkla at which

the chiller has the Towest cooling capacity is considered:

T 76.7°C

hw

T 29.4°C

c

1]

Qgen = 15300 kJ/hour

From equation 4.3.7, (UA)0 equals 1900 kd/hr °C.

The startup time constant, T was estimated from transient-
mode generator temperature data reported by Leflar et al. (g} for
the Arkla WF-36 chiller at Colorado State University Solar House I.

The cooldown time constant, Tes was estimated from measurements

made on the same chiller.
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Time-temperature data from chiller startup were fitted to

an expression of the form

t-t

in (Tg o5~ Tg(8)) = o0 Ty, s Tglto)) - 'Thf’ (4.3.8)

Data from chiller cooldown were fitted to an expression of

the form

t-t

= 0
wn (Tg(E)-Tep) = 20 (Tgttg) = Teny) = (4.3.9)

When the quantity {(in (Tg,SS-Tg(t)) is plotted against (t-to),
equation 4.3.8 predicts a straight Tine of slope -1/Th. Similariy,
equation 4.3.9 predicts a slope of -1/t when (Rﬁ (Tg(t)-TenV))
is plotted against (t—to). MINITAB was used to evaluate T, and
Th The values of Ty, and T¢ which gave the best fit to the ex-

perimental data were:

i

T 0.133 hr

T 1.05 hr

o
Measured and predicted generator time-temperature histories

are plotted in Figures 4.3.3 and 4.3.4.

4.3.2 Cooling Tower, Pumps, Chiller Controls and Auxiliary Heater

As described in Chapter 3, the cooling tower was modeled as
delivering condensing water at a constant increment above the am-
bient wet bulb temperature. For the simulations described below,
the approach to wet bulb was 5.5°C, i.e.

T =T

c7 Tup ¥ 50 | (4.3.10)
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The minimum cooling water temperature, Tcmin’ was set at
93.1°C, and the maximum temperature, Tcmax’ was set at 32.2°C.

The firing water pump delivered 2440 kg/hr (approximately 12
gpm) when the chiller was operating. Firing water supplied above
96°C was automatically tempered to 96°C.

The minimum solar source temperature Tsmin described in Chapter
3.2;3 was set at 77°C in most simulations. (A series of simulations
in which Tsmin was varied is described in Chapter 6.) To facili-
tate numerical convergence during a TRNSYS simulation, a dead-
band was set on the controller. Usually the deadband was set at
3°C, i.e. the controllier would call for auxiliary when the storage
temperature fell below 77°C, and keep the chiller on auxiliary
until the temperature of storage rose above 80°C. It was sometimes
necessary to use larger deadbands in conjunction with small storage
tanks. -

In simulations in which auxiliary heat was to be provided,
the auxiliary heater set temperature Taux was usually set at 95°C.

A series of simulations in which Taux was varied is described in

Chapter 6.

4.4 Preliminary Sihu1ations

4.4.1 Seasonal Cooling Load Distribution

System simulations were run on the house described above in
Columbia, Mo., Charleston, $.C. and Miami F1. using weather data

from April 1 to November 1, 1975 (22). Sensible, latent and total
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1oads were calculated based on a room temperature of 25°C and a
room humidity ratio of 0.012.

Month-by-month integrated sensible, Tatent and total loads
are listed in Tables 4.4.1-3, and plotted in Figures 4,4.1-3.

In Miami and Charleston, the Tatent Joads are a major fraction
of the total cooling Toad. In Miami, the latent load amounts to
about 24.5% of the total. In Charleston, the Tatent load éonu
tributes about 22% of the total cooling load over the season. In
Columbia the latent load contribution is much smaller--approximately

7.7% of the total.

4.4.,2 Fraction Solar vs. Collection Area

A series of simuiations were run 1o determine the fraction
of air conditioning load met bysolar as a function of collector
area. The house, collectors, storage and chiller were as described
above. First stage cooling was called for at a room temperature
of 24.5°C, and auxiliary cooling from a 3.2 ton vapor compression
backup unit was commanded at 25.5°C. Simulations were performed
for collector areas of 30, 60 and 90 mz.

Monthly curves of f vs. A for Miami, Charleston and Columbia
are shown in Figures 4.4.4, 4.4.5 and 4.4.6 respectively. The
fraction by solar, f, is defined by

£ = Qcoo1,a
= —
Qcoot,a © Qeool,b

4.4.1

and Q

where Qcool,a cool,b

are the monthly integrated total cooling



Table 4.4.1
House Cooling Loads: Miami, FL

T.= 25°C W, = .012
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MONTH Qsens (6J) Q1at (6J) Qtota] (63)
April 9.26 1.71 10.97
May 8.95 2.81 11.76
June 9.03 3.24 12.27
July 9.76 3.44 13.20
August 10.94 4.27 15.21
September 9.68 3.61 13.29
October 9.08 2.56 11.64
Season 66.71 21.63 88.34




House Cooling Load:

Table 4.4.2

Charleston, SC
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' T.= 25°C W, = 012
MONTH Qsens (6J) Q1at (6J) Qtota] (6J)
April 3.23 0.37 3.60
May 6.82 1.63 8.45
June 7.74 1.91 9.65
July 7.68 2.74 10.42
August 9.32 3.01 12.33
September 5.54 2.08 7.62
October 3.93 0.80 4.73
Season 44.26 12.53 56.79




Table 4.4.3

House Cooling Load:

Columbia, MO
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T =25°C W, =.012

MONTH | Qsens (GJ) Q'lat (GJ) Qtota1 (GJ)
April 2.24 0.02 2.26
May 5.02 0.29 5.31
June 7.31 10.95 8.26
July 9.30 0.80 10.10
August 8.43 0.77 9.20
Septémber 3.35 0.33 3.68
October 2.84 0.03 2.87
Season 38.48 3,20 41.68
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delivered by the absorption and backup chillers, respectively.

In Miami during June, July, August and September, and in
Charleston during July and August, the f vs. A curves are nearly
straight. This suggests that during these months the storage tank
temperature was nearly constant. This was apparently due to the
fact that the storage temperature rarely got very far above 77°C,
and that the absorption chiller was using energy from storage almost
as rapidly as it could be collected.

On the curves for Columbia, it often happens that the fraction

by solar at 30 m2

is very high. Simulations were not run at Tower
collector areas because the difficulty and expense of obtaining
numerical convergence in a small tank couplied to a large chiller
did not seeﬁ justified.

The most striking conclusion that can be drawn is that, during

the peak cooling months in Miami and Charleston, the fraction by

solar is almost directly proportional to the co11éctor area.
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CHAPTER ¥

Effect of Chiller Transients on
Air Conditioning System Performance

5.1 Comparison of Instantaneous and Transient Respanse

Simulations were run to evaluate the effect of chiller tran-
sients on system performance. These simulations used the house,
collector-storage system and air conditioning systems described
in Chapter 4 and weather daté from Miami and Charleston.

The house in Miami was simulated with collector arrays of
30 and 60 mz. The Charleston house was simulated with 60 m2 of
collector. In these simulations, the absorption chiller used par-
allel heat auxiliary. The auxiliary set temperature, Taux’ was
95°C. .The minimum solar source temperature was 77°C. First stage
cooling was called for by the room thermostat when the room tem-
perature exceeded 24.5°C, and second stage cooling was called for
when the room temperature exéeeded 25.5°C. The simulations were
run with quarter-hour timesteps, and the state of the room thermo-
stat {on or off) remained constant throughout the timestep.

Two cases were simulated for each location and collection
area. In the first case, which will be referred to as the "instan-
taneous-response” case, the chiller startup and cooldown time con-
stants were set equal to 0.00% hr. (Time constants equal to zero
could not be used without causing a "4ivision-by-zero" error in
the chiller aTgorithm.) In the second case, which will be re-
ferred to as the “transient-response" case, values of 0.133 hr

for Th apd 1.05 hr for Te were used.
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Table 5.1.1
Comparison of Transient and Instantanecus Chiller Response
Miami, FL A = 60 m°
A11 quantities expressed in Gd

Transient Instantaneous Transient Instantaneous
April August
Qoo 12.24 12.24 Qoo 16.33 16.33
Qgen 19.47 18.44 Qgen 26.72 26.39
Quux 2.42 1.42 A ux 11.69 11.40
May Sept.
Qoo 13.14 13.13 Qoo 14.44 14.48
Qgen 20.51 19.23 Qgen 23.05 22.40
Qux 6.19 5.03 Qux 8.74 8.33
June Oct.
Qeo0l 13.74 . 13.75 Qoo 13.63 13.63
Qgen 21.50 20.77 Qgen 21.14 20.05
Qux 9.48 8.76 Quux 5.75 4.78
July Season.
Qoo 14.38 14.40 Qoo 97.9 98.0
Qgen 22.65 21.92 Qgen 155.0 149.2
Qaux 9.50 8.67 Qs ux 53.8 48.4
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Table 5.1.2
Comparison of Transient and Instantaneous Chiller Response
Miami, FL A = 30 m°
A1l quantities expressed in GJ

Transient Instantaneous Transient Instantaneous
April August
Qoo 12.18 12.15 Qeool 16.28 16.30
Qgen 18.11 17.26 Qgen 26.29 25.99
Qux 8.33 7.43 Qaux 18.58 18.25
May Sept.
Qeoo0] 13.08 13.06 Qoo 14.42 14.41
Qgen 20.05 19.01 Qgen 22.78 22.19
Qaux 12.60 11.50 Qaux 15.75 15.12
June Oct.
Qeo0l 13.74 13.73 Qoo 13.55 13.54
Quen - 21.50 20.72 Qgen 20.80 19.77
Qaux 15.42 14.62 Qaux 12.77 11.68
July Season
Qc001 14.39 14.39 Qc001 97.6 97.6
Qgen 22.51 21.80 Qgen - 152.0 146.7
Qux 15.82 15.07 Quux 99.3 93.7




Table 5.1.3
Comparison of Transient and Instantaneous Chiller Response

Charleston, SC

A=60m

2

A11 quantities expressed in GJ

Transient Instantaneous
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Transient Instantaneous

April August

Qcoo] 3.75 3.70 Qcool 13.45 13.40
Qgen 6.52 6.28 Qgen 21.08 19.97
Qaux 0 0 Qaux 8.92 6.95
May Sept.

Qcoo] 9.74 9.73 Qcoo1 8.77 8.71
Qgen 15.09 13.74 Qgen 14,28 12.80
Qaux 2.34 1.36 Qaux 6.58 5.23
June Oct.

Qc001 11.24 11.24 Qcoo] 5.78 5.72
Qgen 17.51 15.84 Qgen 9.42 8.27
Qaux 6.09 4,51 Qaux 1.43 0.65
July Season

Qeoo1 11.57 11.54 Qcooi 64.30 64.03
Qgen 18.31 16.90 Qgen 102.2 93.80
Qaux 8.05 6.68 Qaux 32.57 25.37
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Comparison of Transient and Instantaneous Chiller Response

Miami, FL A = 60 m2
Transient Instantaneous Transient Instantaneous
Aprii August
f 876 .923 f .563 .568

CoP .629 .675 coP 611 .619
May Sept.

£ .698 .736 f 621 .628
cop 641 .686 cop .b26 .646
June Oct.

f .559 .578 f .728 .762
copP .639 662 COP - L645 .680
July Season

f , 581 .604 f 653 .676
cop .B635 .657 Cap 632 657




Table 5.1.5

Comparison of Transient and Instantanecus Chiller Response
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Wiami, FL A =30
Transient Instantaneous Transient Instantaneous
April August
f .540 570 f .293 .298

cop .673 .704 cop .619 627
May Sept.

£ .372 .395 f .309 .319
cop .652 .687 cop .633 L6489
June Oct.

f .283 .294 f .386 .409
CoP .639 .663 cop .651 .685
July Season

f 297 .309 f .347 .361
cop .639 .660 COoP .642 .665
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Table 5.1.6

Comparison of Transient and Instanteneous Chiller Response

charleston, SC A = 60 m

Transient Instantaneous Transient Instantaneous
April August
f  1.00 1.00 f .616 .652

cop  0.575 0.589 cop .638 671
May ' Sept.

f .845 .901 f .539 .591
cop .645 .708 COP .614 .680
June | Oct.

f .652 734 f .849 .921
cop .642 .710 cop .614 .692
July  Season

f .561 .605 f .681 730

cop .632 .683 copP .629 .683
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Tables 5.1.1 and 5.1.2 1ist seasonal and monthly integrated
energy quantities for the Miami simulations. Figures 5.1.1 and
5.1.2 show month-by-month plots of Qgen’ Qc001 and Qaux for the
transient and instantaneous cases in Miami. Comparing the tran-
sient and instantaneous case, it can be noted that in both cases
total cooling provided was essentially identical. The greatest
differences occurred in the total energy input to the generator,
Qgen’ and in the auxiliary energy consumption Qaux', For the 60m
array, the transient case required 3.7% more energy to operate
the chiller than was required in the instantaneous case over the
cooling season.

Table 5.1.3 lists seasonal and monthly integrated energy flows
for the Charleston simulations. Figure 5.1.3 shows month-by-month
plots of Qgen’ Qcoé1 and Qaux for Charleston. The differences
between the transient and instantaneous cases are much more pro-
nounced in Charleston than in Miami: the difference in Qgen be-
tween the two cases was approximately 8.2% over the season in
Charleston. Presumably this is because the chiller cycled on and
of f more frequently in Charleston, due to the Tower cooling loads
encountered.

Tables 5.1.4 and 5.1.5 list the monthly and seasonal fractions
by solar and average coefficients of performance for the Miami

simulations. These are calculated as
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Q. -Q
f = __M (5.}'])
gen
Q .
COP = ~cool (5.1.2)
Qgen

Note that the above definition of £ is not the same definition
as was given in equation 4.4.1. Equation 5.1.1 will be used to
define fraction by solar when heat‘auxiliary is provided, and
equation 4.4.1 will apply when auxiliary is provided by a backup
yapor compression unit.

The monthly values of f and COP are consistent1y higher for
the instantaneous cases. The differences are most pronounced
during menths with a relatively low cooling load, such as April,
May and October. Again this is presumably becausé the thermo-
stat cycles on and off more frequently during these months.
During months with a high cooling load, such as August, there
tends to be less difference between the two cases.

fab]e 5.1.6 1ists monthly and seasonal integrated values of
£ and COP for the Charleston simulations. Predictably, the dif-
ferences between the transient and instantaneous cases are greafer
in Charleston than in Miami, and the greatest differences occur
in months with lower cooling loads.

The general conclusions that can be drawn are that:

1. Chiller transients can significantly degrade the average

chiller COP, and
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2. The degradation of performance is greatest when the loads

are lowest and the chiller cycles most frequently.

5.2 Effect of Room Thermostat Deadband

The results presented in Section 5.2.1 indicate a relation-
ship between frequency of thermostat cycling and absorption chiller
COP. Decreasing the frequency of thermostat cycling should improve
the performance of the air conditioning system.

In the simulations described in Section 5.1, the room thermo-
stat could change state as frequently as once per timestep (i.e.
at 15 mihute intervals). One possible means of reducing the
cycling frequency is through the addition of a deadband on the
room thermostat so that the thermostat would turn the chiller on
at a set temperature and off at a somewhat lower temperature.

Mathematically this is described as follows:

) Tfy-=Dand T, > T + —5
e ] (5.2.1)
ATy,
If y-= 0 and Tr < Trd * o
v¥= 0 (5.2.2)
AT
b) Ify+=Tand T < T~ 2
v-=0 (5.2.3)
AT
B ys= 1and T, < Ty - 5o

v=0 (5.2.4)
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Table 5.2.1

Effect of Room Thermostat Deadband

Charleston, SC

A=60m

2

A1l energy quantities in GJ
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aux

~ Deadband,  °C: 0 0.66 1.30 2.60 Instantaneous
APRIL: Qoo 3.75 3.73 3.73 3.77 3.70
Qgen 6.52 6.52 6.57 6.48 6.28
Qux 0 0 0 0.04 0
MAY : Qoo 9.74 9.67 9.63 9.70 8.73
Qgen 15.09 14.72 14.43 14,12 13.74
Q,ux 2.34 1.82 1.61 1.51 1.36
JUNE: Qcool 11.24 11.18 11.11 11.07 11.24
Qgen 17.51 17.07 16.65 16.14 15.84
A ux 6.09 5.43 5.00 4.61 4.51
JULY Qeoo1 11.57 11.49 11.47 11.38 11.54
Qgen 18.31 17.99 17.67 17.11 16.90
Q 8.05 7.58 7.27 6.79 6.68
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Table 5.2.1, continued

Deadband, °C: Q 0.66 1.30 2.60 Instantaneous
- AUGUST: Qcool 13.45 13.33 13.30 13.27 13.40
Qgen 21.08 20.84 20.51 20.07 19.97
Qaux 8.92 7.79 7.44 7.03 6.95
SEPT: Qcoo] 8.77 8.72 8.63 8.57 8.71
Ogen 14.28 13.88 13.47 12.99 12.80
Qaux £.58 6.14 5.74 5.33 5.23
0CT: Qcoo] 5,78 5.69 5.66 5.67 5.72
Qgen g.42 9.03 8.76 8.46 8.27
Qaux 1.43  1.06 .82 0.71 0.65
SEASON: Qcoo1 64.30 63.8] 63.53 63.47 64.03
Qgen 102.20 100.0 938.04 95,37 93.80
qQ 32.57 29.8]1 27 .88 26.02 25.37

aux
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Table 5.2.2

Effect of Room Thermostat Deadband

Charleston, SC A= 60 m2
fxqcool in GJ
Table 5.2.2
Deadband, °C: 0 0.66 1.30 2.60 Instantaneous
APRIL: f 1.00 1.00 1.00 0.994 1.00
foCOO1 3.75  3.73 3.73 3.75 3.70
CaP 0.575 0.572 0.568 0.582 0.589
- MAY: f 0.845 0.876 0.888 0.893 0.901
foCOO1 8.23 8.47 8.55% 8.66 8.77
cop 0.645 0.657 0.667 g.687 g.708
JUNE: f 0.652 0.682 0.700 0.714 0.734
foCOO1 7.32 7.63 7.77 7.90 3.25
cop 0.642 0.655 0.667 (.686 0.710
JULY: f 0.561 0.578 0.589 0.603 0.605
foCOO1 6.49 ©.64 6.76 6.86 6.98

cop 0.632 0.639 0.649 0.665 0.683




Table 5.2.2, continued
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Deadband, °C: 0 0.66 1.30 2.60 Instantaneous
AUGUST: f 0.616 0.626 0.637 0.650 0.652
focoo1 8.29 8.34 8.47 8.63 8.74
coP 0.638 0.640 0.648 0.661 0.671
SEPT.: f 0.539 0.558 0.574 0.590 0.591
fxqcool 4,73 4.87 4.95' 5.06 5.15
cop 0.614 0.628 0.641 0.660 0.680
OCT: f 0.849 0.883 0.906 0.916 0.921
fxqcoo] 4.917 5.02 5.13 5.19 5.27
cop 0.614 0.630 0.646 0.670 0.692
SEASON: T 0.681 .0.702 0.716 0.727 0.730
foCOO1 43,79 44.78 45,49 46.11 46.74
coP 0.629 0.638 0.648 0.665 0.683
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This behavior is shown schematically in Figure 5.2.1.

Simulations were performed using Charleston weather data from
April 1 to November 1 with a collector area of 60 m2. The absorp-
tion chiller used parallel heat auxiliary, with Taux set at 95°C
and Tsmin set at 77°C.

To examine the effects of varying room thermostat deadbands,
-simuTatiéns were performed with thermostat deadbands of 0, 0.66,
1.30 and 2.60°C. The deadbénd center temperature, Trd’ was 24.5°C
in all cases. Auxiliary was called for when the room temperatdre
exceeded 26°C. No deadband was provided on the second stage of
the room thermostat.

Tables 5.2.1 and 5.2.2 show the effect of thermostat dead-

band on system performance. The quantity (fQ ) in Table 5.2.2

cool
is an approximate measure of the cooling provided by solar. Monthly

values of Q and fQCOO1 are plotted in Figure 5.2.2.

cool’ Qaux
An increase in deadband leads to a slight decrease in cooling
load, as can be seen from Table 5.2.1. This is probably caused
by energy stored in the building structure and contents over the
course of the day being released to the ambient air at night when
the ambient temperature is lower. A larger deadband allows more
energy to be carried through the day in the building thermal capaci-
tance without reguiring cooling.

This effect is not very large. Over the course of a season

the difference in load between the building with zero thermostat
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deadband and the building with a 2.6°C thermostat deadband is only
0.88 GJ, or about 1.4% of the total Toad.

From Table 5.2.1 it can be seen that an increase in room thermo-
stat deadband also led to a decrease in.Qgen’ the energy supplied
to the generator of the chiller. This cannot be entirely attrib-
uted to the accompanying decrease in cooling load. Over the season
Q

a deadband of 2.5°C: a decrease of approximately 6.7%. The cor-

gen was equal to 102.2 GJ with zero deadband and 95.37 GJ with
" responding decrease in cooling load was only about 1.4%, which
is hot sufficient to entirely account for the decrease in Qgen'
The auxiliary energy requirement was significantly decreased.
The seasonal value of Qaux was 32.6 GJ with zero deadband and
26.0 GJ with a 2.6°C deadband--a decrease of 6.6 GJ, or approxi-
mately 20%. Since auxiliary heat and parasitic power for pumps
and fans are the only purchased energy requirements of the air
conditioning system, a 20% reduction in auxiliary energy'require~

ment represents a substantial reduction in chiller operating costs.

5.3 Summary

The COP of the absorption air conditioning system is sig-
nificantly lowered by thermostat cycling. This effect is most
significant under conditions of Tow cooling load, or where the
absorption chiller is oversized for the cooling load.

Use of an appropriate deadband on the room thermostat wilil

Jessen the impact of chiller cycling on COP. The optimum choice



of thermostat deadband will be dictated by a compromise between

energy savings and occupant comfort.

80
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CHAPTER VI

Control of Auxiliary

6.1 Detailed Description of Auxiliary Modes

The TRNSYS chiller component described in Chapter 3 offers
a choice of four auxiliary modes. These were described briefly
in Chapter 3 and will be discussed in more detail here. Three
of the four modes provide for auxiliary heat to be supplied to
operate the absorption chiller. The fourth mode provides no aux-
iliary energy for the chiller; auxiliary cooling, if needed, must
be provided by a separate backup unit.

In the three auxiliary-heat modes, the control system will
call for auxiliary heat if chiller operation is calied for by the
first stage of the room thermostat and either a) storage is below

T or b) the room temperature rises sufficiently to actuate

smin
the second stage of the room thermostat. The differences between
these three modes Yie in the flow path of firing water during
operation on auxiliary. |

Series heat auxiliary is diagrammed in Figure 6.1.7. Aux-
iliary is called for by controller C1 when Tstor is below Tsmin;
or by the second stage of the room thermostat. When auxiliary
is not called for, the three way valve V1 diverts firing water
around!the auxiliary heater. When auxiliary is called for, VI

routes firing water through the auxiliary heater, into the gen-

erator of the absorption chiller, and back to storage.
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Parallel heat auxiliary is diagrammed in Figure 6.1.2. Aux-
iliary is called for by controller C1 or the room thermostat, as
before. When auxiliary is not needed, valve V1 returns firing
water from the generator to storage. When auxiliary is reqﬁired,
valve V1 returns firing water to the auxiliary heater, bypassing
storage.

Series-parallel heat auxiliary is diagrammed in Figure 6.1.3.
The control system for this auxiliary mode is somewhat mare complex
than for series or parallel heat auxiiiary. The system functions
like the parallel heat auxiliary system when the solar source tem-
perature is below a specified changeover temperature, Tcr’ and
like the series heat auxiliary system when the solar source tem-
perature is above Tcr'

When auxiliary is not required, valve V1 will be set so as
to bypass the auxiliary heater, and valve VZ will be set to re-
turn firing water to storage. If auxiliary is called for controller
C1 will set valve V1 to route firing water into the auxiliary heater.
If auxiliary is commanded and storage is below Tcr’ controller
€2 will cause valve V2 to return firing water to V1. Otherwise,
valve V2 will return firing water to storage.

Figure 6.1.4 shows a system without heat auxiliary. In this
mode, controller C1 shuts off the chiller when the solar source

temperature falls below Tsmin'
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6.2 Comparison of Performance of Four Auxiliary Modes

6.2.1 Comparison of Thermal Performance

To compare the performance of air conditioning systems using
the four auxiliary modes described above, simulations were run
for Miami, Charleston and Columbia, from April 1 to November 1,
1975. The house, collectors, and absorption chiller were des-
cribed in Chapter 4. Absorption chiller startup and cooldown time
constants were .133 hour and 1.05 hour, respectively. Collector
arrays of 60 m2 were used in Miami and Charleston, and a 30 me
array was used in Columbia.

In all simulations, T was set at 77°C. Where applicable,

smin
Taux was set at 95°C and Tcr at 90 °C. The room thermostat called
for first-stage cooling when the room temperature exceeded 24.5°C.
No deadband was provided on thé first stage. The second stage

of the room thermostat turned on when the room temperature rose

above 25.5°C, and turned off when the room temperature fell below
24.5°C.

In the case where auxiliary heat was not provided for the
absorption chiller, a 3.2 ton (40,000 kJ/hr} vapor compression
chiller provided backup cooling. The backup chiller was commanded
only by the second stage of the room thermostat.

- Table 6.2.1 1ists seasonally integrated values of Qu (total

~solar energy collected), collector efficiency {defined as Qu divided

by the total 1nso]at1on on the collector array), Qaux’ Qgen’ Qcoo],a’



Comparison of Auxiliary Modes

Table 6.2.1
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Miami, FL A =60 m>  April 1-November 1
Series- Electric
Series Parallel Parallel  Vap.-Comp.

MODE Heat Aux. Heat Aux. Heat Aux. Aux.
Q, (6J) 105.3 107.5 107.6 108.4
COLLECTOR EFFICIENCY 42.8% 43.7% 43.7% 44.1%
Qaux (GJ) 70.0 65.9 65.5 0
Qgen (GJ) 7A165.5. 165.6 165.7 102.4
Qcoo1,a (GJ) 106.0 106.6 106.5 64.7
Qoor,p (&) g 0 0 41.9
COPa 0.640 0.643 0.643 0.632
f 0.577 0.602 0.605 0.607

f defined by equation 5.1.1 or 4.4.7 as applicable
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Table 6.2.2

Comparison of Auxiiiary Modes

2

Charleston, SC A=260m April 1-November 1

Series~ Electric
Series parallel Parallel Vap.-Comp.

MODE : _ Heat Aux. Heat Aux. Heat Aux. Aux.
Qu (GJ) 80.7 82.3 82.5 83.1
COLLECTOR EFFICIENCY 37.3% 38.1% 38.2% 38.4%
Quax (GJ) 37.9 34.5 34.0 0
Qgen (GJ) 106.0 103.8 103.6 70.2
Qcool,a (GJ} 64.8 | 64.7 64.8 45.3
Qcool,b (GJ) 0 0 0 19.5
COPa 0.612 0.624 0.625 0.644
f : 0.642 0.667 0.672 0.699

f defined by equation 5.1.1 or 4.4.1 as applicable



Comparison of Auxiliary Modes

Table 6.2.3
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Columbia, MO A =30 m°  April 1-November 1
Series- Electric
Series parallel Parallel  Vap.-Comp.

MODE : Heat Aux. Heat Aux. Heat Aux. Aux.
Qu (GJ) 58.5 60.0 60.0 60.5
COLLECTOR EFFICIENCY 42.3% 43.4% 43.4% A3.7%
Qaux (GJ) 28.2 25.7 25.7 0
Qgen (GJ) 72.2 71.5 71.5 46.1
Qcoo],a (GJ) 47.0 47.3 47.3 3.7
Qcoo],b (GJ) 0 0 0 15.6
COPa 0.651 0.662 0.662 0.687
f 0.610 0.641 0.64] 0.6689

f defined by equation 5.1.1 or a.4.1 as applicable
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COPa (the average COP of the absorption chiller) and fraction by
solar for the four auxiliary modes in Miami.

From Table 6.2.1 it 1s apparent that series heat auxiliary
requires the most auxiliary heat and leads to the lowest collector
efficiency and fraction by solar. Parallel heat auxiliary requires
approximately 6% less auxiliary energy than does series, and series-
parallel requires about 0.6% less auxiliary energy than does par-
allel.

Vapor compression backup leads to the highest Qu and fraction
by solar, and the lowest COP. This is presumably because the ab-
sorption chiller will operate on solar source whenever cooling
is required and there is energy available in storage. The other
modes allow the chiller to operate on auxiliary when auxiliary
is called for by the second stage of the room thermostat, even

when storage is above T Storage will thus tend to be at a

smin’
Jower temperature on the average, when vapor compression backup
is used, leading to a higher collector efficiency. The lower
storage temperature also leads to a reduction in COP, but this
is more than compensated for by the higher collector efficiency,
leading to a higher fraction by solar.

Tables 6.2.2 and 6.2.3 give the same information for Charleston
and Columbia. Again, it is apparent that parallel heat auxiliary

gives significantly better performance than series heat auxiliary,

and that series-parallel heat auxiliary performs, at best, siightly
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better than parallel. As was the case in Miami, vapor-compression
auxiliary leads to the highest fraction by solar. In short, the
general conclusions that were drawn from Miami also hold true in

Columbia and Charleston.

6.2.2 Economic Comparison of Heat and Vapor Compression Auxiliary

A comparison between vapor-compression auxiliary and heat
auxiliary will depend on the source of backup heat, the auxiliary
heater efficiency, and the average coefficients of performance
of the absorption and vapor-compression units. The operating cost
per unit of auxiliary cooling delivered by the absorption chiller
operating on auxiliary will be

Ce

{ & —— (6-2.1)
a nahCOPa

where Cf is the cost of the backup fuel used to fire the auxiliary
heater, Nah is the auxiliary heater efficiency and COPa is the
average COP of the absorption chiller. The operating cost per

unit of backup cooling by the vapor-compression unit is

Cb = TOP (6.2.2)

By equating Ca and Cb, a relation between Cf and Ce can be
determined such that the auxiliary energy costs are identical for

vapor-compression and heat auxiliary:

COP,

Co = W—;Cf _ (6.2.3)
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As an example, suppose that the average absorption chiller
COP were 0.64 (as in Miami with parallel heat auxiliary), the aux-
iliary boiler efficiency was 0.7, the average COP of the vapor-
compression unit were 2.5, and the cost of electricity was 5 cents
- per kilowatt hour, or $13.85 per GJ. The highest cost of back-
up fuel for the auxiliary heater at which heat auxiliary would
be less expensive than vapor compression auxiliary, in terms of

seasonal energy cost, is

o o tehan®®s | (13.85)(0.7)(0.64)
f cop, s

$2.48/GJ = $2.61/Mi11ion BTU

Under these assumptions, unless backup fuel was available
for less than $2.61/million BTU (unlikely), vapor-compression backup
would cost less to operate.

Note that this rather simple analysis does not take into ac-
count the observed fact that the fraction by solar is higher with
vapar-compression backup than with heat backup. On the other hand,
the analysi§ does not deal with the relative capital costs of a
vapor-compression chiller versus an auxiliary heater. The final
decision would need to be made on a life-cycle cost basis which

is outside the scope of this thesis.
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6.3 Effect of Varying Auxiliary Control Setpoints

6.3.1 Effect of Varying Taux

In the simulations described in Section 6.2, the auxiliary
boiler set temperature was 95°C. A series of simulations were
performed to examine the effect of varying Taux’ and to locate

the optimum value.

The usual house, collector and absorption chiller were simu-
lated in Charleston from April 1 to November 1, 1975, using 60 m2
of collector. Parallel heat auxiliary was provided for the ab-

sorption chiller; values of Tau of 80, 85, 90 and 95°C were simu-

X
lated and compared.

Results are shown in Table 6.3.1. Variations in Taux have
a relatively small effect on fraction by solar and auxiliary energy
consumption. The maximum spread in Qaux’ for instance, is only
about 2.5% of the total auxiliary heat supplied.

The highest system COP and fraction by solar, as well as the

lowest seasonal Qaux’ occur for Tau in the neighborhood of 90°C.

X
This is not particularly surprising in light of the fact that the
highest steady-state chiller COP occurs for firing water temper-

atures in the vicinity of 90°C.

6.3.2 Effect of Varying T¢min

To evaluate the effect of T on system performance, simu-

smin
Jations were run (using the house described in 6.3.1) in which

T . s varied.
smin "2 €
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Table 6.3.1

Effect of Varying Taux

Charleston, SC A = 60 m®  April 1-November 1

Ty °C 80 85 90 %
Ougor (69) 63.0 64.2 64.6 64.7
Ogen  (69) 105.1 104.4 103.3  103.8
0, (8) 34.6 34.4 33.8 34.6
£ 0.671 0.670 0.673 0.667
coP 0.600 0.615 0.625 0.624
£ Q 42.3 43.0 43.4 43.2

cool
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The optimum value of T will depend on the interactions

smin
between the collectors, storage and absorption chiller. The chiller

COP increases as firing water temperature increases up to about
90°C. On the other hand, collector efficiency decreases and
storage losses increase as storage temperature increases. Thus,

increasing T could be expected to increase the cooling de-

smin
Tivered per unit of energy supplied to the generator, while simul-

taneously decreasing the energy available to the generator.

It would be reasonable to expect that the optimum value of

T would be affected by the dependence of collector efficiency

smin
on storage temperature. To test this hypothesis, additional simu-

lations were run in which UL’ the collector loss coefficient, was

halved (U = 7.2 kd/m?hroc).

Collector area was set at 60 m2. Auxiliary cooling was pro-

vided by a 3.2-ton vapor compression unit when called for by the
second stage of the room thermostat. No auxiliary heat was pro-
vided for the absorption chilier.

Values of T of 77, 80, 85 and 90°C were simulated. No

smin

simutations were run with T below 77°C, in order to avoid a

smin
situation in which the steady-state generator temperature would
be below Tgmin'

Table 6.3.2 Tists the results of simulations in which UL was

equal to 14.4 kJ/mzhr°C. Qdump is the energy dumped by the tank

relief valve. Collector efficiency is defined differently than
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Table 6.3.2
Effect of Varying T . : U = 14.4 ki/hr me °C

Charleston, SC A =60 m2 April 1-November 1
Tonins °C: 77 80 85 90
q, (8d) 82.6 80.6 77.2 73.8
Ogump (&) 7.1 7.3 8.3 11.5
0y Qump (69) 75.5 73.3 68.8 62.3
N 0.35 0.34 0.32 0.29
Qgen  (69) 70.0 67.6 62.6 55.7
Qeoor,a (69) 44.4 44.0 8.3 36.3
Qeoor,p (69 18.7 19.3 22.0 26.6
£ 0.703 0.695 0.653 0.577
coP, 0.633 0.651 0.660 0.652
n xCOP, 0.222 0.221 0.211 0.189

N defined by equation 6.3.1

f is defined by equation 4.4.1
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in Tables 6.2.1 through 6.2.3, and is given by

N = Y " dump (6.3.1)
¢ ﬁ!ﬁonth@ng

Equation 6.3.1 defines collector efficiency as the net energy

delivered to storage divided by theinsolationon the collector.

From Table 6.3.2 it can be seen that the fraction by solar

is highest at a Tsmin of 77°C, and declines steadily as Tsmin in-

creases. Although COP increases as T increases, e declines

smin
more rapidly. There are two reasons for this decline in collector

efficiency. First, the losses from the collector, and hence Qu,

increase as Tsmin is increased. Furthermore, as Tsmin is rajsed
Qdump increases quite rapidly. This is due to the fact that the
tank temperature is constrained to lie between Temin and 100°C.

As Tsmin gets closer to 100°C, less energy can be stored in the .

tank and more must be rejected by the relief valve.
Figure 6.3.1 shows the fraction air conditioning by solar

as a function of T for a UL of 14.4 kJ/mzhr°C.

smin
Table 6.3.3 1ists results of simulations in which UL =

7.2 kJ/hrm2°C. Again, the maximum value of f occurs at the mini-
mum vaiue of Tsmin' The collector efficiency defined in equation

6.3.1 declines more rapidly than COP increases, as Tsmin is in-
creased. Although Qu is Tess sensitive to Tsmin than was the case

with the other collector, this is more than compensated for by

the much larger dependence of Qdump on T s
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Table 6.3.3
i . = 2 o
Effect of Varying Tsmin' UL = 7.2 kd/hr m- °C
Charleston, SC A =60 m2 April 1-November 1
Tsmin’ °C 77 80 85 90
Qu (GJ) 119.4 118.6 116.9 115.3
Qdump (GJ) | 22.9 24.0 28.3 35.2
Qu'Qdump (GJ) 96.5 94.6 88.6 80.1
Ne 0.45 0.44 0.41 0.37
Qgen (GQ) 91.0 88.9: 82.6 73.7
Qeo01.a (GJ) 56.6 56.0 53.1 47.7
Qcoo] b (GJ) 7.5 8.2 10.9 15.8
f 0.883 0.872 0.829 0.752
COPa 0.622 0.631 0.644 0.647
anCOPa 0.262 0.259 0.246 0.221

Ne defined by equation 6.3.1

f defined by equation 4.4.1
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Figure 6.3.2 shows f as a function of Tsmin for UL equal to
7.2 kJ/hrm2°C. As was the case for UL equal to 14.4 kJ/hrm2°C,
the maximum fraction by solar occurs at the minimum value of .

T, 2.
- smin

6.4 Summary
Comparison of four auxiliary strategies (series heat, parallel
heat, series-paraliel heat and vapor-compresson auxiliary) indicates
that parallel and series-parallel heat auxiliary lead to Tower
auxiliary energy requirements than series heat auxiliary. A choice
between heat and vapor-compression auxiliary would have to be made
on economic grounds. Criteria for comparing the seasonal auxiliary
energy costs are given, but no life cycle cost analyses are at-
tempted.
When heat auxiliary was used, the optimum auxiliary boiler
set témperature was found to be in the neighborhood of S0°C for
the chil]er simulated. This value corresponds to the firing water
temperature at which the chiller has its highest steady-state COP.
The optimum value of Témin was found to be 77°C, which is
very close to the minimum firing water temperature at which the
chiller can successfully be operated. The optimum vaiue of T

smin
was not noticeably affected by changing collector UL'
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CHAPTER VII

Recommendations for Further Study

7.1 Recommendations for Further Simulations With Existing

Transient Chiller Model

7.1.1 Pmmonia-Water Absorption Chillers

The transient model derived in Chapter 2 should be applicable
to any single-effect absorption refrigeration machine. The simu-
lations described in Chapters 4, 5 and 6 have all dealt with a
chiT]er using Tithium bromide and water, but the chiller model could
easily be extended to single-effect ammonia-water chillers as well.

Absorption chillers using ammonia as the refrigerant and water
as the absorbent are commercially available. An ammonia-water chil-
ler could be simulated by using appropriate values of the parameters
T

, (UA)O, Tps Teo 8 and bij in the transient chiller model.

gmin ij
Ammonia-water chillers usually require higher firing temperatures
than 1ithium bromide-water chilers, and may be advantageously used

with evacuated tube or concentrating collectors.

7.1.2 Phase Change Energy Storage

Phase change energy storage materials may be useful in solar
air conditioning systems. Phase change materials could be applied
to either "hot side" or "cold side" storage. In hot side storage,
energy would be collected and used to melt the phase change material

at a temperature appropriate for firing the absorption chiller.
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Phase change storage would offer the advantage of providing energy

at a constant temperature. A phase change material which melts

at a temperature where chiller COP is at a maximum might Tead to

a significant improvement in air conditioning system performance.
With cold side storage, heat would be transferred from the

phase change energy storage to the evaporator of the absorption

chiller when the chiller is operated, and from the conditioned

space to the phase change energy storage material when space cooling

is required. By using this scheme it may be possible to reduce

chiller cycling and thereby improve system performance.

7.2 Recommendations For Improvements in the Chiller Model

7.2.1 Interactions Between Chiller and Fan Coil

The chiller model described in Chapters 2 and 3 assumes a con-
stant chilled water delivery temperature. In a real system the
absorption chiller delivers chilled water to a fan coil which re-
moves heat (sensible and latent) from an air stream. The actual
temperature.at which chilled water is delivered will be the tem-
perature at which the rate of heat transfer into the evaporator
of the absorption chiller is equal to the rate at which heat is
transferred from the air stream to the chilled water at the fan
coil.

To realistically model this interaction it would be necessary
first to modify the chiller model to express performance as a func-

tion of chilled water temperature at evaporator inlet, as well as
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condensing water inlet and generator temperatures, i.e.:

Qcool B fl (Tg’ Tc’ Tch’in) (7.2.1)
Qgen = fz (Tg, TC, Tch’in) (7.2.2)
Q
- _ cool
Ten = Tenin = THC )y (7.2.3)

Second, it would be necessary to develop a more detailed fan
coil model which calculates the rate of heat transfer and the coil
surface temperature as functions of air and chilled water tem-

peratures and flow rates:

Qc011 N 1:3 (Tch’ Mehe Tair’ mair) (7.2.4)

T. = f4 (Tch, mch, T.. » M

5 air air) (7'%'5)

The total rate of heat transfer at the coil, Qcoi]’ would be

divided into sensible and latent components, Qsens and Q1at’ using

the straight line law described in Chapter 3. During a simulation,

TRNSYS would iterate until Qcool was equal to Qcoi]'

7.2.2 Part-load Control Based on Firing Water Flow Rate

In a large multizone air conditioning system, part-load chiller
control would probably not be accomp]ished‘by an on-off thermostat.
A more common form of part-load control would be to reduce the firing
water flow rate to maintain a constant air temperature leaving the

fan coil, or a constant chilled water delivery temperature.

If the assumption made in Chapter 2 that the firing water
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capacitance rate is greater than the weak solution capacitance rate

is relaxed, then equation 2.2.1 becomes

Qgen =g (mcp)min (Thw'TZ) (7.2.6)
. where
eg = (0C)p, (AC)) ) (7.2.7)
and (rﬁCp)min is the lower value of the weak solution of firing water

capacitance rates.
Following the analysis of Chapter 2 with equatibn 7.3.6 in-

serted instead of 2.2.1 yields new expressions for T and Tg S5’

C
T, ~ < - -
T - Eg(mcp)min Thw.+ [(mcp)ws“ g(mcp)min](l"gs)Ta
g,SS €58g (mcp)min + (1-55)(mcp)ws (7.2.9)

When the firing water capacitance rate is greater than that

of the weak solution, egquations 7.3.8 and 7.3.9 reduce to equations
‘2.2.7 and 2.2.8. When the firing water capacitance rate is Jess
than the weak solution capacitance rate, equations 7.2.8 and 7.2.9

indicate that'ﬁ1and T will depend on (me)hW.

g,8S
The only further changes would be to express instantaneous

chiller performance as a function of firing water flow rate, and

to set the firing water flow rate proportional to an externaliy

provided control signal, i.e.
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M = Y hw™hw *max (7.2.10)
Qo1 = F1 (Tgs Te> Tenrin® M (7.2.11)
Qgen - 1:2 (Tg’ Tc’ Tch’in’ mhw) (7.2.12)

The modifications suggested in Sections 7.2.1 and 7.2.2 would
make the chiller model well suited to the study of solar operated
central air conditioning in large multizone buildings, as well as
in residential applications. Such studies could have a significant
effect on thg future penetration of solar energy into the air con-

ditioning market.
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CHAPTER VIII

Conclusions

8.1 The Transient Chiller Model

A model was developed which predicts the transient performance
of a single effect absorption refrigeration unit. The assumptions
made in deriving the model lead to a predicted generator tempera-
ture history in which génerator temperature goes exponentially to-
wards a steady state value. The instantaneous chiller performance
is modelled as being a function of the instantaneous condensing
water and generator temperatures during chiller operation.

The transient‘chi11er model was incorporated into a subroutine
for TRNSYS and used in simulating residential solar air condition-
ing systems. The model has proven useful in evaluating the effects
of startup transients on system performance, and in comparing system

performance using different control strategies.

8.2 Effect of Chiller Transients on System Performance

Simulations were run in Miami and ChatTeston for a three ton
chiller using the startup and shutdown time constants of .133 and
1.05 hours, respectively, as estimated for the chiller at CSU House I.
The simulations show that chiller transients can Tead to a sig-
nificant reduction in chiller COP. Transients increased the total en-
ergy consumption of the chiller by about 3.7% in Miami and 8.2%
in Charleston, and decreased the fraction by solar by about 3.7%

and 7.2% respectively over the length of a cooling season. The
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reduction in COP is most significant under conditions of low cooling
Toad, when the chiller cycles on and off frequently.

When the chiller is controlled by a room thermostat, an in-
creased thermostat deadband will reduce the frequency of cycling
and improve the chiller COP. In simulations in Charleston, increase-
ing the deadband from zero to 2.6°C led to a 6.7% reduction in the
total enerqy requirement of the chiller, and led to a 5% increase
in fraction by solar. The optimum thermostat deadband for a given
application would be determined by a compromise between energy

savings and occupant comfort.

8.3 Control of Auxiliary

A comparison of the series heat, parallel heat, and series~
parallel heat auxiliary modes shows that para11e1and‘series-para11e1
heat auxiliary are preferable to series heat auxiliary. In Miami,
over a period from April 1 to November 1, series heat auxiliary
required approximately 6% more auxiliary energy than did parallel
heat auxiliary. Series-parallel heat auxiliary required about 0.6%
Tess auxiliary than parallel auxiliary in the same location. Any
choice between heat and vapor compression auxiliary would have to
be based on Tife cycle costs.

When auxiliary heat is used to operate the chiller, the optimum
auxiliary heater set temperature, Taux’ was found to be approximately
90°C for the three ton chiller. This value corresponds to the firing
water temperature at which that particular chiller had its highest

steady state COP.
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The optimum value of T was found to be 77°C, which is es-

smin
sentially the minimum firing water temperature at which the chiller
simulated could successfully be operated. The optimum value of

T did not appear to depend on collector UL'

smin

8.4 Summary of Conclusions

VThe simulations described in this thesis indicate that in Miami,
Charleston and Columbia, absorption air conditioning is technically
feasible. The graphs of fraction by solar versus collector area
in Chapter 4 show that a residence in these locations can achieve
a reasonable air conditioning fraction by solar at a reasonable
collector area using high performance f]at piate collectors with
a Tithium bromide-water absorption chiller.

System performance is affected by the control strategy employed.
Proper choige of room thermostaﬁ deadband improves system perform-
ance by minimizing chiller cycling. Proper choice of Tsmin maximizes
the solar energy available to run the chiller, and propeﬁ choice

of Tau minimizes the chiller's auxiliiary energy requirements.

X
The greatest obstacle to solar air conditioning is not technical

feasibility, but economics. The economic feasibility of solar air

conditioning is outside the scope of this work. From a technical

standpoint, however, solar air conditioning seems to hold some

promise.
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Appendix B

Room Load Model TRNSYS Subroutine
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Appendix C

Typical TRNSYS Simulation Deck
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Appendix D

Manufacturer's Performance Data for Arkla WF-36
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