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In conventional air conditioning systems, the air is dehumidi-

fied by low temperature condensing of the water vapor which is a

thermodynamically non-optimal process. Liquid desiccant cooling

components separate sensible and latent loads, i.e. cooling and de-

humidification, respectively. Thus, the thermodynamic process for

conditioning the air from the ambient to the desired state can be

optimized. However, liquid desiccant systems require more equipment

and different types of energy inputs, namely cooling, heating, and

electricity. These energies may be supplied by a number of different

devices, such as a chiller, a heat pump, a cogenerator, a boiler,

solar collectors, or combinations of the above. The combination of

conventional and liquid desiccant air conditioning equipment forms a

hybrid liquid desiccant system. One such system is installed at the

Science Museum in Richmond, VA (SMVA).

A simulation model for the liquid desiccant component of a

hybrid system was developed. An analysis of experimental test data

taken at the SMVA was conducted.
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The liquid desiccant component was examined and the sensitivity

of its seasonal performance to changes in principal component vari-

ables was identified. Seasonal simulations were performed on differ-

ent operation modes of a hybrid liquid desiccant cooling system. The

results were analyzed in terms of estimated operational costs and

compared to the equivalent cost estimation of a conventional cooling

system. The study showed that the investigated liquid desiccant con-

figuration usually will not lower the costs of operation. A sugges-

tion for an improved system is made.
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CHAPTER 1: Introduction

For human comfort and the protection of sensitive objects, it is

necessary to condition air in buildings which are located in climates

with hot and humid weather conditions. The need to conserve energy

and, more directly perceptible, increasing energy costs lead to the

demand for energy efficient solutions of technical problems. Conven-

tional air conditioning systems not only consume large amounts of

energy, but also condition the air in a thermodynamically non-optimal

way. Therefore, they are a promising area for engineers who seek to

find new ways to solve old problems in a more economic and energy

efficient way.

1.1 Liquid Desiccant CoolingSystems

There are two portions of an air conditioning load called the

sensible and the latent load. The sensible load is a reduction of

temperature. It originates from heat released by various sources or

carried into the building by air infiltration as well as heat conduc-

tion through the building envelope. The latent load is a reduction

of humidity and due to moisture released by people and transported

into the building by air infiltration. Conventional air conditioning

systems adjust both temperature and humidity to the desired values by

passing outdoor air through cooling coils. The air is cooled down

below its dew point such that enough water vapor condenses to meet

the humidity specifications. For a typical humidity ratio of 0.007

kg/kg this occurs at 9°C which is usually below the desired air



temperature. Therefore the air has to be heated up again. Figure

1.1 illustrates the process on a psychrometric chart. The graph

shows that although the air is generally reheated by free waste heat

or by mixing with return air, the cooling process itself needs more

energy than a thermodynamically optimal process with a direct path

from the outdoor air state to the set point. Desiccant systems avoid

this disadvantage by splitting up the conditioning task into cooling

(sensible load) and dehumidification (latent load).

In general, a desiccant is any hygroscopic substance, i.e. a

substance that removes moisture from humid air when in contact with

it. Silica gel is a well-known solid desiccant. A LiCl-water solu-

tion is an example for a liquid desiccant (LD). The hygroscopic

nature of liquid desiccants allows a physical separation of the

latent and sensible loads, although it is possible to combine both

processes in one single device, the absorber or conditioner chamber,

and handle them simultaneously. Figure 1.2 shows the general config-

uration for a LD system. Precooled desiccant solution flows counter-

currently to the air stream through the conditioner where it absorbs

water vapor and cools down the air only to the desired set tempera-

ture. The water taken from the air goes into the liquid desiccant

solution. In order to maintain its concentration, the salt solution

is pumped to a regenerator. The process in the regenerator is re-

verse to that in the conditioner. Return air from the building ab-

sorbs water from the preheated solution which becomes more concen-

trated and is pumped back to the conditioner. The conditioner and
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Figure 1.2 Schematic of a liquid desiccant air conditioning compo-
nent
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the regenerator are connected by a heat exchanger (interchanger).

The hot solution leaving the regenerator heats up the cooler desic-

cant coming from the conditioner. Thus, the solution entering the

conditioner cycle is precooled, while the solution flow to the

regenerator is preheated. Figure 1.3 illustrates the path of the air

in the conditioner. The thermodynamic process is optimal in an ener-

getic sense. However, the graph does not show the regeneration pro-

cess with the required energy input.

The combination of conventional and LD equipment forms a hybrid

liquid desiccant system and is referred to as the LD system, whereas

the LD equipment alone is called the LD component.

1.2 Objective

LD cooling components need more equipment than conventional

ones, mainly because of the need for regeneration. Both cooling and

heating energy are required, along with increased parasitic energy

due to a larger number of pumps. There are several options for the

hot water supply in the regenerator. It is desirable to use a "free"

energy source like solar energy or waste heat. So far, a general

statement on the operational costs of LD systems compared to conven-

tional ways of air conditioning has not been made. The objective of

this study is to find an answer to the question whether LD cooling

systems may be less energy consuming and/or less expensive to operate

than conventional systems and, if so, under which conditions they are

most effective.
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The basis for the comparisons made in this study are the total

operation costs for a cooling season. It is recognized that the

initial investment is not included in the comparisons. The first

cost of the LD equipment may be higher, but it is possible that the

initial investment equals that of more conventional systems [2,3].

By comparing operational costs, the heat and electrical energy inputs

are reduced to a common denominator. Moreover, it will be easier for

the reader to account for different or changing energy rates and

their effects on the system comparison.

To make the comparisons discussed above, the performance of LD

systems is simulated using records of actual meteorological condi-

tions for an entire cooling season. A model of a LD component with a

LiCl-water solution as desiccant (like the one shown in Figure 1.2)

has been developed based on mass and energy balances. The systems

that have been examined then consist of the LD component and several

combinations of equipment for the energy supply. The results are

compared with a conventional system which is simulated under the same

loads.

1.3 The System at the Science Museum in Virginia (SMVA)

A LD system as described in Section 1.1 is installed at the

Science Museum in Richmond, VA (SMVA) along with a number of addi-

tional devices. The available equipment makes a variety of energy

supplies possible. A conventional chiller produces cold water for

the absorber cycle. Both regeneration heat and electricity can be
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supplied by a gas cogenerator. There is also a heat pump that de-

livers hot water and simultaneously meets part of the cooling load.

A supplementary boiler produces additional heat if needed. Two 5000

gallon tanks are available for hot water storage. The installation

of flat plate solar collectors as hot water source has also been con-

sidered.

A design description of the SMVA system was presented by Meckler

[2]. A steady state analysis of this system has been developed by

Buschulte [1]. The system was extensively instrumented and subjected

to a comprehensive data collection in various operation modes. How-

ever, it turned out that the measured data are questionable as shown

in Chapter 3. The present model is of general nature although it re-

sembles the specific LD cycle of the SMVA system as close as possi-

ble. It can be easily adjusted to represent any LD component of the

same configuration.



CHAPTER 2: Modeling the Liquid Desiccant Component

The examination of hybrid liquid desiccant cooling systems by

computer simulations requires a mathematical model for the central

liquid desiccant (LD) component consisting of the conditioner, the

regenerator, the solution heater and cooler, as well as the inter-

changer. There are a variety of modeling alternatives. Some of them

are briefly discussed in the first section of this chapter. The

approach used in this study is presented in Sections 2.2 through 2.4.

TRNSYS [51 (TRaNsient SYStem) is a modular simulation program de-

veloped at the University of Wisconsin Solar Energy Laboratory. It

has a library containing models of many energy system components and

also allows the use of specific user-written routines. A main pro-

gram handles the information flow (e.g., mass, energy, temperatures,

control signals) between the components and performs the simulation.

It receives the definition of the system from a computer file called

"deck", which contains a list of the components with parameter speci-

fications and the information about how the components are connected

to each other. The LD component model was made TRNSYS compatible.

2.1 Modeling Approaches

Buschulte [1] developed two models for the heat and mass ex-

change in the conditioner and the regenerator of the SMVA system.

His equilibrium model uses two effectiveness coefficients, one each

for the mass and heat exchange, to correct for real chamber perfor-

mance after calculating the maximum possible heat and mass flow
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rates. This model is computationally simple, but applicable only in

the neighborhood of its design point. A more elaborate model is

Buschulte's finite step integration program. However, the amount of

computation time needed by this model makes it practically impossible

to run simulations of an entire cooling season.

The KATHABAR Engineering Service suggested a simple model for

the heat and mass transfer in the two exchange chambers [4]. It con-

sists of only two algebraic equations. Figure 2.1 illustrates the

model. The two relationships are:

- The air humidity leaving the conditioner or regenerator is

equal to the equilibrium humidity of the desiccant solution at

its entering concentration and the leaving air temperature:

Hou t = H (T , ) (2.1)ot eq a,out' in

- The ratio of the difference in temperatures of the inlet

streams to the enthalpy difference of the inlet and outlet air

is a constant:

T -Ta,out T sin
i -1ia,in a,out

The value of the constant is a function of the two flow rates.

According to Meckler [4], the constant values for the SMVA

system are Kc = 0.04013 kgK/kJ for the conditioner and KR =

0.01911 kgK/kJ for the regenerator.
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Northey [6] compared the effectiveness and the KATHABAR model to

Buschulte's finite step integration model. He showed that the

KATHABAR model always deviates less from the finite step integration

model than the effectiveness approach. For transfer areas and solu-

tion to air flow ratios that are as large as those at the SMVA, the

KATHABAR predictions are very close to the integration results.

Table 2.1 presents some of Northey's evaluations for the simulation

of a conditioner with 22 m2 transfer area and a solution to air flow

ratio of 9:5. The variable names are taken from Figure 2.2. The

finite step integration model used 125 steps and a mass transfer

coefficient of 1 kg/(m 2s). Northey determined a KATHABAR constant of

KC = 0.0286 and effectiveness factors of Emt = 0.965 for the mass

transfer and Eht = 0.911 for the heat transfer. According to Table

2.1 the percent differences to the finite step integration model of

the air outlet state calculated with the KATHABAR model are less than

1%, whereas the effectiveness factor model yields differences between

1.2% and 4.3% in this example. The model presented in this thesis

includes the KATHABAR equations.

Buschulte modeled each piece of equipment separately and com-

bined these components using TRNSYS. For the central LD component

models are needed for the conditioner, the regenerator, three heat

exchangers, and two sumps. The modeling strategy applied in this

study combines the equations describing all the equipment pieces

forming one single [0 component model, in order to reduce the neces-

sary computation.



Air Solution Step Integration Kathabar Model Effectiveness Factor

T ___S 65THT4 14 T6  6 T 5  T5 T5

0 C kg/kg oC % 0 C kg/kg 0 C A% kg/kg A% 0 C A% kg/kAg %
(xiOO) (xt000) _(x000)

24 0.014 16 37 16.39 7.44 16.42 0.18 7.40 -0.54 16.63 1.46 7.35 -1.21

24 0.014 20 21 16.77 7.62 16.80 0.18 7.57 -0.66 16.99 1.31 7.49 -1.71

27 0.010 16 37 20.54 3.60 20.51 -0.15 3.58 -0.56 20.27 -1.31 3.68 2.22

27 0.010 20 21 20.95 3.70 20.94 -0.05 3.69 -0.27 20.64 -1.48 3.86 4.32
,,0

Table 2.1 Comparison of Kathabar and effectiveness factor model to
finite step integration model for conditioner chamber
(from [6])

(,=

Inlet Conditions Air Outlet Conditions
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In a first modeling approach, two subsystems were created by

identical sets of mass and energy balances, since the equations for

the conditioner with sump and cooler are of the same form as those

for the regenerator with sump and heater. However, the equations

were solved in a different way because of different control strate-

gies for the conditioner and regenerator which results in different

sets of knowns and unknowns. The sumps were treated as ideal mixers

with no volume. The conditioner subsystem was numerically stable.

The regenerator part did not converge due to the necessity of itera-

tive determining three unknown temperatures at the interchanger.

Therefore the stable conditioner subroutine was used for both sub-

systems involving a new modeling strategy. Since the conditioner

outlet air temperature is a known variable (set point), the corre-

sponding regenerator outlet air temperature had to be assumed before

running the regenerator part. Thus, one interchanger temperature and

one concentration had to be iterated in addition to the exhaust air

temperature. This strategy converged but was extremely slow, result-

ing in an excessive use of computation time.

Finally, a slightly different control strategy was applied and

the idea of modeling subsystems was given up. This final modeling

approach, described in the following sections, partitions the

equations into physically coherent groups. Results of the LD compo-

nent simulation are presented in Chapter 4.
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2.2 Control Strategy

Figure 2.2 shows the LD unit with denotations taken from the

Experimental Test Plan for the SMVA [4]. Known variables are compo-

nent inputs like weather data and hot and cold water source tempera-

tures, equipment parameters (e.g., pump flow rates) and the constant

conditioned air temperature set point. The variable load resulting

from variable outside air conditions is met by modulating the flow of

cold water through the cooler. The hot water flow rate on the re-

generator side is constant.

The mass of the desiccant in the sumps is assumed to be entirely

in the regenerator sump. The conditioner sump is treated as T-piece

with no volume. The regenerator sump is assumed to be fully mixed,

since the flow rates are high. However, the LD component is con-

trolled by the level (i.e., the amount of water) in the sump. The

conditioner adds water to the system which must be removed by the

regenerator. If the regenerator cannot keep up with the conditioner,

the water level will rise and eventually the controls will turn the

conditioner off until the regenerator lowers the sump level to a

preset value. In this case, auxiliary conventional cooling has to be

supplied to meet the load. On the other hand, if there is no load

(i.e., the conditioner is off), the water level will drop and the

regenerator will be turned off at a specified lower margin.
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Figure 2.2 Schematic of the liquid desiccant component with sump
(including the locations of system variables)
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2.3 Equations

A package of physical property subroutines for air-water mix-

tures and LiCl-water solutions was written by Buschulte [1]. It

allows the calculation of enthalpy, concentration, or temperature as

function of the two other variables. In the following equations, all

presented energy balances neglect the kinetic and the potential ener-

gy as they are insignificant compared to internal energy values.

For the conditioner, the water mass balance is

W4H 4 + W6 (1 - E6) = W4 H5 + W40(1 - 40 )  (2.3)

and the mass balance for the salt reads

W6E6 = W40.40 (2.4)

A mass balance for dry air can be omitted, since the mass flow rate

at the outlet is always equal to that at the inlet. The energy

balance for the conditioner is

W6 i 6 (T6 , 6 ) + W4 i 4 (T4 ,H 4 ) = W4 0 i 40 (T40 , 40 ) + W4 i 5 (T5 ,H 5 ) . (2.5)

Mass and heat transfer in the conditioner are described by the

KATHABAR model:

H5 = H(T5 ,) (2.6)
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T5 - T6 = Kc*[i 4 (T4 ,H 4 ) - i 5 (T 5 ,H5 )] • (2.7)

The conditioner sump is described by two mass balances and an

energy balance:

W15 + W40 =W6 + W9

W15E 3 + W4 0 E40 = (W6 + W9) 6

(2.8)

(2.9)

W15i15 (T159E3)+ W40 i40 (T40, 40) = (W6 + W9) i 8 (T8 , 6 ) .(2.10)

The heat transfer in the solution cooler is

UA *ATm = W * *(T -T)c *m,c 16*Cp,w 14 T13)

(T8  - T14) - (T6  - T13 )
Am~c 

T8 T1 -4

T6 T13

(2.11)

(2.11a)

and the energy equality reads

W1 6 [i 13 (T 13 ) - i14(T14 )] = W6 [i 6 (T6 , 6 ) - i 8 (T8 , 6 )]. (2.12)

The interchanger and the solution heater are characterized by analo-

gous equations, which are for the interchanger

with



UAi*ATm i = W15*Cp (T T15)

(T7 - T9 ) - (T15 - T8 )

with ATYmi = T-T 9

T5 _T8

and

W9 i 9 (T 9 , 6 ) + W15 i 1 5 (T 15 , 3 ) = W9i 8 (T8 , 6 ) + W15 i 7 (T7 , 3 ) ,

and for the desiccant heater

UAh*AT im h = W 12 *C pw*(T11 - T12 )

AT - ( 11where mr,h
- T3 ) - (T12

T - T
T1 3

iT 12 - 7

and W1 2 [i 11 (T1 1 ) -i 12 (T12 )] : W3 [i 3 (T3 , 3 ) - i 7 (T7 , 3 )] . (2.16)

The regenerator equations (2.17) through (2.21) are analogous to the

equations (2.3) through (2.7) describing the conditioner chamber:

1 1 W3 (1 - E3) = W1H2 + W4 1 (1 - 41 ) (2.17)

w3 t3 = W41841

19

(2.13)

(2.13a)

(2.14)

(2.15)

- T7 )

(2.15a)

(2.18)
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W 3 i 3 (T 3 , 3 ) + WjiI(TI,HI) = W4 1 i 4 1 (T4 1 , 4 1 ) + W1 i 2 (T2 H2 ) (2.19)

H2 = H(T2 , 3 ) (2.20)

T2 - T3 = KR*[i 1(TI,H 1 ) - i 2 (T 2 ,H2 )] . (2.21)

The control strategy for the liquid desiccant component is governed

by the condition for the regenerator sump. Water mass and tempera-

ture in the mass and energy balances of the sump vary with time.

These balances result in two ordinary coupled differential equations.

Since the salt mass in the system and the flow rates through the

solution pumps are constant, a single mass balance for the regene-

rator sump is sufficient. The sump is considered to be fully mixed

and adiabatic. The differential equation for the mass of solution in

the sump is

dm=W. - W (2e22)
dt in out

with W in W + W41 (2.22a)

and Wout = W3 + W 15 (2.22b)

The energy balance reads
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d(mi 7 ) -d-m ) - i (2 23)
dt in 7

where i. = i9W9 +(2.23a)
in W9 + W41

All component states are held constant during a simulation timestep.

Therefore, the mass flow rates into and out of the sump are constant,

and equation (2.22) yields the solution

m(t + At) =m(t) + (Win - Wout )At . (2.24)

The energy balance (2.23) can be rewritten using equation (2.22) as

di7 + i (W - W ) = W .i - W i (2 25)
m dtin out in in out 7

Eliminating Wouti7 and rearranging yields

di7 - W (i(226)
dt in in 7)

Substituting m with equation (2.24) and separation of variables leads

to

di 7  Win
in 1= m7t)W +(in W o )At dt . (2.27)i1. - i 7  mt Wn out

Integration of equation (2.27) finally gives the solution:
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-W. Ati n

i7(t + At) = i7(t) + [iin - i7(t)]{l - exp [(Win _W out)At + m(t)]}

(2.28)

Only equations (2.24) and (2.28) explicitly involve time as a vari-

able. They are solved separately at the beginning of each simulation

timestep followed by solution of the remaining 19 algebraic

equations.

2.4 Solving the Equations

Westerberg, Hutchison, Motard, and Winter [71 presented an ap-

proach to find solving procedures for sets of linear and nonlinear

algebraic equations. The algorithms involved may be either pro-

grammed or solved by heuristic methods depending on the size of the

system of equations and the user's experience. In general, there is

no unique way and order of solving a set of algebraic equations. In

order to achieve an optimal solution procedure with programmed algo-

rithms, the computer code has to be very comprehensive. For smaller

sets of equations it is often faster to apply heuristic methods.

Intelligent decisions at points with several different options to

proceed, lead to solutions close to or at the optimum solving proce-

dure.

At first, an incidence matrix is set up as shown in Figure 2.3.

The incidence matrix shows which unknown variable appears in which

equation. There is no information about the mathematical nature of

equations and variables other than the restriction of allowing only

algebraic equations. If physically possible, the algorithm of
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Sargent and Westerberg [8] then rearranges the incidence matrix into

smaller blocks which can be solved independently, if done in the cor-

rect sequence. This procedure is called partitioning and precedence

ordering. The partitioned incidence matrix is shown in Figure 2.4

including the sump and decision variables. Decision variables are

knowns and set to a fixed value at the beginning of either the time-

step or the whole simulation. The sump variables T7 and E3 are ob-

tained from equations (2.24) and (2.28) at the beginning of each

timestep and thus can be treated as known variables, too. The entire

matrix is of great help for programming, since it shows where a

certain variable influences the system of equations. The known vari-

ables do not affect the solving procedure. Only the partitioned

system of 19 unknowns in 19 equations on the left side of the matrix

has to be considered.

A perfect lower triangular matrix would allow solution of the

equations by simple forward substitution. Otherwise some of the

variables have to be determined iteratively. The 7x7 block in the

upper left hand corner is totally independent of the other equations

and unknowns. Within this block, three 2x2 and one 1x1 blocks can be

solved independently if the solution sequence from top to bottom, the

precedence order, is followed. Guessing T1 2 , for instance, allows

calculating T3 with equation (2.16) and recalculating T12 using

equation (2.15). An iterative method has to be applied until the

relative error between the old and new value of TI 2 is less than or

equal to a specified tolerance. Now T3 and TI 2 are knowns, so that
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the appearance of T3 in equation (2.21) is irrelevant. Thus, the

following two 2x2 blocks can be solved in a similar way until the

values for the first 6 unknowns are known. T4 1 is then uniquely

determined by equation (2.19). Guessing E40 and W9 solves the fol-

lowing set of 5 equations turning 5 unknowns into knowns for the

remaining equations which are treated analogously. Wherever possi-

ble, those variables were chosen to be initially guessed whose values

promised to stay within close bounds.

Partitioning and precedence ordering reduced the problem of

solving a single 19x19 system to the task of solving 9 systems of

order 5 and smaller. The first seven equations describe completely

the regenerator and desiccant heater behavior. With known sump vari-

ables (for the timestep), the desorber cycle is independent of the

rest of the LD component which is reflected in the matrix by the fact

that the corresponding 7x7 block can be solved at any point of the

solving procedure. The remaining equations are related to each other

and cannot be solved independently in any given order because the ab-

sorber cycle including the interchanger is the only other independent

part of the LD component besides the regenerator cycle. However,

partitioning into smaller units is still possible if the precedence

order is followed. The partitions reflect physical devices, e.g.,

equations (2.11) and (2.12) describe the solution cooler in a sepa-

rate partition.

It turned out that a simple iteration method with successive

substitution and Wegstein acceleration is sufficiently fast. The
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number of iteration steps is on the order of 10. The Wegstein acce-

leration step is a modified secant method [7].

2.5 TRNSYS Component Model

The computer code for the TRNSYS component "LD Component" is

structured according to the partitions described in the preceding

section. These subroutines are called by the routine "Solvesystem"

depending on control flags that indicate which parts of the system

are operating at the present timestep. The control flags are deter-

mined by the routine "Tank" which also contains the regenerator sump

equations. "Tank" and "Solvesystem" are called by the program

"Maincontrol" which essentially sets initial values and is called

directly by the user-written TRNSYS subroutine "TYPE42" which makes

the program compatible with TRNSYS by defining TRNSYS inputs, para-

meters, and outputs. TRNSYS inputs may vary with time depending on

the supplying component or data file. The parameters are constant

for the entire simulation. Equipment specifications or other con-

stant variables that might be changed for another simulation are

usually set to parameters. An additional component "TYPE43" provides

more output storage space, because TRNSYS allows only 20 outputs per

component. Appendix A contains the listing of the computer code for

the routines "TYPE42" and "TYPE43". Component inputs, parameters,

and outputs are listed in a comment section at the beginning of the

program.
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CHAPTER 3: Experimental Test Data Analysis

One task in this research program was to validate the component

model with experimental data taken at the SMVA. A Tennessee Valley

Authority (TVA) printout of monitoring data for August 19 through

August 23, 1985 was received. An example sheet is presented in

Appendix B.

3.1 Data Analysis and Results

Inspection of the data reveals three obvious problems:

1. The data channels which were supposed to record absolute

humidity in units of grains/pounds were reading improperly; they

appear to be off by a factor of 7. As an example, the data for the

conditioner inlet conditions of hour 2 on August 21, 1985 were:

Temperature 66.0°F, rel. humidity 99.9%, absolute humidity 13.6

gr/ub. Assuming the temperature is correct, this value for the abso-

lute humidity corresponds to a relative humidity of about 14%. A 7

times higher absolute humidity, however, corresponds to 99.9% rela-

tive humidity at the given temperature, which is in accordance with

the data. This behavior is observed throughout the entire period for

which data were received.

2. The temperatures Ti, and T12 which are supposed to be the

water temperatures into and out of the heater, respectively (see

Figure 2.1), were apparently interchanged. Throughout the received

data set, the inlet temperature is lower than the outlet temperature.
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3. The Experimental Test Plan [4] indicates a control strategy

for the conditioner such that a constant conditioned air temperature

T5 should be maintained by modulating the flow of chilled water, W16 .

As described in the previous chapter, the component was modeled to

simulate this control. However, the experimental data show T5 to

vary over a range of up to 11.1F per day and W16 to be constant.

In addition to these observations energy balances were performed

on the cooler, heater (with T11 and T12 interchanged) and conditioner

using the experimental data. An energy balance cannot be made on the

regenerator because of missing outlet air humidity data. The results

are presented in Tables 3.1 through 3.3 for data taken on August 19,

1985. Only 3 hours are shown, since the pattern of the results is

essentially the same for the whole day. In Tables 3.1 and 3.2, the

calculated average heat flux on the desiccant side of the heat ex-

changers, Qs' and on the water side, (w' are shown. Table 3.3 shows

the energy balance for the conditioner with the average product of

the specific enthalpy differences and mass flow rates of the air

flow, Al a9 and the desiccant stream, Als, respectively.

The differences are obvious and cannot be explained by energy

losses from the heat exchanger jackets or the conditioner chamber.

Finally, the experimental data for the conditioner have been

compared with the predicted performance using the KATHABAR model.

The comparisons show that the model consistently predicts a 10-39%

lower outlet air humidity, H5 , than measured. Furthermore, the ratio

KC of the enthalpy difference of the inlet and outlet air to the dif-
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Table 3.1. Energy Balance on the Cooler

s kWl

102.3

103.6

102.5

OW [kW]

44.1

44.7

44.3

Table 3.2. Energy Balance on the Heater

Qs [kW]

118.8

119.0

120.3

w kW]

39.7

40.4

40.8

Table 3.3. Energy Balance on the Conditioner

A! [kW]a

124.0

124.1

127.4

At [kW]

47.9

48.8

47.5

Hour

1

2

3

Hour

1

2

3

Hour

1

2

3
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Table 3.4. Check of KATHABAR Predictions (Selected Hours of 8/19/85)

H5,m

[kg/kg]

0.00533

0.00519

0.00505

0.00483

0.00457

0.00568

0.00565

H5 ,d

[kg/kg]

0.00750

0.00740

0.00712

0.00680

0.00670

0.00770

0.00760

KC,m

[kgK/kJ]

0.04013

0.04013

0. 04013

0.04013

0.04013

0.04013

0.04013

Kc ,d

[kgK/kJ]

0.06223

0.06539

0.06004

0.06057

0.06007

0.03353

0.03130

W4,d

[kg/si

6.34

6.33

6.21

6.15

6.21

6.20

6.19

ference in temperatures of the inlet streams is not constant at a

fixed air flow rate of 6.3 kg/s as indicated by the KATHABAR model,

but varies from 75% to 187% of the value given in the test plan.

Some examples are given in Table 3.4.

A correlation of the measured values of Kc with the air flow

rate, W4 , cannot be found. Since the measured outlet humidity does

not oscillate between higher and lower values compared to the pre-

diction as Kc does, it is assumed that the inconsistency is due to

data errors in the cooling water flow rate or temperatures.
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3.2 Conclusions

Assuming that the heating water temperatures were not read in-

correctly but just interchanged, and that the humidity values were

converted by a wrong, but constant factor, these data might be use-

ful. However, the obviously different control strategy indicated by

the data and especially the large energy imbalances on cooler,

heater, and conditioner make it impossible to use these data. Al-

though it is assumed that incorrectly measured water mass flow rates

through the heat exchangers are the cause for the energy imbalances,

the temperatures could be off as well.

Validation of the component as a model of the SMVA LD component

by means of the existing experimental test data is not possible.

The TRNSYS LD component models a wide variety of differently

sized systems, as long as the cycle and the control strategy essen-

tially remain the same. It allows general predictions and recom-

mendations which include the system installed at the SMVA.
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CHAPTER 4: Liquid Desiccant Component Simulation

A standard liquid desiccant component was defined as basis for

the description of the component behavior and the comparison of dif-

ferent operation modes. The following section characterizes this

base case.

4.1 Definition of a Standard Liquid Desiccant Component

Table 4.1 contains all independent component variables with

their names, symbols, their chosen standard values, and the source

for this choice. It also indicates whether the variables are TRNSYS

parameters (P) or TRNSYS inputs (I). As described in Chapter 2,

TRNSYS parameters stay constant for an entire simulation run, whereas

inputs may or may not vary according to the supplying component or

data file.

Temperature and humidity of a 'Typical Meteorological Year'

(TMY) [9] in Cape Hatteras, NC for the month of July were taken as

conditioner input. For the standard simulation, the ambient pressure

and regenerator inlet states were assumed to be constant, although

the model allows these factors to vary with time. The conditioner

outlet temperature is set to a fixed 19.3°C as long as the inlet air

temperature is higher. The base case values for the equipment vari-

ables were taken from Meckler [4] and from Buschulte [1].

In order to find a timestep which produces accurate results

without the expense of extreme computation, monthly simulation runs

were done for a 1, 5 and 15 minute timestep. The upper part of Table
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Table 4.1 LD Component Base Case Variables

Variable Name Symbol P/I Standard Value

Timestep

UA1 Cool er

UA Heater

UA Interchanger

Sp. Heat of Water

KATHABAR Constant
Conditioner

KATHABAR Constant
Regenerator

Initial Water Mass
in Sump

Initial Salt Mass

Initial Sump Temp.

Lower Margin for

Regenerator Control

Upper Margin
Regenerator Control

Solution Flow into
Regenerator

Solution Flow into
Conditioner

Solution Flow
Reg. + Cond.

Max. Error for
Internal Iteration

Max. Add. Sump Mass
Conditioner Control

At

UAc

UAh

UAi

Cp,w

Kc

KR

5 min.

22.667 kW/K

11.231 kW/K

1.58 kW/K

4.194 kJ/kgK

0.04013 kgK/kJ

p 0.01911 kgK/kJ

p 3333.33 kg

mLiCl
T7,0

mI

W3

W6

W15

Amu

1374.76 kg

39.2 0 C

4698.1 kg

P 4718.1 kg

P 8.3 kg/s

P 8.18 kg/s

p 0.55 kg/s

p 0.001%

p 300 kg

examination

[1]
[1]

[1]

[4]

[4]

examination/
estimation

conc. 29%

[1]

hysteresis

nonlinearity
symmetrical

with respect
to initial
sump mass

[41, [1]

[4], [1]

[4], [1]

examination
(EB off <.1%)

estimation

1UA is the Overall Heat Transfer Coefficient Area Product.

Source



Variable Name

Min. Add. Sump Mass
Conditioner Control

Air Temperature at
Regenerator Inlet
Air Temperature at
Conditioner Inlet

Air Temperature at
Conditioner Outlet

Hot Water
Temperature

Cold Water
Temperature

Humidity at
Regenerator Inlet

Humidity at

Conditioner Inlet

Air Flow through
Regenerator

Air Flow through
Conditioner

Hot Water Flow

Ambient Pressure

35

Symbol

Am1

T
1

T4

T5

Tll

T13

H1

H4

Wi

W4

WI2

Pamb

P/I

P

I

I

I

I

I

I

I

I

I

I

I

Standard Value

15 kg

36.1°C

variable
with time

19.3°C

60.00

12.80

0.0093 kg/kg

variable

with time

2.8 kg/s

6.7 kg/s

4.3 kg/s

101.3 kPa

Source

lower
margin for
hysteresis

[1]

weather data

set point

[4], [1]

[4], [1]

[1]

weather data

[4], [1]

[4], [1]

[4], [1]
1 atm taken
as estimate
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4.2 shows integrated monthly energy rates in 100 GJ. LOAD is the

integrated product of the air mass flow rate and specific enthalpy

difference between ambient air state and set point for the simulation

time period:

LOAD = W4 f (i 4 - se t  dt . (4.1)

The delivered cooling energy, DEL, is calculated in a similar way

using the actual air states at the conditioner inlet and outlet:

DEL = W4 f (i4 - i5) dt . (4.2)

AUX is the difference between load and delivered energy:

AUX = LOAD - DEL . (4.3)

LOAD, DEL, and AUX are zero for T4 being less than or equal to the

set temperature. The numbers in brackets are the percent differences

of the longer timesteps compared to the 1 minute timestep.

The load is essentially the same for all three cases. The de-

livered cooling energy, however, is different, since the conditioner

is off for a longer overall period when the timestep is larger. As

stated in Chapter 2, the conditioner can be off either when there is

no load or when the regenerator cannot remove as much water as the

conditioner adds to the system. The controls turn the regenerator
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Table 4.2. Calculated Energies (100 GJ) and Daily Operation

Fractions for Different Timesteps

Minutes 1 5 (A%) 15 (A%)

LOAD 5.594 5.595 (.0179) 5.594 (.0000)
DEL 4.322 4.303 (.4396) 4.138 (4.257)
AUX 1.272 1.292 (1.572) 1.455 (14.47)

Cond. On .7878 .7835 (.5458) .7516 (4.595)
Reg. On .9830 .9796 (.3459) .9408 (4.293)

off when the sump level is down to its lower margin, which can occur

after a period with no load or when there is a large drop in the out-

door humidity so that the water mass in the system drops. The bottom

part of Table 4.2 shows the average fraction of the time in which the

conditioner and the regenerator cycle, respectively, are on. The re-

sults for a timestep of 5 minutes are sufficiently close to those for

1 minute, whereas the 15 minute timestep yields results which are off

by several percent.

It was investigated whether a larger sump allows a large simula-

tion timestep without a penalty in accuracy. Figure 4.1 shows the

calculated monthly values of DEL for 3 sump sizes each with 3 time-

steps. Again, it is observed that the 15 minute timestep is too long

for the base case conditions, since its values for DEL are several

percent different from the values for the 1 minute timestep. The

values for 1 and 5 minutes are close together. DEL slightly de-
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creases with increasing sump size, because the average temperature is

higher due to increased energy storage in the (adiabatic) sump. The

average desiccant temperature entering the conditioner is higher and

therefore less cooling energy is delivered to the air stream. A

relation between sump size and timestep for a specified accuracy can-

not be observed. A timestep of 5 minutes and a water mass of 3333 kg

were chosen and used throughout all the following simulations. The

water mass is an arbitrary but reasonable choice, given the estimated

size of the SMVA sumps. The salt mass was adjusted to a sump concen-

tration of 29% (One of the 3 concentrations considered in the Experi-

mental Test Plan is 28.5% [4]). The upper sump level limit for the

conditioner is subject to further investigation in Section 4.3.4.

4.2 Standard Simulation Results

In order to examine the component performance, a standard simu-

lation was carried out. The TRNSYS output gave daily summaries of

the fraction of the day in which the conditioner and regenerator were

operational. These fractions are plotted in Figure 4.2. In Figure

4.2 a value of 1.0 indicates that the cycle was on all day, whereas,

for instance, 0.75 means that the cycle was on only in 75% of the 288

timesteps of the day, a daily average of 18 hours.

The conditioner is off frequently for the air flow rates used in

the base case simulation. There is only one day (July 22) when there

is no load for a fraction of this day. More often the conditioner is

off because the upper limit of the sump level is reached. The level
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is set to 300 kg of water in addition to the initial state. The

conditioner can remove this amount of water from the air stream with-

in 2 to 3 hours. Since this value is relatively large, it cannot be

the reason for the conditioner to be off that often. It is more

likely that the low regenerator air flow (compared to the condition-

er) causes this behavior. This question will be investigated in the

following section.

For the standard system, the regenerator is rarely off. Figure

4.3 shows the humidity ratios of conditioner and regenerator outlet

as well as the inlet humidity ratio for the conditioner, as given in

the weather data file. The conditioned air humidity is for almost

always well within the comfort range of 0.0042 kg/kg to 0.012 kg/kg

as defined by the American Society of Heating, Refrigerating and Air-

Conditioning Engineers (ASHRAE) [10]. The regenerator outlet humidi-

ty is almost constant when the regenerator is on because the base

case simulation uses a constant regenerator inlet humidity. Although

this is a simplification, its effect on the overall performance is

small, as is shown in the following section.

The variation of the air temperatures with time are shown in

Figure 4.4, along with the regenerator sump temperature. The condi-

tioner outlet temperature shows the constant set point for all times

when the ambient temperature is higher than the set temperature. The

regenerator outlet air temperature is nearly constant, since the

inlet temperature and the hot water source temperature are assumed to

be constant. The (fully mixed) sump shows a temperature variation of
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less than 0.5'C due to its mass and the assumption of being adi-

abatic.

Figures 4.5 and 4.6 show characteristic integrated energy rates.

As long as the conditioner is on, the load (LOAD) and the cooling

energy, DEL, delivered by the LD component, are equal. Otherwise

auxiliary cooling AUX has to be supplied by a conventional chiller to

account for the difference in LOAD and DEL. This energy, along with

the heat transfer in cooler, Qc' and heater, Qh' plus parasitic ener-

gy for pumps and fans is the energy input into the system. The cost

of this energy input should be minimized.

According to the simulation results, it can be stated that the

base case defined in the previous section is not an optimal configu-

ration because auxiliary conventional cooling must be supplied. How-

ever, for the purpose of describing the LD component behavior it is

not necessary to simulate an optimal system. The applied control

strategy can be observed even better in the non-optimal case (see

Figure 4.2).

4.3 LD Component Behavior

The standard LD component described in the preceding section is

a matter of definition. Variables considered to be constant may be

different or even transient. Therefore a variation of single vari-

ables was carried out leaving the rest of the model unchanged (i.e.,

in its standard state) to investigate their role in the overall LD

system performance. The influence of these variations on the energy
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input through solution heater, cooler, and auxiliary conventional

cooling to meet the load was investigated.

The results not only show the component's sensitivity to the

variation of certain variables, but also give indications of ways to

optimize the SMVA system.

4.3.1 Variations in Conditioner Air Flow Rate and Set Point

An increasing air mass flow rate, W4 , through the conditioner is

equivalent to an increasing load, which results in a higher energy

input. Figure 4.7 shows the energy demands for the base case with W4

being the independent variable.

Up to an air mass flow rate of 3.4 kg/s, no auxiliary conven-

tional cooling, AUX, is required. Cooling and heating energy for the

heat exchangers in the LD component, Qc and Qh, respectively, are

increasing. For high flow rates, the demand for AUX is growing at a

constant rate, while Qc and Qh stay at constant values. The solution

heater is at its maximum possible performance. Although the cooler

has to handle an increased load, it eventually cools at a constant

integrated energy rate, since the conditioner cycle including the

cooler is turned off for a longer overall time (proportional to AUX).

With an increased set temperature for the conditioned air, all

energy inputs are decreasing, as shown in Figure 4.8 for a set

temperature range of 18'C to 21'C. This is due to the declining

load.



2 4 6 8

Air Mass Flow Rote [kg/s]

Figure 4.7

6 -T

0
0

C"

LI

4-

3-

2-

1 -

Figure 4.8

Cooling and heating input and required auxiliary cooling
energy as function of the conditioner air mass flow rate
(monthly simulation)

I I I I

18 19 20 21

Conditioned Air Set Temperature [dog C]

Cooling and heating input and required auxiliary cooling
energy as function of the conditioned air set tempera-
ture (monthly simulation)

45

-,v

0

w

0

Qc

Oh

-AUX



46

4.3.2 Variations in Regenerator Air Flow Rate and Inlet Conditions

An increasing air mass flow rate through the regenerator results

in improved regeneration for a constant load. Therefore, the condi-

tioner can operate longer meaning that the required conventional

cooling, AUX, is decreasing, which is illustrated in Figure 4.9. The

increased conditioner operation results in an increased demand for

solution cooling, Qc" More heating energy, 0
h , is needed for the im-

proved regeneration. The absolute rates at which the energy demands

are changing decline with a growing regenerator air mass flow rate.

This behavior can be explained by looking at the temperatures in the

regenerator part of the system. Due to the increased air mass flow

rate, the temperature difference between air outlet and inlet, T2-TI,

is decreasing, resulting in a smaller temperature difference between

solution inlet and outlet, T3 -T4 1 . Therefore, the temperature rise

of the solution in the heat exchanger is smaller and less heating

energy is required. This effect counteracts the improved regenera-

tion and can be observed clearly in Figure 4.9. At high flow rates,

the heating energy demand is even decreasing. The same behavior is

observed when the regenerator inlet air temperature is raised (Figure

4.10): Qh is diminishing at a constant rate. At the same time, AUX

is constantly decreasing, while Qc increases. This is because the

hotter inlet air can absorb more water from the solution and thus im-

prove the regeneration process, resulting in a longer conditioner

operating time. A higher humidity ratio at the air inlet has an

opposite effect on the regeneration. As shown in Figure 4.11, the
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conditioner is operating less which is indicated by Qc decreasing and

AUX increasing. The heating energy is slightly decreasing due to the

deteriorated regeneration process.

4.3.3 Variations in the Hot Water Source Temperature and Flow Rate

Figures 4.12 and 4.13 show the effects of the hot water supply

temperature and mass flow rate on the required energy inputs. It is

clear that regeneration is improved with a higher heating energy

supply. Again, the conditioner operating time increases and more

cooling energy for the conditioner cycle is needed. The demand for

conventional cooling is decreasing.

4.3.4 Variations in the Upper Sump Level for the Conditioner

Control

Another way of improving the regeneration process is to allow a

higher maximum sump level at which the controls turn the conditioner

off. This strategy can work only if the regenerator is able to re-

move the additional mass at times with low loads or no loads at all.

The typical pattern for the energy input needs at improved regenera-

tion can be observed in Figure 4.14, here due to a higher sump level

for the conditioner control.

4.3.5 Conclusions

To be able to compare different possible operation modes of a

hybrid liquid desiccant system, it is desirable to have no need for

auxiliary conventional cooling. This can be achieved by lowering the
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conditioner air mass flow rate to 3.4 kg/s. The simulations con-

ducted for hybrid systems (Chapter 5) use this flow rate. Also, the

upper sump level margin for the conditioner control was set to an

additional 500 kg of water.

The hot water source temperature is of particular interest. The

higher this temperature is, the better is the regeneration. However,

the more expensive cooling energy demand in the conditioner cycle is

increasing due to a higher overall solution temperature. Therefore,

it is questionable if a higher regeneration temperature results in a

more efficient liquid desiccant process. An examination of different

regeneration temperatures was conducted and is described in

Chapter 5.
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CHAPTER 5: System Simulation and Results

A hybrid liquid desiccant cooling system is the combination of

conventional and liquid desiccant air conditioning equipment. There

is a variety of machinery available at the SMVA which allows differ-

ent ways to supply the hybrid LD system with the heating, cooling,

and electrical energy inputs it requires.

System simulations were conducted with records of actual meteo-

rological data for Cape Hatteras, NC and Sterling, VA. Both loca-

tions have a high demand for air conditioning. Also, they are geo-

graphically close to Richmond, VA and thus compare to the weather

conditions at the SMVA. The Cape Hatteras load is about 1.7 times

higher than the Sterling load and its latent load fraction is greater

as well. The period of April through October was assumed to be the

cooling season. The seasonal LD component load, the cooling energy

delivered by the LD component, and the energy input demands for a

regeneration temperature of 60'C are given in Figure 5.1 for both

locations.

Since both gas and electricity are required, the operational

costs in dollars were compared assuming a gas price of 0.03 $/kWh and

the electricity price to be 0.07 $/kWh. If excess electricity is

produced and resold to the power plant, the resale rate is assumed to

be 0.04 $/kWh.
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5.1 Operation Modes

Three operation modes of a hybrid LD system have been examined.

In addition, a conventional system consisting of a chiller-cooling

tower combination has been simulated in order to serve as basis for

the comparisons. This configuration is called the 'Conventional

Mode'. The three hybrid modes are defined by the following charac-

teristics:

'Chiller Mode': A gas cogenerator provides heat for the desorber

cycle and electricity to drive a vapor compression chiller which sup-

plies the cold water for the absorber cycle. A supplementary boiler

provides additional heat if needed. Also, additional electricity may

be obtained from the power plant. Thus, it is guaranteed that the

energy input required by the LD system is, provided at any instant of

time. As a result, the operational costs resulting from the use of

different capacity gas cogenerators can he calculated based on energy

flows during a single simulation: the energy demands of the LD compo-

nent in every simulation timestep are split up into the available

energy sources and their corresponding costs for various cogenerator

sizes. A zero-capacity cogenerator is equivalent to an energy supply

solely by the boiler and the electrical power plant.

'1-eat Pump Mode': The chiller is replaced by a heat pump which

produces hot water for the desorber and cold water for the absorber

cycle. In all other respects the Heat Pump Mode is treated like the

Chiller Mode.
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'Solar Mode' The Chiller Mode is modified such that the heat

for the desorber cycle is partially supplied by flat-plate solar col-

lectors via thermal storage. For a zero-capacity gas-cogenerator the

energy is supplied entirely by the collector, a boiler, and the power

plant.

5.2 Simulation Results

The results are given in the form of gas and electricity energy

inputs and their related costs. The electricity demand consists of

the electric power for chiller, heat pump, and parasitics. Based on

information from Buschulte [1] and a mechanical drawing of the SMVA

system [111, the parasitics are the electric power consumptions of

pumps and fans and are estimated to be as follows:

Building supply and return fans 59.8 kW (C)

Conditioner and regenerator fans 4.5 kW (C)

Solution pumps in LD component 4.5 kW

Pumps for heater and cooler 4.4 kW

Chiller pumps 13.4 kW (C)

Cogenerator pump 1.5 kW

The power consumption depends on the operational state of the LD

system. The regenerator fan and solution pump as well as the heater

pump, for instance, are running only when the regenerator is oper-

ating. Consequently, these parasitics are zero when the regenerator
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is off. Parasitics marked with a (C) are taken into account for both

the hybrid LD system and the conventional mode, where the fan load

through the cooling coil is assumed to be equivalent to the condi-

tioner and regenerator fan loads. The building supply and return

fans are running independently of the operation mode and thus do not

contribute to the comparison of different ways of operation. How-

ever, they are included in order to account for a correct consider-

ation of the resale of possible excess electricity produced by the

cogenerator. Electricity is considered to be resold only when it ex-

ceeds the entire air conditioning system electricity load including

all parasitics.

For each operation mode, a TRNSYS component (TYPE47) was written

to handle the control of the energy supply. This component receives

the system energy demands for cooling, heating, and electricity and

distributes these loads to the gas and electricity supply according

to the available equipment and to the desired control. Except for

the Solar Mode, the model assumes that the loads can always be met

through the supply of extra heat by a boiler and extra electricity by

the power plant. Thus, no storage tank model needs to be included,

although storage may be physically existent. Energy supplied to the

system from the tank is assumed to be immediately replaced. Appendix

A contains the energy supply control component for the Chiller Mode.

For all the simulations, the cogenerator was modeled to convert one-

third of its gas input into useful heat and one-third into electrici-

ty. The last third is lost to the surroundings. The boiler loses
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one-third of its input capacity to the indoor environment as well,

while the remaining two-thirds are turned into useful heat.

5.2.1 Chiller Mode

In the Chiller Mode, the cold water demand of the LD component

is supplied by a chiller. A TRNSYS chiller component, based on the

manufacturer's data [12] for the SMVA chiller and written by

Buschulte [1], was modified such that the cooling tower fan load was

considered in the chiller's electric power consumption. The electric

power demand of the cooling tower adds 12.2% to the chiller power

consumption. This total electric chiller consumption and the para-

sitics are supplied by the gas-cogenerator as far as possible. The

cogenerator also provides hot water for the regeneration. Excess

heat is dumped and excess electricity is resold to the power plant.

The option of no resale opportunity is included in the model. Dif-

ferent cogenerator capacities may be examined during one simulation,

since the load is not affected by the cogenerator size because it is

always met.

The average operational costs during a cooling season for dif-

ferent cogenerator capacities and regeneration temperatures are shown

in Figures 5.2 and 5.3 for the weather conditions of Cape Hatteras

and Sterling, respectively. There will be an optimum non-zero co-

generator capacity if the costs to run the cogenerator are less than

the amount of money saved by lower boiler usage and less purchased

electricity. Therefore, a higher electricity to gas price ratio will
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more likely yield an optimum non-zero capacity. Considering the heat

alone, the boiler is more efficient than the cogenerator. For a low

electricity demand, it is thus possible that the zero capacity co-

generator is the optimum. For the Cape Hatteras conditions with a

1.7 times higher load than in Sterling, a cost minimum occurs at

about 208 kW capacity for a regeneration temperature of 60'C. For

the conditions of Sterling the minimum is at zero capacity.

In Figure 5.4 the average gas and electric power requirements

and their sum for Cape Hatteras are shown for 60'C regeneration

temperature. The corresponding costs are given in Figure 5.5. The

equivalent graphs for the Sterling conditions are shown in Figures

5.6 and 5.7. The minimum in the sum of the operational costs for

Cape Hatteras rather than Sterling is due to the higher gas demand

which is met by the boiler. A cogenerator of about 320 kW capacity

provides 100% of the electricity demand at any timestep. A higher

capacity consequently leads to higher costs. Therefore, the upper

bound for an optimum capacity is at 320 kW. Only a cogenerator with

a capacity of 486 kW or more will supply 100% of the heat at all

times. It can be concluded that a cogenerator is not necessarily

advantageous, even if the initial investment is not taken into ac-

count.

Figures 5.2 and 5.3 indicate that the total operational costs

are increasing with increasing regeneration temperature. 60°C is the

lowest hot water temperature at which no auxiliary conventional cool-

ing is needed for the given LD component configuration. Higher
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temperatures improve the regeneration. On the other hand, they heat

up the solution in the entire system, which results in an increased

desiccant cooling demand, as shown in Figure 5.8 for a monthly simu-

lation (July, Cape Hatteras). Figure 5.8 also indicates that in-

creasing the interchanger UA value does not change the situation

significantly. The average energy supply to the regenerator is

almost independent of the hot water source temperature because the

regenerator is turned off for a longer overall time as illustrated in

Figure 5.9. The influence of the regeneration temperature can also

be observed in Figures 5.2 and 5.3. As long as the cogenerator is

below 100% capacity, the electricity demand grows faster for higher

regeneration temperatures, indicated by larger absolute slopes. The

curves are diverging. Above 100% cogenerator capacity the total

costs are represented by straight lines. The slope of these lines is

dependent on the amount of resold electricity and therefore declining

with with increasing regeneration temperature. Consequently, the

curves are converging in this range. If no electricity were resold,

the slope of all curves beyond the 100% capacity margin would be

equal to the gas price.

5.2.2 Heat PumpMode

The use of a heat pump instead of a chiller is considered in the

Heat Pump Mode. The electricity-driven heat pump supplies the

regenerator and conditioner cycles with heating and cooling energy,

respectively. A TRNSYS model for the heat pump installed at the SMVA



63

L.
p

0a.

153
152
151
150
149
148
147
146
145
144
143
142
141
140
139
138
137
136
135
134
133

Figure 5.8

1.00-•

0.95 -

L~J

4,
C
0

P

0
C
0

4,
U
a
I.

0.90 -

0.85 -

0.80 -

0.75 -

0.70 -

0.65 -

0.60 -r

Figure 5.9

60 65 70

Regeneration Temperature [deg. C]

Cooling and heating energy input versus regeneration
temperature varying interchanger UA-value (monthly simu-
lation)

Conditioner On

Regenerator On

I 1 _

60 65 70

Regeneration Temperature [deg. C]

Monthly operating time fractions of conditioner and re-
generator versus regeneration temperature

i



64

is available. It was also written by Buschulte [1] based on manu-

facturer's data [13]. The model assumes that the heat pump delivers

hot water to the regenerator at the desired set point at any time

when there is a demand. A boiler is therefore not necessary. When

the heat pump cannot deliver cooling water at the desired tempera-

ture, T1 3 , or below, the TRNSYS energy supply control component for

the Heat Pump Mode uses the chiller equations for the remaining cool-

ing needs. Thus it is guaranteed that the conditions for the Heat

Pump Mode are always comparable to those of the Chiller Mode. In all

other respects, the Heat Pump and the Chiller Modes are treated

identically.

The use of a gas-cogenerator is certainly less promising, since

the heat is supplied solely by the heat pump. For the given

electricity to gas price ratio (7:3), a cogenerator would raise the

operational costs for all regeneration temperatures and both loca-

tions. Figure 5.10 shows the sum of the costs for Cape Hatteras,

while the Sterling case is illustrated in Figure 5.11. For Cape

Hatteras and 60'C regeneration temperature, gas and electricity

inputs as well as the total is given in Figure 5.12. The related

costs are shown in Figure 5.13. The corresponding information for

Sterling is contained in Figures 5.14 and 5.15.

For a regeneration temperature of 60'C, a simulation was con-

ducted using an electricity to gas price ratio of 3 by assuming a

price for buying electricity to be 0.09 $/kWh. The operational costs

for this case and for both locations are given in Figures 5.16 and
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5.17. Both cases show a cost minimum for a non-zero cogenerator

capacity.

5.2.3 Solar Mode

For solar operation, it cannot be assumed that heat is available

at any time when there is a demand. A storage tank model has to be

included. A tank size of 19 m3 was chosen which represents roughly

the size of one of the two storage tanks at the SMVA. The collector

flow rate was set to 20 kg/(h-m2 collector area). Collector areas of

250 in2, 500in2, and 750 m2 were investigated. Typical values were

chosen for the other solar system parameters [14,151. They are

listed in Table 5.1 and also in the TRNSYS deck for the Solar Mode in

Appendix C. The tank is heated by the solar collectors. It delivers

heat when its temperature is greater than or equal to the regene-

ration set temperature, for which values of 60'C, 65'C, and 70'C were

investigated. Otherwise a boiler or, if installed, a cogenerator

supplies the regeneration heat at the set temperature.

In Figures 5.18 and 5.19 the sum of the operational costs in the

Solar Mode are given for Cape Hatteras and Sterling, respectively,

for a regeneration temperature of 60'C and varying collector areas.

If no cogenerator is used, the operational costs decrease with in-

creasing collector area. It should he noted that the initial invest-

ment for solar collectors, which is strongly dependent on the col-

lector area, is not reflected in these graphs. The lower the collec-

tor area, the higher is the tendency of having a cost minimum at a
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Table 5.1. Solar System Parameters

Parameter

Total collector area

Ground reflectance

Collector slope

Test flow rate
1

Incidence angle modifier coefficient

Tank volume

Tank loss coefficient

Tank height

Number of nodes in tank

Symbol

A

p

a

Gtest

FR(Ta)n

FRUL

bo

V

Ut

h

Value

250 m2 , 500 m2 , 750m 2

0.2

350

20 kg/h-m
2

0.8

17 kJ/h-K-m
2

0.1

19 m

1.7 kJ/h-K-m2

2.5 m

3

1The test flow rate was assumed to be the collector flow rate during
all Solar Mode simulations

non-zero cogenerator capacity. This minimum is located where a

boiler contribution to the heat load is no more necessary and the co-

generator is not yet producing excess heat. Large cogenerators that

produce enough heat to meet the heating load themselves make collec-

tors unnecessary and are therefore of no interest for the Solar Mode.

Figures 5.20 and 5.21 show the total operation costs with the regene-
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ration temperature as a parameter for a collector area of 500 m2 .

The costs increase with increasing set temperature. This can be ex-

plained with the Hottel-Whillier equation for the actual useful ener-

gy gain, Quse, in flat-plate collectors [14]:

=use AFRIS - UL(Tilt - Tamb)] , (5.1)

where S is the absorbed solar energy per unit collector area and the

second term in the brackets is the loss term. Tinlet is the fluid

temperature at the collector inlet and will rise with an increasing

tank temperature due to a higher regeneration set temperature.

Therefore, the loss term in the Hottel-Whillier equation increases,

resulting in a lower solar energy gain.

Energy demands and costs for both locations are shown in Figures

5.22 through 5.25 for a collector area of 500 m2 and 60'C regene-

ration temperature. For Sterling conditions, this area is almost

enough to supply the whole regeneration heat, while for Cape Hatteras

additional heat is needed. As in the Heat Pump Mode, in can be con-

cluded from the graphs that a higher electricity price will increase

the tendency to form an optimum non-zero cogenerator capacity.

5.2.4 Conventional Mode

In order to evaluate the performance of the different operation

modes, an estimate was made of the seasonal average hourly costs of
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operation of a conventional cooling system consisting of a chiller

and a cooling tower. Based on the TRNSYS chiller model used in the

Chiller Mode, a constant coefficient of performance (COP) of 4.16 was

assumed. Two cases were investigated:

a) An air stream of 3.4 kg/s is dehumidified to an average

humidity ratio of 0.067 kg/kg. For that purpose the air must be

cooled down to 8.0'C. It is then mixed with building return air and

thereby reheated at no extra cost. This scenario compares directly

to the LD simulation.

b) A total air stream of 11.2 kg/s is dehumidified to a humidi-

ty ratio 0.095 kg/kg which requires cooling of the air to 13.3°C. It

is assumed that reheat is available at no extra cost, supplied, for

instance, by the chiller condenser. These assumptions simulate the

way conventional commercial systems are often run.

Table 5.2 contains the simulation results for Cape Hatteras and

Sterling conditions and electricity prices of 0.07 $/kWh and

0.09 $/kWh.

5.2.5 Summary

The seasonal performance of the described LD system is dependent

on the cooling load, the electricity to gas price ratio, and the

available equipment. A properly-sized cogenerator can often but not

always lower the costs of operation significantly. An example is the

Solar Mode with collector areas that cannot supply all of the re-

quired heat. For cases, however, when the loads are relatively small
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Table 5.2. Estimation of the Operational Costs of 2 Conventional

Cool ing Systems

Case Electr. W4  T5  H5  Costs Costs
Rate Cape H. Sterling

-$/kWh kg/s °C k $/h $/h

a 0.07 3.4 8.0 0.067 7.97 7.50

b 11.2 13.3 0.095 9.73 8.50

a 0.09 3.4 8.0 0.067 10.25 9.65

b 11.2 13.3 0.095 12.51 10.93

and electricity is inexpensive, it is often cheaper not to run a gas-

cogenerator.

The least efficient and most costly way of operation is the

Chiller Mode. The use of a heat pump improves the system economics

considerably by lowering the operational costs by 1 to 2 $/h compared

to the Chiller Mode, depending on the load. The lowest operational

costs can be obtained using solar energy. Large collector areas

lower the operational costs of the system at the expense of a higher

initial investment. A smaller collector area may still result in

reasonable operation costs if a properly sized cogenerator is used.

The sensitivity of operational costs on cogenerator capacity is

stronger in the Solar Mode than in Chiller or Heat Pump Mode.
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Figure 5.1 shows that the total energy input to the LD component

is about 2.5 times higher than the delivered cooling energy. That

explains why the performance of the chosen configuration is generally

no better than that of a conventional cooling system. The advantage

of a LD system is that part of the energy input is heating rather

than cooling energy. Heat is often available at low or even no extra

cost. Consequently the Heat Pump and the Solar Mode show signifi-

cantly better performances than the Chiller Mode and they may, if

well-designed, be even less expensive to operate than a conventional

system. Figures 5.26 and 5.27 summarize these results. As stated in

the previous section, the Conventional Mode "a" compares best to the

LD simulation.
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CHAPTER 6: Conclusions and Recommendations

This study has presented the modeling of a liquid desiccant

cooling component and the simulation of several hybrid liquid desic-

cant air conditioning systems using the LD component model. The

major results and conclusions of the study can be summarized in three

parts. The first concerns model development and solution methods for

the resulting equations. The second describes specific results ob-

tained for systems like that at the Science Museum in Virginia

(SMVA). The third concerns suggestions for further study, based on

the results for a specific system.

1. As described in Chapter 2, the LD component model forms a

system of 19 partly nonlinear algebraic equations with 19 unknowns

and two differential equations. These equations must be solved

during each timestep (typically 5 minutes) throughout the entire

simulation period. It is thus essential to solve the system in a

computationally efficient manner.

It was advantageous to partition and precedence order the system

equations using the algorithm of Sargent and Westerberg [7,8]. The

algorithm presents a fast and secure way to separate systems of

linear and nonlinear algebraic equations into partitions that can be

solved independently. This procedure is especially useful for large

and complex systems of equations and it is of general utility. The

fact that the partitions represent inseparable parts of the physical

system ensures a most simple resulting solving procedure. In gene-
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ral, differential equations could be involved as well, if they have

an analytical solution. In the presented case, for instance, the two

differential LD component sump equations could have been combined

with the algebraic system equations forming a 21x21 system. For the

modeling of more complex systems, it might be worthwhile to include

numerical solutions of differential equations in the algorithm, if

there is a large number of differential equations or if they cannot

be decoupled from the remaining equations.

2. A particular hybrid LD system was investigated for several

operation modes and two locations with both different total cooling

loads and different proportions of latent and sensible cooling.

Average hourly operational costs were determined in order to take

into account the different quality of the required energies. Al-

though these costs represent a specific system, they allow general

comparisons of different operation modes. The following conclusions

can be drawn from the simulation results presented in Chapter 5:

a) The required total energy input into an air conditioning

system cannot be decreased using a LD configuration as installed at

the SMVA. The operating cost of such a LD system is nearly as high

or higher than that of a conventional chiller system for electricity

to gas price ratios of 7:3 and less. The larger this price ratio,

the greater is the probability that the LD system is operating at

lower costs than conventional systems. For example, if the

electricity rate changes from 0.07 $/kWh to 0.09 $/kWh in the Heat

Pump Mode for Cape Hatteras conditions, the minimum operational costs
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increase from 8.37 $/h to 10.10 $/h, while the costs for a conven-

tional cooling system increase from 7.97 $/h to 10.25 $/h.

b) The energy inputs into a LD system consist not only of cool-

ing energy, but also of heat, plus increased parasitic electricity

demands. The potential for hybrid LD systems lies in the inexpensive

supply of regeneration heat. Therefore, LD systems should be con-

sidered in applications where low temperature (less than 100'C) waste

heat is available. The significantly lower operating costs for the

Heat Pump and the Solar Mode confirm this recommendation.

The installation of liquid desiccant air conditioning systems

should be considered only for applications with a high latent load.

The complexity involved in a LD system is due to efforts made for re-

ducing the costs of the latent load.

For both the Heat Pump and especially the Solar Mode, a thorough

economic analysis should be conducted before an installation decision

is made. This analysis should include the initial investment and the

price ratio for electricity to gas. Both the considered operation

mode and a feasible conventional air conditioning system have to be

investigated.

c) The Chiller Mode is an unsuitable way of operation. Its

minimum average hourly costs are higher than even those of ineffici-

ently run conventional cooling systems. The supply of the required

energy demands completely from purchased sources without use of

"free" heat is the reason for the poor performance. The improved

thermodynamic process is negated by these additional energy needs.
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d) The Heat Pump Mode can be comparable to conventional cooling

systems in the cost of operation, because regeneration heat and part

of the cooling energy is supplied efficiently. For the conditions

investigated in this study, the cost ratio of the optimum Heat Pump

Mode to the comparable Conventional Mode is 0.97 for Sterling and

1.05 for Cape Hatteras.

e) If first costs are not considered, lower operational costs

are obtained by the Solar Mode, where flat-plate collectors contri-

bute to the regeneration heat. Still, the estimated operational

costs are close to those of a conventional system. The cost ratio of

the Solar Mode to the Conventional Mode for 500 m2 collector area is

in this study 0.90 for Sterling and 1.02 for Cape Hatteras condi-

tions.

f) The optimum cogenerator capacity is dependent on economic as

well as load parameters. A high electricity to gas price ratio and

high latent loads (compared to the sensible loads) favor the instal-

lation of a cogenerator. The operational costs are quite dependent

on the cogenerator size, especially in the Solar Mode. Therefore,

the choice of a suitable capacity is crucial.

g) Relatively low regeneration temperatures of 60'C or less

result in lower operating cost. The explanation for this behavior is

that a higher hot water temperature not only improves the regenera-

tion, but also heats the desiccant in the entire system. Consequent-

ly, more solution cooling is required to obtain the conditioned air

set temperature. To improve the system performance it is desirable
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to lower the temperature difference of the desiccant between regene-

rator and conditioner cycle.

3. The results obtained in the investigation of a system re-

sembling the SMVA design suggest that other system configurations

should be studied. Promising alternatives to the presented configu-

ration are ways of operation comparable to those used in solid desic-

cant air conditioning systems [16]. A general proposed schematic for

a modified LD system is given in Figure 6.1. Such a system would

operate as follows:

The LD component overdries the air at a hot water temperature

which is optimal for the regeneration. Cooling energy is supplied by

the LD component only to maintain the dehumidification process. The

set temperature does not have to be reached. The dehumidified and

heated air is blown through heat exchangers where it is cooled by

outside and/or building return air to a temperature close to the

initial air state. Evaporative coolers then cool the air to the de-

sired set point and add an appropriate amount of moisture. It is

recommended to conduct an investigation of a LD system configuration

as described above.

Hopefully, this study has contributed to the understanding of

the performance of hybrid liquid desiccant cooling systems and will

encourage further investigation to evaluate the prospects of these

systems.



Figure 6.1 Schematic of a modified liquid desiccant cooling system

COMo
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APPENDICES

Appendix A.1 contains the computer code listings for the TRNSYS

components TYPE42 and TYPE43. TYPE42 models the liquid desiccant

component and TYPE43 provides additional output.
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SUBROUTINE TYPE42 (TIME.XIN,OUT,T,DTDT,PAR,INFO)

CCCCCCCCCCCCCcCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCccCCCCCC
C
C THIS TRNSYS COMPONENT 'TYPE42' MODELS A LIQUID
C DESICCANT (LD) COMPONENT LIKE THAT AT THE SCIENCE
C MUSEUM IN RICHMOND/VA (SMVA).
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C
C THE 19 X 19 SYSTEM THAT DESCRIBES THE LD COMPONENT IS
C BROKEN UP INTO SMALLER INDEPENDENT BLOCKS. THEY ARE
C PROGRAMMED IN SUBROUTINES CALLED BLOCK1FBLOCK2,...
C THESE SUBROUTINES ARE CALLED BY THE ROUTINE SOLVESYS-
C TEM THAT INVOLVES THE CONTROL STRATEGY FOR THE SYSTEM.
C THE CONTROLS ARE DETERMINED BY THE ROUTINE TANK. TANK
C CONTAINS THE SUMP CALCULATION WHICH INVOLVES TWO DIF-
C FERENTIAL EQUATIONS. THEY ARE SOLVED ANALYTICALLY IN
C TANK, THEREFORE THE TRNSYS DIFFERENTIAL EQUATION SOLVER
C IS NOT NEEDED. TANK AND SOLVESYSTEM ARE SUBROUTINES OFI

C MAINCONTROL WHICH ESENTIALLY SETS INITIAL VALUES. MAIN-
C CONTROL IS CALLED DIRECTLY BY TYPE42 WHICH ADJUSTS THE
C PROGRAM TO BE COMPATIBLE WITH TRNSYS.
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C
C PHYSICAL PROPERTY FUNCTIONS: THE PROGRAM USES THE
C PACKAGE PROVIDED BY THOMAS K. BUSCHULTE FOR LICL/WATER
C SOLUTIONS AND AIR/WATER MIXTURES (REF.: M.S. THESIS.
C CHEMICAL ENGINEERING, UW MADISON, 1984, APPENDICES A.1
C AND A.3).
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C
C SYMBOLS AND UNITS USED IN THE PROGRAM (INTERNAL):
C
C PROPERTY SYMBOL UNIT
C
C TEMPERATURE T K
C SPEC. ENTHALPY I kJ/kq sol.
C SPEC. ENTHALPY AIR I kJ/kq dry air
C MASS FLOW RATE W kq/s
C HUMIDITY RATIO H kq water/kg dry air
C CONCENTRATION XI kg salt/kq sol.
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C
C TRNSYS COMPONENT INPUTS :
C
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C 1 AIR TEMP. IN REG. Ti DEG C
C 2 AIR TEMP. IN COND. T4 DEG C
C 3 AIR TEMP. OUT COND. (SET PT.) T5 DEG C
C 4 HOT WATER SOURCE TEMP. TII DEG C
C 5 COLD WATER SOURCE TEMP. TI3 DEG C
C 6 HUMIDITY AT REG. INLET HI kclka
C 7 HUMIDITY AT COND. INLET H4 kq/kq
C 8 AIR FLOW RATE THROUGH REG. Wi k/s
C 9 AIR FLOW RATE THROUGH COND. W4 kcr/s
C 10 HOT WATER MASS FLOW RATE W12 k/s
C ii AMBIENT PRESSURE PAMB Pa
C
C PARAMETERS:
C
C 1 OVERALL HEAT TR. COEFF. COOLER UAC kW/K
C 2 OVERALL HEAT TR. COEFF. HEATER UAH kW/K
C 3 OVERALL HEAT TR. COEFF. INTERCH. UAI kW/K
C 4 SPECIFIC HEAT OF WATER CPW kJ/kqK
C 5 KATHABAR CONSTANT CONDITIONER KC kqK/kJ
C 6 KATHABAR CONSTANT REGENERATOR KR kgK/kJ
C 7 INITIAL WATER MASS MWATER kqr
C 8 INITIAL SALT MASS MSALT kg
C 9 INITIAL TANK TEMPERATURE T71 K
C i0 LOWER BOUND TANK MASS ML kcr
C 11 UPPER BOUND TANK MASS MU kcr
C 12 SOLUTION MASS FLOW RATE REG. W3 kcr/s
C 13 SOLUTION MASS FLOW RATE COND. W6 kcr/s
C 14 SOL. MASS FLOW RATE REG.==> COND. W15 kq/s
C 15 MAX. ERROR FOR ITERATIONS EPS
C 16 UPPER MARGIN FOR COND. CONTROL PERU kg
C 17 LOWER MARGIN FOR COND. CONTROL PERL kg
C
C OUTPUTS:
C
C 1 INT. FLAG CONDITIONER ICOND (I=ON)
C 2 INT. FLAG REGENERATOR IREG (1=ON)
C 3 TEMP. AIR OUT REG. T2 DEG C
C 4 TEMP. SOLUTION REG. IN T3 DEG C
C 5 TEMP. SOL. COND. IN T6 DEG C
C 6 TEMP. SOL. SUMP T7 DEG C
C 7 TEMP. SOL. COOLER IN T8 DEG C
C 8 TEMP. SOL. SUMP IN T9 DEG C
C 9 TEMP. WATER HEATER OUT T12 DEG C
C 10 TEMP. WATER COOLER OUT T14 DEG C
C ii TEMP. SOL. INTERCH. OUT =>COND. T15 DEG C
C 12 TEMP. SOL. COND. OUT T40 DEG C
C 13 TEMP. SOL. REG. OUT T41 DEG C
C 14 HUMIDITY REG. OUT H2 kq/kg
C 15 HUMIDITY COND. OUT H5 kcq/kQ
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C 16 MASS FLOW RATE SOL. COND.==>REG.W9 kg/s
C 17 MASS FLOW RATE WATER COOLER W16 kg /s
C 18 MASS FLOW RATE SOL. COND. OUT W40 kr/s
C 19 MASS FLOW RATE SOL. REG. OUT W41 kg/s
C 20 CONCENTRATION REG. IN XI3 -
C TYPE 43:
C 1 CONC. COND. IN XI6 -

C 2 CONC. COND. OUT X140 -

C 3 CONC. REG. OUT X141 -
C 4 SUMP MASS TOTAL M, kg
C 5 AIR ENTH. DIFF. RATE COND. DIAIR kJ/h
C 6 HEAT FLUX COOLER DQC kJ/h
C 7 HEAT FLUX HEATER DQH kJ/h
C 8 AIR ENTH. DIFF. RATE REG. DIREG kJ/h
C 9 INT. FLAG FOR NO LOAD INONEED (1=YES)
C 10 ABS. ENERGY BALANCE LD COMP. ABSEB kJ/h
C 11 LOAD LOAD kJ/h
C 12 AUXILIARY COOLING ENERGY REQ'D AUX kJ/h
C 13 AIR FLOW RATE THROUGH REG. W1 kg/s
C 14 EL. LOAD PARASITICS PTPAL kJ/h
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

REAL Ii,I2,I3,I4,I5,I6,I7,I8,I9,Iii,I12,I13,14,15,
$ 140,I41,KC,KR,MWATER,MSALT,M,ML,MU
INTEGER INFO, ICOND, IREG, LUN
LOGICAL CONDFLAG,REGFLAG,LWARN ,LOF
COMMON /SIM/ TIMEO,TFINAL,DELT
COMMON /TEMP/ TI, T2, T3, T4, T5, T6, T7, T8, T9,

$ T1I,T12,T13,T14,T15,T40,T41
COMMON /ENTH/ IrI, 2, 13, 14, 15, I6, 17, I8, 19,

$ I11,112,I13,I14,I15,I40,I41
COMMON /FLOW/ WI, W3, W4, W6, W9,

$ 4W12,WI5,W16,W40,W41
COMMON /HUMID/ HI, H2, H4, H5
COMMON /CONC/ X13,XI6,XI40,XI41
COMMON /PARA/ PAMB, UAC,UAH, UAI, CPW,KCKR,MWATER,

$ MSALTT71,ML,MU,PERU,PERL,EPS
COMMON /0UT43/ M,DIAIR,DIREG,DQC,DQH,INONEED
COMMON /OUTL/ CONDFLAG,REGFLAG
COMMON /WARN/ LWARN
DIMENSION XIN(11),OUT(27),PAR(17),INFO(10)
IF (INFO(7).EQ.-I) THEN
WRITE (4,*) 'SIMULATION START'

INFO(6) = 27
CALL TYPECK(1,INFO,11,17,0)

ENDIFLWARN = . FALSE.

C SET INPUTS AND PARAMETERS
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C-
Ti = XIN(i) + 273.15
T4 = XIN(2) + 273.15
T5 = XIN(3) + 273.15
TIl = XIN(4) + 273.15
T13 = XIN(5) + 273.15
HI = XIN(6)
H4 = XIN(7)
wi = XIN(8)
W4 = XIN(9)
WI2 = XIN(10)
PAMB = XIN(11)
UAC = PAR(i)
UAH = PAR(2)
UAI = PAR(3)
CPW = PAR(4)
KC = PAR(5)
KR = PAR(6)
MWATER = PAR(7)
MSALT = PAR(8)
T71 = PAR(9)
ML = PAR(I0)
MU = PAR(Ii)
W3 = PAR( 12)
W6 = PAR(13)
WI5 = PAR(14)
EPS = PAR(15)
PERU = PAR(16)
PERL = PAR(17)

C-----------------------------------------------------------
C SYSTEM SHUT OFF, WHEN CONDITIONER INLET AIR TEMP.
C LESS THAN OR EQUAL TO OUTLET SET TEMPERATURE AND THE
C SUMP MASS BELOW A CERTAIN LEVEL (CHOSEN TO BE MU),
C SO THAT THERE IS NO NEED TO REGENERATE.
C-----------------------------------------------------------

IF (T4.LE.T5) THEN
ICOND = 0
CONDFLAG= .FALSE.
INONEED = 1
IF (M.LE.MU.AND.INFO(7).NE.-I) THEN

IREG =0
REGFLAG = .FALSE.
FL =0.0
OUT(1) = ICOND
OUT(2) = IREG
OUT(3) = Ti - 273.15
0UT(4) = T7 - 273.15
0UJT(5) = T7 - 273.15
OUT(6) = T7 - 273.15
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OUT(7) = T7 - 273.15
OUT(8) = T7 - 273.15
OUT(9) = TlI - 273.15
OUT(10) = T13 - 273.15
OUT(11) = T7 - 273.15
OUT(12) = T7 - 273.15
OUT(13) = T7 - 273.15
OUT(14) = HI
OUT(15) = H4
OUT(16) = FL
OUT(17) = FL
OUT(18) = FL
OUT(19) = FL
OUT(20) = X13
GOTO 99999

ENDIF
ELSE

INONEED = 0
ENDIF

C-----------------------------------------------------------
C CALL OF THE MAINPROGRAM THAT CONTROLS
C THE PROGRAM EXECUTION
C-----------------------------------------------------------

CALL MAINCONTROL (TIME, INFO)
IF (LWARN) THEN

WRITE (4,*) ' AT TIME' ,TIME
LWARN = .FALSE.
GOTO 99999

ENDIF
C-----------------------------------------------------------
C OUTPUT
C-----------------------------------------------------------

OUT(i) = ICON
OUT(2) = IREG
OUT(6) = T7
OUT(7) = T8
OUT(12) = T40
OUT(13) = T41
OUT(20) = X13

IF (CONDFLAG.AND
OUT(8) = T9
OUT(11) = T15
OUT(16) = W9

ELSE
FL =0.0
OUT(8) = T8
OUT(11) = T7
OUT(16) = FL

ENDIF

- 273.15
- 273.15
- 273.15
- 273.15

.REGFLAG) THEN
- 273.15
- 273.15

- 273.15
- 273.15
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IF (CONDFLAG) THEN
ICOND = 1
OUT(5) = T6 - 273.15
OUT(10) = T14 - 273.15
OUT(15) = H5
OUT(17) = W16
OUT(18) = W40

ELSE
ICOND = 0
FL =0.0
OUT(5) = T8 - 273.15
OUT(15) = H4
OUT(18) = FL

ENDIF
IF (REGFLAG) THEN

IREG =1
OUT(3) = T2 - 273.15
OUT(4) = T3 - 273.15
OUT(9) = T12 - 273.15
OUT(14) = H2
OUT(19) = W41

ELSE
IREG =0
FL =0.0
OUT(3) = TI - 273.15
OUT(4) = T7 - 273.15
OUT(14) = HI
OUT(19) = FL

ENDIF
IF (TIME.EQ.TFINAL) THEN
WRITE (4,A) 'SIMULATION END'

ENDIF
99999 REWIND 4

WRITE (4,;) TIME
RETURN
END

C********** * MAINPROGRAM ***** ********* 9****
C

SUBROUTINE MAINCONTROL (TIMEINFO)
REAL I1,I2,I3,I4,I5,I6,I7,I8,I9,Iii,I12,I13,I14,I15,

$ 140,I41,KCKRMWATER,MSALT,M,ML,MU
INTEGER INFOLUN
LOGICAL CONDFLAG ,REGFLAG , LWARN, LOF

COMMON /SIM/ TIMEO ,TFINALDELT
COMMON /TEMP/ TI, T2, T3, T4, T5, T6, T7, T8, T9,$ T1I,TI2,TI3,TI4,TI5,T40,T41
COMMON /ENTH/ Ii, 12, 13, 14, 15, 16, 17, 18, 19,

$ Iii,112,113,I14,I15,I40,I41
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COMMON /FLOW/ WI, W3, W4, W6, W9,
$ WI2,W15,WI6,W40,W41
COMMON /HUMID/ HI, H2, H4, H5
COMMON /CONC/ X13,XI6,XI40,XI41
COMMON /PARA/ PAMB,UAC, UAH, UAI,CPW, KC, KR,MWATER,

$ MSALT,T71,ML,MU,PERU,PERL,EPS
COMMON /0UT43/ M,DIAIR,DIREG,DQC,DQH,INONEED
COMMON /OUTL/ CONDFLAGREGFLAG
COMMON /WARN/ LWARN
DIMENSION PAR(15),INFO(10)

C-----------------------------------------------------------
C CALCULATION OF ENTHALPIES WHICH ARE ONLY DEPENDENT ON
C INPUT CONDITIONS.
C-----------------------------------------------------------

IF (INFO(7).LE.0) THEN
I1 = HATAWA(TI,,HI,LUN,LOF)
14 = HATAWA(T4,H4,LUN,LOF)
Ill = HWLIQ(TII,LUN,LOF)
113 = HWLIQ(TI3,LUN,LOF)

ENDIF
C-----------------------------------------------------------
C SET INITIAL CONDITIONS
C-----------------------------------------------------------

IF (INFO(7).EQ.-1) THEN
CONDFLAG= .TRUE.
REGFLAG = .FALSE.
M MATER + MSALT
X13 = MSALT/M
17 = HSTSXI(T71,XI3,LUN,LOF)
W9 = 1.05AW15
W41 = 0.95AW3
X141 = XI3AW3/W41
X16 = (XI3A(W3+Wl5)-XI41A W41)/W9
19 = HSTSXI(T71,XI6,LUN,LOF)
141 = HSTSXI(T7I,XI41,LUN,LOF)

ENDIF
C-----------------------------------------------------------
C TANK CALCULATION WITH CONTROL DECISION
C (HAS TO BE DONE ONLY ONCE PER TIMESTEP)
C-----------------------------------------------------------

IF (INFO(7).LE.0) THEN
CALL TANK (TIME,INFO,LUN,LOF)

ENDIF
C----------------------------------------------------------
C INITIAL VALUES FOR TEAR VARIABLES
C------------------------------

IF (INFO(7).EQ.-I) THEN
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X140 = 0.9AXI3
W9 = 1.1AW15
T12 = (T7+T1I)/2.
T2 = (Tl+TI2)/2.
T8 =T4
T4 = (T8+TI3)/2.

ELSE IF (INFO(7).GT.0) THEN
XI40 = X1400
W9 =W90
T12 = T120
T2 =T20
T8 =T80
T14 = T140

ENDIF
C------------ ----------------------------------------------
C EXECUTE SYSTEM CALCULATION
C-----------------------------------------------------------

CALL SOLVESYSTEM (LUN,.LOF)
IF (LNARN) GOTO 99999

C-----------------------------------------------------------
C FIX TEAR GUESSES FOR EACH TIMESTEP
C-----------------------------------------------------------

IF (INFO(7).EQ.O) THEN
X1400 = X140
W90 =W9
T120 = T12
T20 =T2
T80 =T8
T140 = T4

ENDIF
99999 RETURN

END
C
CAA**A*AA**** END OF MAINPROGRAM '*** * **, ***C

C****A*,A*, ROUTINE TANKA* *, ** *9* *C
c

SUBROUTINE TANK (TIME,INFO,LUN,LOF)
REAL I1,I2,I3,I4,I5,I6,I7,I8,I9,Ii1,I12,I13,I14,15,

$ I4OI41,KCKRMWATERMSALT,M,ML,MU,MNEW,MMAX,
$ MMIN
INTEGER INFOLUN
LOGICAL CONDFLAG ,REGFLAG,LWARN, LOF
COMMON /SIM/ TIMEO,TFINAL,DELT
COMMON /TEMP/ TI, T2, T3, T4, T5, T6, T7, T8, T9,

$ TII,TI2,TI3,TI4,TI5,T40,T41
COMMON /ENTH/ II, 12, 13, 14, 15, I6, 17, 18, 19,

$ Ii1,I12,I13,I1.4,I15,I40,I41
COMMON /FLOW/ Ni, W3, W4, W6, W9,
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$ W12 ,W15 ,W16 ,W40 ,W41
COMMON /HUMID/ HI, H2, H4, H5
COMMON /CONC/ X13,XI6,XI40,XI41
COMMON /PARA/ PAMBUACUAHUAICPWrKCKRMWATER,

$ MSALT,T71,ML,MU,PERU,PERL,EPS
COMMON /0UT43/ MDIAIRDIREG,DQC,DQH, INONEED
COMMON /OUTL/ CONDFLAG,REGFLAG
COMMON /WARN/ LWARN
DIMENSION INFO(10)
IF (INFO(7).EQ.-1) THEN
MMAX = M+PERU
MMIN = M+PERL

ENDIF
C-----------------------------------------------------------
C W3 AND W41 ARE SET TO ZERO, IF REGENERATOR WAS OFF IN
C THE PREVIOUS TIMESTEP, W6 AND W40, IF CONDITIONER WAS
C OFF. IN BOTH CASES W15 SHOULD BE ZERO, W9 BEING THAT
C AMOUNT SMALLER. TO MAKE SURE, THAT THIS RATHER BIG
C STEP IN W9 DOES NOT LEAD TO INSTABILITIES., W15 IS
C KEPT ON ITS VALUE.
C-----------------------------------------------------------

W3R = W3
W41R = W41
W6R = W6
W40R = W40
W9R = W9
IF (REGFLAG.EQ..FALSE.) THEN

W3 = 0.0
W41 = 0.0

ENDIF
IF (CONDFLAG.EQ..FALSE.) THEN
W6 = 0.0
W40 = 0.0
W9 = W15

ENDIF
C
C INTEGRATION OF MASS AND ENTHALPY IN THE TANK.
C THAT RESULTS IN A NEW TANK TEMPERATURE T7 AND CONCEN-
C TRATION X13. BOTH VARIABLES ARE HELD CONSTANT DURING
C EACH TIMESTEP.
C------------------------------------------------------

DMDT = W9+W41-(W3+WI5)
MNEW = M+DMDT*DELT*3600.
AVEI = (19*W9+I41;kW41)/(W9+W41)
17 = I7+(AVEI-I7)*(l.-EXP(-(W9+W41)ADELT*3600/.

$ (DMDT*DELT*3600.+M)))XI13 = MSALT /MNEW
IF (INF0(7).NE.-I) THEN

T7 = TSHSXI (17 ,XI13 ,LUN, L0F )
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ELSE
T7 =T71

ENDIF
C-----------------------------------------------------------
C CONTROL DECISION FOR CONDITIONER ("ON" OR "OFF")
C (HYSTERESIS NONLINEARITY). THE CONDITIONER IS SHUT
C OFF, WHEN THERE IS TOO MUCH WATER IN THE SUMP, I.E.
C THE REGENERATOR CANNOT REMOVE AS MUCH WATER FROM THE
C SYSTEM AS THE CONDITIONER DELIVERS.
C-----------------------------------------------------------

IF (T4.LE.T5) THEN
CONDFLAG = .FALSE.
GOTO 3

ENDIF
IF (MNEW.GE.MMAX) THEN

CONDFLAG = .FALSE.
ELSE IF (MNEW.LE.MMIN) THEN

CONDFLAG = .TRUE.
ELSE

DELTAM = MNEW - M
IF (DELTAM.LT.O.0) THEN
CONDFLAG = .FALSE.

ELSE
CONDFLAG = .TRUE.

ENDIF
ENDIF

C-----------------------------------------------------------
C CONTROL DECISION FOR REGENERATOR ("ON" OR "OFF")
C (HYSTERESIS NONLINEARITY). THE REGENERATOR IS SHUT
C OFF AND ON DEPENDING ON THE SOL. LEVEL IN THE SUMF.
C-----------------------------------------------------------
3 IF (MNEW.GE.MU) THEN

REGFLAG = . TRUE.
ELSE IF (MNEW.LE.ML) THEN
REGFLAG = .FALSE.

ELSE
DELTAM = MNEW-M
IF (DELTAM.LT.0.0) THEN
REGFLAG = .TRUE.

ELSE
REGFLAG = . FALSE.

ENDIF
ENDIF

5 M = MNEW
C------------------- -------------------------------------
C RESET (IF NECESSARY) OF W3 AND W41 FOR THE CASE IHAT
C THE REGENERATOR IS SWITCHED ON,
C ... OF W6 AND W440 FOR THE CASE T!HAT
C THE CONDITIONER IS SWITCHED ON.
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C--
IF (REGFLAG) THEN
W3 = N3R
W41 = W41R

ENDIF
IF (CONDFLAG) THEN

W6 = W6R
W40 = W40R
W9 = W9R

ENDIF
99999 RETURN

END
C
CAA*,AAAA END OF TANK ********,'* *******, C

CA***,AAAAA' ROUTINE SOLVESYSTEM 9**~*k**
C

SUBROUTINE SOLVESYSTEM (LUN.LOF)
REAL II,I2,I3,I4,I5,I6,I7,I8,I9,IIi,I12,I13,I14,I15,

$ 140,I41,KC,KR,MWATER,MSALT,M,ML,MU
INTEGER INFOLUN
LOGICAL CONDFLAG ,REGFLAG ,LWARN ,LOF
COMMON /SIM/ TIME0,TF1NAL,DELT
COMMON /TEMP! TI, T2, T3, T4, T5, T6, T7, T8, T9,

$ TII,TI2,TI3,TI4,TI5,T40,T41
COMMON IENTH/ II, 12, 13, 14, 15, 16, 17, I8, 19,

$ III,1i2,113,I14,1i5,I40,I41
COMMON /FLOW/ WI, N3, W4, W6, W9,

$ W12,WI5,W16,W40,W41
COMMON /HUMID/ HI, H2, H4, H5
COMMON ICONC/ X13,XI6,XI40,XI41
COMMON /PARA/ PAMB.UACUAHUAI ,CPWKCKRMNATER ,

$ MSALT,T71,ML,MU,PERUPERLEPS
COMMON /0UT43/ M,DIAIR ,DIREG,DQC ,DQH, INONEED
COMMON /OUTL/ CONDFLAG,REGFLAG
COMMON /WARN/ LWARN

C-----------------------------------------------------------
C CALL OF THE SOLVING PROCEDURES
C-----------------------------------------------------------

IF (REGFLAG) THEN
CALL BLOCK2 (LUN,LOF)
IF (LWARN) GOTO 99999

ENDIF
IF (CONDFLAG) THEN

CALL BLOCKI (LUN,LOF)
IF (LWARN) GOTO 99999
CALL BLOCK34 (LUN,LOF)
IF ( LWARN ) GOTO 99999

ENDIF
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IF (REGFLAG.AND.CONDFLAG) THEN
CALL BLOCK5 (LUN,LOF)
IF (LWARN) GOTO 99999

ELSE
T8 = 1.01*T40
18 = HSTSXI(T8,XI40,LUN,LOF)

ENDIF
IF (CONDFLAG) THEN
CALL BLOCK6 (LUNLOF)
IF (LWARN) GOTO 99999

ENDIF
99999 RETURN

END
C
C*AAAAA END OF SOLVESYSTEM C

C***AA*A PARTITION 1 C
C

SUBROUTINE BLOCKI (LUN.LOF)
REAL Ii,I2,I3,I4,I5,I6,I7,I8,I9,I1 ,I12,I13,I14,115,

$ 140,I41,KC,KR,MWATER,MSALT,M,ML,MU
INTEGER INFO,LUN,NS,NS1,NS2
LOGICAL LWARNLOF
COMMON

$
COMMON

$
COMMON

$
COMMON
COMMON
COMMON

$
COMMON
COMMON

/TEMP/ TI. T2, T3, T4, T5, T6, T7, T8, T
TII,TI2 ,T13 ,T14 ,T15 ,T40 ,T41

/ENTH/ II, 12, 13, 14, 15, 16, 17, I8, I
Ill,1i2,I13,I14,I15,140,I41

/FLOW/ WI, e3, rW4, 6, 49,
12 ,WI5 ,WI6 ,W440,W41

/HUMID/ HI, H2, H4, H5
/CONC/ X13 ,XI6 ,XI40 ,XI41
/PARA/ PAMB,UAC,UAH,UAI,CPW,KC,KR,MWATER,

MSALT,T71 ,ML,MU,PERU ,PERL ,EPS
/0UT43/ MDIAIR,DIREG,DQC,DQH,INONEED
/ WARN / LWARN

9.

PARAMETER (NS=I01,NSI=NS-1,NS2=NS-2)
DIMENSION Z(2,NS),FZ(2,NSI),ERR(2)
IT1 = 0

C-----------------------------------------------------------
C SET GUESS VALUES FOR TEAR VARIABLES
C-----------------------------------------------------------

J = 1
Z(1,J) = X140
Z(2,J) = 49

1 CONTINUE
DO 10 I - 1,NSi

C-----------------------------------------------------------
C SOLVE TRIANGULAR SYSTEM OF PARTITION 1
C----------------------------------------------------------



1o

IF (IT1.GT.1000) THEN
WRITE (4,*) '>>> WARNING:

$ MORE THAN 1000 STEPS IN BLOCKI'

LW RN = .TRUE.
GOTO 99999

ENDIF
IT1 = IT1 + 1
W40 = W6+Z(2,J)-WI5
XI6 = Z(1,J)*W40/W6
PSOL = PWTSXI(T5,XI6,LUN,LOF)
H5 = WAPW(PSOL,PAMB,LUN,LOF)
15 = HATAWA(T5,H5,LUN,LOF)

C-------------------------------------------------------------
C SOLVE RESIDUAL EQUATIONS OF PARTITION 1
C CONVERGENCE CHECK
C-----------------------------------------------------------

FZ(1,J) = I.-(W4A(H4-H5)+W6A(I.-XI6))/W40
FZ(2,J) = (W40*Z(1,J)+WI5*XI3)/XI6-W6
J = I+l
DO 101 K = 1,2

Z(K,J) = FZ(K,I)
IF (I.GT.I) THEN
ERR(K) = ERRFU(Z(K,J),Z(K,I),LUN,LOF)
IF (K.EQ.2.AND.ERR(1).LE.EPS.AND.ERR(2).LE.EPS)

$ GOTO 11
ENDIF

101 CONTINUE
10 CONTINUE
C
C WEGSTEIN ACCELERATION
C CONVERGENCE CHECK

DO 102 K = 1",2
ETA = ABS(Z(K,NS2)-Z(K,NS1))
IF (ETA.GT.1.E-3) THEN

CALL WEGSTEIN (Z(K,NS2),Z(K,NS1),Z(KNS),
$ FZ(K,NS2),FZ(K,NSI))

ERR(K) = ERRFU(Z(K,NS),Z(K,NSL),LUN,LOF)
J = 1
Z(KJ) = Z(K,NS)
IF (K.EQ.2.AND.(ERR(l).GT.EPS.OR.ERR(2).GT.EPS))

$ GOTO1
ENDIF

102 CONTINUE
C
C RESULT TEAR VARIABLES
C
11 CONTINUE

XI40 = Z(1,J)
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W9 = Z(2,J)
99999 RETURN

END
C
CAAA**A******* END OF PARTITION 1 ******** ** C

C***' ,k,*,k*k PARTITION 2 A****** ***A9*AC
C

SUBROUTINE BLOCK2 (LUNLOF)
REAL II,I2,I3,I4,I5,I6,I7,I8,I9,Iii,I12,I13,I14,15,

$ 140,I41,KC,KRMWATER,MSALT,M,ML,MU
INTEGER INFO,LUN,NS,NSI,NS2
LOGICAL LWARN,LOF
COMMON /TEMP/

$COMMON /ENTHI
$
COMMON

$
COMMON
COMMON
COMMON

/FLOW/

/HUMID/
/CONC/
/ PARA /

$
COMMON /0UT43/
COMMON /WARN/

TI, T2, T3, T4, T5, T6, T7, T8, T9,
TIl ,T12 ,T13 ,T14,T15,T40 ,T41

Ii, 12, 13, 14, 15, 16, 17, I8, 19,
Ill,I12,I13,I14,I15,I40,I41
WI, W3, W4, W6, W9,

WI2 ,rW15 ,W16 ,W40 ,W41
HI, H2, H4, H5

X13 ,XI6,X140,XI41
PAMBUAC ,UAH,UAI ,CPW,KC ,KR ,MWATER,
MSALT,T71 ,ML ,MU,PERU,PERL ,EPS
M,DIAIR,DIREG ,DQC ,DQH, INONEED
LWARN

PARAMETER (NS=3,NSI=NS-I,NS2=NS-2)
DIMENSION Z(1,NS),FZ(I,NSI),ERR(1)
IT21 = 0
IT22 = 0

C-----------------------------------------------------------
C SET GUESS VALUE FOR FIRST TEAR VARIABLE
C-----------------------------------------------------------

J = 1
Z(I,J) = (TI+T7)/2.

1 CONTINUE
DO 10 I = I,NS1

C-----------------------------------------------------------
C SOLVE FIRST TRIANGULAR SYSTEM OF PARTITION 2
C-----------------------------------------------------------

IF (IT21.GT.1000) THEN
WRITE (4,*) '>> WARNING:

$ MORE THAN 1000 STEPS IN BLOCK21'
LWARN = .TRUE.
GOTO 99999

ENDIF
IT21 = IT21 + 1
112 = HWLIQ(Z(1,J),LUN,LOF)
13 = 17+(Ill-Il2)*Wl2/W3
T3 = TSHSXI(13,XI3,LUN,LOF)
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C-
C SOLVE FIRST RESIDUAL EQUATION OF PARTITION 2
C CONVERGENCE CHECK
C-----------------------------------------------------------

A = TII-T3
B = Z(1,J)-T7
FZ(1,J) = A+T7-(TII-Z(1,J))*WI2*CPWALOG(A/B)/UAH
J=I+l
Z(1,J) = FZ(1,I)
IF (I.GT.1) THEN
ERR(l) = ERRFU(Z(1,J),Z(1,I),LUN,LOF)
IF (ERR(1).LE.EPS) GOTO 11

ENDIF
10 CONTINUE
C-----------------------------------------------------------
C WEGSTEIN ACCELERATION
C CONVERGENCE CHECK
C-----------------------------------------------------------

CALL WEGSTEIN (Z(I,NS2),Z(1,NS1),Z(1,NS),
$ FZ(1,NS2),FZ(1,NSI))
ERR(l) = ERRFU(Z(1,NS),Z(1,NS1),LUN,LOF)
J = 1
Z(1,J) = Z(1,NS)
IF (ERR(1).GT.EPS) GOTO 1

C-----------------------------------------------------------
C RESULT FIRST TEAR VARIABLE
C-----------------------------------------------------------
11 CONTINUE

T12 = Z(1,J)
13 = HSTSXI(T3,XI3,LUN,LOF)

C-----------------------------------------------------------
C SET GUESS VALUE FOR SECOND TEAR VARIABLE
C-----------------------------------------------------------

J = 1
Z(IJ) = (TI+T3)/2.

2 CONTINUE
DO 100 I = 1,NS1

C-----------------------------------------------------------
C SOLVE SECOND TRIANGULAR SYSTEM OF PARTITION 2
C-----------------------------------------------------------

IF (IT22.GT.1000) THEN
WRITE (4,A) '>>> WARNING:

$ MORE THAN 1000 STEPS IN BLOCK22'
LWARN = .TRUE.
GOTO 99999

ENDIF1T22 = IT22 + 1
PSOL -- PWTSXI (Z (1,J ), XI3, LUN, L0V)
H2 = WIAPW (PSOL, PAMB, LUN,L0F )



103

12 = HATAWA(Z(1,J),H2,LUN,LOF)
C-
C SOLVE SECOND RESIDUAL EQUATION OF PARTITION 2
C CONVERGENCE CHECK
C----------------------------------------------------------

FZ(1,J) = T3+KRA(II-I2)
J=I+l
Z(1,J) = FZ(1,I)
IF (I.GT.1) THEN
ERR(l) = ERRFU(Z(,J),Z(1,I),LUN,LOF)
IF (ERR(1).LE.EPS) GOTO 12

ENDIF
100 CONTINUE
C-----------------------------------------------------------
C WEGSTEIN ACCELERATION
C CONVERGENCE CHECK
C-----------------------------------------------------------

CALL WEGSTEIN (Z(I,NS2),Z(1,NS1),Z(1,NS),
$ FZ(1,NS2),FZ(1,NS1))
ERR(l) = ERRFU(Z(1,NS),Z(1,NS1),LUN,LOF)
J = 1
Z(1,J) = Z(1,NS)
IF (ERR(1).GT.EPS) GOTO 2

C-----------------------------------------------------------
C RESULT SECOND TEAR VARIABLE
C-----------------------------------------------------------
12 CONTINUE

T2 = Z(1,J)
C-----------------------------------------------------------
C SOLVE REST OF PARTITION 2
C---------------------------------

W41 = W3-Wi*(H2-H1)
X141 = X13*W3/W41
141 = (W*(II-I2)+W3AI3)/W41
T41 = TSHSXI(141,XI41,LUN,LOF)

99999 RETURN
END

C
CA*A**AAAA END OF PARTITION 2 *****A * A k C

C**,A**,A*** PARTITIONS 3 AND 4 A* A***A*A, * *C
C

SUBROUTINE BLOCK34 (LUNLOF)
REAL I1,I2,I3,I4,I5,I6,I7,I8,I9,Ii1,I12,I13,I14,I15,

$ 140,I41,KCKRMWATERMSALT,M,ML,MU
INTEGER INFOLUNLOGICAL LWARN, LOF
COMMON /TEMP/ TI, T2, T3, T4, T5, T6, T7, T8, T9,

$ TII,TI2,TI3,TI4,TI5,T40,T41
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COMMON /ENTH/ Ii, 12, 13, 14, 15, 16, 17, 18, 19,
$ Ill,I12,I13,I14,I15,140,141
COMMON /FLOW/ WI, W3, W4, W6, W9,
$ W12,W15,WI6,W40,W41
COMMON /HUMID/ HI, H2, H4, H5
COMMON /CONC/ XI3,XI6,XI40,XI41
COMMON /PARA/ PAMB,UAC,UAH,UAI,CPW,KC,KR ,MWATER,

$ MSALTT71,ML,MU,PERU,PERL,EPS
COMMON /0UT43/ M,DIAIR,DIREG,DQC,DQH,INONEED
COMMON /WARN/ LWARN

C-----------------------------------------------------------
C SOLVE PARTITIONS 3 AND 4
C-------------------------------------------------------------

T6 = T5-KC*(14-15)
16 = HSTSXI(T6,XI6,LUN,LOF)
140 = (W4A(I4-I5)+W6AI6)/W40
T40 = TSHSXI(I40,XI40,LUN,LOF)

99999 RETURN
END

C
C **A****A** END OF PARTITIONS 3 AND 4 *9** *9 C

CAAA***A*A PARTITION 5 *****Ak **C
C

SUBROUTINE BLOCK5 (LUNoLOF)
REAL Ii,I2,I3,I4,I5,I6,I7,I8,I9,Ii1,I12,I13,14,15,

$ 140,I41,KC,KR,MWATER,MSALT,M,ML,MU
INTEGER INFO,LUN,NS,NS1,NS2
LOGICAL LWARNLOF
COMMON /TEMP/ TI, T2, T3, T4, T5, T6, T7, T8, T9,
$ TII,TI2,TI3,T14,TI5,T40,T41
COMMON /ENTH/ Ii, 12, 13, 14, 15, 16, 17, 18, 19,

$ IllI12,I13,I14,I15,I40,I41
COMMON /FLOW/ WI, W3, W4, W6, W9,

$ WI2,W15,W16,W40,W41
COMMON /HUMID/ HI, H2, H4, H5
COMMON /CONC/ X13,XI6,XI40,XI41
COMMON /PARA/ PAMBUACUAHUAICPWKCKRMWATER,

$ MSALTT71,ML,MU,PERU,PERL,EPS
COMMON /OUT43/ MDIAIRDIREG,DQC,DQHINONEED
COMMON /WARN/ LNARN
PARAMETER (NS=5,NS1=NS-1,NS2=NS-2)
DIMENSION Z(I,NS),FZ(1,NS1),ERR(1)
IT5 = 0

C-----------------------------------------------------------
C SET GUESS VALUE FOR TEAR VARIABLE

J = 1
T6H - i.01*T6
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Z(1,J) = MAX(T8,T6H)
CONTINUE
DO 10 I = INS1

C-
C SOLVE TRIANGULAR SYSTEM OF PARTITION 5
C-----------------------------------------------------------

IF (IT5.GT.1000) THEN
WRITE (4,>>) ' > WARNING:

$ MORE THAN 1000 STEPS IN BLOCK5/

LWARN = .TRUE.
GOTO 99999

ENDIF
IT5 = IT5 + 1
18 = HSTSXI(Z(1,J),XI6,LUNLOF)
115 = ((W6+W9)AI8-W40AI40)/WI5
T15 = TSHSXI(I15,XI3,LUN,LOF)
IF (TI5.LE.Z(1,J).OR.TI5.GE.T7) THEN

TI5 = (Z(IJ)+T7)/2.
115 = HSTSXI(T15,XI3,LUN,LOF)
18 = (WI5*II5+W40I40)/(W6+W9)
Z(IJ) = TSHSXI(I8,XI6,LUN,LOF)

ENDIF
19 = I8+(I7-II5)AW15/W9
T9 = TSHSXI(19,XI6,LUN,LOF)

C-----------------------------------------------------------
C SIMPLIFY INTERCHANGER CALCULATION, IF TEMPERATURE
C DIFFERENCE IS SMALL
C-----------------------------------------------------------

DIFF = T7-Z(1,J)
IF (DIFF.LE.1.0) THEN

T9 = (T7+Z(1,J))/2.
19 = HSTSXI(T9,XI6,LUN,LOF)
115 = 17-(I9-I8)*W9/Wl5
T15 = TSHSXI(15,XI3,LUN,LOF)

ENDIF
C-----------------------------------------------------------
C SOLVE RESIDUAL EQUATION OF PARTITION 5
C CONVERGENCE CHECK
C-----------------------------------------------------------

TM = (T7+TI5)/2.
A = T7-T9
B = T15-Z(1,J)
FZ(1,J) = T15-AAEXP(UAI*(B-A)/

$ (W15*SPHT(TM,XI3 ,LUN,LOF)(T7-TI5)))
J=I+l
Z(1,J) = FZ(II)
IF (I.GT.I) THEN

ERR(1) = ERRFU(Z(1,J),Z(I,I),LUN,LOF)
IF (ERR(1).LE.EPS) GOTO 11
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ENDIF
10 CONTINUE
C-
C WEGSTEIN ACCELERATION
C CONVERGENCE CHECK
C-----------------------------------------------------------

CALL WEGSTEIN (Z(I,NS2),Z(1,NS1),Z(1,NS),
$ FZ(I,NS2),FZ(1,NS1))
ERR(l) = ERRFU(Z(1,NS),Z(1,NS1),LUN,LOF)
J = 1
Z(1,J) = Z(1,NS)
IF (ERR(1).GT.EPS) GOTO 1

C-----------------------------------------------------------
C RESULT TEAR VARIABLE
C-----------------------------------------------------------
11 CONTINUE

T8 = Z(1,J)
99999 RETURN

END
C
CA**AA*** END OF PARTITION 5 ** k* C

C*AAAAAA PARTITION 6 **9~***~
C

SUBROUTINE BLOCK6 (LUNLOF)
REAL III2,I3,I4,I5,I6,I7,I8,I9,II1,I12,I13,I14,115,

$ 140,I41,KCKRMWATER,MSALT,M,ML,MU
INTEGER INFO,LUN,NS,NS1,NS2
LOGICAL LWARNLOF
COMMON /TEMP/ TI, T2, T3, T4, T5, T6, T7, T8, T9,

$ TII,T12,TI3,TI4,T15,T40,T41
COMMON /ENTH/ Ii, 12, 13, 14, 15, I6, 17, I8, 19,

$ IllI12,I13,I14,I15,I40,I41
COMMON /FLOW/ WI, W3, W4, W6, W9,

$ WI2.WI5,WI6,W40,W41
COMMON /HUMID/ HI, H2, H4, H5
COMMON ICONCI X13,XI6,XI40,XI41
COMMON /PARA/ PAMBUACUAHUAICPW,KCKR,MWATER,
$ MSALTT71,MLMU,PERU,PERL,EPS
COMMON /0UT43/ M,DIAIRDIREG,DQC,DQH,INONEED
COMMON /WARN/ LWARN
PARAMETER (NS=3,NS1=NS-1,NS2=NS-2)
DIMENSION Z(INS),FZ(1,NS1),ERR(1)
IT6 = 0

C-----------------------------------------------------------
C SET GUESS VALUE FOR TEAR VARIABLE

T14H = (T8+T13)/2.
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Z(1,J) = MAX(T14,T14H)
1 CONTINUE

DO 10 I = 1,NS1
C-

C SOLVE TRIANGULAR SYSTEM OF PARTITION 6
C-------------------------------------------------------------

IF (IT6.GT.1000) THEN
WRITE (4,A) '>>> WARNING:

$ MORE THAN 1000 STEPS IN BLOCK6'
LWARN = . TRUE.
GOTO 99999

ENDIF
IT6 = IT6 + 1
114 = HWLIQ(Z(1,J),LUNLOF)
W16 = W6A(I6-I8)/(I13-I14)

C-------------------------------------------------------------
C SOLVE RESIDUAL EQUATION OF PARTITION 6
C CONVERGENCE CHECK
C-----------------------------------------------------------

A = T8-Z(1,J)
B = T6-T13
BR = (A-B)*UAC/(WI6ACPWA(Z(1,J)-TI3))
FZ(1,J) = T8-BAEXP(BR)
J = I+l
Z(1,J) = FZ(1,I)
IF (I.GT.1) THEN
ERR(l) = ERRFU(Z(1,J),Z(1,I),LUN,LOF)
IF (ERR(1).LE.EPS) GOTO 11

ENDIF
10 CONTINUE
C-----------------------------------------------------------
C WEGSTEIN ACCELERATION
C CONVERGENCE CHECK
C-----------------------------------------------------------

CALL WEGSTEIN (Z(1,NS2),Z(1,NS1),Z(1,NS),
$ FZ(1,NS2),FZ(1,NS1))
ERR(l) = ERRFU(Z(1,NS),Z(1,NSI),LUN,LOF)
J = 1
Z(1,J) = Z(INS)
IF (ERR(1).GT.EPS) GOTO 1

C-----------------------------------------------------------
C RESULT TEAR VARIABLE
C-----------------------------------------------------------
11 CONTINUE

T14 = Z(IJ)
99999 RETURNEND
C
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CA***AAAA*A WEGSTEIN ROUTINE * A* ** **, C
C

SUBROUTINE WEGSTEIN (XO .Xl ,X2 ,FXO ,FXl)
IF (X1.EQ.XO) THEN

X2 = Xl
GOTO 99999

ENDIF
S = (FX1-FXO)/(Xl-XO)
IF (S.EQ.1.) THEN

X2 =XXl
GOTO 99999

ENDIF
Q = S/(S-1.)
IF (Q.LT.-20.0) THEN

Q = -20.0
ELSE IF (Q.GT.20.0) THEN
Q = 20.0

ENDIF
X2 = Q"X1+(I.-Q)*FX1

99999 RETURN
END

C
C*A*AA**AAA*A* END OF WEGSTEIN ROUTINE A*,A*AAA*A9AAC

SUBROUTINE TYPE43 (TIMEXIN,OUT,T,DTDT,PAR, INF0)
C-----------------------------------------------------------
C TYPE 43 SUPPLIES ADD. OUTPUT STORAGE AND SOME OF THE
C ACCORDING COMPUTATIONS FOR TYPE 42 (LD COMPONENT)
C-----------------------------------------------------------

REAL II,I2,I4,I5,M,LOAD
LOGICAL CONDFLAG, REGFLAG
COMMON /SIM/
COMMON /TEMP/

$
COMMON /ENTH/

$
COMMON /FLOW/

COMMON /CONCI
COMMON /PARA/$
COMMON /0UT43/
COMMON /OUTL/

TIMEO,TFINAL,DELT
TI, T2, T3, T4, T5, T6, T7, T8, T9,

TlI,TI2,TI3,TI4,T15,T40,T41
II, 12, 13, 14, 15, I6, 17, I8, 19,

Ill,Ii2,I13,I14,I15,I40,I41
WI, W3, W4, rW6, W9,

WI2 ,W15 ,WI6 ,W40 ,W41
X13vXI6,XI40,XI41
PAMB ,UAC,UAH,UAI,CPW,KC,KR,MWATER,
MSALT,T71 ,ML ,MU,PERU ,PERL ,EPS
M, DIAIR, DIREG ,DQC ,DQH, INONEED
CONDFLAG , REGFLAG

DIMENSION OUT(14),INFO(10)
PTPAL = 0.0
IF (CONDFLAG) THEN
DIAIR = (14-I5)AW4A3600.
DQC = W16*CPW*(TI4-TI3)*3600.
PTPAL = PTPAL+83340.0



109

ELSE
DIAIR = 0.0
DOC = 0.0

ENDIF
IF (REGFLAG) THEN
DIREG = (I2-Il)AWlA3600.
DQH = W12*CPWA (TI -T12)A3600.
PTPAL = PTPAL+18540.0

ELSE
DIREG = 0.0
DQH = 0.0

ENDIF
PTPAL = PTPAL+215280.0
ABSEB = DQC+DIREG-(DQH+DIAIR)
IF (INONEED.EQ.0) THEN

LOAD = (14-I5)AW4,3600.
ELSE
LOAD = 0.0

ENDIF
AUX = LOAD-DIAIR
OUT(i) = XI6
OUT(2) = XI40
OUT(3) = X141
OUT(4) = M
OUT(5) = DIAIR
OUT(6) = DQC
OUT(7) = DQH
OUT(8) = DIREG
OUT(9) = INONEED
OUT(10) = ABSEB
OUT(1) = LOAD
OUT(12) = AUX
OUT(13) = W
0UT(14) = PTPAL

99999 RETURN
END
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Appendix A.2 containes the energy supply control component

TYPE47 for the Chiller Mode. It distributes the energy demands of

the LD component to the available energy sources according to the

desired control.
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SUBROUTINE TYPE47(TIME.XINOUT,T,DTDT,PAR,INFO)

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcCCCC
C
C THIS TRNSYS COMPONENT TYPE 47 MODELS THE ENERGY
C DISTRIBUTION AMONG A GAS COGENERATOR, A BOILER, AND
C THE POWER PLANT FOR A (AS INPUT) GIVEN LOAD OF
C HEATING ENERGY, ELECTRICITY FOR A CHILLER, AND PARA-
C SITICS. 5 DIFFERENT SIZED COGENERATORS MAY BE
C EXAMINED AT ONCE.
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C
C INPUTS: 1 HEATING LOAD kJ/h
C 2 EL. LOAD CHILLER kJ/h
C 3 EL. LOAD PARASITICS kJ/h
C 4 INT. FLAG COND. STATE (1=ON)
C 5 INT. FLAG REG. STATE (I=ON)
C
C PARAMETERS: 1 # OF COGEN.'S TO BE EXAMINED -
C 2 INPUT CAPACITY OF GEN.#I kJ/h
C 3 ... #2 kJ/h
C 4 ... #3 kJ/h
C 5 ... #4 kJ/h
C 6 ... #5 kJ/h
C 7 HEAT FRACTION OF CAPACITY
C 8 ELECTRICITY FRACTION OF CAP. -
C 9 GAS PRICE $/kWh
C 10 ELECTRICITY PRICE (BUY) $/kWh
C 11 ELECTRICITY PRICE (SELL) $/kWh
C 12 INT. FLAG RESELL POSSIBILITY (1=YES)
C 13 LOSS FRACTION BOILER
C
C OUTPUTS: 1 INPUT CAPACITY OF GEN. #1 kJ/h
C 2 GAS NEEDFOR#1 kJ/h
C 3 GAS COSTS FOR #1 $/h
C 4 EL. NEEDFOR#1 kJ/h
C 5 EL. COSTS FOR #1 /h
C 6 PARAS ITICS NEED FOR #1 kJ /h
C 7 PARASITICS COSTS FOR #1 $/h
C 8 SUM OF ENERGY NEEDS FOR *1 kJ/h
C 9 SUM OF ENERGY COSTS FOR #1 $/h
C 10 THROUGH 18 : COGENERATOR #2
C TYPE 48 : 1 THROUGH 9 : COGENERATOR #3
C 10 THROUGH 18: COGENERATOR *4
C TYPE 49: 1 THROUGH 9 :COGENERATOR *5
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

INTEGER INFO , I GEN , I SELL
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DIMENSION XIN(5),OUT(18),PAR(13),INFO(10),QHG(5),
$ CAPG(5),PTG(5),QHD(5),QHB(5),GAS(5),
$ DOLGAS(5),PTRES(5), PTD(5),'PTPP(5),EL(5),
$ DOLEL(5),PTPA(5),DOLPA(5), SUM(5),DOLSUM(5)

C-----------------------------------------------------------
C COMMON STATEMENT FOR OUTPUT IN TYPE48 AND 49
C-----------------------------------------------------------

COMMON /0UT4849/ IGEN,CAPG,GAS,DOLGAS,ELDOLEL,PT9A,
$ DOLPA, SUM,DOLSUM
IF (INFO(7).EQ.-I) THEN

INFO(6) = 18
CALL TYPECK(1,INFO,5,13,0)

ENDIF
C-----------------------------------------------------------
C SET INPUTS AND PARAMETERS
C-----------------------------------------------------------

QHL = XIN(1)
PTCH = XIN(2)
PTPAL = XIN(3)
ICOND = INT(XIN(4)+0.01)
IREG = INT(XIN(5)+0.01)
IGEN = INT(PAR(1)+0.01)
IF (IGEN.LT.1.0R.IGEN.GT.5) THEN
WRITE (*,7k) 'NUMBER OF COGENERATORS OUT OF RANGE

$ (1<:IGEN<=5).IGEN=',IGEN
STOP

ENDIF
CAPG(1) = PAR(2)
IF (IGEN.GT.1) CAPG(2) = PAR(3)
IF (IGEN.GT.2) CAPG(3) = PAR(4)
IF (IGEN.GT.3) CAPG(4) = PAR(5)
IF (IGEN.GT.4) CAPG(5) = PAR(6)
FHG = PAR(7)
FEG = PAR(8)
DOLGASB = PAR(9)
DOLELB = PAR(10)
DOLELS = PAR(11)
ISELL = INT(PAR(12)+0.01)
FLB = PAR(13)

C-----------------------------------------------------------
C NO ENERGY INPUT WHEN COOLING SYSTEM TURNED OFF
C-----------------------------------------------------------

IF (ICOND.EQ.0.AND.IREG.EQ.0) THEN
DO 9 I=1,IGEN

GAS(I) = 0.0
DOLGAS(I) = 0.0
EL(I) = 0.0
DOLEL(I) = 0.0
PTPA(I) = 0.0
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DOLPA(I) = 0.0
SUM(I) = 0.0
DOLSUM(I) = 0.0

9 CONTINUE
GOTO 999

ENDIF
C----------------------------------------------------------
C ENERGY DISTRIBUTION: THE GENERATOR SUPPLIES AS MUCH
C AS POSSIBLE. EXCESS HEAT IS DUMPED. EXCESS
C ELECTRICITY IS DUMPED (FOR ISELL=0) OR RESOLD
C (FOR ISELL=I). ADD. HEAT MAY BE SUPPLIED BY A
C BOILER, ADD. ELECTR. BY THE POWER PLANT.
C-----------------------------------------------------------

PTSUM = PTPAL+PTCH
DO 20 1 = 1,IGEN

QHG(I) = FHG*CAPG(I)
PTG(I) = FEGACAPG(I)
IF (QHL.LE.QHG(I)) THEN

QHD(I) = QHG(I)-QHL
QHB(I) = 0.0

ELSE
QHD(I) = 0.0
QHB(I) = (QHL-QHG(I))/(I.-FLB)

ENDIF
GAS(I) = CAPG(I)+QHB(I)
IF ((PTSUM.LE.PTG(I)).AND.ISELL.EQ.1) THEN
PTRES(I) = PTG(I)-PTSUM
PTD(I) = 0.0
EL(I) = 0.0
PTPA(I) = 0.0

ELSE IF ((PTSUM.LE.PTG(I)).AND.ISELL.NE.1) THEN
PTRES(I) = 0.0
PTD(I) = PTG(I)-PTSUM
EL(I) = 0.0
PTPA(I) = 0.0

ELSE
PTRES(I) = 0.0
PTD(I) = 0.0
IF (PTG(I).LE.PTCH) THEN
EL(I) = PTCH-PTG(I)
PTPA(I) = PTPAL

ELSE
EL(I) = 0.0
PTPA(I) = PTPAL-(PTG(I)-PTCH)

ENDIF
ENDIFSUM (I ) = GAS ( I)+EL ( I)+PTPA (I )

C-
C TALKING BIG BUCKS!
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C-

DOLGAS(I) = DOLGASBAGAS(I)/3600.0
DOLEL(I) = (DOLELBAEL(I)-DOLELSAPTRES(I))/3600.0
DOLPA(I) = (DOLELB*PTPA(I))/3600.0
DOLSUM(I) = DOLGAS(I)+DOLEL(I)+DOLPA(I)

10 CONTINUE
C-----------------------------------------------------------
C OUTPUT
C-----------------------------------------------------------
999 OUT(1) = CAPG(I)

OUT(2) = GAS(l)
OUT(3) = DOLGAS(1)
OUT(4) = EL(1)
OUT(5) = DOLEL(1)
OUT(6) = PTPA(1)
OUT(7) = DOLPA(1)
OUT(8) = SUM(1)
OUT(9) = DOLSUM(1)
IF (IGEN.GT.I) THEN
OUT(10) = CAPG(2)
OUT(11) = GAS(2)
OUT(12) = DOLGAS(2)
OUT(13) = EL(2)
OUT(14) = DOLEL(2)
OUT(15) = PTPA(2)
OUT(16) = DOLPA(2)
OUT(17) = SUM(2)
OUT(18) = DOLSUM(2)

ENDIF
RETURN
END
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Appendix B contains a sample data sheet with experimental test

data as supplied by the Tennessee Valley Authority (TVA). It shows

the data collected on August 19, 1985. The units are as follows:

TO01 - T015:

WOO1 - W016:

HO01 - H005:

RO01 - RO05:

gal/h or cfm

%RH

grains/lb

Note: In this thesis, the symbol H rather than R was used to

designate humidity ratios.



Science Museum of Virginia:Date 08/19/85

ir TOO T 002 T003 T004 T005 T006 T007 TOOS T009 "TOO TOll T012 T013 T014 7T015 1001 W003 W004 W006 W009 1012

1 73.0 117.0 121.6 73.5 62.1 59.9 111.6 68.7 90.5 111.4 122.1 134.9 52.5 60.6 88.6 2042 4692 11029 4692 626 1270
2 72.9 116.8 121.5 72.9 61.5 59.3 111.5 68.2 90.1 111.3 121.9 134.9 51.9 60.1 88.2 2053 4702 11160 4701 626 1272
3 72.7 116.7 121.4 72.5 60.9 58.6 111.3 67.4 89.7 111.2 121.9 135.0 51.3 59.4 87.8 2059 4708-11247 4707 627 1274
4 72.5 116.6 121.4 72.0 60.2 57.8 111.2 66.7 89.3 111.1 121.9 135.0 50.4 58.6 87.4 2052 4712 11180 4712 628 1270
5 72.4 116.5 121.2 71.7 59.5 57.3 111.0 66.1 88.9 110.9 121.8 135.0 49.8 57.9 87.1 2063 4715 10960 4715 626 1270
6 72.2 116.1 120.8 71.1 58.3 56.1 110.7 64.9 88.0 110.5 121.4 134.8 48.7 56.8 86.4 2111 4717 10t55 4717 625 1263
7 72.1 116.0 120.8 71.0 57.9 55.7 110.6 64.6 87.8 110.4 121.3 134.6 48.3 56.4 86.3 2105 4719 10939 4719 626 1260
8 72.0 112.0 115.6 69.6 57.9 55.3 105.6 63.5 85.5 105.2 116.5 132.9 48.3 55.7 85.2 2440 4363 11134 4363 583 1047
9 71.9 107.8 111.8 69.2 56.7 54.6 101.9 62.5 82.9 101.9 111.9 130.2 47.9 55.3 80.8 2472 4466 11499 4466 631 896
10 71.9 106.6 110.5 69.5 57.1 55.1 101.0 62.9 82.5 101.1 110.6 128.0 48.5 55.7 80,7 2481 4470 11251 4470 630 894
l1 72.3 105.9 109.7 70.4 58.7 56.8 100.6 64.4 83.0 100.6 109.7 126.3 50.4 57.5 81.3 2453 4470 10761 4470 631 892
12 72.6 105.8 109.7 71.5 60.2 58.3 100.7 65.8 83.7 100.6 109.5 125.6 51.8 59.0 82.0 2437 4470 10696 4470 632 893
13 72.7 105.7 109.4 71.9 60.5 58.5 100.6 66.1 83.8 100.5 109.3 125.1 52.1 59.2 82.1 2440 4473 10706 4473 633 889
14 73. 2 105.7 109.5 72. 7 61. 6 59.6 100. 7 67.1 84. 3 100. 7 109.3 124. 9 53. 3 60. 3 82.7 2430 4474 10496 4474 633 892
5 73.4 105.7 109.5 73.1 61.6 59.5 100.8 67.1 84.4 100.7 109.4 124.9 53.3 60.4 82.7 2440 4478 10568 4477 633 893
16 73.7 105.9 109.7 73.4 62.0 60.0 100.9 67.5 84.6 101.0 109.5 125.0 53.7 60.7 83.0 2451 4479 10805 4479 633 892
17 73.2 105.9 109.6 73.1 61.5 59.5 100.8 67.1 84.3 100.8 109.4 125.1 53.1 60.2 82.8 2459 4487 11112 4487 632 895
18 72.9 105.8 109.5 72.9 61.2 59.2 100.7 66.8 84.2 100.7 109.4 125.1 52.8 59.9 82.6 2470 4490 11289 4490 633 892
19 73.0 105.7 109.5 73.0 61.6 59.6 100.6 67.2 84.3 100.7 109.3 124.9 53.3 60.4 82.7 2481 4494 11338 4494 634 890
!0 73.3 105.9 109.6 73.1 62.3 60.3 100.9 67.7 84.7 100.8 109.4 125.1 54.0 61.0 83.1 2477 4495 11205 4495 634 889
U 72.8 105.8 109.5 72.5 61.3 59.2 100.7 66.9 84.2 100.7 109.4 125.1 52.8 60.0 82.7 2479 4499 11416 4499 636 890
!2 72.6 105.9 109.4 72.4 61.1 59.2 100.5 66.6 84.2 100.6 109.2 125.1 53.1 59.9 83.2 2417 4493 10740 4493 607 876
!3 72.8 106.9 110.4 73.7 62.6 60.8 101.4 67.2 85.1 101.4 110.2 126.8 55.2 61.4 82.7 2151 4468 10780 4469 648 889
!4 72.5 107.2 110.9 68.3 54.3 52.7 102.2 59.1 81.5 102.2 110.6 126.1 47.3 53.3 80.7 1873 4474 7810 4474 588 888

Ir W015 1016 HOW1 H002 H004 H005 R001 R002 R004 R005 QTRG QSRG VIRG QTCN QSCN 1CN QHT QDHT

1
2
3
4
5
6
7
8
9

.0

.1

.2
3

.4

.5

.6

.7
8

.9
:0
:1
:2
3

.4

556 2229
556 2232
558 2237
564 2230
567 2229
568 2217
569 2212
548 1839
569 1572
569 1570
367 1567
568 1569
567 1560
567 1568
567 1568
567 1566
567 1571
567 1566
566 1563
567 1560
566 1563
566 1539
566 1560
566 1558

56.!
57.2
57.
57.5
57.4
57.1
56.4
65.6
75.(
74.4
74.
73.9
73.9
73.1
73.!
72.9
72.4
71.1
71.2
71. 3
70. 6
72.0
84. S
85.4

75.3
75.8
76.0
76.1
75.5
73.5
72.9
83.1
93.1
92.5
92.0
91.3
90.8
90.0
89.1
88.4
87.8
87.3
87.5
88.3
88.0
89.0
97.8
99.8

65.8
66. 3
66.5
66.7
66.6
66. 0
65.3
75.8
87.5
86.7
86.2
85.4
84.8
84.6
84.0
83.5
82.8
82.3
82.2
82.2
81.7
83.2
95.5
91.4

9.8
9.8
9.9
9.8
9.7
9.6
9.4

10.9
12. 5
12.5
12.6
12.6
12.7
12.9
12.9
12.9
12.6
12.4
12.3
12.5
12.2
12.3
14.7
14.6

13.3
13. 1
13.0
12.8
12.5
11.9
11.8
12.8
14.2
14.3
14.7
15.1
15.2
15.5
15.6
15.6
15.3
15.2
15.2
15.4
15.1
15.2
17.5
14.8

7.8
7.7
7.5
7.4
7.2
6.8
6.7
7.8
8.6
8.7
9.1
9.5
9.5
9.8
9.8
9.9
9.6
9.5
9.6
9.8
9.4
9.5

11.6
8.3

95
95
96
96
96
98
98
103
93
91
87
85
85
83
83
83
84
85
85
85
86
85
77
68

424
427
432
431
423
416
421
412
462
452
422
417
423
410
422
430
441
448
444
431
444
418
428
359

132 96.2
134 95.5
137 95.1
140 94. 7
141 93.6
147 90. 1
151 89.8
137 89.5
151 98.4
147 98.8
133 97.8
127 98. 7
128 100.0
123 99.3
127 101.1
130 100.8
135 99.9
138 99.6
135 98.9
127 98.4
134 98.7
127 98.6
125 101.7
115 113.6

136
137
139
139
139
141
139
140
136
129
123
119
117
116
115
116
117
116
116
116
116
116
123
115

309
311
315
318
319
317
317
289
292
281
269
266
260
259
257
260
262
261
263
260
260
263
267
257

QCL
150
152
151
152
151
149
148
114
96
95
93
93
92
91
92
92
93
93
91
91
93
88
81
78

QDCL NCPE NLPE

282 2.8 2.2
281 2.8 2.1
281 2.9 2.1
285 2.8 2.1
282 2.8 2.0
280 2.8 1.9
283 2.8 1.9
244 3.6 2.0
240 4.8 2.3
237 4.8 2.4
231 4.5 2.4
228 4.5 2.4
231 4.6 2.5
225 4.5 2.5
230 4.6 2.6
228 4.7 2.6
232 4.7 2.6
230 4.8 2.7
229 4.9 2.7
226 4.8 2.6
233 4.8 2.7
227 4.8 2.5
193 5.3 2.5
193 4.6 2.1

,__.a
._..a

'
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Appendix C.1 contains the TRNSYS deck for the Chiller Mode.
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NOLIST

TRNSYS DECK FOR A LIOUID DESICCANT SYSTEM LIKE THE ONE
INSTALLED AT THE SMVA RUNNING IN THE "CHILLER MODE".

A-------------------------------------------------------------------------
FRIEDRICH SICK, 1986

--------------------------------------------------------------------------

CONSTANTS 1

STEP = 1. / 12.

SIM 0 5136 STEP

TOL -0.001 -0.001

A--------------------------------------------------------------------------

UNIT 1 TYPE 2 PROVIDES CONSTANT GENERAL DATA
PARAMETERS 9
A Ti T5 TlI T13 HI Wi W4 W12 PAMB
28.6 19.3 60.0 12.8 .0093 2.80 3.40 4.30 1.013E+05
INPUTS 0

*-A -----------------------------------------------------------------------

UNIT 10 TYPE 9 DATA READER TMY DATA
PARAMETERS 10
2 1 -1 .1 0 -2 .0001 0 11 1
(T20,F4.0,T25,F6.O)

A---------------------------------------------------------------------------

UNIT 2 TYPE 42 SMVA SYSTEM
PARAMETERS 17
A UAC UAH UAI CPW KC KR MWATER MSALT
AT7I[Kl ML MU W3 W6 W15 EPS DMU DML
22.667 11.231 1.58 4.194 4.013E-2 1.911E-2 3333.33 1374.76
312.4 4598.1 4618.1 8.3 8.18 .55 1.E-3 500. 15.

INPUTS 11
ATI T4 T5 Tl T13 HI H4 WI W4 W12 PAMB
1,1 10,1 1,2 1,3 1,4 1,5 10,2 1,6 1,7 1,8 1,9
28.6 24.7 19.3 60.0 12.8 .0093 .0118 2.8 3.4 4.3 1.013E5

UNIT 3 TYPE 43
PARAMETERS 0
INPUTS 0

UNIT 9 TYPE 15 ALG. CONVERTER kq/s ==) kq[/h
PARAMETERS 1
1
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INPUTS 2
2,17 0,0
6.8 3600.0

UNIT 7 TYPE 44 CHILLER (BUSCHULTE)
PARAMETERS 2
AT CONDENSER OUT SET EFFECTIVENESS
35.0 0.6

INPUTS 4
A-W EVAP IN T EV IN TEV OUT SET (=T13) ICOND
9,1 2,10 0,0 2,1
6.8 17.5 12.8 1

A------------------------------------------------------------------------

UNIT 8 TYPE 15 ALG. CONVERTER kW ==> kJ/h
PARAMETERS 1
1
INPUTS 2
7,3 0,0
45.0 3600.0

*-------------------------------------------------------------------------

UNIT 4 TYPE 47 COGENERATOR/BOILER/POWER PLANT
A IN CHILLER MODE
PARAMETERS 13
AIGEN CAPG(1) (2) (3) (4) (5)
AFHG FEG DOLGASB DOLELB DOLELS ISELL FLB
5 O.OOE+06 0.25E+06 0.50E+06 0.75E+06 1.OOE+06
.333 .333 0.03 0.07 0.04 1 .333
INPUTS 5
AQHL PTCH PTPAL ICOND IREG
3,7 8,1 3,14 2,1 2,2
5.E+05 1.6E+05 3.E+05 1 1

A-------------------------------------------------------------------------

UNIT 5 TYPE 48 ADD. OUTPUT SPACE FOR COGENERATORS #3, #4
PARAMETERS 0
INPUTS 0

UNIT 6 TYPE 49 ADD. OUTPUT SPACE FOR COGENERATOR #5
PARAMETERS 0
INPUTS 0

A-------------------------------------------------------------------------
UNIT 20 TYPE 28 OUTPUT COGENERATOR # I
PARAMETERS 25
5136 0 5136 20 2 -11 -2 2 -4 -12 -4 -13 -4 -14 -4
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-15 -4 -16 -4 -17 -4 -18 -4 -19 -4
INPUTS 9
4,1 4,2 4,3 4,4 4,5 4,6 4,7 4,8 4,9
LABLES 9
CAPG1 GAS $GAS EL $EL PAR $PAR SUM $SUM

A-------------------------------------------------------------------------

UNIT 21 TYPE 28 OUTPUT COGENERATOR # 2
PARAMETERS 25
5136 0 5136 21 2 -11 -2 2 -4 -12 -4 -13 -4 -14 -4

-15 -4 -16 -4 -17 -4 -18 -4 -19 -4
INPUTS 9
4,10 4,11 4,12 4,13 4,14 4,15 4,16 4,17 4,18
LABLES 9
CAPG2 GAS $GAS EL $EL PAR $PAR SUM $SUM

A-------------------------------------------------------------------------

UNIT 22 TYPE 28 OUTPUT COGENERATOR # 3
PARAMETERS 25
5136 0 5136 22 2 -11 -2 2 -4 -12 -4 -13 -4 -14 -4

-15 -4 -16 -4 -17 -4 -18 -4 -19 -4
INPUTS 9
5,1 5,2 5,3 5,4 5,5 5,6 5,7 5,8 5,9
LABLES 9
CAPG3 GAS $GAS EL $EL PAR $PAR SUM $SUM

A-* -----------------------------------------------------------------------

UNIT 23 TYPE 28 OUTPUT COGENERATOR # 4
PARAMETERS 25
5136 0 5136 23 2 -11 -2 2 -4 -12 -4 -13 -4 -14 -4

-15 -4 -16 -4 -17 -4 -18 -4 -19 -4
INPUTS 9
5,10 5,11 5,12 5,13 5,14 5,15 5,16 5,17 5,18
LABLES 9
CAPG4 GAS $GAS EL $EL PAR $PAR SUM $SUM

A--------------------------------------------------------------------------

UNIT 24 TYPE 28 OUTPUT COGENERATOR # 5
PARAMETERS 25
5136 0 5136 24 2 -11 -2 2 -4 -12 -4 -13 -4 -14 -4

-15 -4 -16 -4 -17 -4 -18 -4 -19 -4
INPUTS 9
6,1 6,2 6,3 6,4 6,5 6,6 6,7 6,8 6,9
LABLES 9
CAPG5 GAS $GAS EL $EL PAR $PAR SUM $SUM

UNIT 25 TYPE 24 INTEGRATOR FOR LD COMPONENT LOADS
INPUTS 5
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3,11 3,5 3,7 3,6 3,12
400. 400. 400. 400. 0.0

A-------------------------------------------------------------------------

UNIT 26 TYPE 25 PRINTER FOR LD COMPONENT LOADS
PARAMETERS 4
5136 0 5136 25
INPUTS 5
25,1 25,2 25,3 25,4 25,5
LOAD DEL QHL QCL AUX

A--- END OF TRNSYS DECK------------------------------------
END
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Appendix C.2 contains the TRNSYS deck for the Solar Mode.
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NOLIST

TRNSYS DECK FOR A LIQUID DESICCANT SYSTEM LIKE THE ONE
INSTALLED AT THE SMVA RUNNING IN THE "SOLAR MODE".

--------------------------------------------------------------------------
FRIEDRICH SICK, 1986

--------------------------------------------------------------------------

CONSTANTS 1

STEP = 1. / 12.

SIM 0 5136 STEP

TOL -0.001 -0.001

A--------------------------------------------------------------------------

UNIT 1 TYPE 6 PROVIDES CONSTANT GENERAL DATA
PARAMETERS 9
* Ti T5 Tl T13 HI wi W4 W12 PAMB
28.6 19.3 60.0 12.8 .0093 2.80 3.40 4.30 1i013E+05
INPUTS 0

--------------------------------------------------------------------------

UNIT 10 TYPE 9 TMY DATA
PARAMETERS 13
3 1 -110 -2 .10 -3 .0001 0 111
(TI5,F4.O,T20,F4.O,T25,F6.0)

A------------------------------------------------------------------------

UNIT 7 TYPE 2 PUMP CONTROLLER
PARAMETERS 3
3 1 1
INPUTS 3
12,1 13,1 7,1
20 20 0

A--------------------------------------------------------------------------

UNIT 8 TYPE 3 PUMP
PARAMETERS 1
10000
INPUTS 3
13,1 0,0 7,1
15 10000 0

A-------------------------------------------------------------------------

UNIT 11 TYPE 16 RADIATION PROCESSOR
PARAMETERS 7
AERBS FIXED SURF. 4/1 LAT. SOL.CONST. TIMEsHFT SOLARTIME
3 1 91 35.16 4871 0 -1



INPUTS 6
*I TD1
10,1 10,19
0 0

TD2
10,20
0

RHOG SLOPE AZIMUTH
0,0 0,0 0,0
0.2 35.16 0

UNIT 12 TYPE 1 SOLAR COLLECTOR (FLAT PLATE)
PARAMETERS 12
AMODE #COLL'S AREA CPW EFF.MODE GTEST FRTAUALF FRUL
AEFFHX CPW OP.MODE BO
1 10 500 4.194 1 20.0 0.8 17.
-1 4.194 1 .1

INPUTS 10
*TIN MDC MDF TAMB IT I ID RHOG THETA SLOPE
8,1 8,2 8,2 10,2 11,6 11,4 11,5 0,0 11,9 11,10
20 0 0 20 0 0 0 0.2 0 35.16

-------------------------------------------------------------------------

UNIT 13 TYPE 4 TANK
PARAMETERS 6
AMODE VOL CPW
1 19. 4.194

INPUTS 5
ATH MDH TL MDL
12,1 12,2 16,1 16,2
20 0 50 1548(
DERIVATIVES 3
60.0 56.0 52.0

RHO UT HEIGHT
1000. 1.7 -2.5

TENV
0,0
20.

UNIT 14 TYPE 15 ALG. CONVERTER KG/H ==> KG/S
PARAMETERS 1
2
INPUTS 2
0.0 13,4
3600. 15480.

A--------------------------------------------------------------------------

UNIT 2 TYPE 42 SMVA SYSTEM
PARAMETERS 17
A UAC UAH UAI CPW KC KR MWATER MSALT
AT7I[K) ML MU W3 W6 W15 EPS DMU DML
22.667 11.231 1.58 4.194 4.013E-2 1.911E-2 3333.33 1374.76
312.4 4598.1 4618.1 8.3 8.18 .55 1.E-3 500. 15.
INPUTS 11
ATI T4 T5 TlI T13 HI H4 W W4 W12 PAMB
1,1 10,2 1,2 0,0 1,4 1,5 10,3 1,6 1,7 0,0 1,9
28.6 24.7 19.3 60.0 12.8 .0093 .0118 2.8 3.4 4.3 1.013E5
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UNIT 3 TYPE 43
PARAMETERS 0
INPUTS 0

UNIT 15 TYPE 2 PUMP CONTROLLER
PARAMETERS 3
3 0 0
INPUTS 3
13,3 0,0 15,1
60.0 0 0

UNIT 16 TYPE 3 PUMP
PARAMETERS 1
15480.
INPUTS 3
2,9 0,0 15,1
50 15480. 0

UNIT 17 TYPE 44 CHILLER (BUSCHULTE/SICK)
PARAMETERS 2
*T CO OUT EFF
35.0 0.6
INPUTS 4
*W EV IN T EV IN T EV OUT (=T13) ICOND
9,1 2,10 1,4 2,1
18000. 17.5 12.8 1

A---------------------------------------------------------------------------

UNIT 9 TYPE 15 ALG. CONVERTER kc/s ==> kg/h
PARAMETERS 1
1
INPUTS 2
2,17 0,0
6.8 3600.0

A--------------------------------------------------------------------------

UNIT 4 TYPE 47 ENERGY SPLIT-UP SOLAR MODE I COGENERATOR
PARAMETERS 13
AIGEN CAPG(1) (2) (3) (4) (5)
*FHG FEG DOLGASB DOLELB DOLELS ISELL FLB
5 0 0.25E+06 0.5E+06 0.75E+06 1.OE+06
,333 .333 0.03 0.07 0.04 1 .333

INPUTS 7
AQDS QHL PTPAL PTCH GAMMA ICOND IREG
13,6 3,7 3,14 17,3 15,1 2,1 2,2



5.E05 5.EO5 3.E05 1.6E05 1

A--------------------------------------------------------------------

UNIT 5 TYPE 48 ADD. OUTPUT SPACE FOR COGENERATORS #3, #4
PARAMETERS 0
INPUTS 0

A--------------------------------------------------------------------

UNIT 6 TYPE 49 ADD. OUTPUT SPACE FOR COGENERATOR #5
PARAMETERS 0
INPUTS 0

A--------------------------------------------------------------------------

UNIT 20 TYPE 28 OUTPUT COGENERATOR # 1
PARAMETERS 25
5136 0 5136 20 2 -11 -2 2 -4 -12 -4 -13 -4 -14 -4

INPUTS 9
4.1
LABLES 9
CAPG1

4,2 4,3

GAS $GA

-15 -4 -16 -4

4,4 4,5 4

S

-17 -4 -18 -4 -19 -4

4,8 4,9

SUM $SUM

,6 4,7

EL $EL PAR $PAR

*-------------------------------------------------------------------------

UNIT 21 TYPE 28 OUTPUT COGENERATOR # 2
PARAMETERS 25
5136 0 5136 21 2 -11 -2 2 -4 -12 -4 -13 -4 -14 -4

INPUTS 9
4,10
LABLES 9
CAPG2

-15 -4 -16 -4

4,11 4,12 4,13 4,14 4,15

GAS $GAS .EL $EL PAR

-17 -4 -18 -4 -19 -4

4,16 4,17 4,18

$PAR SUM $SUM

A-------------------------------------------------------------------

UNIT 22 TYPE 28 OUTPUT COGENERATOR # 3
PARAMETERS 25
5136 0 5136 22 2 -11 -2 2 -4 -12 -4 -13 -4 -14 -4

INPUTS 9
5.1
LABLES 9
CAPG3

5,2 5,3

GAS $GAO

-15 -4 -16 -4

5,4 5,5 5

S

-17 -4 -18 -4 -19 -4

5,8 5,9

SUM $SUM

,6 5,7

EL $EL PAR $PAR

UNIT 23 TYPE 28 OUTPUT COGENERATOR # 4
PARAMETERS 25
5136 0 5136 23 2 -11 -2 2 -4 -12 -4 -13 -4 -14 -4

INPUTS 9
-15 -4 -16 -4 -17 -4 -18 -4 -19 -4
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5,10
LABLES 9
CAPG4

5,11 5,12 5,13 5,14 5,15 5,16

GAS $GAS EL $EL PAR $PAR

5,17 5,18

SUM $SUM

*--------------------------------------------------------------------
UNIT 24 TYPE 28 OUTPUT COGENERATOR # 5
PARAMETERS 25
5136 0 5136 24 2 -11 -2 2 -4 -12 -4 -13 -4 -14 -4

INPUTS 9
6,1
LABLES 9
CAPG5

6,2 6,3

GAS $GA

-15 -4 -16 -4

6,4 6,5 6

iS

-17 -4 -18 -4 -19 -4

6,8 6,9

SUM $SUM

,6 6,7

EL $EL PAR $PAR

UNIT 25 TYPE 24 INTEGRATOR FOR LD COMPONENT LOADS
INPUTS 6
3,11 3,5 3,7 3,6 3,12 13,6
400. 400. 400. 400. 0.0 400.

*-------------------------------------------------------------------------

UNIT 26 TYPE 25 PRINTER FOR LD COMPONENT LOADS
PARAMETERS 4
5136 0 5136 25
INPUTS 6
25,1 25,2 25,3 25,4 25,5 25,6
LOAD DEL QHL QCL AUX QDS

A--- END OF TRNSYS DECK------------------------------------
END
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